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In the Pacific Arctic Region, the northern Bering Sea and southern Chukchi Sea support 

large and diverse communities of benthic macroinvertebrates that provide an important link to 

the pelagic communities and marine mammals that rely on the benthic populations for 

food. While the abundance and biomass of these benthic macroinvertebrates are well 



  

documented, little is known about how benthic macroinvertebrates interact with each other and 

how these interactions are affected by climate change. I measured the stable isotope composition 

(bulk δ15N and δ13C values) of similar species collected in 2014, 2016, 2017, and 2021 in the 

northern Bering and southern Chukchi Seas. Although there was little change over time in either 

δ15N or δ13C values, both stable isotope ratios were significantly different between stations with 

differing production phenologies. The southern Chukchi Sea (a productive set of sites with high 

chlorophyll concentrations throughout the summer) had lower δ15N values and higher δ13C 

values, while the northern Bering Sea site with production mostly associated with the period of 

sea ice breakup had higher δ15N values and lower δ13C values. This pattern was observed across 

similar species and feeding types. The higher δ15N values in the northern Bering Sea could be 

due to an extra step in the food chain from bacterial reworking. The contrast between these two 

regions in δ13C might indicate higher primary production in the southern Chukchi Sea compared 

to the northern Bering Sea. The differing food web dynamics between these two sites highlight 

the benthic diversity across small scales and similar organisms in Pacific Arctic food webs. 
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1 Introduction 

1.1 Pacific Arctic Region and the Distributed Biological Observatory 

The Pacific Arctic region encompasses the Bering Sea, Chukchi Sea, Eastern 

Siberian Sea, and Beaufort Sea (Figure 1). The region is influenced by the northward 

inflow of Pacific Ocean water into the Arctic Ocean through the Bering Strait 

(Woodgate, 2005; Figure 1). The Bering Strait connects the Bering and Chukchi Seas 

and is the only connection between the Arctic Ocean and the Pacific Ocean. The 

water column and benthic fauna are supported by open water production in the 

summer and large, episodic blooms along the marginal ice zone as ice retreats in the 

spring. Zooplankton are not mature enough during the early season ice retreat to 

consume the bloom along the marginal ice zone. Therefore, much of the bloom along 

the marginal ice zone sinks to the benthos (Bluhm & Gradinger, 2008). For example, 

in the Chukchi Sea, about 60% of the primary production in the water column is 

transported to the benthos or to an adjacent basin (Campbell et al., 2009). The large 

flux of organic material to the benthos in certain regions of the Pacific Arctic has 

allowed benthic macroinvertebrate populations to achieve high biomass and 

abundance. These areas where high benthic macroinvertebrate biomass and 
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abundance cluster have been termed “hot spots” (Grebmeier et al., 2015). 

 

Figure 1. Map of the Pacific Arctic Region with stations addressed in this study 
and depth profile (m). Surface currents are simplified from maps in Danielson et 

al. (2020), Sibbon et al. (2020), and Stabeno et al. (2018) 

Climate change impacts in the Pacific Arctic are on-going. For example, the 

Pacific Arctic region is experiencing declines in sea ice extent with projections of 

later freezing and earlier breakup of sea ice increasing the ice-free period by ten days 

per decade under median climate scenarios (Lebrun et al., 2019). Ice thickness 

(Lindsay & Schweiger, 2015), and the average age of the ice where multiyear ice is 

present (Meier, 2021) are also declining. The northward transport of Pacific water 

through the Bering Strait is increasing and winter water is freshening (Woodgate, 

2018). At the same time and as a part of a feedback loop with many triggers (Stuecker 

et al., 2018), the surface air temperature is rising at almost twice the rate of the rest of 
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the globe. This phenomenon is referred to as polar amplification (Bekryaev et al., 

2010).  

In response to these biophysical stressors, the Pacific Arctic marine fauna 

distributions are changing (reviewed in Moore & Stabeno, 2015). The changes in sea 

ice, light penetration, and flow through the Bering Strait are expected to increase 

primary production in the Pacific Arctic (Grebmeier, 2012). Some studies suggest 

that increases in primary production have already begun (Frey, 2021; Lewis et al., 

2020) while others have observed no trend in the chlorophyll a biomass record 

(Cooper & Grebmeier, 2022). With projected increases in open water primary 

production and warming seawater temperatures, there is concern that the tight 

pelagic-benthic coupling of the past will weaken and reduce the abundance and 

biomass of the underlying benthic macroinvertebrates. The shift from a benthic-

dominated arctic system to a pelagic-dominated subarctic system with demersal fish, 

significant zooplankton grazing, and predatory invertebrates is already underway in 

the northern Bering Sea (Grebmeier, et al., 2006a).  

To track these changes, researchers visit Distributed Biological Observatory 

(DBO) hot spots each year and gather biological, chemical, and physical 

oceanographic data (https://dbo.cbl.umces.edu/; Figure 2). As a part of this program, 

benthic macroinvertebrate samples are collected and sorted by taxon as a part of a 

long-term change detection array. In recent years, the benthic macroinvertebrate 

biomass and abundance have been shifting. The northern Bering Sea (DBO 1) and 
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Southern Chukchi Sea (DBO 3) have experienced the most change in the types and 

number of benthic macroinvertebrates present (Grebmeier et al, 2018).  

 

Figure 2. Map of Distributed Biological Observatory (DBO) stations with mean sea 
ice edge over time periods listed in the legend. Figure courtesy of Karen Frey.  

While the biomass and abundance of benthic macroinvertebrates in the Pacific 

Arctic are well described in the region, their food webs have received less attention. 

Stable isotopes of nitrogen and carbon can shed insight into the feeding strategies, 

trophic positions (TP), and food web dynamics of organisms. Metabolism generally 

favors lighter isotopes and leaves the heavier isotopes to be assimilated into tissue 

(isotopic fractionation). This isotopic fractionation leads to stepwise increases in the 
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ratio of heavy to light isotopes of nitrogen as organisms move up the food web 

(DeNiro & Epstein, 1981; Minagawa & Wada, 1984). The ratio of heavy to light 

carbon isotopes does not increase significantly at each trophic level and instead 

provide information about the source of carbon at the base of the food web (Parker, 

1964). Stable isotope ratios of carbon and nitrogen (expressed as δ13C and δ15N 

values) are used to determine food web structure and trophic patterns (reviewed in 

Fry, 2008; Peterson & Fry, 1987) and will be used in this study to assess the feeding 

behaviors of benthic macroinvertebrates in the Pacific Arctic. 

1.2 Study sites within the Distributed Biological Observatory 

The two broad study locations evaluated in this thesis are the northern Bering 

Sea (DBO 1) and southern Chukchi Sea (DBO 3; Figure 2). The northern Bering and 

southern Chukchi Sea have the highest net community production in the Arctic Ocean 

at about 200 – 400 g C m-2 yr-1 (Arrigo et al., 2008; Hill et al., 2018). Both regions lie 

on the broad continental shelf and are influenced by serval currents that flow 

generally in the northward direction (Danielson et al., 2020; Figure 1). Shallow 

shelves, immature zooplankton at the time of sea ice melt (Grebmeier et al., 2006b), 

and the high percentage of diatoms (Lalande et al., 2021) allow most of the 

production to go ungrazed (Cooper et al., 2002). The large pulses of organic matter 

support large and diverse communities of benthic macroinvertebrates (Grebmeier, et 

al., 2006b). The timing of the sea ice melt and the subsequent ice edge bloom differs 

between the two regions. In the northern Bering Sea, the sea ice begins retreating in 
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late April and is diminished by mid-May. In the southern Chukchi Sea, sea ice retreat 

begins in late May and is complete by the middle of June (Frey et al., 2015).  

1.2.1 Northern Bering Sea 

The annual primary production in the northern Bering Sea ranges from 250 – 

470 gCm-2yr-1, and the particulate organic matter (POM) export to the benthos is on 

average 44 gC m-2yr-1 (Grebmeier et al., 2006b). One of the most distinct features of 

the northern Bering Sea is the bottom water cold pool (Barnes & Thompson, 1938). 

Brine rejection creates dense, cold water that sinks and remains at depth (Wyllie‐

Echeverria & Wooster, 1998). The density of this cold water maintains temperatures 

of less than 2 °C throughout the year. The cold pool extends from the western Gulf of 

Anadyr (Figure 1) and its eastern boundary varies from year to year (Clement Kinney 

et al., 2022). The cold pool boundary acts as a barrier for subarctic species that are 

unable to withstand the cold temperature (Mueter & Litzow, 2008). However, the 

cold pool is expected to shrink in response to declines in sea ice (Clement Kinney et 

al., 2022). In the northern Bering Sea, like the Arctic as a whole, bottom water 

temperatures and air temperatures are increasing, and the ice melt has been occurring 

earlier in the spring (Grebmeier, 2006b).  

This study addresses one of the more productive regions within the cold pool, 

the reoccurring polynya south of St. Lawrence Island. This polynya forms from the 

southern forcing of first year ice away from St. Lawrence Island. The flow of ice to 

the south and brine rejection causes a winter polynya with open water to form 
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(Schumacher et al., 1983). The increased sediment deposition from the slowdown 

within baroclinic currents helps support a large benthic macroinvertebrate community 

(Grebmeier & Cooper, 1995). The area’s high benthic biomass and productivity has 

also been attributed to export of algal biomass from ice edge blooms and can vary due 

to ice edge bloom dynamics (Cooper et al., 2012). This region is influenced by the 

Anadyr Water (AW) which brings in nutrients and high salinity (32.5 to 33.8 ppt; 

Figure 1; Coachman et al., 1975; Danielson et al., 2020). However, when the 

prevailing northerly winds are strong, the AW is restricted to the west and the ice 

edge bloom can be smaller resulting in less productivity (Cooper et al., 2012).  

The benthic macroinvertebrate population in this region is dominated by 

nuculanid, nuculid, and tellinid bivalves with maldanid polychaetes increasing in 

abundance at the more southern stations. While the overall region is experiencing 

declines in benthic biomass, the decline is driven by the southern stations with the 

northern stations experiencing no significant changes. In recent years, the dominant 

taxa by biomass have changed from nuculanid bivalves to maldanid polychaetes in 

the southern stations (SLIP1, 2, and 3; Figure 1; Grebmeier et al., 2018). These shifts 

have impacts on the upper trophic levels such as marine mammals and seabirds. 

Walruses (Odobenus rosmarus divergens) and spectacled eiders (Somateria fisheri) 

prey on benthic macroinvertebrates, especially nuculanid and tellinid bivalves. Both 

walruses and spectacled eiders have shifted their habitat range in response to changes 

to their prey population (Jay et al., 2014; Lovvorn et al., 2005). 
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1.2.2 Southern Chukchi Sea  

The northward transport of Pacific water through the Bering Strait heavily 

influences the southern Chukchi Sea. These Pacific currents from several water 

masses (see Danielson et al., 2020 for detailed description of water masses) bring 

nutrients, fresh water, and heat into the southern Chukchi Sea (Figure 1; Woodgate et 

al., 2015). Nitrate fluxes from the Bering Strait flowing from February to May 

supports the spring bloom in the southern Chukchi Sea (Zheng et al., 2021). 

However, as the water flows through the Bering Strait during late spring and summer, 

many of the nutrients are depleted (Danielson et al., 2020). The summer bloom is 

supported by the remaining advection of nutrients from the Bering Strait and vertical 

mixing (Zheng et al., 2021). Fresher waters from the Alaskan coast (Alaskan Coastal 

Current) in the east and colder, saltier water from the Siberian coast (Siberian Coastal 

Current) to the west create an east to west salinity gradient (Figure 1; Coachman et 

al., 1975; Woodgate et al., 2015). 

Advection of nutrients and primary production along with the vertical mixing 

support some of the highest benthic biomass in the Pacific Arctic Region (Grebmeier 

et al., 2018). The overall benthic macroinvertebrate biomass has been increasing, but 

these increases are concentrated at UTN5 and UTN1 (Figure 1; Grebmeier et al., 

2018). The benthos in the southern Chukchi Sea is dominated by bivalves (Grebmeier 

et al., 2018), but two of the most prominent bivalves in the region have experienced 

opposite trajectories. Macoma calcarea has been increasing in biomass and 

abundance while another bivalve, Serripes sp. is declining after reaching a peak 
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abundance around 2011 (Goethel, 2021). The coastal stations in this time series are 

less closely studied, but generally have lower biomass than those stations located 

farther to the west (Grebmeier et al., 2015). In the southern Chukchi Sea, gray whales 

(Eschrichtius robustus) rely on ampeliscid amphipods (Grebmeier et al., 2015) and 

other amphipods (Moore et al., 2022). Walruses rely on the bivalves like Macoma 

calcarea (Jay et al., 2014). Like walruses and spectacled eiders in the Bering Sea, 

gray whale distributions are correlated with high abundances of their favored 

amphipod prey items (Moore et al., 2022).  

The formal DBO 3 region does not include the station, UTN1 

(https://dbo.cbl.umces.edu/; Figure 3), but UTN1 is included in this study. UTN1 has 

been included in DBO region assessments (Cooper & Grebmeier, 2022; Grebmeier et 

al., 2018; Waga et al., 2020) and has yearly (apart from 2009) historical time series 

measurements of benthic macroinvertebrate populations and environmental 

parameters dating back to 1998. Since 1998, the sand dollar, Echinarachnius parma, 

has dominated UTN1’s benthic macroinvertebrate biomass. The sand dollar 

dominance is unique among the southern Chukchi Sea stations (Grebmeier et al., 

2018). However, a PhD dissertation (Stoker, 1978) measured benthic 

macroinvertebrate biomass in 1973 and found that the tellinid bivalve, Macoma 

calcarea, was dominant at that time. UTN1’s historical record and unique benthic 

macroinvertebrate population dynamics was persuasive for including this station in 

my thesis.  
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Figure 3. DBO 1 and 3 bounding boxes (red) with stations addressed in this 
study (gray). UTN1 is labeled as it is not a part of the Distributed Biological 

Observatory (DBO) study sites. 

 

1.3 Stable Isotope Analysis 

Bulk stable isotope analysis of benthic taxa from the northern Bering Sea and 

southern Chukchi Sea regions were analyzed as described below: 

1.3.1 Standard ellipse area and Layman metrics 

Hutchinson (1978) proposed that the fundamental or ecological niche can be 

represented by an n-dimensional hypervolume of environmental variables where the 

organism could survive. Environmental variables are plotted on two axes: bionomic 

and scenopoetic. The binomic axis encompasses the resources than an organism 

utilizes, and the scenopoetic is the habitat in which the organism resides (Hutchinson, 
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1978). This study utilizes one type of ecological niche, the trophic niche, which 

describes where an organism fits in a food web. Because the stable isotopes of 

nitrogen and carbon represent both the resources (bionomic) that an organism relies 

on (δ15N) and the habitat (scenopoetic) in which it resides (δ13C), the ecological niche 

can be represented in δ-space on a biplot of δ15N and δ13C as an ‘isotopic niche.’ 

While not equivalent to the trophic niche, the isotopic niche can be a proxy for 

trophic niche (Newsome et al., 2007). The isotopic niches of organisms can be 

compared to determine whether one organism is more of a generalist or a specialist 

than another (Bearhop et al., 2004). 

The isotopic niche of an organism or community can be quantified using a 

graphical approach. The total area the stable isotopes occupy on the graph is 

calculated by measuring the convex hull around all data points on a stable isotope 

biplot (Layman et al., 2007). However, convex hulls are sensitive to sample size and 

do not account for the natural variability common in ecological systems. The R 

package, SIBER, can be used to account for these shortcomings by employing 

standard ellipse areas (SEA) and Bayesian statistics (Jackson et al., 2011). SEA is 

similar to the use of standard deviation in univariate data analysis. An SEA contains 

only 40% of the data, making it more robust to differences in sample sizes compared 

to a convex hull that captures the entire data set (Batschelet, 1981). However, there is 

still some bias due to sample size in SEAs, so the corrected standard ellipse area 

(SEAC) can be used. 

SEAC is calculated as follows: 
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 𝐒𝐄𝐀𝐂 = 𝐒𝐄𝐀(𝒏 − 𝟏)(𝒏 − 𝟐)"𝟏 (Equation 1) 

where n is the sample size. 

The SIBER package also employs Bayesian statistics to further reduce the bias 

in sample size and sampling decisions. Bayesian statistics uses priors or prior 

distributions to calculate conditional probability. Priors account for previous research 

or knowledge and can be categorized as either uninformative or informative. After the 

prior distribution is established, the distribution of the observed data is incorporated 

into a likelihood function. Then, the prior distributions and likelihood functions are 

combined to calculate a posterior distribution (reviewed in van de Schoot et al., 

2021). A Markov chain Monte Carlo (MCMC) simulation iteratively draws several 

samples from this posterior distribution. With these samples or iterations of the 

posterior distribution, uncertainty can be calculated around our SEA estimates and 

SEAs can be compare statistically (Jackson et al., 2011). The Bayesian estimate of 

SEA will be referred to as SEAB in this thesis.  

Some important caveats in the quantification of niche space using bulk stable 

isotope analysis should be noted. The isotopic niche is not a direct measure of 

ecological or trophic niche and instead is a proxy for trophic niche (Newsome et al., 

2007). For accurate assessments of niche space, the tissue turnover rate of the 

nitrogen and carbon must be short enough to capture the variability in diet (Bearhop 

et al., 2004). Additionally, isotopic niches of a group cannot differentiate between 

within-individual and within-group niche space (Matich et al., 2021). For example, a 
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group with a large isotopic niche area could be comprised of generalist individuals 

capable of utilizing a wide range of resources or specialist individuals that are 

utilizing unique resources. A larger isotopic niche space could also be due to 

variations in the δ13C and δ15N at the base of the food web and not the species 

themselves (Matich et al., 2021) or these variations can be due to variations in TDFs 

(Hussey et al., 2012). Niche width and Layman metrics (see below) can also be 

affected by growth and nutritional status (Gorokhova, 2018) or physiological stress 

(Karlson et al., 2018).  

Even with these caveats, niche space can be a powerful tool in determining 

whether a species is more of generalist, when individuals in a group utilize a variety 

of resources and have a large ecological niche, or specialist, when individuals in a 

group utilize similar resources and have a small ecological niche (Hutchinson, 1957, 

1978). These concepts are useful under climate change scenarios because generalists 

tend to be more resilient to disturbances than specialists (Bartley et al., 2019; Jiguet et 

al., 2006).  

Bayesian statistics are also employed for community-wide metrics of food 

web structure (Jackson et al., 2011). Layman et al (2007) described six quantitative 

metrics that are widely used to describe trophic structures (Abrantes et al., 2014; 

Hansen et al., 2018; Vaudo & Heithaus, 2011). These “Layman metrics” quantify 

communities in δ13C - δ15N biplot space.  

The Layman metrics are as follows: 
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1. Range of δ15N (RN) is calculated by subtracting the maximum δ15N value in a 

community from the minimum δ15N value. As trophic position increases, δ15N 

values increase in a stepwise manner. Therefore, larger RNs are indicative of a 

longer food web. 

2. Range of δ13C (RC) is the difference between the largest (least negative) δ13C 

value and the smallest (most negative) δ13C value in a community. δ13C values 

are relatively stable within the food web and can be used to determine the 

basal resources. In a community with many basal resources, the RC is larger 

than in a community with fewer basal resources. 

3. Total area (TA) is the convex hull around a community in stable isotope 

biplot space. As discussed above, the convex hull is very sensitive to sample 

size, so this study uses the SEAB of the community. 

4. Mean distance to centroid (CD) measures the trophic diversity in a 

community. The Euclidean distance between the location of a species in the 

δ13C-δ15N biplot and the location of the community’s centroid or mean is 

calculated and then averaged. If species within a community are farther from 

the mean (larger CD), there is more diversity in δ13C and δ15N values and 

therefore, more trophic diversity.  

5. Mean nearest neighbor distance (MNND) is similar to CD, but instead of 

measuring the distance from one organism to mean, MNND measures the 

Euclidean distance between one organism and the closest organism in isotope 

space. These distances are averaged across the community. If MNND is small, 
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the community has more trophic redundancy and overlap than if MNND is 

large.  

6. Standard deviation of nearest neighbor distance (SDNND) is measure of 

the evenness of species. SDNND takes the standard deviation of the distance 

between the two closest organisms in isotope space (Layman et al., 2007).  

Like the total area of a group, community total areas are sensitive to sample 

size even when the sample size is large (Syväranta et al., 2013). RN and RC have the 

same shortcoming with just one outlier increasing the range in isotope values. CD, 

MNND, and SDNND are less sensitive to sample size (Layman et al., 2007), but 

MNND can increase with the number of species and SDNND can underestimate the 

evenness of a community when sample size is small (Brind’Amour & Dubois, 2013). 

These metrics also do not incorporate uncertainty (Jackson et al., 2011). Therefore, I 

used the R package, SIBER, to calculate Layman metrics with Bayesian statistics for 

the communities addressed in this study (Jackson et al., 2011).  

1.3.2 Trophic position and food web dynamics 

Stable isotopes can also be used to estimate trophic position (TP) and gain 

insight into the food web dynamics of a system (reviewed in Fry, 2008). Trophic 

position of organisms within a community can provide information about how energy 

is transferred from the primary producers up to the predators (Levine, 1980). The TP 

of an organism can change based on a change in the organism’s diet or a change in 

the diet of another organism lower in the food chain (Moosmann et al., 2021). When 
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TPs are calculated for a community of organisms using δ13C and δ15N values, the 

food web length can be measured (Perkins et al., 2014). Longer food web lengths are 

associated increased ecosystem size and higher productivity at the base of the food 

web (Takimoto & Post, 2013).  

An appropriate trophic discrimination factor (TDF) needs to be established to 

calculate the trophic position of an organism or food web length using stable isotopes. 

TDF is the stepwise increase in δ15N and δ13C from prey to consumer (Minagawa & 

Wada, 1984). Meta-analyses have found that TDFs are around 3.4 ‰ for δ15N and 0.4 

‰ for δ13C (McCutchan, et al., 2003; Post, 2002), but TDFs can vary from species to 

species or due to differing diets (reviewed in Caut et al., 2009). For example, 

starvation can decrease TDFs (Tamelander et al., 2006), and the quality of the protein 

can also impact the TDF (Florin et al., 2011). Inaccurate TDFs (Barton et al., 2019) or 

TDFs based on differing baselines (Iken et al., 2010) can have major implications on 

the apparent trophic position of Arctic species. 

Although to the best of my knowledge, there have not been any laboratory 

studies that directly measured the trophic discrimination factor for Arctic benthic 

macroinvertebrates, there are several studies that have measured TDFs in the field. 

Hobson and Welch (1992) found an average trophic enrichment of 3.8 ‰ for δ15N in 

Lancaster Sound between both polars bears (Ursus maritimus) and their prey, ring 

seals (Phoca hispida), as well as copepods (Calanus hyperborea) and POM (Hobson 

& Welch, 1992). McTigue and Dunton (2014) estimated the TDF for benthic 

macroinvertebrates using the suspension feeder, A. macrocephela, and POM in the 
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northern Chukchi Sea. They found a δ15N TDF of 3.4 ‰ and a δ13C TDF of 0.6 ‰. 

Using δ15N values from nine studies with 241 benthic samples, Hoondert et al (2021) 

found an average TDF of 3.4 (± 0.00 SE) in the Alaskan Beaufort and Chukchi Seas. 

However, they also found that the variation in TDF between replicate benthic samples 

was higher than the benthic samples collected.  

1.4 Study Objectives and Hypotheses 

The goal of this study is to explore food web dynamics in the northern Bering 

Sea and southern Chukchi Sea, how these food webs differ, and whether these food 

webs have changed over time using bulk stable isotope analysis. 

My objectives and hypotheses are as follows: 

1. Objective: Determine how food webs differ between the northern Bering Sea 

and the southern Chukchi Sea. 

Hypothesis: The northern Bering Sea will exhibit less direct pelagic-

benthic coupling than the southern Chukchi Sea, where production is 

sustained over a longer seasonal period (Grebmeier and Cooper, 2016) 

2. Objective: Analyze shifts in food webs from 2014 to 2021 

Hypothesis: The organisms sampled from 2021 will have less sea ice algae 

influence in their diet than the organisms sampled from 2014 due to the 

decrease sea ice persistence in 2021 (Frey et al., 2014).  

3. Objective: Determine whether the organisms that are thriving have different 

diets from those that are declining.  
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Hypothesis: Thriving species will be those with larger standard ellipse 

areas indicating a more generalist diet (Bartley et al., 2019; Kortsch et al., 

2015) 

2 Materials and Methods 

Benthic macroinvertebrates were collected each year in July at Distributed 

Biological Observatory sites in the southern Chukchi Sea and the northern Bering Sea 

as a part of the core DBO effort (Principal Investigators: Jacqueline M. Grebmeier 

and Lee W. Cooper). During research cruises on the Canadian Coast Guard Ship 

(CCGS) Sir Wilfrid Laurier (SWL) in 2014, 2015, 2016, 2017, and 2021, select 

benthic macroinvertebrates were collected and identified for stable isotope analysis. 

After identification in the field, they were frozen in the field, and subsequently freeze 

dried at the Chesapeake Biological Laboratory in Solomons, Maryland, U.S.A. They 

were generally analyzed as whole body samples for the stable isotope composition of 

organic carbon and nitrogen, expressed as δ13C and δ15N values. These values were 

compared between sites and among years.  

2.1 Sample Collection 

2.1.1 Sediments 

Surface sediments were collected using a weighted van Veen grab with a 0.1 

m2 surface area at each station annually on DBO cruises coincident with benthic 

macroinvertebrate sample collection as part of the core DBO effort (Figure 2). The 
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top 1 cm of surface sediment was sampled from the trap door of the grab before the 

grab was opened to limit mixing with sub-surface sediments. Samples were frozen 

and returned to the Chesapeake Biological Laboratory in Solomons, Maryland, USA 

for analysis. Sediment analysis followed standardized practices presented in Cooper 

et al (2002) and Grebmeier et al (2018). Briefly, this included drying the sediments 

and subsampling 2 g of the dried sediments. These subsamples were acidified with 4 

mL of 1 N HCl to remove CaCO3. After two hours of reaction, the pH was assayed. 

The addition of HCl continued until sediments had a pH below 2. At this point, the 

samples were dried in an oven at 60 °C for 24 – 48 hours, and then ground with a 

mortar and pestle for isotopic analyses.  

2.1.2 Particulate organic matter (POM) 

POM samples were collected at UTN2 and UTN5=SEC1 in 2016 and SLIP1, 

SLIP5, UTN2, and UTN5=SEC1 in 2015 (see Figure 1). POM collection coincided 

with the collection of benthic macroinvertebrates and sediment onboard the CCGS Sir 

Wilfrid Laurier in July. Samples were obtained by filtering 0.2- 2 L of water from the 

chlorophyll a maximum onto pre-combusted Whatman GF/F glass fiber filters. In 

2015, SLIP1 and SLIP5 samples were collected at 50 m, and UTN2 and UTN5=SEC1 

were collected at 15 m. In 2016, the UTN2 samples were collected at 35 m and 

UTN5=SEC1 were collected at 15 m. Filters were dried and frozen on board the ship 

and then returned to the Chesapeake Biological Laboratory.  

2.1.3 Benthic macroinvertebrate collection 
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Benthic macroinvertebrates were collected using the same van Veen grab used to 

collect surface sediments. The contents of the grab were sieved through a 1 mm 

screen and rinsed with seawater to remove sediments. Benthic macroinvertebrates of 

representative taxa were removed and kept in ambient temperature seawater and then 

identified under a stereomicroscope shipboard (personal communication, Monika 

Kędra [2014-2017] or Christina Goethel [2021]). Macroinvertebrate samples were 

subsequently frozen and returned to the Chesapeake Biological Laboratory in 

Solomons, Maryland, USA where they were stored in a -20 °C freezer until they were 

freeze-dried for 48 hours in a VirTis Lyo-Centre benchtop lyophilizer. The samples 

that were collected from 2014 to 2017 were returned to the -20 °C freezer after 

freeze-drying to limit moisture re-absorption. Prior to analysis, samples were re-dried 

at 60 °C overnight before homogenization by grinding using a mortar and pestle.  

Once dried, bivalve shells were measured for length to the nearest 0.1 mm using 

Capri 15 cm stainless steel digital calipers. Length was defined as the maximum 

distance from the anterior to posterior axis (Gaspar et al., 2001). After length 

measurement, soft tissue was extracted from the bivalves. If bivalves or gastropods 

were large enough (e.g. Yoldia hyperborea, Serripes sp., Mya sp., Naticidae) their 

foot (muscle tissue) was removed, and both the foot and the remaining body parts of 

the organism were analyzed separately for δ15N and δ13C values. For all other 

organisms, the whole organism or the partial specimen available was used. Nine 

samples were homogenized composites of multiple organisms from the same species. 
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All dried samples were ground using a mortar and pestle and placed in a pre-muffled 

vial.  

Most of our study organism tissues (bivalves, polychaetes, and amphipods) are 

not significantly calcified apart from brittle stars (Class: Ophiuroidea). Brittle stars 

are heavily calcified with high-magnesium calcite (Wood et al., 2010). Before 

acidification, four out of the five brittle stars were measured for δ15N values as de-

calcification using acid can affect the δ15N values of the samples (Mateo et al., 2008). 

Drops of 1 M HCl treatment were applied to the sample until the sample stopped 

bubbling. Then, the sample was placed in the drying oven at 60 °C until excess 

moisture was removed. The samples were not rinsed with deionized water due to its 

effects on δ13C and δ15N (Mateo et al., 2008). All other organism soft tissues were not 

acidified before analysis. Organism feeding types were categorized using the 

taxonomic and feeding guild classification outlined in Macdonald et al (2010). 

2.2 Stable isotope analysis 

Macroinvertebrate samples were weighed into 4 x 6 mm tin capsules. Sediment 

and POM samples were weighed into larger tin capsules of various sizes. Most 

samples (except for POM collected in 2015) were analyzed at the Chesapeake 

Biological Laboratory using a Costech ESC 4010 Elemental Analyzer (EA) coupled 

to a continuous flow Delta V Plus Isotope Ratio Mass Spectrometer (Thermo 

Scientific) run in a continuous flow mode. The POM samples collected in 2015 were 

analyzed at the Centre for Stable Isotope Research and Analysis in Göttingen, 
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Germany using a μEA/EA (Eurovector) coupled to a continuous flow Delta V Plus 

Isotope Ratio Mass Spectrometer (Thermo Scientific).  

Isotopic results are expressed using the standard delta notation: 

𝜹𝑿(‰) = 𝑹𝑺𝒂𝒎𝒑𝒍𝒆"𝑹𝑺𝒕𝒂𝒏𝒅𝒂𝒓𝒅
𝑹𝑺𝒕𝒂𝒏𝒅𝒂𝒓𝒅

	× 	𝟏𝟎𝟎𝟎  (Equation 2) 

where X is the 13C and 15N of the sample or standard and R is the 13C/12C or 

15N/14N of the sample or standard. Values are expressed as per mil (‰). 

δ15N value calculations are in reference to the international reference standard, 

atmospheric N2, and δ13C value calculations are in reference to the international 

reference standard, Vienna Pee Dee Belemnite. Internal standards were run alongside 

samples to determine analytical error. Analytical error was less than 0.05 ‰ for δ13C 

values and less than 0.1 ‰ for δ15N values.  

2.3 Statistical analyses 

All statistical analysis were undertaken in R Studio with R Version 4.2.0 (R 

Core Team, 2022). Visualizations were produced in R Studio (R Core Team, 2022), 

Ocean Data View (Schlitzer, 2022), or ArcMap (ArcMap, 2020). I considered the 

following variables in my analyses: location, year of sampling, feeding type, phylum 

or group (i.e. Bivalves, Polychaetes, Amphipod, Echinodermata, etc.), and size (either 

the length of the bivalve or the dry weight). Stable isotope biplots of δ13C and δ15N 

(Fry, 2006) were made to visualize the results.  
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Similar functions were used to test for differences between groups, 

communities, years, methods, etc. Prior to testing the null hypothesis of no significant 

difference, groups were assessed for normality using the Shapiro-Wilks test of 

normality (Shapiro & Wilk, 1965) with the function shapiro.test() in the base R 

package, stats. When the p-value was significant (Shapiro-Wilks test: P < 0.05) 

indicating a non-normal distribution of the dataset, the non-parametric Wilcoxon 

rank-sum test was used to compare two groups. When the dataset was normally 

distributed (Shapiro-Wilks test: P > 0.05), Welch’s two-sample t test was used. I used 

the functions wilcox.test() and t.test() for the Wilcoxon rank-sum test and Welch’s 

two sample t-test, respectively. Both are base R functions (R Core Team, 2022).  

When comparing more than two groups, homogeneity of variances was tested 

along with tests for normality as Analysis of Variance (ANOVA) models are more 

sensitive to differences in variances than Welch’s t-tests (Delacre et al., 2017). The 

distribution of each group’s data was assessed for normality using the same methods 

for two groups. Homogeneity of variances was assessed with Levene’s tests (Levene, 

1960) using the function levene_test() from the R package, rstatix (Kassambara, 

2021). When assumptions of normality and homogeneity of variances were met, an 

ANOVA test was conducted with the function aov() in base R (R Core Team, 2022). 

If significant differences were detected between any of the groups, a pairwise t-test 

was conducted with Bonferroni p-value adjustments (R Core Team, 2022). When the 

assumption of normal distributions was not met, I used the non-parametric Kruskal 

Wallis test (Kruskal & Wallis, 1952) followed by the non-parametric pairwise 
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Wilcoxon rank sum test. The Kruskal-Wallis tests were performed with the function, 

kruskal.test(), and the pair-wise comparisons were made with the function, 

pairwise.wilcox.test() in base R (R Core Team, 2022). When the assumption of 

homogeneity of variances was not met, I used the Welch one-way ANOVA test with 

the function welch_anova_test() in the rstatix package (Kassambara, 2021). If 

assumptions of equal variances were not met, then the standard deviations were 

pooled. If the variances were equal across groups, I did not pool the standard 

deviations.  

2.3.1 Clustering 

Stations were clustered into groups using the following R package programs 

(italicized): cluster for the clustering (Maechler et al., 2022), factoextra for 

visualizing the clusters (Kassambara & Mundt, 2020), clustertend to determine the 

clustering tendency of the dataset (Wright et al., 2022), and dendextend for 

comparing the dendrograms of various calculations (Galili, 2015). Environmental and 

spatial (Latitude and Longitude) variables were averaged for each station from 2014 – 

2018 and normalized to a common scale. Environmental and spatial data for the 

cruises and stations used in this study are available through the Arctic Data Center 

(Cooper et al., 2019a, 2019b, 2019c, 2022; Nobre & Vagle, 2019a, 2019b). These 

data can be accessed through: https://arcticdata.io/catalog/portals/DBO/Data. 

Biological parameters were not included in the clustering analysis.  
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Briefly, environmental variables were collected as follows. Bottom water 

temperature and salinity were collected with a CTD (Conductivity, Temperature, and 

Depth; Sea-Bird SBE25.33 mounted on a SBE32 Carousel 12-bottle water sampler 

with 8-L bottles). Nutrient samples (silicate, ammonium, phosphate, and nitrite + 

nitrate) were collected from the overlying bottom water at each station and year. They 

were filtered, frozen on board, and analyzed by the Nutrient Analytical Services 

Laboratory (NASL) at CBL in Solomons, Maryland, USA. Water column chlorophyll 

a (bottom water and integrated) was collected by filtering 250 mL of seawater 

collected with the CTD through 25 mm GFF filters. The filters were frozen and stored 

in 10 mL of 90% acetone for 24 h in the dark. Sediment chlorophyll a (1-cm3) was 

collected from the trap door of the van Veen grab using the same methods as the 

sediment collected for stable isotope analysis. The sediment samples were then 

treated with 10 mL of 90% acetone and incubated for 12 h in the dark. Chlorophyll a 

(sediment, integrated, and bottom water) was measured with a Turner Designs 10-AU 

field fluorometer. Two independent samples of sediment chlorophyll a were 

averaged. Sediment grain size samples were also collected from the trap door of the 

van Veen grab. Samples were dried, weighed, and sieved through 0-4 phi sized 

sieves. Percent of the total sediment at each grain size was calculated and the 0-4 phi 

percentages were averaged to obtain the percent silt and clay (see Grebmeier et al., 

1989 for more detailed methods).  

Before clustering, it is important to determine whether the given dataset tends 

to cluster because clustering algorithms will always produce clusters even when there 
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are none. The tendency of the dataset to cluster was determined with the Hopkins 

statistic (Hopkins & Skellam, 1954). The Hopkins statistic is calculated dividing the 

sum of the nearest neighbor distances in the data set by the sum of a uniformly 

distributed data set’s nearest neighbor distances plus the data set’s nearest neighbor 

distances (Adolfsson et al., 2019). I used the function get_clust_tendency() from the 

factoextra package to calculate the Hopkins Statistic (Kassambara & Mundt, 2020).  

Standardized Euclidean distance was used to calculate the dissimilarity matrix 

because all variables were numeric and continuous, and this method considers all 

variables with equal weights. Euclidean dissimilarity matrixes quantify the difference 

between each station using the shortest distance between the points on a coordinate 

plane. This matrix was used for hierarchical clustering. Agglomerative hierarchical 

clustering was used as it tends to perform better on smaller datasets than divisive 

hierarchical clustering (Weigand et al., 2021). In hierarchical agglomerative 

clustering, each data point begins as its own cluster. Then, the two closest points 

(smallest Euclidean distance between them) are placed into a cluster. The result is one 

cluster with two points and several clusters with only one point. The process is 

repeated until all points are in one cluster (Mehta et al., 2020).  

However, Euclidean distance can only measure the distance between two 

points so a linkage method must be used to “link” the points into clusters. The 

agglomerative coefficient, which measures the strength of the clustering structure, 

was calculated for several linkage methods, and the method with the highest 

agglomerative coefficient was used (Kaufman & Rousseeuw, 2005). The chosen 
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method was compared to the clusters produced from the other methods using the 

Fowlkes-Mallows Index (FM Index; Fowlkes & Mallows, 1983).  

The dendrogram produced by agglomerative hierarchical clustering was split 

into clusters based on the gap statistic (Tibshirani et al., 2001). After the clusters were 

determined, the methods were repeated after dropping spatial variables to ensure that 

the clusters were based on similarities in the environmental characteristics of the 

stations and not just their locations. Then, the clusters were visualized by their 

principal components using principal component analysis (PCA). PCA reduces the 

variation in a multivariable data set into principal components. These principal 

components contain most of the variation from the original variables. Plots of two 

principal components can be used to visualize and validate patterns or clusters in the 

data (Jolliffe, 2002).  

2.3.2 Tissue type 

When both the muscle tissue and the remaining portion of the body were 

analyzed for their δ13C and δ15N values, I compared the stable isotope values of the 

different body parts with the paired version of the tests mentioned in the beginning of 

Section 2.3. The organisms included in this analysis were bivalves and gastropods 

(e.g. Yoldia hyperborea, Serripes sp., Mya sp., Naticidae).  

2.3.3 Trophic position 
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TP was estimated for each organism. When both muscle and body tissue for 

an organism were analyzed for δ15N and δ13C values, the muscle tissue were used to 

estimate trophic position.  

The software package tRophicPosition in R utilizes Bayesian models to 

incorporate variability in TDFs, baselines, and estimates of TP (Quezada-Romegialli 

et al., 2019). This package also allows for multiple baselines and the use of TDFs for 

both δ13C and δ15N. One drawback of using Bayesian statistics is the large sample 

size needed (n ≥ 8; Quezada-Romegialli et al., 2019). The samples in this study were 

not collected in large enough quantities for all samples to undergo Bayesian trophic 

position calculations. For samples with inadequate sample sizes, the traditional 

method of only using δ15N of one baseline was used. Both methods were used for 

samples with adequate sample sizes for Bayesian TP estimations. I used a two source 

full baseline model which accounts for the TDF of δ13C and δ15N for Bayesian TP 

estimates (Quezada-Romegialli et al., 2019).  

After calculation using Bayesian approaches, I used the traditional method of 

calculating trophic position with the δ15N value of organic materials in sediment as 

the baseline:  

𝐓𝐏 = 𝜹𝟏𝟓𝐍𝐜𝐨𝐧𝐬𝐮𝐦𝐞𝐫"	𝜹𝟏𝟓𝐍𝐬𝐞𝐝𝐢𝐦𝐞𝐧𝐭
𝟑.𝟒

+ 𝟏   (Equation 3) 

where δ15Nconsumer is the δ15N value of the benthic macroinvertebrate, 

δ15Nsediment is the mean δ15N value of the sediment for the year and cluster the benthic 
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macroinvertebrate was collected from, 3.4 is the δ15N TDF, and 1 is the TP of the 

baseline.  

The traditional method of estimating TP was used to calculate the TP for all 

benthic macroinvertebrates. When the Bayesian method was employed, the consumer 

TP results of the Bayesian and traditional methods of estimating TP were compared. 

2.3.4 Standard ellipse areas of taxonomic families 

The R package SIBER (Jackson et al., 2011) was used to determine the 

standard ellipse area of organisms that met the sample size criteria of ten or more 

samples when categorized by cluster and taxonomic family. Samples from all years 

were pooled for this analysis. The coding sequences followed the vignettes 

“Introduction to SIBER”, “Comparing communities”, and “Comparing groups” by 

Andrew Jackson (2014). These vignettes are available at https://cran.r-

project.org/web/packages/SIBER/vignettes/.  

2.3.5 Community metrics 

Community metrics were calculated for clusters with appropriate sample size 

(n > 50) following the vignette for SIBER (Jackson et al., 2011), “Comparing 

communities.” Groups within communities were defined by feeding type.  

2.3.6 Sediment δ13C and δ15N value trend analysis 
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I used the nonparametric Mann-Kendall trend test (Kendall, 1975; Mann, 

1945) to test for monotonic upward or downward trends in sediment δ13C and δ15N 

values over time.  

2.3.7 Abundance and Biomass 

Abundance and biomass time series data were used to calculate the abundance of 

organisms per feeding type. The available abundance measurements include data 

from 1998-2018. Four grabs were collected at each station using the same methods of 

collection as the benthic macroinvertebrates used for stable isotope analysis. 

Organisms were sorted and identified at the University of Tennessee, Knoxville 

(1998-2008) and Chesapeake Biological Laboratory (2009-2017). Abundance and 

biomass data are available for 2012 through 2015 from the Arctic Data Center 

(Grebmeier & Cooper, 2019a, 2019b, 2019c, 2019d). All other data were provided by 

Jacqueline M. Grebemier.  

For comparisons of feeding types across regions, all organisms that were 

categorized by Macdonald et al (2010) as having one of the following feeding 

characteristics: suctorial parasite, detritivore, scavenger, or predator (apart from the 

grazer/detritivore Cumacea) were grouped together as 

“Detritivore/Predator/Scavenger.” Biomass is expressed as grams of carbon per meter 

squared using the conversions of formalin-preserved wet weight (g) to carbon dry 

weight in Stoker (1978) and Grebmeier et al (1989). Benthic macroinvertebrate 

biomass and abundance were averaged among four grabs and normalized the data to 
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abundance per square meter. Abundance and biomass data were not evaluated 

extensively as a part of this thesis as these data are evaluated in other studies (see 

Grebmeier, 2012; Grebmeier et al., 2015, 2018).  

3 Results 

3.1 Clustering 

Different types and quantities of organisms were collected at each station and 

during each cruise. In some cases, sample sizes were too small for statistical analyses. 

Clustering was performed on sixteen stations where benthic macroinvertebrates were 

sampled for this study to reach sample sizes large enough for analyses (see Figure 1 

for stations). Environmental and spatial variables included in the clustering model 

were Latitude, Longitude, depth (m), bottom water temp (°C), salinity, silicate 

(µmol/L), ammonium (µmol/L), phosphate (µmol/L), nitrite + nitrate (µmol/L), d18O 

(‰), bottom water chlorophyll a (µg/L), integrated chlorophyll a (mg/m2), sediment 

chlorophyll a (mg/m2), percentage of sediment greater or equal to 5 phi (silt and 

clay), sediment total organic carbon (%), and sediment total organic nitrogen (%).  

All variables were averaged for each station from 2014-2019 and 2021. Then, 

these variables were standardized to a common scale with a mean of 0 and a standard 

deviation of 1 to give each variable relatively equal weight. The Hopkins Statistic was 

significant (H = 0.69) which indicates that the dataset tends to cluster. The 

agglomerative coefficient was used to determine the best linkage method for 

hierarchical clustering. The agglomerative coefficient measures the strength of the 
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clustering structure with higher values indicating more clustering structure (Kaufman 

& Rousseeuw, 2005). The agglomerative coefficient was calculated for four of the 

most common linkage methods: complete linkage, single linkage, average linkage, 

and Ward’s minimum variance distance. The Ward’s minimum variance distance 

method had the highest agglomerative coefficient (0.86) of the four methods tested.  

 The clusters produced from the Ward’s method were compared to the clusters 

produced from the other three methods using the FM index, which assesses the 

similarity between two sets of clusters. The FM index is reported on a scale of 0 to 1 

with an index of 1 indicating that the clusters are the same and 0 indicating that they 

are completely different (Fowlkes & Mallows, 1983). The FM index between the 

clusters for Ward’s minimum distance method compared to the other three most 

common linkage methods (complete, single, and average). The FM Index of Ward’s 

minimum variance distance method compared to complete and average linkage 

methods was 1 indicating that all three linkage methods produced the same clustering 

structure. For single linkage compared to Ward’s minimum distance, the FM Index 

was 0.74. The single linkage method grouped all Chukchi Sea stations together but 

split the northern Bering Sea stations into two groups (SLIP4 in one group and all 

others in another group; Figure 1). I used the clustering structure produced from 

Ward’s minimum distance, complete, and average linkage methods.  

The optimal number of clusters was three as determined by the gap statistic and 

a visualization of the dendrogram. The gap statistic compares the log normalized 

intra-cluster sums of squares at each number of clusters to a distribution without 
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clustering. The number of clusters is the smallest number of clusters in which the gap 

between the actual dataset and the simulated dataset is positive (Tibshirani et al., 

2001). After the clusters were established, I visualized the clusters using principal 

component analysis. A scree plot was used to determine the optimal number of 

principal components (Holland, 2019). The first principal component explained 53.9 

% of the variance in the data and the second principal component explained 31.4 %. 

After the second principal component, the variance explained by each subsequent 

principal component sharply declined with the third principal component explaining 

only 5.6 % of the variance between clusters (Figure 4). Therefore, two principal 

components were used in the visualization (Figure 5). Visualization of the clusters 

using principal component analysis confirmed the clustering results from 

agglomerative hierarchical clustering (Figure 5).  

 

Figure 4. Scree plot representing the percent variance (%) accounted for by each 
principal component. 
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Figure 5. First and second principal components of environmental parameters 
that influenced the clustering of stations. 

The clusters generally followed spatial structure apart from the southernmost 

station in the Chukchi Sea (UTN1) which clustered with the northernmost stations 

(SEC5 and SEC7; Figure 6). The northern Bering Sea stations all clustered together 

while the southern Chukchi Sea stations were split into two groups (Figure 6). Both 

water column and sediment conditions differed among clusters (Table 1). The coastal 

stations were the shallowest, the northern Bering Sea stations were the deepest, and 

the southern Chukchi Stations were intermediate. Bottom water temperature (in July) 

was highest in the coastal stations and lowest in the northern Bering Sea. Bottom 

water salinity was highest in the southern Chukchi stations while coastal stations had 

fresher bottom water than the other two clusters. The northern Bering Sea and 
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southern Chukchi Sea stations had higher bottom water nutrients than the coastal 

stations across all nutrient parameters. Bottom water d18O values were also measured. 

The ratio of 18O to 16O can be used to trace the sources of seawater. Melted sea ice is 

more enriched in 18O than precipitation and run off (Dansgaard, 1964). However, the 

differences between d18O (ratio of 18O to 16O compared to a standard and scaled to 

per mil notation) are not large enough for any inference on distinctions between study 

sites. Bottom water chlorophyll a (µg/L) and integrated chlorophyll a (mg/m2) were 

highest in the southern Chukchi Sea and lowest in the coastal stations (Table 1). 

Sediment characteristics included silt and clay content (% ≥ 5 phi), 

chlorophyll a, and total organic carbon and nitrogen (Table 1). Northern Bering Sea 

and southern Chukchi Sea stations had higher silt and clay content (% ≥ 5 phi) while 

the coastal stations had coarser sediments. Sediment chlorophyll a was highest in the 

southern Chukchi Sea stations and lowest in the coastal stations (Table 1). Total 

organic carbon (TOC; %) in sediments was highest in the northern Bering Sea while 

total organic nitrogen (TON; %) in the sediments did not vary by more than 0.1 % 

between the study areas. 
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Figure 6. Map of stations clustered by environmental parameters with number of 
benthic macroinvertebrate samples collected within each cluster (n). 

 

Table 1. Mean (± SD) environmental parameters of station clusters (NBS: northern 
Bering Sea; SCS: southern Chukchi Sea). Means were calculated by averaging the 
environmental parameters for each year and station (2014-2019 and 2021). 
Temperature, nutrient concentrations, salinity, and d18O values are from samples from 
the bottom water.  

Cluster Depth  
(m) 

Temp  
(°C) Salinity Silicate  

(µmol/L) 

Nitrate + 
Nitrite 

(µmol/L) 

Phosphate 
(µmol/L) 

Ammoniu
m 

(µmol/L) 
Coastal 42 ± 7 4.6 ± 1.4 31.7 ± 0.5 5.95 ± 2.71 1.11 ± 0.82 0.66 ± 0.17 0.87 ± 0.32 
NBS 73 ± 6 -0.8 ± 1.0 32.1 ± 0.2 39.28 ± 9.86 15.11 ± 3.24 2.07 ± 0.39 2.73 ± 1.16 
SCS 51 ± 5 2.6 ± 1.4 32.6 ± 0.2 16.12 ± 10.88 10.68 ± 3.94 1.48 ± 0.37 2.73 ± 1.02 
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Table 1. (cont.) 
Cluster 𝛿18O  

(‰) 
Bottom 

Water Chl 
a  

(µg/L) 

Integrated 
Chl a  

(mg/m2) 

Sediment 
Chl a  

(mg/m2) 

Silt and 
Clay 

Content  
(% ≥ 5 

phi) 

Total  
Organic 
Carbon  

(%) 

Total  
Organic 
Nitrogen 

(%) 

Coastal -1.6 ± 0.4 1.73 ± 1.65 48.38 ± 33.99 18.37 ± 8.94 32.8 ± 15.6 0.6 ± 0.2 0.1 ± 0.0 
NBS -1.3 ± 0.3 0.94 ± 1.31 63.39 ± 55.87 20.30 ± 9.71 78.3 ± 11.1 1.2 ± 0.3 0.2 ± 0.0 
SCS -1.0 ± 0.3 5.62 ± 4.38 277.34 ± 194.6 21.97 ± 6.39 76.5 ± 15.6 1.0 ± 0.2 0.2 ± 0.0 
 

 These regions also have distinct biological characteristics (Figure 7). In the 

study years when benthic macroinvertebrate biomass data were available (2014, 2015, 

and 2017), the southern Chukchi Sea had the highest benthic macroinvertebrate 

biomasses of the three clusters (Figure 7). When averaged across study years where 

data were available, mean abundance (number of benthic macroinvertebrates/m2) was 

highest in the southern Chukchi Sea at 8,504 ± 3,314 while mean abundances in the 

northern Bering Sea and coastal stations were lower: 3,310 ± 1,212 and 2,739 ± 652, 

respectively. The northern Bering Sea had the highest number of taxonomic families 

present per m2 (46 ± 6) during the study years. The southern Chukchi Sea had the 

lowest number of taxonomic families (33 ± 5), and the coastal stations were 

intermediate (42 ± 5). Shannon-Weiner Indexes (a measure of biodiversity) were 

similar in the coastal stations and northern Bering Sea (2.9 ± 0.3 and 2.8 ± 0.2, 

respectively) while the southern Chukchi Sea stations had a lower mean Shannon-

Weiner Index of 1.5 ± 0.5. 
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Figure 7. Benthic macroinvertebrate biomass (gC/m2) grouped by feeding type and 
cluster for 2014, 2015, and 2017.  

3.2 Benthic macroinvertebrates 

A total of 403 benthic macroinvertebrates were analyzed for δ13C and δ15N 

values. Twenty-two benthic macroinvertebrates were from coastal stations, 176 were 

from the northern Bering Sea, and 205 organisms were from the southern Chukchi 

Sea (Figure 6). Samples were grouped based on clusters, year sampled, and 

taxonomic family. Five brittle stars (Echinodermata: Ophiuroidea) were analyzed for 

δ15N values before and after acidification. The brittle stars were from the taxonomic 

families Ophiactidae and Ophiuridae. The mean δ15N value of the brittle stars before 

acidification was 0.4 ‰ less than the mean after acidification. The sample error for 

δ15N values was 0.1 ‰. Therefore, δ15N values before acidification are reported for 

these five samples. The only brittle star sample that I did not analyze for δ15N before 
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analysis was an Ophiuridae from the northern Bering Sea in 2017. The 𝛿15N value of 

that sample is not reported. 

3.2.1 Tissue Type 

Of the thirty-two samples in which muscle tissue could be extracted, 26 were 

from UTN2, five were from SEC2, and one was from UTN7 (see Figure 1 and Figure 

6). The organisms were from the taxonomic families Cardiidae (bivalve; n = 22), 

Myidae (bivalve; n = 2), Natacidae (gastropod; n = 1), and Yoldiidae (bivalve; n = 7). 

I did not reject the null hypothesis that the differences between the δ15N of the body 

and the δ15N of the bivalve foot muscle were equal to zero (paired Wilcoxon rank 

sum test: V = 193, P = 0.190; Figure 8). However, the null hypothesis of no 

significant difference was rejected for δ13C values (paired Wilcoxon Rank sum test: V 

= 40, P < 0.001; Figure 9). The mean δ13C of the body was on average 1.5 ‰ lower 

than the mean δ13C of the bivalve muscle tissue (Figure 9).  
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Figure 8. Box plot of the δ15N values (‰) by tissue type (body or foot muscle) of 31 
bivalves and one gastropod from SEC2, UTN2, and UTN7 stations with components 
include median (horizontal bar), interquartile range (IQR; box), 1.5*IQR (error bars) 
and outliers (± 1.5*IQR; black dots). The mean δ15N of the body tissue was +8.3 ‰ 
(±0.6 SD), and the mean δ15N value of the muscle tissue was +8.3 ‰ (±0.7 SD) 
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3.2.2 Trophic position 

I used the clusters reported in Section 3.1 to calculate the mean δ15N and δ13C 

values of the sediment for each year. In all clusters except for δ13C values at coastal 

stations, there were significant differences between the sediment δ15N and δ13C values 

among years (Table 2). Therefore, trophic position was calculated separately for each 

year for both Bayesian and traditional TP calculations. The δ15Nsediment was the 

average δ15N value of the sediment from the cluster and year of the sample.  

Figure 9. δ13C values by tissue type (body or foot muscle) of 24 bivalves 
and one gastropod from SEC2, UTN2, and UTN7 stations median 
(horizontal bar), interquartile range (IQR; box), 1.5*IQR (error bars) and 
outliers (± 1.5*IQR; black dots). The mean δ13C value of the body tissue was 
-19.6 ‰ (± 1.1 SD) and the mean δ13C of the muscle tissue was -18.1 ‰ (± 
0.8 SD). 
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Table 2. Results of Kruskal-Wallis tests on the δ13C and δ15N values of sediment 
collected in different years from 2014 to 2017 and 2021. 

  𝛿13C 𝛿15N 
Cluster chi-squared df P-value chi-squared df P-value 
Northern Bering Sea 23.01 4 <0.001* 16.60 4  0.002* 
Southern Chukchi Sea 23.26 4 <0.001* 25.78 4 <0.001* 
Coastal 2.17 4 0.705 11.97 4  0.018* 
*significant P-values (<0.05) 
 

TDFs in the Bayesian model and in the traditional calculations of TP were 

calculated from data presented in McTigue and Dunton (2014). I simulated a 

normally distributed data set using the mean and standard deviation of the difference 

between in δ15N and δ13C values of A. macrocephala and phytoplankton (McTigue & 

Dunton, 2014). The TDF for δ15N was 3.4 ‰ with an SD of 0.6 ‰, and the TDF for 

δ13C was 0.4 ‰ with a standard deviation of 0.6 ‰. The TDF for δ15N was used in 

both the Bayesian and traditional estimates of TP while the TDF for δ13C was only 

used in the Bayesian estimations.  

Nine families had adequate sample size for each study year and cluster (n > 8) 

for Bayesian estimation of trophic position with the R package, tRophicPosition 

(Quezada-Romegialli et al., 2019). The two baselines included in the two source full 

baseline model were the sediment and POM samples. The POM samples were 

collected in 2016 in the southern Chukchi Sea and 2015 in the northern Bering Sea. I 

used a lamda (baseline TP) of one for the model as both the sediment and POM 

sources are at the base of the food web (TP = 1). The model was run with an 

uninformative prior, 200,000 adaptive iterations before sampling, and 200,000 



 

 

43 

 

posterior iterations of the model. 20,000 of those iterations were discarded as “burn 

in” and five parallel chains were run (Quezada-Romegialli et al., 2019).  

After calculation using Bayesian approaches, I used the traditional method of 

calculating trophic position (Equation 3). Welch’s t-tests and Wilcoxon rank sum 

exact tests were used to compare Bayesian and tradition methods of estimating TP for 

the nine groups where sample size was adequate for Bayesian trophic position 

estimations. Six out of the nine groups analyzed had significantly different TPs when 

estimated with the different methods (Table 3). Bayesian TP estimates were greater 

than the estimates from traditional methods. On average, the Bayesian TP estimates 

were 0.5 (± 0.3 SD) greater than the traditional estimates of TP.  

Table 3. Results comparing mean (± SD) trophic position (TP) calculated using the 
Bayesian approach with R package, tRophicPosition, and the traditional approach 
(+3.4 ‰ per trophic level). Clusters are northern Bering Sea (NBS) and southern 
Chukchi Sea (SCS). The test used determined the statistic presented in the table. If 
Welch’s t-test was used, the t-statistic is reported. If the Wilcoxon rank-sum exact test 
was used, the Wilcoxon statistic is reported.  

Cruise Cluster 
Taxonomic 

Family n 
Traditional 

TP 
Bayesian 

TP 
Test 
Used Statistic P 

SWL14 NBS Nuculanidae 13 1.5 ± 0.2 1.5 ± 0.2 t-test 23.1 0.691 
SWL14 NBS Tellinidae 17 1.2 ± 0.2 1.3 ± 0.2 Wilcoxon 177.0 0.264 
SWL14 SCS Cardiidae 17 1.3 ± 0.1 1.6 ± 0.3 Wilcoxon 224.5  0.005* 
SWL14 SCS Tellinidae 26 1.5 ± 0.4 1.9 ± 1.0 t-test 2.3  0.029* 
SWL21 NBS Maldanidae 8 2.5 ± 0.2 2.8 ± 0.5 t-test 1.8 0.095 
SWL21 NBS Tellinidae 9 0.9 ± 0.1 1.4 ± 0.6 Wilcoxon 67.5  0.014* 
SWL21 SCS Nephtyidae 9 2.3 ± 0.1 3.2 ± 1.2 Wilcoxon 63.0  0.049* 
SWL21 SCS Pectinaridae 11 2.3 ± 0.2 2.9 ± 0.5 t-test 3.77  0.002* 
SWL21 SCS Tellinidae 36 1.0 ± 0.1 1.6 ± 0.3 Wilcoxon 1243.0 <0.001* 
*indicates significant p-values  



 

 

44 

 

3.3 Overview 

3.3.1 Coastal 

The cluster with the least benthic macroinvertebrate samples was the coastal 

cluster (Figure 6 and Figure 10). Due to limited water column production, no POM 

samples were collected in this region. The δ13C values in the sediment ranged from -

23.0 ‰ (± 1.0 SD) in 2021 to -22.2 ‰ (± 0.4 SD) in 2015 and δ15N sediment values 

ranged from 6.1 ‰ (± 1.6 SD) in 2015 to 8.8 ‰ (± 0.5 SD) in 2021. The organism 

with the highest δ13C and δ15N values was a predatory polychaete, Family 

Nephtyidae, in 2015. The organism with the lowest δ15N values was the deposit 

feeding polychaete, Family Sternaspidae, in 2021. Unidentified tunicates had the 

lowest mean δ13C value in 2015. None of the consumer samples had large enough 

sample sizes for statistical analysis between years (Table 4).  



 

 

45 

 

 

Figure 10. Mean (points) and standard deviations (error bars) δ13C and δ15N values 
(‰) of benthic macroinvertebrates and sediment collected in the coastal stations. 
Symbols represent the year of sampling. Benthic macroinvertebrate groups are the 
lowest taxonomic category the sample was identified to (phylum or taxonomic 
family).  

Table 4. Mean stable isotope values (δ13C and δ15N), standard deviations (±SD), 
number of replicates (n), and C/N (wt./wt.) of benthic macroinvertebrates (by group 
and taxonomic family) and sediment in the coastal stations. Feeding type is also 
reported using the classifications of Macdonald et al (2010). Trophic positions (TP) 
for benthic macroinvertebrates were calculated using mean sediment δ15N values 
from the year of sampling.  

 Coastal Stations 

Group/Family Feeding Type Year n 
𝛿13C 
(‰) ±SD 

𝛿15N 
(‰) ±SD C/N ±SD TP ±SD 

Sediment            
   2014 3 -22.3 0.7 7.5 0.5 7.4 0.1   
   2015 3 -22.2 0.4 7.5 0.2 6.6 0.3   
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   2016 2 -22.4 0.7 7.0 0.1 6.7 0.9   
   2017 3 -22.4 0.2 8.3 0.5 7.1 0.3   
   2021 3 -23.0 1.0 8.8 0.5 8.1 0.6   
Echinodermata            
Holothuroidea Browser/Grazer           
   2021 2 -19.0 0.7 14.6 0.2 4.8 0.1 2.6 0.0 
Gastropoda              
Buccinidae Scavenger             
   2015 1 -18.3  15.0  4.2  3.2   
Polychaeta              

  Maldanidae Subsurface 
Deposit 

            

   2015 1 -18.4  14.5  4.4  3.1   
  Nephtyidae Predator             
   2015 1 -14.8  19.0  3.9  4.4   
   2021 4 -17.4 0.4 15.3 0.4 4.3 0.2 2.8 0.1 
  Polynoidae Predator             
   2021 2 -17.6 0.2 14.8 0.4 4.4 0.1 2.7 0.1 
  Sternaspidae Suspension             
   2021 5 -20.5 0.3 11.9 0.3 4.7 0.2 1.8 0.1 

Sipuncula            

 Herbivorous           

  2014 1 -17.3  13.7  4.1  2.8  

  2021 1 -18.7  13.9  4.1  2.8  

Goniadidae            

  2015 1 -17.9  13.4  3.7  2.4  

Tunicata Suspension             
   2015 2 -21.5 0.4 13.1 0.5 5.4 0.3 2.7 0.1 

 

3.3.2 Northern Bering Sea 

The average δ13C value of the sediment in the northern Bering Sea during our 

study period ranged from -23.3 ‰ in 2021 to -20.7 ‰ in 2016 (Table 5 and Figure 
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11). The lowest average sediment δ15N value was in 2016 (8.6 ‰) and the highest 

was in 2017 (9.9 ‰). The predatory gastropod from the family Cyclinidae had the 

highest δ13C value at -16.9 ‰ in 2015 while the lowest δ13C value reported (-23.4 ‰) 

in 2015 was from the deposit feeding polychaetes in the family Pectinariidae. The 

highest δ15N value was in the predatory priapulid worm (Family: Priapulidae) at 17.5 

‰ in 2015, and the lowest was the nucuilid bivalves from 2021 with a mean δ15N 

value of 9.0 ‰. 

 

Figure 11. Mean (point) and standard deviation (error bars) of δ13C and δ15N values 
of benthic macroinvertebrates, sediment, particulate organic matter (POM) of samples 
collected in the northern Bering Sea. Each graph is a year in which sampling 
occurred. Groups represent either the baseline group (sediment or POM) or the 
taxonomic family. Taxonomic families with one sample per taxonomic family were 
excluded from these graphs for simplicity.  
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Table 5. Mean stable isotope values (δ13C and δ15N), standard deviations (±SD), 
number of replicates (n), and C/N (wt./wt.) of benthic macroinvertebrates (by group 
and taxonomic family) and isotopic baselines (POM [particulate organic matter] and 
sediment) in the northern Bering Sea stations. Feeding type is also reported using the 
classifications of Macdonald et al (2010). Trophic positions (TP) for benthic 
macroinvertebrates are presented using the mean δ15N value of the sediment for the 
year of sampling.  

 
 Northern Bering Sea 

Group/Family 
Feeding 
Type Year n 𝛿

13C 
(‰) ±SD 𝛿

15N 
(‰) ±SD C/N ±SD TP ±SD 

Sediment            

  2014 5 -21.9 0.1 8.7 0.5 6.2 0.3   

  2015 5 -21.5 0.1 9.1 0.2 6.4 0.2   

  2016 5 -20.7 0.2 8.6 0.4 6.3 0.1   

  2017 5 -22.2 0.2 9.9 0.9 6.5 0.2   

  2021 5 -23.3 0.6 9.7 0.3 7.8 0.2   
POM            

  2015 5 -23.4 1.6 9.1 1.8     
Amphipoda            

Lysianassidae Scavenger           

  2014 3 -21.5 0.1 11.0 0.1 10.0 0.3 1.7 0.1 
Oedicerotidae Predator           

  2015 1 -19.1  15.8  5.3  3.0  

Pontoporeiidae 
Surface 
Deposit           

  2017 3 -20.1 0.5 11.6 0.3 7.5 0.7 1.6 0.1 
Uristidae Scavenger           

  2014 2 -21.4 0.4 11.5 1.0 11.0 0.1 1.8 0.3 
  2015 4 -21.7 1.5 13.7 2.4 9.8 2.0 2.4 0.7 
  2016 2 -20.1 0.1 12.2 0.3 8.9 0.4 2.0 0.1 
  2021 5 -19.7 0.3 12.0 0.3 7.8 0.4 1.6 0.1 

Bivalvia            
Lyonsiidae Suspension           

  2014 1 -20.6  10.1  5.9  1.4  

Nuculanidae 
Surface 
Deposit 

          

  2014 13 -21.5 0.4 10.3 0.6 7.2 0.5 1.5 0.2 
  2015 2 -18.7 0.4 11.6 0.6 4.0 0.1 1.8 0.2 
  2017 1 -21.2  11.0  6.0  1.4  

Nuculidae 
Subsurface 
Deposit 
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  2014 5 -20.6 0.8 9.9 0.2 6.7 0.9 1.3 0.1 
  2017 3 -21.1 0.5 10.3 0.3 7.3 1 1.2 0.1 

  2021 5 -20.0 0.4 9.0 0.3 6.2 0.5 0.7 0.1 

Tellinidae 

Surface 
Deposit/ 
Suspension 

          

  2014 17 -21.7 0.1 9.5 0.8 8.0 0.9 1.2 0.2 
  2016 3 -19.2 1.4 10.8 0.4 5.3 0.6 1.6 0.1 
  2017 6 -21.1 0.7 10.9 1.9 7.6 1.2 1.4 0.5 
  2021 9 -20.1 0.3 9.5 0.2 6.4 0.6 0.8 0.3 

Echinodermata            
Ophiactidae Suspension           

  2017 1 2  13.4  11.0  2.1  
Ophiuridae Predator           

  2015 3 -19.5 0.3 16.2 0.2 6.0 2.3 3.1 0.1 
  2017 2 -19.2 0.1 16.4 1.1 4.4 0.1 3.0 0.3 

Gastropoda            
Cylichnidae Predator           

  2017 2 -16.9 3.5 12.6 1.1 5.7 0.2 1.9 0.3 
Nemertea Predator           

  2015 1 -19.2  15.8  4.9  3.0  

  2017 1 -20.3  12.0  5.3  1.7  
Polychaeta            

Ampharetidae 
Surface 
Deposit 

          

  2015 1 -23.2  12.2  9.3  1.9  

Cirratulidae 
Surface 
Deposit 

          

  2015 1 -20.1  13.3  4.5  2.2  

Flabelligeridae 
Surface 
Deposit 

          

  2015 2 -21.7 1.0 11.8 0.6 5.8 0.7 1.8 0.2 
  2017 1 -20.5  11.5  4.8  1.6  

  2021 1 -19.4  12.8  5.1  1.9  
Goniadidae Predator           

  2015 1 3  11.8  10.0  1.8  

Lumbrineridae 

Subsurface 
Deposit/ 
Detritivore/ 

          

 

1 Due to a software issue, total organic carbon and nitrogen were not measured for two of the samples 
2 Sample was not acidified and was high in carbonates so only δ15N value is reported 
3 Due to a software error, δ13C value was not available 
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Predator 
  2015 3 -21.1 1.7 13.8 1.2 6.4 2.0 2.4 0.3 

Maldanidae 
Subsurface 
Deposit 

          

  2014 4 -19.6 0.5 14.6 1.1 5.0 0.5 2.8 0.4 
  2015 5 -20.2 0.8 15.1 1.3 5.1 0.9 2.7 0.4 
  2016 5 -19.8 1.1 15.1 1.3 4.8 0.5 2.9 0.4 
  2017 3 -19.9 0.1 14.8 1.1 4.9 0.4 2.6 0.3 
  2021 8 -20.1 0.7 14.1 2.1 5.2 0.5 2.4 0.3 

Nephtyidae Predator           

  2014 3 -18.0 0.8 15.7 0.2 3.9 0.1 3.1 0.1 
  2015 3 -18.5 1.1 16.2 0.3 4.3 0.3 3.1 0.1 
  2021 2 -17.6 0.6 14.6 0.7 4.2 0.1 2.4 0.1 

Onuphidae 

Detritivore/ 
Browser/ 
Predator/ 
Scavenger 

          

  2015 1 -21.9  16.6  5.3  3.2  

  2017 1 -18.8  15.5  4.4  2.8  

Orbiniidae 
Subsurface 
Deposit 

          

  2015 2 -20.7 0.3 13.8 0.5 5.2 0.0 2.4 0.1 
  2016 2 -19.7 0.0 13.2 0.7 5.2 0.3 2.3 0.2 
  2017 2 -21.0 0.4 13.4 0.9 6.2 1.4 2.2 0.2 

Pectinariidae 
Subsurface 
Deposit 

          

  2014 2 -19.6 5.4 10.3 1.6 11 2.2 1.5 0.5 
  2015 2 -23.4 0.4 12.7 0.3 8.1 1.3 2.1 0.1 
  2016 2 -20.3 0.1 13.5 0.8 5.6 1.2 2.4 0.3 
  2017 5 -21.1 1.3 14.2 1.3 6.0 1.3 2.4 0.4 
  2021 1 -20.9  14.2  5.7  2.3  

Phyllodocidae 
Predator/ 
Scavenger 

          

  2021 2 -18.7 1.1 15.1 2.1 5.0 0.3 2.6 0.6 
   

Scalibregmatidae 
Subsurface 
Deposit           

  2015 2 -19.6 0.0 14.6 0.1 4.7 0.1 2.6 0.0 

Terebellidae 
Surface 
Deposit 

          

  2017 3 -22.8 1.2 9.5 1.0 7.6 3.6 1.0 0.3 

Trichobranchidae 
Surface 
Deposit           

  2015 2 -21.0 1.8 11.7 0.7 6.0 0.6 1.8 0.2 
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Priapulida            
Priapulidae Predator           

  2015 1 -18.9  17.5  4.8  3.5  

  2017 2 -19.0 0.3 16.4 0.5 5.0 0.1 3.0 0.1 
Tunicata            

Styelidae Suspension           
   2015 3 -20.5 0.6 13.2 1.3 6.5 0.4 2.2 0.4 
 

The taxonomic family, Tellinidae, had adequate sample sizes for comparison 

between years when the samples from 2016 and 2017 were combined into one group 

(Figure 12). A Welch’s One-Way ANOVA test was performed on the δ13C values of 

Tellinidae among samples collected in 2014, 2016-2017, and 2021. There were 

significant differences between at least two of the temporal groups (F(2 [between 

group degrees of freedom],35[within group degrees of freedom]) = 43.17, P < 0.001). 

Pairwise t-tests were performed with Bonferroni p-value adjustments and a pooled 

standard deviation. These tests revealed that the differences were between the δ13C 

values of the Tellinidae collected in 2014 and the two other groups: 2016-2017 (P = 

0.002) and 2021 (P < 0.001). There were no significant differences between the 

Tellinidae δ13C values in 2016-2017 and 2021 (P = 0.763). The mean Tellinidae δ13C 

value in 2014 was -21.6 ‰ (± 0.5 SD) while the means in 2016-2017 and 2021 were 

more enriched, -20.5 ‰ (± 1.3 SD) and -20.1 ‰ (± 0.3 SD), respectively. The TPs 

were also compared temporally among Tellinidae in the northern Bering Sea using 

the non-parametric Kruskal-Wallis test. The test found significant differences 

between at least two pairs (H(2 [between group degrees of freedom]) = 17.20, P < 

0.001). Tellinidae in 2016 and 2017 had significantly higher TP (mean ± SD: 1.5 ± 
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0.4) than the Tellinidae in 2021 (0.8 ± 0.3; P = 0.001). The Tellinidae TP in 2014 was 

also significantly higher (mean ± SD: 1.2 ± 0.2) than the TP in 2021 (P = 0.004). 

There were no significant differences between the TPs in 2014 and 2016-2017 for the 

Tellinidae in the northern Bering Sea (P = 0.327; Figure 12).  

Stable isotope values of δ13C and δ15N can vary based on the size of the 

organism (Fry & Arnold, 1982; Schlacher & Connolly, 2014; Villamarín et al., 2018). 

Length (mm) of the Tellinidae samples were measured prior to dissection analysis. 

The mean (± SD) lengths in 2014, 2016-2017, and 2021 were 19.9 ± 7.6 mm, 12.4 ± 

5.2 mm, and 22.9 ± 7.7 mm. A Kruskal-Wallis test found there were significant 

differences between these lengths (H(2) = 10.0; P = 0.006). A post-hoc, pairwise, 

Wilcoxon rank sum test with Bonferroni multiple test corrections revealed the 

differences were between 2014 and 2016-2017 (P = 0.016) and between 2016-2017 

and 2021 (P = 0.012). There was not a significant difference between Tellinidae 

length in 2014 and 2021 (P = 1.0).  
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Figure 12. Boxplots of Tellinidae (a-b) and Maldanidae (c-d) δ13C values (‰) and 
trophic position (TP) from the northern Bering Sea cluster plotted over time. Boxplot 
components include median (horizontal bar), interquartile range (IQR; box), 1.5*IQR 
(error bars) and outliers (± 1.5*IQR; black dots). P-values from time-period 
comparisons are reported in burgundy type with the burgundy bars indicating the 
groups compared. *indicates significant p-values. (a). Tellinidae δ13C values (‰) 
plotted over time (2016 and 2017 combined to reach adequate sample size for 
analysis) with post-hoc Kruskal-Wallis p-value results from pairwise comparisons. 
(b) Tellinidae TP in three temporal categories with post-hoc Kruskal-Wallis p-value 
results. (c) Maldanidae δ13C values (‰) plotted over time with 2014 and 2015 
combined and 2016 and 2017 combined to reach adequate sample size for statistical 
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analysis. Kruskal-Wallis test result p-value is also reported. (d) Maldanidae TP 
plotted in three temporal categories with p-value result of the Kruskal-Wallis test.  

The Maldanidae family also had large enough sample sizes for comparison 

between years when 2014 and 2015 were treated as one group and 2016 and 2017 

were treated as one group (Figure 12). The non-parametric Kruskal-Wallis test was 

used to compare δ13C values among the three groups (2014-2015, 2016-2017, and 

2021). There were no significant differences among these groups for Maldanidae 

samples in the northern Bering Sea (H(2) = 0.54; P = 0.762). There were also no 

significant differences between Maldanidae TP among these temporal groups 

(Kruskal-Wallis test: H(2) = 4.81; P = 0.090).  

3.3.3 Southern Chukchi Sea 

In the southern Chukchi Sea sediment samples, the most heavy isotope 

depleted mean δ13C value was observed in 2021 (-22.2 ‰) while the most heavy 

isotope enriched value was in 2016 (-21.2 ‰; Table 6; Figure 13). The most heavy 

isotope depleted δ15N value in sediment was in 2016 (+ 7.2 ‰) and the most heavy 

isotope enriched value was in 2021 (+ 8.5 ‰). The organism with the highest δ15N 

value (14.6 ‰) and the highest δ13C value (-14.6 ‰) was a ribbon worm or Nemertea 

collected in 2021. The most negative δ13C value was a Trichobranchidae polychaete 

from 2016 (-20.1 ‰). Trichobranchidae are surface deposit feeders (Macdonald, et 

al., 2010). The mean δ15N value of Myidae, suspension feeding bivalves (Macdonald, 

et al., 2010), collected in from 2021 had the lowest δ15N value (+ 7.3 ‰) of the 

organisms collected in the southern Chukchi Sea.  
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Figure 13. Mean (point) and standard deviation (error bars) of δ13C and δ15N values 
of benthic macroinvertebrates, sediment, particulate organic matter (POM) of samples 
collected in the southern Chukchi Sea. Each graph corresponds to a year in which 
sampling occurred. Groups represent either the baseline group (sediment or POM) or 
the taxonomic family. Taxonomic families with one sample per taxonomic family 
were excluded from these graphs for simplicity.  

Table 6. Mean stable isotope values (δ13C and δ15N), standard deviations (±SD), 
number of replicates (n), and C/N (wt./wt.) of benthic macroinvertebrates (by group 
and taxonomic family) and isotopic baselines (POM [particulate organic matter] and 
sediment) in the southern Chukchi Sea stations. Feeding types are also reported using 
the classifications in Macdonald et al (2010). Trophic positions (TP) for benthic 
macroinvertebrates are presented using the mean δ15N value of the sediment for the 
year of sampling.  

 Southern Chukchi Sea 

Group/Family 
Feeding 

Type Year n 
𝛿13C 
(‰) ±SD 

𝛿15N 
(‰) ±SD C/N ±SD TP ±SD 

Sediment            

  2014 8 -21.6 0.2 7.3 0.3 6.4 0.3   
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  2015 8 -21.4 0.1 7.6 0.2 6.3 0.1   

  2016 8 -21.2 0.3 7.2 0.5 6.1 0.2   

  2017 8 -21.9 0.1 8.0 0.4 6.5 0.1   

  2021 7 -22.2 0.6 8.5 0.2 7.8 0.2   

POM            

  2015 6 -24.1 1.2 7.5 0.8     

  2016 6 -22.8 0.8 6.3 0.8     

Amphipoda            

Lysianassidae Scavenger           

  2014 1 -19.8  9.2  9.1  1.6  

Melitidae Detritivore           

  2017 1 -16.7  10.7  6.3  1.8  

Pontoporeiidae 
Surface 
Deposit           

  2017 1 -19.3  9.9  6.0  1.6  

Bivalvia            

Cardiidae Suspension           

  2014 224 -18.4 0.8 8.2 0.2 6.2 1.1 1.3 0.1 
  2017 1 -17.5  9.4  4.1  1.4  

Hiatellidae Suspension           

  2017 1 -18.5  10.3  3.8  1.7  

Myidae Suspension           

  2014 2 -18.4 0.1 7.3 0.5 5.2 1.3 1.1 0.1 

  20215 1 -17.2  7.9  3.8  0.8  

Nuculanidae 
Surface 
Deposit 

          

  2017 2 -19.0 0.4 9.6 0.4 6.1 2.7 1.5 0.1 

Nuculidae 
Subsurface 
Deposit 

          

  2014 6 -19.3 0.7 10.1 0.5 6.0 0.6 1.9 0.1 

  2015 2 -19.1 0.1 9.4 0.1 5.4 0.3 1.6 0.1 
  2016 2 -19.2 0.9 9.6 0.7 4.3 0.0 1.6 0.2 

  2017 4 -19.0 0.6 9.8 0.3 5.0 1.2 1.6 0.1 

 

4 Sample size for δ13C values was 18. Due to a software error, four samples were not analyzed for δ13C 
values 
5 Siphon 
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Tellinidae 

Surface 
Deposit/ 
Suspension 

          

  2014 26 -18.6 0.5 8.5 0.5 6.9 2.3 1.4 0.1 

  2015 6 -17.9 0.2 9.5 0.7 5.3 0.1 1.6 0.2 
  2016 5 -17.6 0.1 9.7 0.6 4.6 0.2 1.6 0.2 

  2017 5 -18.3 0.1 9.7 0.5 5.7 1.2 1.5 0.2 

  2021 36 -19.1 0.5 8.5 0.5 5.9 0.5 1.0 0.1 

Yoldiidae 
Subsurface 
Deposit 

          

  2014 5 -17.9 1.1 8.4 0.4 5.0 0.8 1.4 0.1 

  2017 3 -17.6 0.6 9.1 0.5 5.5 0.6 1.4 0.1 

  2021 4 -17.8 0.9 8.7 0.4 4.4 0.3 1.0 0.1 
Echinodermata            

Ophiuridae Predator           

  2017 1 -17.9  13.8  5.1  2.7  

Gastropoda            

Naticidae Predator           

  2014 1 -17.1  11.0  4.2  2.2  

  2021 1 -16.0  12.4  6.2  2.1  

Nemertea Predator           

  2021 1 -14.6  14.6  4.1  2.8  

Polychaeta            

Ampharetidae 
Surface 
Deposit 

          

  2014 4 -18.8 0.4 9.3 0.4 7.0 0.7 1.7 0.1 

  2021 3 -19.4 0.4 8.7 0.3 5.5 0.5 1.1 0.1 

Flabelligeridae 
Surface 
Deposit 

          

  2014 1 -16.6  12.0  4.1  2.5  

  2017 1 -19.9  11.7  4.6  2.1  

Maldanidae 
Subsurface 
Deposit 

          

  2016 4 -18.5 0.6 13.7 0.4 4.1 0.4 2.8 0.1 
  2017 4 -18.2 0.1 12.8 0.3 4.7 0.6 2.4 0.1 

Nephtyidae Predator           

  2014 1 -15.2  13.7  4.1  3.0  

  2016 2 -16.6 0.6 14.2 0.4 3.9 0.2 3.0 0.1 

  2021 9 -15.6 0.3 13.0 0.2 4.1 0.1 2.3 0.1 
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Opheliidae 
Subsurface 
Deposit 

          

  2017 1 -20.0  11.5  4.8  2.0  

Pectinariidae 
Subsurface 
Deposit 

          

  2014 6 -19.6 1.2 11.7 0.8 5.8 0.7 2.4 0.3 

  2016 4 -19.6 0.4 12.9 0.4 5.0 0.5 2.6 0.1 

  2017 3 -19.4 0.5 12.2 0.9 4.8 0.4 2.2 0.3 
  2021 11 -19.3 0.4 12.8 0.7 5.0 0.3 2.3 0.2 

Phyllodocidae 
Predator/ 
Scavenger 

          

  2015 1 -17.2  14.2  5.0  2.9  

  2017 1 -17.6  11.2  5.1  2.0  

Polynoidae Predator           

  2017 2 -17.7 1.4 12.8 3.0 4.7 1.1 2.4 0.8 

Terebellidae 
Surface 
Deposit 

          

  2021 2 -18.9 0.4 12.2 0.4 5.6 0.1 2.1 0.1 

Trichobranchidae Surface 
Deposit           

  2016 1 -20.1  12.0  5.2  2.3  

Tunicata            

  Styelidae Suspension           

   2014 1 -18.8  10.8  5.7  2.1  
 

Two taxonomic families had adequate sample size for comparison between 

years: Pectinariidae and Tellinidae (Figure 14). However, the Pectinariidae samples 

needed to be pooled for 2014, 2016, and 2017 to reach adequate sample sizes for 

comparison to the samples collected in 2021. Tellinidae samples were compared 

between 2014 and 2021. The Tellinidae δ13C values from 2014 were significantly 

higher than the samples from 2021 (Welch’s t-test: T(4.5) = 4.05; P < 0.001). TP 

estimates for Tellinidae were also significantly higher in 2014 compared to 2021 

(Welch’s t-test: T(7.4) = 7.34; P < 0.001). To ensure that the differences in TP and 
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δ13C values were not due to the size of the organism, I compared the length (mm) of 

the Tellinidae in 2014 (mean ± SD: 26.8 ± 8.7) and 2021 (mean ± SD: 30.1 ± 5.8). 

There were not significant differences between the sizes of Tellinidae in 2014 and 

2021 (T(46.7) = -1.72; P = 0.09). There was not a significant difference between the 

δ13C values of Pectinariidae samples from earlier years (2014, 2016, 2017) and 2021 

(Welch’s t-test: T(16.9) = -0.98; P = 0.340). TP also did not vary between 2014-2017 

and 2021 (Welch’s t-test: T(21.9) = 1.4; P = 0.177).  



 

 

60 

 

 

Figure 14. Boxplots of Tellinidae (a-b) and Pectinariidae (c-d) δ13C values (‰) and 
trophic position (TP) from the southern Chukchi Sea cluster plotted over time. 
Boxplot components include median (horizontal bar), interquartile range (IQR; box), 
1.5*IQR (error bars) and outliers (± 1.5*IQR; black dots). P-values from time-period 
comparisons are reported in burgundy type with the burgundy bars indicating the 
groups compared. *indicates significant p-values. (a). Tellinidae δ13C values (‰) 
plotted in 2014 and 2021 with Welch’s t-test p-value. (b) Tellinidae trophic position 
(TP) from 2014 and 2021 with Welch’s t-test p-value. (c) Pectinariidae δ13C values 
(‰) plotted in two study periods earlier years (2014, 2015, and 2017) and 2021. The 
p-value from the Welch’s t-test comparing the two groups is also reported. (d) 
Pectinariidae TP in the earlier years (2014, 2015, and 2017) and 2021 with the 
Welch’s t-test p-value.  
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3.4 Sediments 

Mean sediment organic matter δ13C and δ15N values for all DBO stations 

during the study period (2014-2021) were plotted using Ocean Data View software 

(Figures 15 and 16; Schlitzer, 2022) while only the stations where benthic 

macroinvertebrates were collected for this study were analyzed statistically. When 

including all DBO stations, the δ13C values of the coastal Bering Strait stations were 

the most enriched. The most depleted δ13C values were along the coast of the 

northernmost stations (Figure 15). For the clusters addressed in this study, the δ13C 

values are lowest in the coastal stations and highest in the southern Chukchi Sea with 

intermediate values in the northern Bering Sea for the clusters addressed in this study 

(Figure 15). 

Figure 15. Sediment organic carbon δ13C values interpolated using 
weighted means for stations over the study period (2014 - 2021). 
Weighted averages surrounding the measured points were estimated to 
11 per mille of the Latitude and Longitude visualized in the plots. 
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 When including all DBO stations, the lowest δ15N values are found near the 

Alaskan coast and farthest offshore at the Barrow Canyon (DBO 5) and in the central 

Bering Strait stations (Figure 16). The highest δ15N values were in the northern 

Bering Sea. For the clusters in this study, means across years in δ15N are highest in 

the northern Bering Sea, intermediate in the southern Chukchi Sea and lowest in the 

coastal stations.  

Figure 16. Sediment organic fraction δ15N values interpolated using weighted means 
for stations over the study period (2014 - 2021). Weighted averages surrounding the 
measured points were estimated to 11 per mille of the Latitude and Longitude 
visualized in the plots. 

The δ13C and δ15N values of the clusters addressed in this study were 

compared statistically (Table 7 and Table 8). There were significant differences 

between the sediment δ13C values collected at the different clusters in 2014 
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(ANOVA: F(2,13) = 4.30; P = 0.037), 2015 (Kruskal-Wallis: H(2) = 8.35; P = 0.015), 

2016 (ANOVA: F(2,13) = 10.97; P = 0.002), 2017 (ANOVA: F(2,13) = 16.44; P < 

0.001), and 2021 (ANOVA: F(2,12) = 4.29; P = 0.039). Pairwise analyses found that 

these differences were between the southern Chukchi Sea and coastal station δ13C 

values in 2014 – 2017 (Table 7). In 2016, there were significant differences between 

northern Bering Sea and coastal station sediment δ13C values. There were also 

significant differences between the δ13C values in the northern Bering Sea and 

southern Chukchi Sea in 2016. 

 

Table 7. P-values of pairwise tests comparing δ13C values among the northern Bering 
Sea (NBS), southern Chukchi Sea (SCS), and coastal stations.  

  P-values 

Year Test Used 
NBS vs 

SCS NBS vs Coastal SCS vs Coastal 

2014 T-test 0.202 0.187  0.037* 
2015 Wilcoxon Rank Sum Test 0.592 0.107  0.048* 
2016 T-test 0.290  0.001* <0.001* 
2017 T-test  0.002* 0.138 <0.001* 
2021 T-test  0.047* 0.570  0.154 
* indicates a significant P-value 

There were significant differences between the organic fraction of sediment 

δ15N values collected at the different clusters in 2014 (ANOVA: F(2,13) = 17.65; P < 

0.001), 2015 (Kruskal-Wallis: H(2,13) = 10.13; P = 0.006), 2016 (Kruskal-Wallis: 

H(2,13) = 10.97; P = 0.002), 2017 (ANOVA: F(2,13) = 10.48; P = 0.005), and 2021 

(ANOVA: F(2,12) = 26.02; P < 0.001). In all study years (2014-2017 and 2021), 

northern Bering Sea and southern Chukchi Sea stations had significantly different 
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sediment organic fraction δ15N values. There were also significant differences among 

all three clusters in 2016. The northern Bering Sea and coastal stations had 

significantly different sediment organic fraction δ15N values in 2014 (Table 8).  

Table 8. P-values of pairwise tests comparing δ15N values among the northern Bering 
Sea (NBS), southern Chukchi Sea (SCS), and coastal stations. 

  P-values 
Year Test Used NBS vs SCS NBS vs Coastal SCS vs Coastal 
2014 T-test <0.001*  0.002*  0.521 
2015 Wilcoxon Rank Sum Test  0.013* 0.107 1.00 
2016 T-test  0.011*  0.002*    0.042* 
2017 Wilcoxon Rank Sum Test  0.013* 0.107   0.775 
2021 T-test <0.001* 0.001   0.239 

* indicates a significant P-value 

3.4.1 Trend analysis  

Sediment δ13C and δ15N values were also assessed for trends over time using 

the non-parametric Mann-Kendall trend test for monotonic trends (Kendall, 1975; 

Mann, 1945). Sediment δ13C and δ15N values were averaged for each cluster and year. 

Data were available from 2012 to 2021 with the exception of 2020. Sediment δ13C 

and δ15N values for 2020 were interpolated using cubic spine interpolation for 

autocorrelation assessments as they do not allow for missing data. Autocorrelation 

was assessed visually. There was no autocorrelation or partial autocorrelation in any 

of the clusters for both δ13C and δ15N values. The original dataset without the 

interpolated values for 2020 was used for the trend tests. The null hypothesis of no 

monotonic trend present was not rejected for either the sediment δ13C or δ15N values 

in each cluster (Table 9). These results indicate that there was not an upward or 



 

 

65 

 

downward monotonic trend over the time in the sediment δ13C or 𝛿15N values in any 

of the clusters. 

Table 9. Results of Mann-Kendall monotonic trend tests for mean sediment δ13C and 
δ15N values annual in each cluster (2012 – 2021). The Kendall’s tau statistic and two-
sided p-value are reported.  

  δ13C δ15N 
Cluster tau P-value tau P-value 
Coastal -0.278 0.348 0.500 0.076 
Northern Bering Sea  -0.444 0.118 0.222 0.466 
Southern Chukchi Sea -0.389 0.175 0.389 0.175 

 

3.5 Comparing benthic macroinvertebrates among study sites 

3.5.1 Comparisons of δ15N values across clusters by feeding group 

Organisms were grouped by their feeding type and cluster for comparisons by 

feeding group. δ13C values, δ15N values, and TP were compared between and among 

clusters irrespective of the year of sampling (Figure 17 and Figure 18). Suspension 

and predator benthic macroinvertebrates had adequate sample sizes to be compared 

across all three clusters (Figure 17). Deposit feeders and organisms that both deposit 

and suspension feed had adequate sample sizes for comparisons between the northern 

Bering and southern Chukchi Sea clusters (Figure 17). Scavengers did not have 

adequate sample size across clusters to be compared (Figure 17). Deposit feeders in 

the northern Bering Sea had significantly higher δ15N values (n=90, mean = 12.4 ‰, 

SD = 2.3) than deposit feeders in the southern Chukchi Sea (n = 75, mean = 11.0 ‰, 

SD = 1.8; T(161) = 4.46, P < 0.001). Invertebrates that could both suspension and 
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deposit feed also had significantly higher δ15N values in the northern Bering Sea (n = 

35, mean = 9.8 ‰, SD = 1.0) than in the southern Chukchi Sea (n = 81, mean = 8.9 

‰, SD = 1.0; T(59) = 4.6, P < 0.001; Figure 17).  

 

Figure 17. Stable isotope biplot of organisms collected in different locations grouped 
by trophic guild. Ellipses encompass 95% confidence intervals around δ15N and δ13C 

values. 
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Figure 18. Box and whisker plot of invertebrate trophic positions grouped by feeding 
type. 

For predators, all three groups had adequate sample sizes for comparison. A 

non-parametric Kruskal-Wallis Test was used followed by the pairwise Wilcoxon 

rank sum test for multiple comparisons with Bonferroni p-value adjustments to 

compare δ15N values. There were significant differences between at least one pair of 

clusters in the δ15N values of the predators (H[2] = 16.73, P < 0.001). These 

significant differences were between the δ15N values of predators in the southern 

Chukchi Sea and the other two clusters: coastal stations (P < 0.001) and the northern 

Bering Sea stations (P < 0.001). No significant differences between the northern 
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Bering Sea and coastal stations were detected (P = 1.0). The highest average δ15N 

value was in the coastal stations (n = 8; mean = 15.4; SD = 1.6), and the lowest δ15N 

values were in the southern Chukchi Sea (n = 18; mean = 13.1; SD = 1.1). The 

northern Bering Sea had intermediate δ15N values (n = 24; mean = 15.1; SD = 2.0).  

Suspension feeder δ15N values were compared using the non-parametric 

Kruskal-Wallis Test followed by the pairwise Wilcoxon rank sum test for multiple 

comparisons with Bonferroni p-value adjustments. Significant differences were 

detected between the δ15N values of the suspension feeders across clusters (Kruskal-

Wallis: H[2] = 24.27, P < 0.001). Northern Bering Sea suspension feeder δ15N values 

were not significantly different from suspension feeders in the stations that clustered 

in the coastal category (P =1.00). However, southern Chukchi Sea suspension feeder 

δ15N values were significantly different from both northern Bering Sea δ15N values (P 

= 0.002) and coastal δ15N values (P < 0.001). Suspension feeder δ15N values were 

highest in the northern Bering Sea (n=5; mean=12.6 ‰; SD=1.7), intermediate in the 

coastal category stations (n = 7; mean = 12.2 ‰; SD = 0.6), and lowest in the 

southern Chukchi Sea (n = 28; mean = 8.3 ‰; SD = 0.7). 

3.5.2 Comparisons of δ13C values across clusters by feeding group 

Deposit feeders in the northern Bering Sea had significantly lower δ13C values 

(n = 90; mean = -20.6 ‰; SD = 1.3) than deposit feeders in the southern Chukchi Sea 

(n = 28; mean =- 18.9 ‰; SD = 0.9; Wilcox rank sum test: W = 738, P < 0.001). 

Invertebrates that could both suspension and deposit feed also had significantly lower 
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δ13C values in the northern Bering Sea (n = 35; mean = -21.0 ‰; SD = 1.0) than in 

the southern Chukchi Sea (n= 28; mean = -18.7 ‰; SD =0 .6; Welch’s t-test: T(45) = 

-11.97, P < 0.001).  

I used the non-parametric Kruskal-Wallis H Test and pairwise Wilcoxon rank 

sum test for multiple comparisons with Bonferroni p-value adjustments without 

pooled standard deviations to compare predator δ13C values across clusters. The 

predators had significantly different δ13C values between at least one pair of clusters 

(H[2]=21.494, P < 0.001). The southern Chukchi Sea and coastal stations had similar 

δ13C values (P = 0.08) while the northern Bering Sea δ13C values were significantly 

different from the coastal station predators (P = 0.028) and the southern Chukchi Sea 

values (P < 0.001). The highest average δ13C value was in the southern Chukchi Sea 

(n = 28; mean = -16.1 ‰; SD = 1.0) and the lowest average δ13C values were in the 

northern Bering Sea (n = 24; mean = -18.4 ‰; SD = 2.0). The coastal category 

stations had intermediate δ13C values (n = 8; mean = -17.2 ‰; SD = 1.0).  

Suspension feeder δ13C values were significantly different between at least 

one pair of clusters (Kruskal-Wallis: H[2] =16.04, P < 0.001). The northern Bering 

Sea had similar δ13C values for suspension feeders as were observed at the coastal 

stations (P = 0.662) and the southern Chukchi Sea stations (P = 0.167). The southern 

Chukchi Sea and coastal stations were significantly different (P < 0.001). Suspension 

feeder δ13C values were highest in the southern Chukchi Sea (n = 28; mean = -18.3; 

SD = 0.8), intermediate in the northern Bering Sea stations (n = 5; mean = -19.3; SD 

= 2.7), and lowest in the coastal stations (n = 7; mean = -20.8; SD = 0.6). The sample 
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sizes in this test were as small as n = 5 so I am hesitant to draw conclusions from 

these results.  

3.5.3 Comparison of feeding guild trophic position by cluster 

Trophic position for each invertebrate was calculated for all organisms using 

Equation 3. Invertebrates were grouped by trophic guild and their trophic positions 

were compared (Figure 18). For predators and suspension feeders, all three clusters 

had large enough sample sizes for comparison. I did not reject the null hypothesis that 

the mean trophic positions of deposit feeders in the northern Bering Sea (mean = 1.9, 

sd = 0.7) and southern Chukchi Sea (mean = 1.9, sd = 0.5) were equal (Welch’s T-

test: T[159] = -0.29, P = 0.77). I also did not reject the null hypothesis of equal means 

in the suspension and deposit feeders between the northern Bering Sea (mean = 1.2, 

sd = 0.4) and southern Chukchi Sea (mean = 1.3, sd = 0.4; Welch’s T-Test: T[62] = -

1.11, P = 0.269).  

There were significant differences detected between at least two of the 

clusters in predator TP values (H[2] = 6.7; P = 0.47). However, none of the pairs were 

significantly different in the pairwise Wilcoxon rank sum test (northern Bering Sea 

vs. coastal: P = 1.00, northern Bering Sea vs. southern Chukchi Sea: P = 0.059, 

southern Chukchi Sea vs. coastal: P = 0.070).  

Significant differences in suspension feeder TP were detected between at least 

two of the pairs of clusters on (H[2] = 21.56, P < 0.001). The southern Chukchi Sea 

suspension feeders had significantly different trophic positions from the coastal 
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stations (P < 0.001) and the northern Bering Sea (P = 0.004). There were no 

significant differences between suspension feeding trophic positions in the coastal 

stations and northern Bering Sea (P = 1.00). Suspension feeders in the coastal stations 

and the northern Bering Sea had equal mean trophic positions (mean = 2.0, sd = 0.4). 

The southern Chukchi Sea suspension feeders had a lower mean TP at 1.3 (sd = 0.2).  

3.6 Community metrics 

For Layman metric calculations, all study years were pooled across clusters. 

The coastal stations did not have a large enough sample size for community wide 

metrics. Group sample sizes that are less than ten can cause bias in the estimates of 

convex hull total area (Jackson et al., 2011). Therefore, feeding guilds with less than 

ten samples per cluster were combined with other groups or dropped from the 

analysis. Three feeding groups in the northern Bering Sea (deposit, 

deposit/suspension, and predator/scavenger) and four groups in the southern Chukchi 

Sea (deposit, deposit/suspension, suspension, and predator/scavenger) were used in 

this analysis. 

I used an uninformative Wishart prior with a sigma of two (McCarthy, 2007). 

Model parameters were 20,000 iterations, 1,000 discarded distributions, and ten 

thinned posteriors to fit the model for Layman Metrics. Two parallel chains were run. 

The number of posterior distributions of the first community that were less than the 

posterior distributions of the second community were divided by the total number of 

posterior distributions to compare the results of each Layman metric (see the 
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“comparing communities” from https://cran.r-

project.org/web/packages/SIBER/vignettes/ for code). Four thousand posterior 

distributions of community Layman metrics were generated.  

Layman metrics were larger in the southern Chukchi Sea than northern Bering 

Sea except for nearest neighbor distance (NND; Table 10). All total area posterior 

distributions (100 %) for northern Bering Sea were smaller than the posterior 

distributions from the southern Chukchi Sea. The δ15N range was larger in the 

southern Chukchi Sea than the northern Bering Sea in 72% of the distributions, and 

the δ13C range was larger in 100% of the distributions. Centroid distance (CD) was 

also larger in the southern Chukchi Sea than the northern Bering Sea in 98.7% of the 

distributions. The northern Bering Sea mean nearest neighbor distance posterior 

distributions (MNND) were greater than the southern Chukchi Sea for 99.4 % of the 

distributions. The standard deviation of the nearest neighbor distance (SDNND) was 

greater in the southern Chukchi Sea with 99.8 % of the distributions larger than those 

in the northern Bering Sea.  

Table 10. Layman metrics (Layman et al., 2007) from the northern Bering Sea and 
southern Chukchi Sea benthic macroinvertebrate samples. 

Cluster 
δ13C 

Range 
δ15N 

Range 

Total 
Area 
(‰2) CD MNND SDNND 

Northern Bering Sea 1.3 ± 0.2 4.2 ± 0.2 0.8 ± 0.3 1.6 ± 0.1 2.1 ± 0.1 0.4 ± 0.2 
Southern Chukchi 
Sea 

2.5 ± 0.2 4.4 ± 0.3 4.1 ± 0.7 1.9 ± 0.1 1.6 ± 0.1 1.2 ± 0.2 
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3.7 Standard ellipse area (SEA)  

Benthic macroinvertebrates were pooled across years to reach an adequate 

sample size for SEAB. None of the samples from the coastal category stations fit the 

criterion of more than ten samples per taxonomic family (Table 4). Six families from 

the northern Bering Sea and six families from the southern Chukchi Sea met this 

criterion (Tables 5 and 6). I fit Bayesian multivariate (δ13C and δ15N) normal 

distributions around each group. I ran 20,000 iterations of the model, discarded 1,000 

of the first values, thinned the distribution by 10, and ran two parallel chains of the 

model. I fit the ellipses using an inverse Wishart prior with a sigma of two 

(McCarthy, 2007). Posterior distributions were compared for each pair of organisms 

by calculating the percent of the standard ellipse area posterior distributions that were 

larger than another organism (Jackson et al., 2011). Four thousand posterior 

distributions of SEAB were calculated for each taxonomic family (Figure 19). When 

families were analyzed for their SEA in both the northern Bering Sea and the 

southern Chukchi Sea (Nuculidae, Pectinariidae, and Tellinidae), the families from 

the northern Bering Sea had larger TAs and SEAs (Table 11; Figure 19). The 

proportion of posterior distribution samples SEABs that were larger in the northern 

Bering Sea than in the southern Chukchi Sea was 82.7%, 100%, and 100% for 

Nuculidae, Pectinariidae, and Tellinidae, respectively.  

Pectinariidae in the northern Bering Sea had the largest total area, SEA, SEAC, 

and SEAB across all families and the two regions (Table 11). Pectinaridae SEAB 

estimates were larger than the other families in 100% of the distributions except for 
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one family. The only exception was Uristidae where Pectinaridae posterior 

distributions of SEAB were higher for 95.9 % of the distributions. Maldanidae SEABs 

were larger than Nuculanidae and Nuculidae for 81% and 99% of the distributions, 

respectively.  

Of the southern Chukchi Sea stations, Tellinidae had the largest total area, SEA, 

SEAC, and SEAB (Table 11). Nuculidae had the smallest SEAB mode in the southern 

Chukchi Sea. In the southern Chukchi Sea, the Tellinidae SEABs were larger than 

Cardiidae in 99.8% of the distributions. While Pectinariidae SEABs were larger in the 

northern Bering Sea, they were the second largest in the southern Chukchi Sea. The 

smallest reported SEAB mode was in Nephytidae in the southern Chukchi Sea.  

Table 11. Group metrics of total area (TA) in carbon and nitrogen stable isotope 
space, standard ellipse area (SEA), corrected standard ellipse area (SEAC), and 
posterior distribution estimates of Bayesian Standard ellipse areas (SEAB) of mode 
and lower and upper limits of 95% credibility intervals. Clusters are the northern 
Bering Sea (NBS) and southern Chukchi Sea (SCS). TA, SEA, SEAC, and SEAB are 
derived from the area occupied in δ13C and δ15N value (‰) bi-plot space and are 
expressed in per mille squared (‰2).  

Cluster Family TA 
(‰2) 

SEA 
(‰2) 

SEAC 
(‰2) 

Lower 
Limit 

Mode  
(‰2) 

Upper 
Limit 

NBS Maldanidae 12.0 2.7 2.8 1.8 2.7 4.1 
NBS Nuculanidae 5.4 2.0 2.2 1.2 2.0 3.4 
NBS Nuculidae 2.6 1.1 1.2 0.6 1.0 2.0 
NBS Pectinariidae 30.2 11.5 12.7 5.6 10.9 20.2 
NBS Tellinidae 15.0 3.5 3.6 2.5 3.5 4.9 
NBS Uristidae 12.0 5.7 6.2 3.0 5.4 9.9 
SCS Cardiidae 2.9 0.9 0.9 0.6 0.8 1.4 
SCS Nephtyidae 1.6 0.7 0.7 0.4 0.7 1.3 
SCS Nuculidae 1.9 0.8 0.9 0.5 0.8 1.4 
SCS Pectinariidae 5.8 1.7 1.8 1.1 1.7 2.5 
SCS Tellinidae 10.4 1.9 1.9 1.5 1.9 2.3 
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Figure 19. Bayesian standard ellipse areas of six taxonomic families from the 
northern Bering Sea (top two rows) and six taxonomic families from the southern 
Chukchi Sea (bottom two rows). Ten independently calculated ellipses are plotted 
around the raw δ15N and δ13C values of the invertebrates. 

SCS Yoldiidae 2.6 1.2 1.3 0.6 1.1 2.1 
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SEA estimates of consumers do not account for the variability at the base of 

the food web (Layman et al., 2012; Newsome et al., 2007). A large isotopic niche or 

SEA of an organism could reflect more variability in basal resources and not a larger 

isotopic niche. In this study, organisms grouped by taxonomic family were pooled 

across years furthering the bias in estimates of SEA. I subtracted posterior 

distributions (SEAB) of the sediment collected at all study years from the posterior 

distributions of the consumers to correct for the bias in baseline sediment. These 

corrected estimates (SEAB-corrected) were averaged and compared. This method is 

similar to methods used in other stable isotope studies such as Catry et al (2016), who 

subtracted the basal resource δ13C and δ15N values from the raw consumer δ13C and 

δ15N values, and Warry et al (2016), which normalized Layman metrics to the basal 

δ13C and δ15N values. In the northern Bering Sea, the mean sediment SEAB size 

across all years was 1.8 ± 0.3 ‰2. In the southern Chukchi Sea, the mean sediment 

SEAB size was 0.6 ± 0.1 ‰2.  

4 Discussion 

4.1 Clustering 

Three distinct clusters emerged from the environmental parameters of the 

stations where benthic macroinvertebrates were collected in this study (Figure 5). 

These clusters persisted when tested under three different linkage methods (complete 

linkage, average linkage, and Ward’s minimum variance distance). The northern 

Bering Sea stations clustered together even when the spatial variables (Latitude and 
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Longitude) were removed from the analysis. This result was expected because the 

remainder of the samples were in the Chukchi Sea which differs from the northern 

Bering Sea in hydrodynamic conditions, primary productivity, and sediment 

characteristics (see Section 1.2).  

The Chukchi Sea stations clustered into two groups: the southern Chukchi Sea 

stations and coastal stations. While UTN1 is somewhat distant from the coast, the 

other two stations in this region, SEC5 and SEC7 are relatively close to the coast 

(Figure 6), and share coastal characteristics at UTN1. For example, UTN1 is the 

shallowest of the stations with a mean depth of 35 m (± 0.5 SD). It also had higher 

July mean temperatures (4.0 ± 0.9 °C), lower salinity (31.9 ± 0.3), and less silt and 

clay in the sediments (52.1 ± 19.8 %) than the southern Chukchi stations sampled as 

part of this study (Temperature: 2.9 ± 1.2 °C, Salinity: 32.6 ± 0.2, silt and clay 

content [≥ 5 phi]: 79.1 ± 10.7 %; Table 1). UTN1 also had δ13C values that more 

closely resembled the coastal stations than the other Chukchi sea stations (-22.5 ± 0.5 

‰). Because UTN1’s environmental parameters more closely resembled the two 

coastal stations, I classified UTN1 as a coastal station despite its separation from the 

stations closest to the Alaska coast.  

4.2 Stable isotope analysis 

One of the main challenges in this study is the limited δ13C and δ15N values for 

basal food resources for each of the study regions and years. When all food sources 

are measured for a community, the δ13C and δ15N values at the base of the food web 
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can be used to estimate trophic position or mixing models of what an organism is 

consuming. Presumably, there are three basal resources available to these benthic 

macroinvertebrates: organic matter in the sediments, POM, and sea ice algae. POM 

was only measured as a part of this study in 2015 in the northern Bering Sea and 2015 

and 2016 in the southern Chukchi Sea. In addition, in 2010, POM δ13C and δ15N 

values were made available by Dr. Katrin Iken, University of Alaska Fairbanks 

(personal communication). In both the northern Bering Sea and southern Chukchi 

Sea, the POM values differed in both δ13C and δ15N values between years (Figure 20). 

There was also no standard offset between the POM and sediment δ15N values to 

estimate POM δ15N for the years when POM wasn’t collected. Therefore, using POM 

as a baseline for years when POM was not collected was not advisable.  

The other basal resource, sea ice algae, was not measured as a part of this study 

because ice melt occurred before collection in July. However, other studies have 

found that sea ice algae δ13C values are isotopically distinct from other isotopic end-

members in the Pacific Arctic. δ13C values in ice algae tend to be enriched compared 

to POM or sediment due to inorganic carbon limitations in interstitial spaces as 

photosynthesis proceeds (Lovvorn et al., 2005; McTigue & Dunton, 2017; North et 

al., 2014). The δ13C and δ15N values from Lovvorn et al (2005) are isotopically 

distinct from our other samples (Figure 20).  
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Figure 20. Mean (circle) and SD (error bars) δ13C and δ15N values of basal food web 
resources in each cluster. Sea ice algae δ13C and δ15N values are from Lovvorn et al 
(2005). 

4.2.1 Estimating trophic position  

There are several methods of calculating trophic position including the 

traditional method (Equation 3), a two baseline mixing model (Post, 2002), or 

Bayesian estimations (Quezada-Romegialli et al., 2019). Stable isotope mixing 

models quantify proportions of food sources in an organism’s diet based on the stable 

isotope signatures of end-members and the organism’s tissues. These models require 

analyzing stable isotope values of all basal production and that the consumer falls 

within the food sources’ range in δ13C – δ15N biplot space after corrections for TDF 

(reviewed in Phillips et al., 2014). For deposit and suspension feeding organisms such 

as Tellinidae, the two main food sources available are the organic matter in the 

sediment and POM. However, Tellinidae stable isotope values did not fall within 

these food sources in δ13C – δ15N biplot space (Figure 21). I found similar patterns for 

the other plots generated across years and consumers. These results suggest a missing 
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enriched δ13C end-member. Similar studies in the Pacific Arctic (Iken et al., 2010; 

Lovvorn et al., 2005; McTigue & Dunton, 2014; Tu et al., 2015) have also cited 

higher δ13C values than would be expected with the end-members collected. Without 

POM collected in all years and meeting the assumptions for mixing models, it was 

not practical to calculate trophic position using the two-baseline model.  

Bayesian estimations require a sample size of n ≥ 8 for each consumer 

(Quezada-Romegialli et al., 2019). Only nine taxonomic families met this 

requirement. I used these nine taxonomic families to compare the traditional and 

Bayesian trophic position estimations. Both Bayesian and traditional TP estimates 

require TDFs. TDFs were not measured as a part of this study, but McTigue and 

Dunton (2014) determined a TDF of 3.4 ‰ for similar benthic macroinvertebrates in 

the northeastern Chukchi Sea. The δ15N TDF was estimated using the amphipod, 

Ampelisca macrocephela, and phytoplankton (the particulates that were retained on a 

20 μm filter; McTigue and Dunton, 2014). A. macrocephela are suspension feeding 

amphipods that generate a posterior to anterior feeding current to forage on diatoms. 

This current can also trap surface sediments in this process (Highsmith & Coyle, 

1990). I used the 𝛿15N TDF determined in McTigue and Dunton (2014) and 
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calculated δ13C TDF based on the mean and SD presented in the paper for the 

Bayesian model. 

The Bayesian estimates of TP included the sediment collected at the year and 

cluster of the benthic macroinvertebrate and POM. The POM collected in 2015 for 

the northern Bering Sea and in 2016 for the southern Chukchi Sea was used to 

represent POM for all years, since it was not measured each year. In the traditional 

estimations of TP, sediment was used as a baseline along with the mean δ15N TDF of 

3.4 ‰ from McTigue and Dunton (2014). While using sediment organic matter as a 

baseline has its limitations for suspension feeders, the stable isotope content of the 

organic fraction of surface sediments was measured at each station and year. 

Figure 21. Stable isotope biplot (δ13C vs. δ15N) of the taxonomic family 
Tellinidae samples collected in the southern Chukchi Sea in 2014 and food 
sources (sediment and POM [Particulate organic matter]). Centroid (circle) 
± standard deviations (error bars) are also shown for each end-member and 
the consumer. Smoothed density estimates are also included on the outside 
of each axis. This plot was generated using the R package, tRophicPosition 
(Quezada-Romegialli et al., 2019).  
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Additionally, North et al (2014) found that while POM and ice algae δ13C and δ15N 

values varied between late summer and spring in the northern Bering Sea, sediment 

δ13C and δ15N values remained relatively constant on a seasonal basis.  

There were significant differences between the traditional approach of 

estimating trophic position and the Bayesian approach of estimating trophic position 

for six of the nine organisms. All Bayesian estimations of TP were lower than the 

traditional method of estimating TP. The lower TP is due to the inclusion of POM 

isotope signatures and the δ13C value TDF in the Bayesian model. The significant 

differences presented in this comparison do not invalidate the traditional TPs 

calculated for the remainder of the organisms. The analytical error associated with the 

δ15N measurement in this study was ± 0.1 ‰ and many of the standard deviations 

calculated through Bayesian statistics were much higher (Table 3). When accounting 

for the standard deviation of both methods of calculating TP and the analytical error, 

the traditional and Bayesian approaches yielded similar results. Therefore, while the 

differences between Bayesian and traditional approaches yielded statistically 

significant results, these differences may not be ecologically significant.  

The benthic macroinvertebrates studied here are primary consumers and 

therefore, should have trophic positions greater than two. However, for many of the 

samples, the trophic position estimates were less than two (Table 3) both using the 

traditional method and the Bayesian method. In the northern Bering Sea, 

Terrebellidae in 2017 had a TP of 1.0 indicating that the mean Terrebellidae δ15N 

value was equal to the mean δ15N value of the sediment organic matter. Nuculidae 
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and Tellinidae had TPs of less than 1 in 2021 in the northern Bering Sea. In the 

southern Chukchi Sea, Tellinidae and Yoldiidae had a TP of 1.0 in 2021, and Myidae 

had a TP of less than 1.0 in 2021. Nuculidae, Terrebellidae, and Yoldiidae are deposit 

feeders while Myidae is a suspension feeder. Tellinidae bivalves can both suspension 

and deposit feed. In the Myidae and Tellinidae, the TP of less than one can be 

attributed to not including POM (suspension feeders primary food resource) in the TP 

calculations, but the Terrebellidae, Nuculidae, and Yoldiidae presumably feed on 

organic matter in the sediments. The TP of less than one in the deposit feeders 

suggest that the organisms fed on another basal resource or earlier in the season when 

the sea ice was melting. These TPs of less than one may also be due to inaccurate 

estimations of TDF due to other artifacts. 

4.2.2 Whole body and muscle tissue comparison  

Different tissue types have different stable isotope turnover times, which can 

affect the δ13C and δ15N values of the organism. Muscle tissues tend to integrate 

stable isotope signatures of the food source slowly (on the order or weeks to months) 

while blood, liver, and stomach stable isotope signatures change more rapidly (Bond 

et al., 2016; Martínez del Rio & Carleton, 2012; Tieszen et al., 1983). Some samples 

were large enough to have their muscle tissue separated from other soft tissues. These 

samples included two Mya sp., one Naticidae, 22 Serripes sp., and seven Yoldia sp. 

Both the muscle tissue and body tissue were analyzed for δ13C and δ15N values. 

While there were no significant differences between the δ15N of the muscle versus 
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body tissue in our samples (Figure 8), the δ13C of the body was on average 1.5 ‰ less 

than the muscle tissue (Figure 9).  

Two possible explanations for the differences in the δ13C values between the 

muscle and body tissues are changes in the source primary producers that the bivalves 

and gastropod fed on during the longer integration time of the muscle tissue versus 

the shorter integration time in the body tissue or the higher lipid content contained in 

body tissue compared to muscle tissue. In a 42 day isotopic enrichment study of 

Nuculana radiata and Macoma moesta, Weems et al (2012) found that the muscle 

tissue had little to no heavy isotope enrichment in 13C over the course of the 

experiment while 𝛿15N values became enriched in the heavy isotope.  

To determine the isotopic turnover time in our study organisms, I used the 

formula from a literature review (Vander Zanden et al., 2015) of 11 invertebrate 

muscle tissues and 44 invertebrate whole-body tissues. I used the weights of the 

organisms where muscle tissue could be extracted to calculate the isotopic half-life of 

the invertebrate whole body and muscle tissue in this study. The half-life calculated 

for the average weight of the organisms was 3.6 days for muscle tissue and 3.4 days 

for body tissue. This equates to a turnover rate of about 0.07 % day-1 for body tissue 

and 0.05 % day-1 for muscle tissue. Given this small difference between turnover rate 

and the results of Weems et al (2012), it is likely that the differences in δ13C between 

tissue types reflects the higher lipid content in the body tissue rather than a switch in 

basal resource feeding type. Lipids tend to lower the δ13C values of the tissues (Post 

et al., 2007). 
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4.3 Do food web dynamics differ between the northern Bering Sea and 

southern Chukchi Sea? 

4.3.1 Sediment Organic Matter  

At the base of the food web, the lowest sediment δ13C values and highest C/N 

ratios were in 2021 for all clusters. The coastal stations and southern Chukchi Sea 

also had the highest δ15N values in 2021. The highest northern Bering Sea δ15N 

values in the sediment were in 2017 (Tables 4-6). The lowest δ13C values, highest 

C/N ratios, and highest δ15N values (in two of the clusters) in 2021 could indicate a 

change in hydrodynamics (Iken et al., 2010), primary production (Gu et al., 1996), or 

microbial processes (Casciotti, 2016). Despite this one year shift, there were no 

monotonic trends detected over time in sediment δ13C or δ15N organic matter values 

in any of the clusters (see section 3.4.1).   

The lower δ13C values in the coastal stations across years (mean = -22.4 ‰, sd 

= ± 0.6) compared to the southern Chukchi Sea (mean = -21.6 ‰, sd = ± 0.5) stations 

could be due to terrestrial inputs. Terrestrial organic matter δ13C values generally 

range between -30 ‰ to -23 ‰ while marine organic matter ranges are between -24 

‰ to -18 ‰ (Fry & Sherr, 1984). This is primarily due to the fractionation associated 

with CO2 dissolving into water (Peterson & Fry, 1987). However, the C/N ratios are 

not entirely consistent with terrestrial inputs. C3 terrestrial plants have higher C/N 

ratios than marine algae and POM (reviewed by Lamb et al., 2006). The C/N ratios in 

the coastal stations were higher than the southern Chukchi Sea in only 2014 and 
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2017. The lower C/N ratios in the other years could be due to phytoplankton 

community structure variations or other variables such as lower nutrients in the 

coastal stations compared to the southern Chukchi Stations, which would tend to 

increase C/N ratios (reviewed in Martiny et al., 2013). The more heavy isotope 

depleted δ13C values along the coast are most likely due to terrestrial influence as 

another study found higher terrestrial influence in essential amino acids near SEC5 

and SEC 7 compared with the remainder of the southern Chukchi Sea (Zinkann et al., 

2022).  

The sediment δ13C organic matter values were lower in the northern Bering Sea 

(mean = -21.9 ‰, sd = ± 0.9) compared to the southern Chukchi Sea (mean = -21.6 

‰, sd = ± 0.5) when values were averaged across years (Figure 15). The higher δ13C 

values in the southern Chukchi Sea could be attributed to the higher annual primary 

productivity in the southern Chukchi Sea compared with the northern Bering Sea 

(Grebmeier et al., 2006). When primary productivity rates are higher, phytoplankton 

do not discriminate against 13C as much as when primary productivity rates are lower. 

The increase in 13C in the phytoplankton leads to higher δ13C values (Fry & Sherr, 

1984). Dunton et al (1989) also found this trend when comparing δ13C values of the 

Bering Sea to the southern Chukchi Sea.  

 In all study years, the sediment δ15N values in the northern Bering Sea were 

significantly higher than the δ15N values in the southern Chukchi Sea (Table 8). 

Kędra et al (2019) also found higher bivalve δ15N values for compound specific 

amino acid stable isotopes in the northern Bering Sea compared to the southern 
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Chukchi Sea. Currents in the southern Chukchi Sea are stronger than the northern 

Bering Sea due to the flow through the Bering Strait (Grebmeier et al., 2015) which 

supplies the the southern Chukchi Sea with “new” nitrogen (Walsh et al., 1989). 

Nitrogen that has not been reworked by bacteria or primary producers tends to be 

more depleted in 15N. Dentrification can also effect residual 𝛿15N values. 

Denitrification elevates the δ15N values in the residual source pool because of the 

large fractionation associated with the conversion of NO3 to N2 (reviewed by 

Casciotti, 2016). Both regions have high rates of denitrification with large nitrogen 

deficits compared to the rest of the world’s oceans (Chang & Devol, 2009; Henriksen 

et al., 1993; McTigue et al., 2016; Tanaka et al., 2004; Zhuang et al., 2022). The 

higher δ15N values in the northern Bering Sea indicate the likelihood of a more 

detrital-based food web with higher denitrification rates and nitrogen recycling than 

in the southern Chukchi Sea (Figure 22).  
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Figure 22. Conceptual diagram detailing the processes that might be leading to the higher δ15N values in the northern Bering Sea 
compared with the southern Chukchi Sea. Symbols courtesy of the Integration and Application Network (ian.umces.edu/media-
library). 
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 These patterns also indicate a higher degree of pelagic-benthic coupling in the 

southern Chukchi Sea than in the northern Bering Sea. As bacteria and phytoplankton 

take up the nitrogen in the water column and sediment, they preferentially consume 

the 14N in the organic matter and leave the heavier 15N behind (Peterson, 1999). This 

kinetic fractionation leaves higher δ15N values in the sediment. In the more 

productive southern Chukchi Sea, the sediment δ15N values are lower possibly due to 

the more direct pelagic-benthic coupling compared to the northern Bering Sea where 

nutrients are recycled in the sediment. Dunton et al (1989) found a similar pattern 

where the δ13C values in benthic consumers in the Chukchi Sea more closely 

resembled the zooplankton δ13C values than in the northern Bering Sea. These similar 

δ13C values in the benthic and pelagic communities indicate tighter pelagic-benthic 

coupling in the southern Chukchi Sea with a more detrital-based food web in the 

northern Bering Sea (Dunton et al., 1989). This theory is further supported by the 

larger number of suspension feeders in the southern Chukchi Sea relative to the 

northern Bering Sea. While from 1998 – 2018, the northern Bering Sea benthic 

macroinvertebrates were dominated by deposit feeders, the southern Chukchi Sea 

station had substantially more suspension feeders (Figure 23). This pattern is also 

apparent in the biomass data for the study years (Figure 7) 



 

 

90 

 

In summary, the higher δ15N values in the northern Bering Sea are likely due 

to denitrification and recycling of nutrients in the sediments while in the southern 

Chukchi Sea, there is more direct coupling of the water column POM to benthic 

macrobenthic organisms (Figure 22). This detrital-based food web may be beneficial 

to the stability of the benthic organisms in the northern Bering Sea. Rooney and 

McCann (2012) used data from Sánchez and Olaso (2004) to argue that the food webs 

that rely on energy derived from detritus (more than 50%) tend to be more diverse 

than food webs that rely on phytoplankton. I observed this pattern in our dataset. 

Coastal stations and northern Bering Sea stations had higher Shannon-Weiner 

Figure 23. Abundance of deposit and suspension feeding 
benthic macroinvertebrates in the northern Bering Sea and 
the southern Chukchi Sea. Counts of organisms were 
aggregated into 1° cells and averaged over from 1998 - 2018. 
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diversity indexes (mean ± SD: 2.3 ± 1.1 and 2.8 ± 0.3, respectively) than the Southern 

Chukchi Sea (1.2 ± 0.6) for the study years where biodiversity data was available 

(2014, 2015, and 2017).  

4.3.2 Benthic Macroinvertebrates  

The higher baseline δ15N and lower δ13C values in the northern Bering Sea 

compared with the southern Chukchi Sea were also observed in the deposit, deposit 

and suspension feeders, and predatory benthic macroinvertebrates (Figure 17). These 

three feeding guilds had higher δ15N values in the northern Bering Sea than the 

southern Chukchi Sea. Deposit and deposit/suspension feeders had significantly lower 

δ13C values in the northern Bering Sea compared to the southern Chukchi Sea. There 

were significant differences between the predator δ13C values in the northern Bering 

Sea and southern Chukchi Sea. However, when accounting for the standard 

deviations of the mean, these distributions overlap, providing less confidence that 

significant differences extend to that feeding guild. There were also significant 

differences among suspension feeder δ13C and δ15N values in the southern Chukchi 

Sea, but again the standard deviations of the mean overlap. Additionally, the sample 

sizes were drastically different among groups (coastal: n = 7, northern Bering Sea: n 

= 5, southern Chukchi Sea: n = 28) so caution is advised in drawing inferences from 

these results.  

Stable isotope signatures of consumers are largely dependent on the stable 

isotope signatures of the source, but TP values account for the differences in δ15N 
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source values (Layman et al., 2012). Therefore, I compared the trophic positions 

across feeding guilds (Figure 17). There were no significant differences between the 

trophic position of deposit, deposit/suspension, and predator feeding organisms in the 

southern Chukchi and northern Bering Sea. There were significant differences in 

suspension feeder TP between the southern Chukchi Sea and northern Bering Sea, but 

again, small sample sizes limit interpretation. The differences among feeding types in 

δ13C and δ15N values but not TP values indicate that the source δ13C and δ15N values 

differ between these two sites but not the overall feeding strategies of similar benthic 

macroinvertebrates. These findings suggest that the differences in δ13C and δ15N 

values between the benthic macroinvertebrates in the northern Bering and southern 

Chukchi Sea can be attributed to the changes in the baseline δ13C and δ15N values of 

the sediment and not changes in feeding behavior.  

4.3.3 Community-wide Layman metrics 

Layman metrics (Layman et al., 2007) were used to assess the overall 

community structure in the northern Bering and southern Chukchi Seas (Table 10). 

The total sample size of benthic macroinvertebrates in the coastal stations was not 

large enough for community-wide assessments (Table 4). Layman metrics were 

calculated using Bayesian statistics as these metrics can be highly influenced by 

outliers and sample size when raw δ13C and δ15N values are used (Jackson et al., 

2011; Layman et al., 2007). The δ15N range was larger (4.4 ± 0.3) in the southern 

Chukchi Sea than the northern Bering Sea (4.2 ± 0.2) indicating that the southern 
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Chukchi Sea has a longer food web (Layman et al., 2007). However, the difference 

between these ranges are small and standard deviations of the means overlap. The 

δ13C range was larger in the southern Chukchi Sea (2.5 ± 0.2) than the northern 

Bering Sea (1.3 ± 0.2) which is indicates there are more basal resources at the base of 

the food web in the southern Chukchi Sea (Layman et al., 2007). The increase in 

basal resources could be due to the later ice break up in the Chukchi Sea than the 

Bering Sea (Grebmeier et al., 2015) leading to persistence of ice algae δ13C signals in 

the Chukchi Sea benthic macroinvertebrates.  

TA and CD measure the degree of trophic diversity in the community 

(Layman et al., 2007). TA is calculated using the Bayesian SEA of the entire 

community (Jackson et al., 2011) and CD measures the Euclidean distance to the 

“centroid” or mean position of the community on a δ13C and δ15N biplot (Layman et 

al., 2007). The larger TA and CD in the southern Chukchi Sea (mean ± SD; TA: 4.1 ± 

0.7, CD: 1.9 ± 0.1) compared to the northern Bering Sea (mean ± SD; TA: 0.8 ± 0.3, 

CD: 1.6 ± 0.1) indicate more trophic diversity in the southern Chukchi Sea 

community (Table 10). Larger trophic diversity in a community has been associated 

with the ecosystem resilience (Alp & Cucherousset, 2022; Kuiper et al., 2015).  

The MNND and SDNND results were contradictory. MNND was larger in the 

northern Bering Sea than the southern Chukchi Sea, but SDNND was smaller in the 

northern Bering Sea than in the southern Chukchi Sea. Both MNND and SDNND 

metrics measure the degree of trophic redundancy in a community (Layman et al., 

2007). When MNND is smaller, there is more overlap in isotopic space indicating 
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more redundancy in the system. When MNND is large, there is less “species packing” 

and more distinct isotopic niches (Layman et al., 2007). The MNND was larger in the 

northern Bering Sea (2.1 ± 0.1) than the southern Chukchi Sea (1.6 ± 0.1) indicating 

less trophic redundancy in the northern Bering Sea (Table 10). SDNND is the 

standard deviations of these means. If the SDNND is lower there is a relatively even 

distribution of species in isotopic biplot space. If it is higher, there is a more uneven 

distribution of species. The SDNND was smaller in the northern Bering Sea (0.4 ± 

0.2) than in the southern Chukchi Sea (1.2 ± 0.2; Table 10). These apparently 

contradictory results may be a consequence of including suspension feeders in the 

southern Chukchi Sea, but not in the northern Bering Sea. Although Jackson et al 

(2011) found that increasing the number of groups in a community did not influence 

Layman metrics, MNND is more sensitive to sample size than SDNND (Layman et 

al., 2007).  

With the exception of MNND, all Layman metrics were higher in the southern 

Chukchi Sea than the northern Bering Sea. These findings suggest that the southern 

Chukchi Sea has more basal sources, trophic levels, and trophic diversity than the 

northern Bering Sea. 

4.4 Were there shifts in food web dynamics from 2014 to 2021? 

The nonuniform and small sample sizes of benthic invertebrates collected 

across years and study sites did not allow for robust analyses of food web shifts 

across years. However, for certain taxonomic families, there were large enough 
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sample sizes to analyze differences across years or groups of years. In the northern 

Bering Sea, Tellinidae δ13C values and TP were compared among 2014, 2016-2017, 

and 2021 and Maldanidae were compared between 2014-2015 and 2016-2017. In the 

southern Chukchi Sea, Tellinidae and Pectinariidae were assessed for temporal 

differences. Pectinariidae samples were pooled for 2014, 2016, and 2017 and 

compared to samples collected in 2021. Tellinidae samples were compared between 

2014 and 2021. While only three taxonomic families were analyzed for temporal 

trends, these families are some of the most dominant macroinvertebrates in the 

Pacific Arctic benthos. 

The δ13C values and TP values of two taxonomic families of polychaetes, 

Pectinariidae in the northern Bering Sea and Maldanidae in the southern Chukchi Sea, 

did not vary significantly over time. However, in both the northern Bering Sea and 

southern Chukchi Sea, Tellinidae δ13C values and TP changed over time. In the 

northern Bering Sea, the 2014 Tellinidae δ13C values were significantly lower than 

the δ13C values of the Tellinidae collected in later years (2016-2017 and 2021), and 

TP estimates were significantly lower in 2021 than the earlier study periods (Figure 

12; 2016-2017 and 2014).  

Body size can impact the stable isotope values of organisms due to the faster 

isotopic turnover rates during early growth stages (Fry & Arnold, 1982) or due to 

shifts in diets (Schlacher & Connolly, 2014; Villamarín et al., 2018). I tested whether 

these shifts in TP and δ13C values were based on size by comparing the lengths of the 

Tellinidae shell among study periods in the northern Bering Sea. Size of the shell did 
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vary significantly between study periods, but these differences in length did not align 

with the differences in δ13C values and TP. Length was not significantly different 

between 2021 and 2014, but the 2016 – 2017 samples were significantly smaller in 

size than in 2014 and 2021. If the differences in δ13C values and TP were due to the 

size of the organism, I would expect to see the same temporal trends in δ13C values 

and TP. The differences in δ13C values in 2014 also did not align with sediment 

organic matter sample δ13C values. The lowest δ13C values in the sediment were in 

2021, but the lowest δ13C values in Tellinidae were in 2014 (Table 5 and Figure 12).  

 There were also differences among study periods in Tellinidae TP and δ13C 

values in the southern Chukchi Sea stations. The mean δ13C value was significantly 

higher in 2014 (-18.6 ‰ ± 0.5) than in 2021 (-19.1 ‰ ± 0.5). The trophic position of 

Tellinidae was significantly higher in 2014 (1.5 ± 0.4) than in 2021 (1.0 ± 0.1). As in 

the northern Bering Sea stations, I tested for differences in length among years. There 

was not a significant difference between the length of the Tellinidae samples in 2014 

and 2021. However, in the southern Chukchi Sea, the differences between δ13C values 

could be attributed to higher sediment organic matter δ13C values in 2014 relative to 

2021. The differences in TP cannot be attributed to differing baseline values as TP is 

corrected for the 𝛿15N of the baseline sediment. In both the southern Chukchi Sea and 

northern Bering Sea, Tellinidae TPs were lower in 2021 than the earlier study 

periods. 

My original hypothesis for shifts in food webs was that the benthic 

macroinvertebrates from 2014 would have more sea ice algae in their diets than those 
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from 2021 (see Section 1.5). Sea ice algae δ13C and δ15N values were not measured as 

a part of this study, but other studies have found that sea ice algae δ13C values are 

isotopically distinct from other isotopic end-members in the Pacific Arctic (Figure 

20). δ13C values in ice algae tend to be heavy isotope enriched compared to POM or 

sediment (Lovvorn et al., 2005; McTigue & Dunton, 2017; North et al., 2014). The 

peak pulse of organic matter deposition associated with sea ice algae is deposited 

relatively quickly (Lalande et al., 2021) and is rapidly mixed into the sediment due to 

bioturbation (North et al., 2014; Zinkann et al., 2022). However, Pacific Arctic 

benthic macroinvertebrates have longer tissue turnover times with half-lives of about 

20 days in Arctic amphipods (Kaufman et al., 2008) and 3 – 15 % uptake of heavy 

isotope enriched algae over 19 days in Arctic bivalves (McMahon et al., 2006). These 

benthic macroinvertebrates were collected in July and ice break up typically occurs 

around April to May in the northern Bering Sea so presumably the heavy isotope 

enriched δ13C values of ice algae would still be present to some extent in these 

samples.  

However, if the changes in δ13C values of the Tellinidae were due to more sea 

ice algae influence, I would expect to see more heavy isotope enriched δ13C values of 

Tellinidae in 2014 than in 2016 – 2017 and 2021, based on the continuing trend of sea 

ice retreat. The weighted average mean sea ice extent in the northern hemisphere in 

2014 was 10.790 million km2, 10.163 million km2 in 2016, and 10.292 million km2 in 

2017, and 10.552 million km2 in 2021 (Fetterer et al., 2017). However, despite higher 

heat content, higher air temperature and lower ice extent in 2016 and 2017 compared 
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to 2014 (Thoman et al., 2020), the δ13C value of the Tellinidae were more heavy 

isotope depleted in 2014 than in the later years.  

These changes could also be due to a change in POM isotopic signatures. 

POM was only sampled in 2015 and 2016 for the southern Chukchi Sea and 2015 for 

the northern Bering Sea. Because of the tight coupling between the benthos and water 

column productivity (Grebmeier et al., 1988), other researchers have found that there 

is little difference between the sediment and bottom water POM δ13C and δ15N values 

(McTigue & Dunton, 2014; North et al., 2014) which are the two potential food 

sources for the suspension and deposit feeding Tellinidae. In our study, POM was 

collected at the chlorophyll maximum and was on average isotopically lighter in both 

δ13C and δ15N (1.6 ‰ and 0.9 ‰, respectively) in the southern Chukchi Sea in 2016 

(Table 6). Because Tellinidae can feed on both POM and organic matter in the 

sediment, a shift in the δ13C and δ15N values of the POM could have influenced their 

isotopic signatures.  

In both the southern Chukchi Sea and northern Bering Sea, the TP of 

Tellinidae was lower in later years. Tellinidae bivalves can both deposit and 

suspension feed so a decrease in the TP could be due to a switch to suspension 

feeding. These findings suggest that the temporal differences in Tellinidae δ13C 

values and TP are not due to differences in the size distribution of the samples or 

changes in the isotopic signatures of the sediment (apart from southern Chukchi Sea 

Tellinidae δ13C values) but are instead due to diet shifts or changes in a food source 

that was not tested in this study.  
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4.5 Do organisms that are thriving have larger trophic niches than those that 

are declining? 

Standard ellipse areas were measured for six families in the northern Bering 

Sea and southern Chukchi Sea (Figure 19). Pectinariidae, a head-down deposit feeder, 

in the southern Chukchi Sea had the largest isotopic niche across regions while the 

predatory polychaete, Nephytidae, had the smallest isotopic niche (Table 11). When I 

measured the isotopic niche of benthic macroinvertebrate samples in both the 

northern Bering Sea and southern Chukchi Sea (Pectinariidae, Tellinidae, and 

Nuculidae), the isotopic niches were larger in the northern Bering Sea. This finding 

contrasts with the community level where total area was higher for the southern 

Chukchi Sea than the northern Bering Sea (Table 10). When productivity increases, 

species tend to have smaller trophic niche size (Lesser et al., 2020; MacArthur & 

Pianka, 1966). The larger isotopic niches of the species in the northern Bering Sea 

may be due to less primary productivity in the northern Bering Sea than in the 

southern Chukchi Sea.  

While trends in biomass and abundance over time are beyond the scope of this 

study, Grebmeier et al (2018) has reported the dominant benthic macroinvertebrates 

in biomass from 1998 – 2015 in our study regions. Many of the dominant organisms 

are members of the taxonomic families addressed in this study. In the northern Bering 

Sea, dominant species include Ennucula tenuis (Nuculidae), Nuculana radiata 

(Nuculanidae), Axiothella catenata and Maldane sarsi (Maldanidae), and M. calcarea 

(Tellinidae). The southern Chukchi Sea stations were mainly dominated by M. 
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calcarea, but Serripes groenlandicus (Cardiidae), E. tenuis (Nuculidae), Nephtys 

ciliata (Nephtyidae), and Yoldia sp. (Yoldiidae) have been the dominant species in 

certain years and stations.  

Among the dominant species in the northern Bering Sea, Tellinidae have the 

largest isotopic niche space. Goethel et al (2019) analyzed the trends in M. calcarea 

biomass and abundance in the northern Bering Sea and found decreasing trends in M. 

calcarea biomass at SLIP1 and 3 but increasing trends at SLIP4 (Figure 1). This 

study suggests that a finer scale resolution may be needed to truly determine whether 

feeding strategies are driving increases or decreases in abundance. Grebmeier et al. 

(2018) found that the dominant taxa by biomass shifted from nuculanid or nuculid 

bivalves to maldanid polychetes in the southernmost northern Bering Sea stations 

(Figure 1; SLIP1, 2, and 3). Maldanidae SEAB distributions were larger than the 

Nuculanidae and Nuculidae (81% and 99%, respectively). The more generalist 

feeding strategy of Maldanidae as determined by SEAB, may help it outcompete the 

bivalves (Figure 19; Table 11). The Tu et al., (2015) found that Maldanidae had 

higher than expected δ15N values suggesting that they can utilize more refractory 

material in the northeast Chukchi Sea. Maldanids were also dominant in that study 

region, and Tu et al. (2015) concluded the success of this polychaete group may be 

attributed to its ability to utilize refractory material.  

In the southern Chukchi Sea, Tellinidae had the largest isotopic niche out of the 

dominant organisms reported by Grebmeier et al (2018). In comparison to the other 

organisms measured for isotopic niche, Tellinidae had a higher SEAB in 90 – 99 % of 
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the distributions. M. calcarea abundance has been increasing in the southern Chukchi 

Sea at the stations, UTN4 and 5, while Serripes spp. increased in abundance from 

2015-2017 and then declined dramatically in 2018 and 2019 (Goethel, 2021). Goethel 

(2021) concluded that these findings may be due to M. calcarea’s ability to both 

suspension and deposit feed while Serripes spp. is strictly a suspension feeder. In my 

study, the Tellinidae SEABs were larger than for the strictly deposit feeding bivalves, 

Nuculidae and Yoldiidae, and the suspension feeding bivalves Cardiidae. These 

findings support the hypothesis that Tellinidae is utilizing both the organic matter 

from the water column and the sediment. This ability to feed on multiple food sources 

may help explain its abundance and ecological importance.  

Although I did not measure feeding strategies directly, this analysis provides 

insight into the general feeding patterns of some dominant benthic macroinvertebrates 

in the region. With the changing climate, some researchers have suggested that 

generalist species will be better equipped to adapt to a changing climate (Barton et al., 

2019; Kortsch et al., 2015; Ricklefs, 2010). This study suggests that for a small 

number of benthic macroinvertebrates that are nevertheless important in the Pacific 

Arctic, larger niche areas may provide competitive advantages. 

5 Conclusions and Further Study  

My first objective for this study was to determine the differences between 

food web dynamics and the northern Bering Sea and southern Chukchi Sea. The 

northern Bering Sea stations had higher 𝛿15N values in both sediment and benthic 
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macroinvertebrates than the southern Chukchi Sea. These 𝛿15N value results are 

consistent with higher rates of denitrification and bacterial reworking in the northern 

Bering Sea than in the southern Chukchi Sea. The δ13C values were lower in the 

northern Bering than southern Chukchi Sea. These lower δ13C values are consistent 

with higher primary production in the southern Chukchi Sea than in the northern 

Bering Sea. However, benthic macroinvertebrate TP, which accounts for the 𝛿15N 

values of the sediment, did not differ between locations. This finding suggests that the 

differences in δ13C and 𝛿15N values of the benthic macroinvertebrates between 

regions are not due to organisms changing their feeding behavior but are instead due 

to differences in the δ15N and δ13C values of the basal food resources in the region.  

However, these differences could be due to the different bloom phenologies in 

the region during the time of sampling. The large pulse of organic carbon to the 

benthos occurs in May for the northern Bering Sea and June for the southern Chukchi 

Sea (Frey et al., 2015). However, we sampled for both food resources and benthic 

macroinvertebrates in July. While the southern Chukchi Sea could still be 

experiencing the productivity from the spring bloom in July, the northern Bering 

Sea’s bloom is largely over by July.  

There were also more suspension feeders in the southern Chukchi Sea than in 

the northern Bering Sea. This finding suggests that organisms in the southern 

Chukchi Sea could more readily feed directly on organic matter from the water 

column while in the northern Bering Sea, they relied more heavily on the less labile 
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sediments. These findings suggest more direct pelagic-benthic coupling in the 

southern Chukchi Sea than in the northern Bering Sea. 

My second objective for this study was to determine whether there were shifts 

in food web dynamics from 2014 to 2021. My original hypothesis was that there 

would be more sea ice algae influence in the earlier years than in the later years. I 

would expect that the δ13C values would be more positive when ice extent was larger. 

In both the northern Bering and southern Chukchi Seas, we saw significant 

differences between years in Tellinidae δ13C values. In the southern Chukchi Sea, 

these differences could be attributed to the basal resource (sediment organic matter) 

δ13C values, but in the northern Bering Sea, they could not. However, despite a larger 

ice extent in 2014, 2016, and 2017 than 2021, the Tellinidae δ13C values were more 

negative in δ13C values in earlier years than in later years in the northern Bering Sea. 

This finding suggests that the differences in sea ice extent between years did not 

impact the δ13C values of the Tellinidae. Future studies could use compound-specific 

stable isotope analysis, DNA metabarcoding, or stomach content analysis to 

determine why these changes are occurring.  

I also found that the Tellinidae bivalves fed at lower trophic levels in 2021 

than in earlier years in both the northern Bering and southern Chukchi Sea stations. 

Tellinid bivalves (mainly Macoma calcarea in this study) can both deposit and 

suspension feed and remain relatively close to the surface (Macdonald, et al., 2010). 

They rapidly ingest settling algae (North et al., 2014) and are reliant on fresh pulses 

of phytoplankton (Waga et al., 2021). The lower trophic level of Tellinidae in 2021 
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compared to the earlier years could be due a switch to suspension feeding with more 

reliance on the fresh organic matter from the water column rather than the surface 

sediments.  

The final objective was to determine whether organisms that are thriving have 

larger isotopic niches than those that are declining. We found that the thriving groups 

were more generalist feeders than the organisms that were declining. This finding 

helps validate the predictions of mobile generalists outcompeting specialists under 

climate change scenarios (Bartley et al., 2019; Kortsch et al., 2015).  

The limitations of this study can be addressed in future work. Sampling all 

end-members throughout the bloom and into the summer for δ13C and 𝛿15N values 

would allow for more accurate determinations of trophic position, and laboratory 

studies of tissue turnover time would also assist in determining appropriate end-

member and consumer collection timing. Laboratory studies are also needed to 

determine accurate TDFs for benthic macroinvertebrates in the Pacific Arctic. 

Inaccurate TDFs could be causing the lack of heavy isotope enriched δ13C end-

members to account for the enrichment in benthic macroinvertebrate δ13C values. In 

the future, larger quantities of similar organisms should be collected across sampling 

regions to allow for robust temporal analysis. Compound-specific amino acid and 

fatty acid stable isotope analysis could also be used to determine more specifically the 

diets of organisms and sea ice algae. With the Arctic warming at a faster rate than the 

rest of the world, ecosystem studies are imperative to understanding the changing 

dynamics in the Pacific Arctic region.   
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