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"Gentlemen", I said, "I’ve studied the maps

And if what I’m thinking is right

There’s another new world at the top of the world

For whoever can break through the ice"...

After that it got colder the world got quiet

It was never quite day or quite night

And the sea turned the color of sky turned the color

Of sea turned the color of ice

’Til at last all around us was fastness

One vast glassy desert of arsenic white...

The crew gathered closer at first for the comfort

But each morning would bring a new set

Of the tracks in the snow leading over the edge

Of the world ’til I was the only one left...

- Josh Ritter, Another New World, 2010
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ABSTRACT

Ecosystem monitoring since 1980 has established that the boundary between the Arctic and the

Subarctic on the Bering continental shelf, maintained by ice-influenced bottomwater, shifted north-

ward between 1998 and 2001. However, this benthic data are only collected through observation

consistently since the 1980’s; while additional long term data are available through dead shell

assemblages and natural history collections (NHCs) since 1865. By extracting and integrating

insights from these diverse and scattered sources, I have been able to reconstruct a 150-year history

of benthic community change in the northern Bering and Chukchi Seas to answer the following

questions: (1) Do dead-shell assemblages capture the shifting Subarctic-Arctic boundary in the Pa-

cific Arctic ecosystem?, (2) How long can biogenic carbon persist on the Pacific Arctic continental

shelf? (3) WHow long does biogenic carbon persist on the Pacific Arctic continental shelf? (3)

What is history of bivalve family geographic distributions in the N Bering and Chukchi Seas over

the last 150 years?

Arctic Death Assemblages. Time-averaged molluscan death assemblages sampled from trop-

ical to temperate open continental shelves commonly disagree in species composition with local

living communities that have changed in response to anthropogenic eutrophication and other locally

intense human stresses, providing a means of recognizing shifted baselines. In contrast, the ability

of live-dead discordance to resolve the spatially heterogeneous effects of human-induced climate

change has not been tested in high-latitudes, where cold waters are antagonistic to carbonate shell

preservation. In habitats where either Subarctic or Arctic conditions have persisted, bivalve death

assemblages agree closely with counterpart living communities in taxon and guild composition and

are not subject to significant post-mortem bias. Significant live-dead discordance occurs only in ar-

eas with documented changes in community composition over the last several decades; there, dead

assemblages are mixtures of shells from pre- and post-transition communities. This spatial pattern

is robust to both numerical abundance- and biomass-based measures of community composition.

In fact, biomass is especially powerful in revealing fine, station-level discordance that is strongly
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tied to known sites within habitats where new carbon deposition levels, grain size, or benthos have

occurred since 1980. Live-dead discordance can thus reliably differentiate between stable and

rapidly changing habitats in cold, high-latitude settings, relevant to evaluating climate change, and

biomass-based currencies of community composition are as robust as numerical abundance data,

and in fact improve spatial resolution.

Persistence of Biogenic Aragonite. The Bering and Chukchi continental shelves have high

macrobenthic biomass, producing fully bioturbated seabeds with abundant dead shell assemblages.

Given high rates of bioturbation and undersaturated overlying water, we expect high postmortem

loss rates and thus younger median shell ages and lower sequestration rates than in tropical and

temperate shelves. Overall, shells were young: all specimens of Nuculana were < 1600 years old

with a median age of 50 years, and all Macoma shells were < 850 years old with a median age of

about 30 years. These maximum shell ages are an order of magnitude lower than encountered at

lower latitudes, while median shell ages are similar to those at lower latitudes. The lowest median

shell ages and highest rates of shell loss are in the northern Bering Sea and the southeastern Chukchi

Sea, which are consistent with centers of high benthic oxygen demand, and high seafloor biomass.

High biologic productivity increases the input of shells to the seafloor, but also increases their

rate of loss, for a net result of very short windows of time-averaging per dead-shell assemblage.

These results indicate that shell preservation is more strongly correlated with biological activity in

the seabed than with the temperature and chemistry of overlying water, which is contrary to usual

assumptions.

Historic Benthic Ecology. Semi-quantitative periodic benthic surveys began in 1845 and are

archived in NHCs. The past geographic distributions of these bivalves can then be modeled with

occurrence data to identify the southern or northern edges (“frontiers”) of past populations; NHCs

from the 1970s onward that overlap with the era of quantitative benthic survey data are used to

evaluate the reliability of the older, pre-1970s collections. Using historic occurrence data for seven

families from NHCs, bivalve communities underwent a significant reorganization in the interval

xix



between 1940 and 1960. This reorganization included (1) the expansion of Nuculanidae populations

southward into the Bering Sea, and (2) the expansion of Cardiidae populations throughout the

region from the Bering-Sea occurrences where they had previously (1900-1940) been concentrated.

Frontier positions based on NHCs do not differ significantly from those based on quantitative

biomonitoring during the window of 1970-2000 when both data types are available. Historic

observations on bivalve family distributions inferred from 150 years of NHCs thus indicate that

the ecologic baseline inferred from the first quantitative surveys in the 1970s was at that point

only a recently completed (1960s) reorganization of the benthic community; this reorganization,

recognized using NHC data, had started in the 1940s, coinciding with the initial, 20th-century

onset of seasonal sea ice retreat. A collections-based historic perspective on benthic populations

in the Arctic over the past 150 years thus reveals that the close coupling of biological and physical

changes through multiple climate shifts.
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CHAPTER 1

HIGH-LATITUDE BENTHIC BIVALVE BIOMASS AND RECENT

CLIMATE CHANGE: TESTING THE POWER OF LIVE-DEAD

DISCORDANCE IN THE PACIFIC ARCTIC

1.1 Abstract

Time-averaged molluscan death assemblages sampled from tropical to temperate open continental

shelves commonly disagree in species composition with local living communities only in areas that

have changed in response to anthropogenic eutrophication and other locally intense human stresses,

providing a means of recognizing shifted baselines. In contrast, the ability of live-dead discordance

to resolve the spatially heterogeneous effects of human-induced climate change has not been tested

in high-latitudes, where climate change entails substantial changes in nutrient cycling with conse-

quences for benthic biomass and where cold waters are antagonistic to carbonate shell preservation.

North Pacific Arctic and Subarctic seabeds offer ideal conditions for testing the resolving power of

molluscan live-dead discordance, using well-documented ecologic changes in nutrient cycling and

benthic biomass in response to reduced sea ice. Ecosystem monitoring since 1980 has established

that the boundary between the Arctic and the Subarctic on the Bering Sea continental shelf, main-

tained by ice-influenced bottom water, shifted northward between 1998 and 2001. The benthic

community in the transitioned area now experiences new pelagic predators, more variable quantity

and quality of deposited food, and altered sediment grain size, and macrofaunal dominance has

shifted from diverse communities of specialized suspension or deposit feeders to facultative deposit

feeding guilds. We find that in habitats where either Subarctic or Arctic conditions have persisted,

bivalve death assemblages agree closely with counterpart living communities in taxon and guild

composition and are not subject to significant post-mortem bias. Significant live-dead discordance

occurs only in areas with documented changes in carbon delivery, sediment grain size, and com-

munity composition over the last several decades; there, death assemblages are mixtures of shells
1



from pre- and post-transition communities, as confirmed by monitoring data. This spatial pattern

is robust to both numerical abundance- and biomass-based measures of community composition.

In fact, biomass is especially powerful in revealing fine, station-level discordance that is strongly

tied to known sites within habitats where new carbon deposition levels, grain size, or benthos have

occurred since 1980. Live-dead discordance can thus reliably differentiate between stable and

rapidly changing habitats in cold, high-latitude settings, relevant to evaluating climate change, and

biomass-based currencies of community composition are as robust as numerical abundance data,

and in fact, improve spatial resolution.

1.2 Introduction

Extensive field studies by geologists in temperate and tropical latitudes demonstrate that a time-

averaged accumulation of empty mollusc shells on the seafloor — a ”death assemblage”— sums

input from communities over many decades, and thus has potential to register ecological changes

over much longer periods than typically encompassed by biomonitoring and other observational

data, which rarely start before the 1970s [for review see 164, 161]. Moreover, meta-analysis finds

that significant live-dead discordance in molluscan species composition is associated only with

recent human-driven change in the benthic community, not natural variability [160], confirmed

by focused tests [e.g. 37, 95, 105, 109, 288]. Comparing the numerical abundances and diversity

of species and functional groups in death assemblages with counterpart information from living

assemblages in the same habitat thus allows an investigator to detect whether today’s community

is shifted from earlier states, and the longer the duration of time-averaged shell accumulation, the

longer the ecological memory of the death assemblage.

The fidelity of death assemblages to living communities has, however, never been tested under

the aggressive postmortem conditions of high-latitudes, where overlying water can be under-

saturated with respect to calcium carbonate, at least seasonally [147], and the ability of live-dead

comparison to detect human-induced climate change has never been tested at any latitude, with
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the exception of [245] that recently tested this change using several commercial mollusc species.

Live-dead comparisons have also focused almost exclusively on species’ presence-absence and

numerical abundance data, rather than their biomass. Rare tests of biomass have been promising,

showing that it can resolve past dominance [245, 287].

Here, we use bivalve death assemblages from North Pacific and Arctic shelves to advance live-

dead analysis and paleoecological re- construction in these and other critical, high-latitude settings.

In the few other Arctic assemblage studies, researchers have tested for unique taphonomic damage

and whether enough material is preserved to yield meaningful results [115]. North Pacific Arctic

waters pose a clear preservational challenge to biogenic carbonate. The low concentration of carbon-

ate, the low temperature, and the intense activity of both microbial and macrobenthic communities

can amplify processes leading to shell deterioration and loss [24, 202, 223, 224]. Notwithstanding

these challenges, including low diversity even where shells are well-preserved, fully buried Arctic

fossil assemblages can record significant paleoecologic changes such as deglaciation of the high

Arctic Archipelago [9, 38, 115]. In light of this promise, Arctic live-dead discordance deserves

quantitative testing in modern seabeds to assess its ability to detect changes in the environment

caused by humans and secular warming.

The amount of time represented by Arctic death assemblages is still largely unknown, but the

previously mentioned preservational challenges suggest a short window of time averaging. The

high density of biologic activity on the northern Bering and Chukchi shelves would contribute to

postmortem shell loss, despite the continual addition of new skeletal debris to the death assemblage

[52, 124], particularly as the productivity of these marine shelves has the capacity to mix and

irrigate to core-depths ≥ 18 cm despite moderately high sedimentation rates (median 0.12 cm/yr;

[52]). The median postmortem age of a shell in an Arctic death assemblage is thus likely much

younger than in counterpart temperate-shelf death assemblages, where median ages are 50-100

years (e.g. southern California Bight; [305]). Despite projected high rates of shell loss, a small

subset of shells are likely to survive from previous millennia, much as they do elsewhere (e.g.
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maximum shell age ≈ 8000 years in the southern North Sea [99] and ≈ 10,000 years on the southern

California middle shelf [305]; for review, see [161]). For now, we expect each hotspot to reflect

a similar window of time- averaging, with median ages < 100 years and a centennial rather than

millennial total duration; geologic age-dating is in progress.

Extensive observations in theNorth PacificArctic, conducted by amulti-institutional consortium

across ?10 degrees of latitude, have established a known gradient of biotic reaction to climate

change over recent decades, making it an ideal setting for testing the fidelity of high-latitude death

assemblages and, in particular, the power of live-dead discordance to detect ecological change. The

DBO was established to monitor the response of ocean chemistry, circulation, seabed conditions

(organic and nutrient flux, sediment grain size), and biological communities to climate change,

particularly sea-ice retreat, focusing on several ”hotspots” of persistently highmacrobenthic biomass

[43, 215]. These and other observations have established a strong coupling between physical

oceanography, primary productivity, and the living infaunal community [119, 132, 130, 120].

Regional response to the retreat of sea ice during the last 20 years has manifested as a ”softening”

and northwardmovement of the Arctic-Subarctic boundary, whichwas initially defined by extensive

seasonal sea-ice cover and a very cold (< -1 ◦C) bottom water layer south of St. Lawrence Island

[133].

The ”Subarctic” Bering Sea ecosystem is characterized by seasonal ice cover in the middle-

to-northern regions, variable primary production, and a high level of pelagic and demersal fish

production and co- incident pelagic predator levels. The Northern Bering Sea is a transition region

between Subarctic-Arctic conditions, with the Northern Bering Sea supporting smaller bivalves of

the F. Nuculidae (deposit feeder) and F. Tellinidae (facultative deposit feeder) [119, 293] compared

to larger bivalves (F. Tellinidae, F. Cardiidae, F. Astartidae) in the more Arctic Chukchi Sea to

the north. In the Northern Bering Sea, the diving spectacled eider Somatera fuscgeri consume

the smaller Nuculanidae and Tellinidae bivalves whereas walrus Odobenus rosmarus divergens

feed on larger Tellinidae and Cardiidae bivalves in the same region [50, 119, 128]. In response
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to recent warming seawater conditions, the Subarctic ecosystem in the northern Bering Sea has

expanded northward into the ”Arctic” southern Chukchi Sea, creating a gradient of Subarctic to

Arctic conditions through the Bering Strait to interface with the ”Arctic proper” which has more

extensive ice cover with later retreat, colder and more nutrient-rich water, and higher primary

productivity carbon export to the sediments, all that support rich benthic faunal populations and

benthivore predators [119].

Environmental conditions and faunal composition have changed to different degrees in each

hotspot across the Pacific Arctic region, often with change focused on single stations within each

hotspot rather than pervasively throughout a hotspot [112, 111]. In general, the Northern Bering

Sea (DBO1) hotspot has been relatively productive, but shows changes in composition as well

as declining biomass at some stations, with increasing but persistent Subarctic influence [125].

For example, the Spectacled Eider and their preferred bivalve prey (F. Nuculanidae) have been

declining in the Northern Bering Sea with the increase in the smaller, less preferred small bivalve

(F. Nuculidae) [50, 123]. In contrast, the northern DBO2 hotspot in the Chirikov Basin just south of

Bering Strait and the DBO3 hotspot in the SE Chukchi Sea have each undergone varying levels of

community transition frommore Arctic to Subarctic conditions as sea ice retreats earlier coincident

with warming seawater seasonally. The newly variable productivity and biomass in DBO2, DBO3,

and even the NE Chukchi Sea DBO4 region are associated with increased current flow through

the Bering Strait, increasing variability of carbon deposition in the Chukchi Sea over the last

10-20 years, and more northern movement of gray whales and other subarctic marine mammals

[29, 119, 128, 121, 272].

This well-established framework of spatial and temporal variation in benthic communities

suggests that (1) live-dead agreement in community composition and structure should be highest in

the relatively stable hotspots (DBO1 and DBO3) and poorest — overall but particularly at a station-

level — in the transitioned hotspots (DBO2 and DBO4). (2) Observed live-dead discordance

should match known changes in community dominants (i.e. death assemblages should contain a
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mixture of dominants of past and present community states). (3) Given the potential for postmortem

bias in species’ preservation under aggressive high-latitude waters, live-dead agreement will not

necessarily be ’perfect’ even in hotspots or stations known to have experienced little ecological

change; these sites will provide a benchmark for analytically correcting death-assemblage data from

other sites for taphonomic bias. The availability of biomass data from variable DBO regions also

permits (4) a novel taphonomic test of this ecological currency, moving beyond presence-absence

and numerical abundance data and expanding live-dead analysis to ecosystem science.

Using DBO death assemblages, this study aims to answer the following questions:

1. In cold water with potentially low rates of preservation, do death assemblages reliably reflect

spatial patterns in the raw abundance and composition of living assemblages?

2. Is biomass more sensitive than numerical abundance in using death assemblages to detect

spatial and temporal variation in benthic communities?

3. Can live-dead discordance detect known ecological shifts related to climate change?

1.3 Methods

1.3.1 Bivalve living and death assemblages

Living and death assemblages were acquired from benthic samples collected by the Arctic Research

Group (ARG; Chesapeake Biological Laboratory/UMCES) during a summer 2014 cruise of the

Canadian Coast Guard Ship Sir Wilfrid Laurier (SWL14). Sampling stations were distributed

among four areas of known high benthic biomass (DBO hotspots; Figure 1.1): five stations from

DBO1 and ten from DBO3, which are areas with productive benthic communities that have been

regionally stable over the past decade, but punctuated by intense station level changes; and four

stations from DBO2 and six stations from DBO4, where the benthic community is less productive

and more heterogeneous, and environmental conditions have changed significantly [29, 119, 122].
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At each station 1.1, two to five vanVeen grabs (0.1 m2) were used to collect sediment and

infauna, with the sample sieved through a 1 mm screen with seawater and then preserved in 10%

seawater-buffered formalin. The species composition of death and fossil assemblages can, like

living assemblages, be sensitive to sieve size, but processing using a 1 mm sieve has been standard

for the ARG monitoring effort, as it is for many agency surveys. A study by Pirtle-Levy (2006)

[242], at many of these benthic shelf hotspot sites found that, on average, 97% of the station

macrofaunal biomass was caught on the 1 mm screen, compared to 3% remaining on the 0.5

mm screen, with more variable abundance levels on the combined screen size due to meiofauna

and juvenile macrofauna. The collections on the 1 mm screen allow investigators to focus on

adult individuals as opposed to juveniles and larvae, whose living abundance is more sensitive

to the timing of a survey and whose dead shells are especially prone to post-mortem destruction

[157, 158, 172]. In the Bering and Chukchi Seas, small-bodied taxa (1-2 mm) such as Thyaisridae

and Thraciidae are present both alive and dead, but comprise a very small proportion of bivalve

biomass (see 1.4). Thus, for the analyses here focused on biomass and only one cruise’s worth of

data, the 1 mm sieve size was deemed sufficient to capture the composition of living and death

bivalve assemblages.

The sampled living assemblage was sorted and identified to the family and species level by the

ARG, and then archived in 50% propanol [127]. The remaining shell-rich residue from the sorting

process was dried and identified at the University of Chicago. An empty bivalve shell or shell

fragment was considered an individual if it was adult (body size >1 mm) and retained ≥50% of the

hinge line, as is standard in live-dead analysis [164]. Each dead bivalve was identified to the lowest

taxonomic level possible using print resources shared between the UMCES ARG and UChicago

[46, 102] and using two digital voucher collections (one created by the first author during visits

to the ARG, and the other created by ARG collaborators to coordinate invertebrate researchers on

the DBOs; [156]). With these resources, bivalve families and most species could be confidently

identified using shell morphology. Each family represents a single guild, and thus family-level
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identification suffices to differentiate living communities among DBO hotspots, and even poorly

preserved shells can be confidently identified to the family level.

For both living and death assemblages, bivalve abundances were reported as individuals per

m2 of seafloor and reflect pooling of all samples (replicates) collected at a given station in 2014.

Assignment of bivalve taxa to guilds is based on both life habit (infaunal, epifaunal, nestling) and

trophic group, following [300]: chemosymbiont-bearing, obligate deposit feeding, and faculta-

tive deposit-feeding infauna; suspension-feeding infauna, epifauna, and nestlers; and commensal.

Predatory bivalves (e.g. cuspidariids) are not represented in the fauna.

Bivalve biomass (gC) was measured for living assemblages by the ARG using family level

conversion factors developed by [293, 118] that converted total wet mass to grams of organic

(soft-tissue) carbon. To acquire comparable information on the biomass (�) of death assemblages,

we used the conversion developed by [207]:

� =
U

V
∗ G
W

(1.1)

Where U is a conversion from total wet mass to organic carbon mass, V is a conversion from shell

mass to total wet mass, G is the measured fossil mass, and W is an estimate of the percent of the

original shell preserved as the fossil, which also serves as an estimate of post mortem damage. For

bivalve shells showing evidence of intense postmortem dissolution (chalkiness) or other shell loss,

we estimated biomass using a conventional method based on linear dimensions (e.g. [35]). Only

bivalve shells that were sufficiently intact to be counted as individuals were used in the calculation

of biomass. Both living and dead biomass are reported as g organic Carbon per m2.
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1.3.2 Live-Dead Comparison

Death Assemblage Fidelity

The fidelity of death assemblages to living assemblages is assessed two ways: (1) comparing the

amount of bivalve material preserved per station (Figure 1.2), using both counts of individuals

and biomass; this tests for the resolution of spatial patterns in secondary productivity on the

seabed (Figure 1.2); and (2) comparing the proportional biomass of guilds within each biomass

hotspot (Figure 1.3), a means of testing for differential preservation that might bias paleoecological

inference.

Live-Dead Discordance

Live-dead discordance focuses on two measures of pairwise, live-dead similarity: (1) in taxon rank

abundances, expressed as a correlation (Spearman’s d), and (2) in taxonomic similarity, that is

presence-absence corrected for disparate sample sizes (Jaccard-Chao Index), following the widely

used approach of [164]. Rank-abundance correlation compares lists ordered by taxon abundance in

the live and dead collections. A positive d indicates that taxa that dominate the living assemblage

are also highly ranked in the death assemblages and that taxa that are rare in one assemblage are also

rare (or absent) in the other; a d of 1 requires that taxa are ranked identically in both assemblages.

The Jaccard-Chao (JC) index of taxonomic similarity expresses the proportion of taxa shared by

two assemblages, using information on the numbers of singletons and doubletons to correct for

’unseen taxa’ in the smaller sample [41]. A JC index of 1 indicates that the live and the dead taxa

lists are identical, that is all species are shared. Here, both JC and d are calculated using bivalve

families. The results are displayed on a cross-plot of JC versus d, where stations falling in the

upper-right quadrat have the least live-dead discordance (high proportion of shared species, with

those species having similar relative abundances both alive and dead). This method has previously

only been used with numerical abundance data, and originally only at the habitat level, i.e. after
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data from multiple stations had been pooled [160]. Here, both numerical abundance and biomass

data are used, and discordance is evaluated at the station level.

Canonical correspondence analysis (CCA)

Canonical correspondence analysis (CCA) was designed to identify environmental gradients within

community data, based on the theory that species sort themselves among sites based on their realized

niche and physiological optimum [33, 299, 298]. With this theory as backing, CCA computes

the j2 distances using the relative abundances of taxa among sites and taxa, to then find the

relationships between environmental variables and the realized niches of the taxa sampled within

the community at the sites (Figure 1.1 in [299]). This approach was chosen over nonparametric

multidimensional scaling (NMDS) and detrended correspondence analysis (DCA) because CCA

allows both a comparison of the environment and the community and the calculation of a statistical

correlation between the matrices in the constructed space [33]. The CCA space was constructed

using family-level data on bivalve biomass, producing a live (circle) and a dead (squares) data point

for each station. A multivariate method, like CCA, is a necessary addition to live-dead comparison

as the low diversity and uneven community structures in the DBO regions are likely to result in

small changes in JC and d, limiting the sensitivity of the traditional live-dead cross plots (described

in section 1.3.2).

Environmental data have been collected annually across the Bering and Chukchi Seas since

2010 as part of several multi-national efforts including the DBO [43]; longer time series from 1970

are available for many sites as part of the Pacific Marine Arctic Regional Synthesis (PacMARS;

[121]). Here, in CCA, we consider the environmental parameters most important to benthic life

and mediated by sea-ice cover and water circulation in the benthic zone: sediment grain size,

specifically the weight-% of mud (<0.062mm, ≥5 phi); total organic carbon (TOC); total organic

nitrogen (TON); and the carbon to nitrogen ratio (C:N), all based on surface sediment (top 1 cm

of van Veen grab). However, because death assemblages sum bivalve communities over multiple
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years rather than a single year, we focus on change in environmental variables rather than single-

season observations. To do this, for each station, the linear trend in a variable over the length

of the measured time series (variable/yr) was found using the sediment variables gathered in the

PacMARS between 1970 and 2012 [122], SWL cruises in 2013-2014 [122], subsequent SWL

cruises in 2013 and 2014 [126, 127] and the Chukchi Sea Environmental Studies Program (CSESP)

from 2007 to 2014 [30, 320]. Environmental change is displayed as arrows in the direction of the

greatest positive trend in that variable. All spaces were constructed with the cca() function in the

R vegan package [228].

1.4 Results

1.4.1 Comparison of bivalve abundances

In numerical abundance, dead-shell assemblages contain on average 3.2 individuals per live indi-

vidual sampled, with per-station dead:live ratios ranging from 0.6 to 6.2. Death assemblages also

contain more bivalve biomass except for one station, with an average of 18 grams of organic-C

biomass (extrapolated from preserved shell mass; [207]) for every gram in the counterpart sam-

ple of the living assemblage (Figure 1.2). Larger average body sizes are also found in the death

assemblages than in living assemblages, as suggested by the representative photographs in Figure

1.3. Death assemblage sample sizes from standard benthic grabs are thus sufficiently large to

support confident analysis, containing three times more individuals and much more biomass than

the standard minimum of 1 g/m2 generally required for living biomass.

1.4.2 Comparison of Bivalve Guilds

With few exceptions, all seven guilds were found both dead and alive: in each DBO hotspot,

the high functional diversity (6 or 7 guilds) observed in living assemblages is maintained in

death assemblages (Figure 1.3). Epifaunal suspension feeding bivalves were the only exception,
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occurring alive-only in one area (DBO2) and dead-only in another (DBO3), but occurring in such

small numbers (singleton specimens) that intolerance of benthic conditions rather than sampling

is the likely explanation. They occur in substantial numbers both alive and dead in the other two

hotspots (Figure 1.3).

Guilds also represent similar proportions of biomass in death and living assemblages in all

hotspots (r2 ranging from 0.775 to 0.9464; Figure 1.3), even though the dominant guild varies

among areas: obligate deposit feeders in DBO1, facultative deposit feeders in DBO1 and DBO3,

and infaunal suspension feeders in DBO4 (Figure 1.3). Chemosymbiotic taxa (Lucinidae and

Thyasiridae) constitute a greater proportion of living than dead biomass in all four areas. This

bias against dead chemosymbiotic taxa is likely due to their relatively small sizes (1-5 mm valve

height): most dead shells and living individuals of other species are larger-bodied, suggesting that

preservation under these cold-water conditions selects against small individuals and thus small-

bodies species. No other consistent live-dead difference emerges among bivalve guilds.

1.4.3 Comparison of Bivalve Taxonomic Composition

Using both numbers of individuals and biomass as currencies of abundance, death assemblages

closely resemble counterpart living assemblages, with stations falling mostly within the upper right

(high live-dead agreement) quadrant of the cross-plots of taxonomic similarity and rank-correlation

in Figure 1.4. A high proportion of families are shared between living and death assemblages at each

station, and families that dominate (or are rare in) one assemblage tend also to dominate (or are rare

in) the other. Differences do appear between hotspots and among stations within hotspots (Figure

1.4). Regional trends among DBOs are most apparent in numerical abundance (Figure 1.4A), the

standard currency for live-dead comparison. Regionally, stations in DBO1 and DBO3, which are

both highly productive and relatively stable [119], all exhibit very high live-dead agreement and

plot closely to one another in the upper right corner (Figure 1.4A). In contrast, stations in DBO2

and DBO4, which are more spatially heterogeneous [119], exhibit lower live-dead agreement and
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greater between-station differences (Figure 1.4A).

Live-dead agreement is also very high for biomass data, except for five stations (Figure 1.4B).

These five stations – SLIP3 from DBO1, UTBS4 from DBO2, SEC3 from DBO3, and DBO4.4

and DBO4.2 – are all being monitored for either biotic or environmental change because they are

among the stations positioned in transition zones between water masses [51, 118, 122, 293]. The

proportional biomass of guilds at the station level also shows large discordances (Figure 1.5). In

general, facultative deposit feeders (Tellinidae) are more abundant in living than in counterpart

death assemblages, which tend to contain a greater diversity of guilds.

1.4.4 Variation in bivalves with the environment

Canonical Correspondence Analysis (CCA) indicates that live-dead differences in family com-

position are associated significantly with large net changes in environmental parameters (Figure

1.6; ?-value = 0.027). This association preserves known changes in the most highly variable and

heterogeneous DBO regions. For example, the DBO2 and DBO4 hotspots (gold and blue icons in

Figure 1.6) comprise benthic communities known to have changed significantly in past decades,

and the environment there has become muddier and more carbon-rich, in general. The stations in

the DBO2 and DBO4 hotspots exhibiting large distances between living and death assemblages

are aligned with stations experiencing increasing mud and TOC (Figure 1.6) [119, 124, 122].

In addition, the five stations exhibiting high live-dead discordance in Figure 1.4 maintain large

separations between living and death assemblages in this CCA space (icons with black outlines,

Figure 1.6). The relationship between changes in the environment and live-dead discordance can

be seen most clearly within DBO1, which is regionally stable but has recently undergone large

station level shifts (red icons in Figure 1.6). In DBO1, death assemblages fall in the lower left

quadrant of CCA space, associated with the obligate deposit-feeder Nuculanidae, relatively high

nutrients, and coarser grain size. In contrast, living assemblages of DBO1 are in the upper right

quadrant, associated with the facultative deposit-feeder Tellinidae, which are common alive in all
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four hotspots, and with fewer nutrients and finer grain sizes. Assemblages from other DBO hotspots

show a similar but less strong live-dead separation, generally with a more trophically diverse death

assemblage and a living assemblage dominated by a single family common throughout the region

(usually Tellinidae). These environmental gradients do not align precisely with a change in a single

environmental variable, but instead align weakly with a change in both sediment TOC and TON

content and with grain size composition (Figure 1.6).

1.5 Discussion

1.5.1 Ecologic Fidelity of high-latitude Death Assemblages

Despite cold waters that present challenging conditions for shell preservation, expected to lead to

low ecological fidelity, we found strong positive and statistically robust relationships between living

and death assemblages in hotspots known to have relatively stable environmental conditions and

community compositions. Live-dead discordance was encountered only in hotspots known to have

transitioned in recent decades, and that discordance was of the type predicted by known changes in

the benthic community. Both results indicate that these high-latitude death assemblages are useful

ecological records of local conditions over at least decadal scales. Live-Dead discordance was

not focused in one hotspot or habitat. Each of the five stations exhibiting live-dead discordance

in biomass — SLIP3 (DBO1), UTBS4 (DBO2), SEC3 (DBO3), DBO4.2 and DBO4.4 — has

different dominant water masses and grain sizes, and each station represents a known ecologic

shift in the benthic community (see section 4.2). Taphonomically, death assemblages from these

five stations range from high (>500 individuals; SLIP3 and SEC3, DBO 4.2) to low (100-50

individuals; UTBS4, DBO4.4) abundance and biomass. Overall, the DBO housed relatively small

numbers of dead shells — a dead:live ratio of ≈3, compared with a global median of 8 for tropical

and temperate settings (Kidwell, 2013) — is consistent with a high rate of post-mortem shell loss

and a short window of time-averaging. However, the range of sample sizes and habitats in both
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well-agreed and poorly-agreed stations argues against a consistent preservational bias, as does

the spatial matching of discordance to observed temporal changes mentioned above. Live-dead

discordance thus most likely reflects ecologic change in hotspots rather than preservational bias.

Thus, although Arctic death assemblages are less abundant and less diverse than their temperate

and tropical counterpart [305], the dense secondary productivity of the Alaskan shelf still supplies

sufficient material to assess ecologic change using death assemblages, especially with biomass as an

added paleoecologic currency (Figure 1.2). The largest-bodied taxa include Tellinidae (maximum

valve height >45mm), Cardiidae (60mm), andAstartidae (a few >34mm). However, other smaller-

bodied taxa are regularly collected near their maximum recorded size (e.g. Nuculanidae >15 mm;

pers. comm. David Jablonski 2017). All taxa are represented by a broad range of individual sizes,

from the minimum of 1-2 mm to the larger sizes listed previously. Small and large body sizes are

found throughout the region with no apparent bias based on the hotspot. Areas with coarser grain

sizes (muddy sand in select stations in DBO4 and DBO2) contained more shell fragments and fewer

small dead individuals, but these stations still contained suitable sample sizes (>30 individuals) and

the grain size had no clear correlation with high or low live-dead agreement. Fossil assemblages of

all ages commonly contain few specimens of ontogenetically young individuals, regardless of adult

body size and despite the high mortality expected among young individuals, suggesting that shell

loss is not a simple function of shell size (Kidwell, 2013). In death assemblages from our study

area, few specimens are smaller than 5 mm in length, regardless of species, and maximum shell

sizes are larger than are observed in counterpart living assemblages. Larger bodied individuals are

also more abundant in death than living assemblages in the study area, which may arise from three

possibilities, not mutually exclusive. First, large shells might be preserved more readily than small

shells, which is both expected and observed for fossil assemblages in general [53, 59, 162, 308].

Second, finding larger body sizes in past generations is consistent with anecdotal evidence that

bivalves in the region have been getting smaller since the 1970s [92, 112, 218, 293]. Third,

van Veen grab gear is less effective in sampling larger bodied and thus deeper burrowing living
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individuals, making them appear to be proportionally more abundant dead than alive [246]. To test

for such an artefact, we re-ran our JC and d analyses omitting large dead shells (>30 mmHeight and

>0.42 g valve mass) and found that overall live-dead agreement decreased slightly but remained

high in both abundance and biomass and the 5 stations with lower biomass live-dead agreement

maintained their discordance (stations identified in section 3.3). A secular reduction in adult body

size might have several drivers, including increased mortality from pre-mortem dissolution and

bioerosion heightened by ocean acidification [112] or a decrease in body size due to increasing

bottom water temperature [197, 218]. For example, stations within DBO3 and DBO4 are known to

have bottom waters that are undersaturated in aragonite today [112, 201, 239]. Ocean acidification

in this region is progressing more rapidly and over a more extended period than is increasing

bottom water temperature, which has remained relatively stable until recently [286, 321]. In late

2018, after the SWL14 survey, bottom water temperatures increased above 0◦C in DBO1 for the

first time (bottom water anomalies ≈ +2◦C; [125, 286]). Whether this new temperature anomaly

in DBO continues into 2019 and onwards is uncertain, and whether it will start affecting bivalve

physiology on the Bering Sea Shelf, as well as allowing more demersal and pelagic predators

access to the seafloor communities requires further study [111, 125, 128, 286]. As stated in [224],

Arctic shells must persist through (1) bioerosion and dissolution while still alive, (2) bioerosion

and microbial maceration after death, (3) abrasion, disarticulation, and fragmentation that increase

reactive surface area, and (4) postmortem dissolution occurring at or just below the sediment-

water interface [11, 103], although antagonistic porewaters are possible at any latitude (e.g. [13]).

These stages of shell loss can leave different signatures as a function of shell microstructure and

life habit [224]. However, in general, one expects preferential loss of shells with high-organic

microstructures, shells constructed of crystallites having a high surface area to volume ratios, and

small-bodied or very thin-shelled individuals [110]. Despite these limits, the ”taphonomically

vulnerable” families of Mytilidae, Nuculidae, and Nuculanidae with reactive microstructure are all

abundant in death assemblages and their rank abundances similar to that in living assemblages.
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Members of Tellinidae, characterized by especially thin aragonitic shells, exhibit the same pattern

(Figure 1.3). The similar proportional abundances of these ”vulnerable” taxa in both living and

death assemblages in areas of little ecological change suggests the persistence of their populations

over the duration of time-averaging, counterbalancing preservational biases that should favor other

groups with relatively thick shells. Preservational conditions are arguably extremely difficult for all

shell types, but families do differ strongly in preservation potential. Preservational caveats related to

shell type and body size are thus essential to consider when interpreting Arctic death assemblages.

However, in this system, they do not appear to be a barrier to confident paleoecological inference

at the habitat level: every life habit represented in the living assemblage in a DBO is also found

in the death assemblage there (Figure 1.3). Exceptionally, chemosymbiotic bivalves (Lucinidae,

Thraciidae) were proportionally more abundant alive than dead, even if they remained a small part

of the overall bivalve assemblage biomass (Figs. 3, 4). While evidence suggests that freshwater

inputs, anoxic muds, and increasing temperatures allow chemosymbiotic bivalves to increase in

number in Arctic ecosystems [138], the sample sizes examined here were too small to identify such

a pattern. Future work will be aimed to examine the living and death bivalve assemblages for more

small size fraction bias in Arctic death assemblages and possible recent changes in chemosymbiotic

bivalve abundance within the DBOs. ’Live-live’ comparisons among stations in the DBO4 hotspot,

using the same metrics as used for live-dead comparisons, reveal more spatial heterogeneity than

do live-dead comparisons (using biomass data, an average live-live Jaccard-Chao of 0.78 and

average Spearman d of 0.54, compared to an average live-dead JC of 0.83 and d of 0.58). This

spatial heterogeneity is confirmed by current benthic monitoring [30, 29, 125, 121]. Live-live

discordance is only slightly larger than live-dead discordance, however, still falling in the upper-

right, well-agreed corner of Figure 1.4. The low diversity and uneven community structures in the

Arctic thus have little effect on taxonomic composition and rank abundance measures, and these

measures should be paired with multivariate analysis to increase sensitivity. Multivariate analysis

of proportional biomass data also reveals greater dispersion among living assemblages than death
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assemblages in DBO4, but it is again very slight (Figure 1.6). Therefore, death assemblages are

capturing the spatial heterogeneity in this region despite being time-averaged recorders of ecology,

indicating that the time averaging window may be short due to the preservational caveats listed in

this section. This study was somewhat challenged by small sample sizes, especially of the living

assemblages. Typically, DBO benthic surveys are conducted over an entire summer, revisiting

stations on as many as three cruises per season, and trends are compiled over multiple years of

such summer sampling (e.g. [124]). Here, however, we acquired death assemblages from only a

single cruise in order not to overwhelm the shipboard protocol, and thus we considered only the

living assemblage from those same samples, as is standard in live-dead analysis. Despite using

considerably smaller total numbers of individuals than is typical in live-dead studies, and only a

fraction of the information ordinarily available to biologists on these living bivalve communities,

significant patterns emerged.

1.5.2 Power of live-dead discordance to detect benthic response to climate

change

Given preservational concerns and small samples, the results presented here probably represent a

conservative estimate of the ability of live-dead discordance to detect changes in the benthic ecosys-

tem in the last 10-20 years. These results are thus very encouraging for using death assemblages

and live-dead comparison in other high-latitude and cold-water settings. Death assemblages from

additional years and seasons would likely yield similar results, as most bivalve taxa in this region

have long lives and experience multiple seasons. Although live-dead discordance does not identify

all stations that are being monitored for ecological changes, the five stations exhibiting relatively

high live-dead discordance (Figure 1.4B) are representative of three types of benthic transitions

being recognized in DBO regions via biomonitoring:

1. A shift from amore diverse bivalve community toward dominance by Tellinidae. This change

is exemplified by live-dead discordance at SLIP3 (DBO1) and SEC3 (DBO3) but occurs at
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stations in each DBO region (Figure 1.4B; Figure 1.6). The Tellinidae shift is related to an

increase in either sediment TOC to the benthos or decrease in sediment grain size, which have

been mediated by sea-ice retreat altering bottom-water circulation in the Northern Bering

and Chukchi Seas [112, 119, 183, 321]. The Tellinidae shift seems to be associated with a

shift in hydrography and not necessarily the direction of that change. For example, within

DBO1, a recent increase in Tellinidae is correlated with an increase in surface sediment TOC

and a decrease in grain size, largely owing to the likely slowing of the Anadyr stream or

variable seasonal current flow in the region. The community is so altered at these stations

that it is now most similar to samples taken much farther north in DBO3, which has also

seen a rise in Tellinidae biomass since 2004 [112, 119, 129, 281]. As freshwater inputs and

temperature continue to increase across the shelf, this new dominance of Tellinidae is likely

to be accompanied by an increase in the abundance of chemosymbiotic bivalves (Lucinidae

and Thraciidae), such as already seen in estuaries and bays in the Arctic [138]. This shift

towards Tellinidae, which are proportionally more abundant alive than dead, is unlikely to

arise from taphonomic bias because the stations undergoing this transition contain abundant

and diverse death assemblages (>500 individuals and >7 families). These death assemblages

contain many other families with low preservation potential (e.g. Nuculanidae at SLIP3,

Cardiidae at SEC3). In addition, Tellinidae maintain high ranks (1st or 2nd in DBO3) in

the proportional biomass in death assemblages (Figure 1.5); but the discordance here results

from Tellinidae of live assemblages unevenly dominating the community resulting in a much

less diverse living assemblage (e.g. 54% Tellinidae in Dead SEC3 to 99% in Live SEC3;

Figure 1.5).

2. A shift in dominance among groups within the same trophic guild, exemplified by live-dead

discordance throughout DBO2 and especially at UTBS4. Monitoring data show that DBO2

once hosted abundant amphipods in a gray whale feeding ground, but amphipod dominance

has waned since the 2000s and been replaced by polychaetes and, in some cases, facultative
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deposit-feeding and suspension-feeding bivalves (Grebmeier, 2012). This change was not

accompanied by large shifts in functional diversity among bivalves (see Figure 1.5). However,

associated with this decline in amphipods, the dominant bivalve families have shifted within

a functional group. For example, a slight difference in dominance from Yoldiidae in death

assemblages to Nuculidae in live assemblages within the obligate deposit feeding functional

group. Similarly, within the suspension feeding functional group, the family Cardiidae was

found only in death assemblages at UTBS4 and the family Astartidae was found only in

living assemblages at UTBS4 resulting in little discernible difference between live and dead

proportional biomass of infaunal suspension feeding at that station (Figure 1.5) but live-dead

discordance in the family composition (Figure 1.4). This shift in dominance is unlikely to

be the result of taphonomic bias as taxa shift in dominance within a feeding guild, and do

not follow expected bias for shell preservation (i.e. thinner/organic-rich mereologies are

not always found more in death assemblages). Particularly in the examples provided from

UTBS4, families with thinner shells (Yoldiidae andCardiidae) are found in death assemblages

in higher proportional abundance than more robust shells (Nuculidae and Astartidae).

3. A decline in the abundance of ”Alaskan taxa” such as the infaunal suspension-feeding Astar-

tidae, obligate deposit-feeder Yoldiidae, and epifaunal suspension-feeder Mytilidae (all more

abundant dead than alive) is responsible for live-dead discordance at DBO4.2 and DBO4.4.

At these two stations, the reduced proportional biomass of these taxa is compensated for by

slightly higher abundances of Cardiidae, Nuculidae, and Tellinindae. The population decline

observed in the 2000s of these once-dominant Alaskan taxa may be due to a combination of a

recent increase in organic carbon and a more prolonged decline in aragonite saturation of bot-

tom waters, beginning in 1975-1985 [58, 112, 239]. DBO 4.2 and 4.4 experienced possible

ocean acidification conditions in summer 2017, (post-dating our 2014 live-dead data), with

evidence of shell dissolution on living bivalves collected in 2017 (e.g. chalky mineral where

periostracum absent, personal observation). In the past, ocean acidification in the Chukchi
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Sea was associated with discrete upwelling events, but now corrosive, low aragonite satura-

tion waters form and persist on the shelf for the majority of the year [58]. This prolonged

exposure has the potential to alter the bivalve community through failed settlement and other

early mortality of select taxa, particularly at the interface between the Alaskan Coastal water

and rapidly moving shelf waters, such as those at DBO4. Bivalves collected in 2014 and

2015 were examined and subjected to ocean acidification (OA) experiments to determine

the effect of these new chemical conditions in DBO3 and DBO4 [112]. The ”Alaskan taxa”

known to be in decline here, however, proved to be relatively resilient to OA conditions in

the lab, whereas open shelf associated taxa such as Cardiidae, Nuculidae, and Tellinidae that

increase in proportional abundance alive were more sensitive. In other DBO regions with

less extensive OA, Tellinidae and at fewer stations Cardiidae and Nuculidae have continued

to dominate the living community, contrasting with DBO4, where these taxa have shifted

into top ranks, but the bivalve community structure has remained relatively even. Loss of

the ”Alaskan taxa” in DBO4 may be related to a combination of oceanic parameters and

because of the region’s heterogeneity, examining live-dead agreement in 2015 could show

if the Alaskan taxa regained their dominance after longer exposure to ocean acidification

[29, 112]. This shift away from ”Alaskan taxa” is unlikely to be the result of taphonomic bias

because both ”Alaskan taxa” and the open shelf associated bivalves (Cardiidae, Nuculidae,

and Tellinidae) are present in high abundances in living and death assemblages (e.g. typically

>75 dead individuals per station) but in varying proportions in no clear relationship to their

size or shell mineralogy (e.g. Alaskan: Mytilidae with calcite and high-organic nacre found

in death assemblages and not live at DBO4.2).

Each of these ecologic shifts inferred from live-dead discordance is a documented ecologic

change from macrobenthic time series started in the 1980s. Live-dead discordance is thus able to

detect regional and local changes in the benthic bivalve community related to sea ice retreat in the

last 10 years.
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1.5.3 Biomass as a paleoecologic currency

Live-dead comparison based on biomass data can reveal spatially finer, station-level discordances

than can numerical abundance data alone and is moreover linked more directly to changes in the

hydrographic variables. Previous live-dead studies performed with biomass found similar spatial

benefits and, because shelled molluscs are so much larger-bodied than numerically dominant

polychaetes, allow the paleoecologist to work with a greater proportion of the total community

[207, 247, 287]. Live-dead analysis has previously been performed almost exclusively using

numerical abundance data [164]. Here, however, we wanted to bring paleoecological insights to

the recent history of organic carbon biomass, linking to the 40-year record of benthic ecosystem

monitoring of the Pacific Arctic [118, 119, 121, 293]. This long time-series of observations is

rare in ecology and has established connections between physical processes, such as sea-ice loss,

and primary and secondary productivity through pelagic-benthic coupling [50, 130, 132]. To

take full advantage of our finding of robust live-dead agreement in Arctic waters, further work

is needed to establish the amount of time represented in these time-averaged death assemblages

and, in particular, the geologic age-range of specimens from species that are more abundant dead

than alive. Such temporal calibration of changes within the last century can be accomplished by

individually dating shells, as used to such ends elsewhere [171, 303]; using radiocarbon-calibrated

amino-acid racemization, decadal (<50 year) resolution of shell ages should be possible. Despite

these caveats, biomass-based live-dead analysis shows the ability of death assemblages to capture

both regional shifts in dominance (Figure 1.5) and station-level community reactions to changes in

the physical environment (Figure 1.6).

1.6 Conclusions

Bivalve death assemblages from a single cruise (SWL14) demonstrate that an immense amount of

ecologic information is often discarded at the end of processing benthic samples for living animals.

The fidelity of dead skeletal debris was tested here by comparing live-dead discordance to known
22



changes in the Pacific Arctic ecosystem. Here we use stations as a test of the spatial resolution

of death assemblages and find that, regardless of ecologic currency, all stations show live-dead

agreement of the expected kind — good where conditions have been stable, and poorer where

they have transitioned — showing that stations represent a reasonable scale of spatial resolution

for death assemblages on this productive shelf. The opportunity to use biomass and the station

spatial scale allowed access to the large amount of data gathered by the DBO and other similar

missions at these stations in the last 40 years. This view of the past can be used to test the strength

of ecosystem linkages today, such as those emerging within the northern Bering Sea between

community composition and sediment organic carbon content [183]. Death assemblages constitute

a valuable and new kind of historical data that can add temporal depth to existing directly-observed

Arctic time series, providing information on the community that lived in a station sometime before

the time of benthic sampling. This study sought to test the reliability of high-latitude death

assemblages in general, the power of biomass in particular as a new currency in live-dead analysis,

and the ability of live-dead analysis to capture known shifts in ecology related to climate change.

We found positive results on all three fronts: death assemblages are reliable averages of past

community structure, differentiating areas that have changed from those that have been stable and

with station-level resolution, especially using biomass data; live-dead discordance was not detected

at every station that has undergone an ecological shift, but never exists where conditions have been

stable, making live-dead discordance a conservative guide, as found in other, lower-latitude settings

[160]. Regional and station-level variation in shell abundance is almost certainly a function of the

net effects of locally high benthic production and the composition of bottom- and pore-water, a

rich topic for future analysis. Quantifying the ages of shells in these death assemblages (work in

progress) will determine the full scale of time-averaging of the assemblage and thus its historical

reach, the better to determine the timing of changes in species’ ranges and population sizes and to

understand the dynamics of post-mortem shell loss. This promising test of the ecological fidelity of

high-latitude death assemblages, despite taphonomic challenges, indicates that they should be more
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fully exploited in high-latitude settings, expanding into areas without long records of biophysical

monitoring, to gain information about previously unknown Arctic ecologic baselines.
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Figure 1.1: Map of the Distributed Biological Observatory (DBO) stations: Stations (black dots)
sampled for bivalve live and dead assemblages during the summer 2014 CCGS Sir Wilfrid Laurier
cruise. Analyses focus on data from four DBO ’hotspots’ of high benthic biomass: the persistently
subarctic northern Bering Sea (DBO1=red box, circle stations), the persistently Arctic Chukchi Sea
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Figure 1.2: Station biomass and abundance comparison. Comparison of live and dead bivalve
biomass (density, gC/m2) by station. Stations are color-coded according to the biomass hotspots as
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squares). Although the time-averaged dead biomass is almost always greater than the standing
live biomass at a station (above the black line representing unity), commonly by several orders of
magnitude, the ranking of hotspots by live density is preserved.
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bivariate plots of the proportional biomasses of bivalve guilds in live and dead assemblages by DBO
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CHAPTER 2

POREWATER VERSUS OVERLYING WATER CHEMISTRY: THE

DOMINANT CAUSES OF BIOGENIC ARAGONITE LOSS IN PACIFIC

ARCTIC

2.1 Abstract

The Alaskan continental shelf is characterized by high macrobenthic biomass, producing fully

bioturbated seabeds with abundant dead shell assemblages, but the scale of time-averaging of such

aragonitic remains in such high-latitude, cold-water settings is unknown. From overlying waters

(OW) undersaturated with respect to aragonite, especially when combined with bioturbation and

sediment irrigation, we expect higher postmortem loss rates and thus younger median shell ages

than in tropical and temperate shelves, where median shell ages are typically 50-100 years and

maximum ages are 10-20 ka. AMS-calibrated, amino acid racemization was used to date 213

shells from two aragonitic bivalve genera (Macoma and Nuculana) collected from the top 10 cm

of 50-100m deep seabeds at three sites on the Alaskan shelf, each characterized by a different

combination of benthic activity and OW aragonite saturation. We find that all shell remains of

Nuculana were <1600 years old with a median age of 50 years, and all Macoma shells were <850

years with a median age <50 years. All assemblages experience fast initial loss rates, with decadal

half-lives similar to those in warmer seabeds, but much slower net sequestration rates: a long tail of

old shells does not develop, thus shortening the time-averaging window for paleobiologic inference.

For most assemblages, rates of carbonate loss are best modeled by a one-phase loss model rather

than the two-phase models used in lower latitudes. The highest loss rates are in the northern Bering

Sea and southeastern Chukchi Sea, which are both well-documented centers of high organic flux to

the seabed and high benthic oxygen demand, implying high aerobic decomposition and porewater

acidification. Such conditions exacerbate shell loss, even though the strongest seasonal aragonite

undersaturation of overlying waters is found elsewhere. These results quantify, for the first time
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on geological (14C) time-scales, (1) high aragonite loss rates in Arctic seabeds, (2) that loss arises

from low sequestration, and (3) within this generally aggressive setting, loss rates are highest where

benthic activity is highest, rather than where overlying water is most undersaturated, contrary to

usual suppositions. Given their short window of time-averaging, Arctic dead-shell assemblages

provide a high-resolution source of information for ecological analysis, largely reflecting the last

100 years of ecological history.

2.2 Introduction

Marine continental shelf facies dominate the fossil record, and so understanding the dynamics of

aragonite loss and preservation in such settings is fundamental to paleontological interpretation

[305, 283, 110, 44]. While accumulating in seafloor sediment, individual aragonitic shells have

a characteristic residence period within the sediment surface mixed layer (SML) where they are

subject to porewater conditions and reworking before being sequestered and permanently buried,

thereby entering the fossil record (about 0 to 10-20 cm depending on the seabed) [305, 10, 304].

For example, in the top10 cm of the seabed of warm-temperate and tropical shelves, a majority of

shells are lost rapidly, but those that survive the first several centuries – only 0.1-1% of all shells

produced – can then persist for millennia [305, 164]. Thus, processes of shell loss within the

sediment mixed layer play a large role in determining the content of the fossil record.

However, there have been no estimates of time-averaging or preservation in cold polar ecosys-

tems, where a confluence of conditions that should be antagonistic to the long-term preservation

of biogenic aragonite. Cold waters pose a well-appreciated preservational barrier for biogenic

carbonate because of the sensitivity of the aragonite saturation state to temperature, creating a

strong latitudinal gradient in carbonate dissolution (Figure 2.1). In this work we took advantage of

the development of a Distributed Biological Observatory (DBO), which was established to mon-

itor biophysical responses of several “hotspots” of persistently high benthic biomass to climate

change and with sea ice retreat in particular [202]. These and other observations over the last xx
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years have established a strong coupling between physical and chemical oceanography, primary

productivity, and the benthic infaunal community [58, 123, 130, 132]. Three of these biological

hotspots – in the northern Bering Sea (DBO1), Southeast Chukchi Seas (DBO3), and Northeast

Chukchi Sea (DBO4) – are arrayed along a gradient of organic flux to the seabed, fed by slowing

currents that allow particulate organic matter to settle to the seabed [58, 119, 55] (Figure 2.2). This

organic flux feeds dense populations of benthic macrofauna, which in turn create bioturbated and

thus well-aerated sediments; C02 produced from benthic respiration are thought to contribute, to

seasonally strong acidification of bottom waters in both the Bering and Chukchi Sea (Table 2.1)

[58, 105, 84, 202], and so strong aragonite undersaturation of sedimentary porewaters is likely.

We thus expect (1) higher rates of aragonite loss in Arctic seabeds than in lower-latitude shelves

related to the colder water conditions, but further expect (2) a gradient within the Arctic linked to

variation in organic flux and conditions in the seabed itself, which could promote aragonite shell

loss both from chemical dissolution (attack of mineral crystallites by metabolic pCO2 and redox

cycling) and from microbial maceration (attack of shell organic matrix, which liberates crystallites

from the microstructure) [110, 134, 216, 13, 14].

Dead-shell assemblages sieved from Arctic seafloors of the North Pacific offer an ideal oppor-

tunity to evaluate the relative contributions of bottom water aragonite saturation, and biologically

altered porewaters, to the postmortem loss of biogenic carbonate. Long-term research and annual

monitoring of physical, chemical, and biological conditions over the last 50 years have established

that Pacific Winter Water is seasonally undersaturated with respect to aragonite in the northern

Bering and Chukchi Seas (Table 2.1) [58, 202, 201]. From south to north, the saturation state of

aragonite (Ω0A06) in this overlying water decreases, and becomes more prolonged (longer season)

and more spatially extensive (larger proportion of shelf bottom waters affected). Each hotspot thus

represents a different projected combination of aragonite saturation state in the overlying water and

biologic activity within the seabed (Table 2.1). If the undersaturation of overlying waters are the

primary cause of biogenic aragonite loss, then we would expect to see the youngest shell ages and
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highest rates of loss in the Northeast Chukchi Sea, which is the region with the lowest average

aragonite saturation state (Table 2.1) [203, 200, 201, 202, 241, 323, 57, 58]. If, alternatively,

biologically-mediated porewater undersaturation (i.e., organic flux to the seabed from primary

productivity, benthic respiration, and bioturbation) is the dominant cause of shell loss, then the

youngest median shell ages and highest rates of loss should occur in the Southeast Chukchi Sea and

the northern Bering Sea [125].

Here we use radiocarbon-calibrated amino-acid racemization (AAR) age-dating [154, 213] of

two genera of aragonitic bivalves from this array of benthic hotspots (Figure 2.2) to (1) determine

the scale of time- averaging of molluscan aragonite in the sediment surface mixed layers of high

latitudes, testing for a first-order latitudinal gradient in the temporal resolution of paleobiological

information, (2) quantify rates of aragonitic shell loss and sequestration in the Arctic for the first

time, estimated by modeling shell age-frequency distributions (AFDs), and (3) map how shell

loss varies spatially as a function of overlying water and biological activity. AAR dating allows

for more accurate age estimates than radiocarbon dating alone, and matches the methods used in

lower-latitude continental shelf death assemblage studies [164].

2.3 Methods

2.3.1 Study Area

We analyzed empty shells collected from eight stations within three DBO hotspots (Table 2.2) that

encompass a gradient in conditions expected to be antagonistic to the preservation of aragonitic

shells, namely: DBO1 - the northern Bering Sea, specifically the location of a winter polynya

(open water area within sea ice) that forms persistently south of St. Lawrence Island; DBO3

- Southeast Chukchi Sea, just north of the Bering Strait; and DBO4 - the Northeast Chukchi

Sea, off the coast of Wainwright, Alaska (Figure 2.2, Table 2.2). DBO1 is characterized by an

intermediate level of biological activity with bottom waters that experience moderate seasonal
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undersaturation of aragonite; DBO3 is characterized by high biological activity with mild seasonal

undersaturation of aragonite; and DBO4 is characterized by low biological activity with strong

seasonal undersaturation (Table 2.1).

2.3.2 Sample Selection

All bivalve shells were collected in 2014 and 2015 as part of sampling effort in the DBO program,

during cruises of the Canadian Coast Guard Cutter (CCGC) Sir Wilfred Laurier to the Bering

and Chukchi Seas [127, 215]. Bivalves were collected from three DBO hotspots located in the

DBO1, DBO3, and DBO4 (Figure 2.2, Table 2.2). All bivalves were collected from silt-dominated

sediments (phi modal grain size 5, 90%mud) between 40-75 m water depth, using 0.1 m2 van Veen

grabs and a 1mmmesh screen. In total, 213 bivalve shells were selected for amino acid racemization

(AAR) analysis (98 Macoma and 104 Nuculana). Shells were photographed, measured for height

and width dimensions, and scored for postmortem damage using a 10x light microscope. A subset

of bivalves was also examined using a scanning electron microscope (SEM) without coating (Zeiss

Merlin SEM).

2.3.3 Amino Acid Racemization (AAR) Age Dating of Shells

Amino acid racemization is the change in the relative frequencies of left- (“L”) and right-handed

(“D”) amino acid isomers during protein diagenesis, with the ratio equilibrating at 0.5 [213, 12, 154].

This D:L ratio can be used to estimate a relative age of a specimen post-mortem, with higher values

indicating older post-mortem ages. Post-mortem calendar ages can be inferred by pairing the D:L

values with an independent age estimate, such as from radiocarbon analysis using a calibration

function [12].

Enantiomeric ratios of D- and L-aspartic acid and glutamic acid were determined for shells at

the Amino Acid Geochronology Lab at Northern Arizona University. As part of AAR analysis,

the shells of specimens collected alive inn 2014-2019 from the Bering and Chukchi Seas were
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also measured to establish D:L ratios at the time of death, as an aid to calibrating AAR ages of

dead-collected shells (Table 2.4). Aspartic is a “fast” racemizing acid and glutamic is a “slow”

racemizing acid, and thus the combination of rates gives good temporal resolution for both younger

and older shells.

Acceleratedmass spectrometer (AMS) carbon dating of a subset of the dead-collected specimens

was used to calibrate the D:L ratios of aspartic and glutamic acids (Table 2.5). Because so many

shells were very young – the initial calibration indicated that many were “post-bomb” (<1950 CE)

– a full calibration of the AAR data required that we create a post-bomb radiocarbon curve for

the region. This was accomplished by AMS-dating a series of live-collected bivalve individuals

collected between 1957 to 2019, using specimens archived in the Invertebrate Zoology collections at

the University of Alaska Fairbanks (Museum of the North) and in the collections of Prof. Grebmeier

at UMCES (Table 2.3). Radiocarbon analysis was conducted by staff at the University of California

Irvine’s Keck Carbon Cycle Accelerator Mass Spectrometer facility. All AMS carbon ages were

modeled with the OxCal software using the Marine13 curve with a local reservoir offset of ΔR =

436 ± 135 years [257, 205, 251]. The local "post-bomb" 14C curve created from these specimen

is in Table 2.3.

Because so few specimen returned ages older than 1950 CE, most shells are best described as

having three possible ages: (1) an age before 1950 that could be modeled using the Marine 13

curve alone; (2) an age that spanned 1950 as modeled using both the Marine 13 curve and our local

post-bomb curve; and (3) an age younger than 1950 that was modeled using only the post-bomb

curve. The three age estimates resulted in a total uncertainty of 60 years in the age estimate of each

specimen. To reflect this uncertainty, we use three alternative age-calibrations for the AAR data

(Table 2.5):

1. Old Calibration: age of shell AAR data modeled using only the Marine 13 curve with ΔR =

436(135);

2. Middle Calibration: modeled using both the Marine 13 curve with ΔR = 436(135) and
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the local Post-Bomb curve, including specimen HA0277 collected alive in 1957 from Point

Barrow; ranges include the lowest estimates from the Marine 13 curve, because distributions

were truncated at 1950 CE; and

3. Young Calibration: modeled using both the Marine 13 curve with ΔR = 436(135) and the

local Post-Bomb curve but excluding specimen HA0277.

All calibrated ages are median ages reported as years before 2020 CE. The age ranges are reported

as intervals because the range boundaries were determined by the 95% confidence intervals of

distributions in OxCal software, allowing for truncated distributions.

The AAR values of live-collected specimens detects any racemization of amino acids during the

life of an animal: D:L ratios need not be zero at the time of death. All dead shell ages are reported

after correction for this value. The reliability of individual AAR datapoints was assessed following

the standards detailed by [170] for outliers. This procedure eliminated 11 samples (shells), for a

final sample size of 202 shells with AMS-calibrated AAR age estimates (Table 2.2).

For each radiocarbon calibration, the relationship between DL values and radiocarbon age was

tested against four models, using the methods described in [12].

1. Apparent Parabolic Kinetics (APK):

C = 0�% ('C − '0)1�% (2.1)

2. Simple Power-Law Kinetics (SPK):

C = 0(% ('
1(% 
C − '1(% 0 ) (2.2)

3. Constrained Power-Law Kinetics (CPK):

C = 0�% ( [
1 + 'C
1 − 'C

]1�% − [ 1 + '0
1 − '0

]1�% ) (2.3)
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4. Time-Dependent Reaction Kinetics (TDK):

C = 0)� (0A2C0=ℎ[
'C − '0

1 − 'C'0
]1)� ≈ 0)� '

1/(1−U)
C (2.4)

0)� ≡ (
1 − U
:0
)1/1−U (2.5)

For equations 1-5, C represents the estimated age, 0 is the inverse rate parameter for each model

and 1 is estimated from the data with values greater than 0, and ' is the DL ratio of the target

amino acid, '0 is the initial racemization (either 0 or estimated from the data), and 'C represents

the DL ratio of the sample when measured. The uncertainty associated with each model was also

compared to lognormal, and gamma statistical distributions [12]. We combined all samples of one

genus, regardless of collection location for model fitting.

Each of the three age calibrations (Table 2.4) was modeled using aspartic and glutamic acids and

the approach described by [12]. This method uses a Bayesian model fitting procedure to compare

the data to the models listed above, estimating the mean age and uncertainty of the specimen using

lognormal, and gamma distributions. Models were also tested using '0 = 0 or '0 estimated from

the data, denoted by 0 or 1 at the end of the model name (e.g., SPK1; Table 2.6) The resulting

models are a weighted combination of the best fitting models derived from this process, described

in Table 2.6. The weights of each model were determined by Bayesian Information Criteria (BIC)

statistics. An AAR calibration model was created from all models within 1 BIC of the best model.

Since the BIC cut-off value is chosen by the investigator, several ΔBIC limits were tested. The

ΔBIC limit was increased when the models within 1 BIC did not include calibration functions for

both aspartic and glutamic acids (Table 2.6). If needed, the new BIC value was chosen to match

previously published work (e.g., ΔBIC limit = 4 in [12] or ΔBIC limit = 6 in [105]), or to include

at least one model for each amino acid (e.g., Old Calibration Nuculana ΔBIC limit = 8).

For many runs the overall non-parametric correlation between age and DL ratio was low (r-

squared < 0.2, and ?-value > 0.1; ∗ in Table 2.6). Models were forced to run regardless of this
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correlation, as the correlation ages only spanned about 200 years and 0.1 units of the DL ratios.

Correlations were strongest for the Middle calibration, which also represents the most reliable age

dates. In total, nine shell age models were created to estimate the AAR ages of shells.

2.3.4 Shell-Age Frequency Distributions

Age-frequency distributions (AFDs) using calendar years were produced for each genus in each of

the three DBO collection areas. Bins within the AFDs were all set at 200 years, which approximates

the 150-year uncertainty in the AAR ages. This bin size also reflects the generally low racemization

rates (slowed by low temperature) and by using a single calibration for the entire study area, rather

than having separate post-bomb radiocarbon curves for the Bering and Chukchi Seas. Here we

show smaller bins than 200 years to examine the differences between AAR calibration models, and

the radiocarbon calibrations on the ages of shells. All ages are reported relative to 2020 CE.

2.3.5 Models of Shell Loss

Loss rates were estimated using both the one-phase and two-phase models of shell loss developed

elsewhere [305]. Shell loss denotes the sum of all processes that destroy a shell (disintegration) or

otherwise remove it from the sediment surface mixed layer (SML) of the seabed (e.g., permanent

burial, [305]. In the one-phase model, shell loss from the sediment SML is modeled with one

(exponential) loss rate, denoted as _, which applies to a shell regardless of its postmortem age;

therefore, _ represents both disintegration and burial out of the sediment SML. In the two-phase

model, the sediment SML is divided into two phases: the initial phase, when shells reside in the

surface, most taphonomically active zone (TAZ), characterized by a high loss rate (_1), and a

second phase, when shells occupy a sequestration zone (SZ), characterized by a much lower loss

rate (_2). g describes the movement of shells from the TAZ to the SZ, i.e. the time required to

attain sequestration, and can be interpreted as the net sequestration rate. In both models, shell

loss from lateral transport away from a site and from permanent burial are both assumed to be
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small; therefore, for the most part, both of the loss rates (_) represent the actual disintegration of

shells by some process (e.g., dissolution, maceration, and/or fragmentation into a taxonomically

unidentifiable state) [305].

Shell AFDs were analyzed using both the one-phase and two-phase models to determine fit.

Owing to the challenges of very young shells and high age-uncertainty related to the bomb-effect on

radiocarbon, the AFD data were also tested against a ‘truncated’ form of the models. The truncated

model offsets the “start” of the model by the age of the youngest shell.. That is instead of modeling

loss rates from zero years postmortem, loss rates are estimated from the age of the youngest shell

until the oldest shell measured [305]. The preferred shell loss models were determined by the

lowest AICc values for each calibration model.

2.4 Results

2.4.1 Shell-Age Frequency Distributions

The Old, Middle, and Young AMS calibrations resulted in similar age estimates for each bivalve

data set ((Figure 2.3, and Figure 2.4). ForMacoma, the Young calibration resulted in the youngest

median shell ages (27 to 30 years), with a very narrow interquartile range (IQR = 4-7 years; Figure

2.3, Table 2.7). The Middle age calibration resulted in slightly older median ages (36-42 years) and

a similar IQR (6-19 years; Figure 2.3, Table 2.7). The Old calibration resulted in the oldest median

shell ages (63 to 128 years), and a broad IQR (18-65 years; Figure 2.3, Table 2.7). Changing the

ΔBIC limit (1 to 4) resulted in less than a 5-year change in the ages of Macoma shells. Regardless

of calibration, mean and median postmortem shell ages forMacomawere consistently less than 150

years, and the oldest dated shell was 819 years (from DBO1, using the Young calibration; Table

2.7).

The Old, Middle, and Young AMS calibrations affect Nuculana ages similarly (Figure 2.4).

However, all estimates are slightly older, with the oldest dated shell at 1513 years (DBO4 - Middle
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Calibration) (Figure 2.4; Table 2.7). The Young Calibration resulted in the youngest median shell

ages for Nuculana (51-54 years), with narrow IQRs (10-20 years). The Old Calibration resulted

in slightly older median shell ages (76-88 years) and broader IQRs (35-65 years), followed by the

Middle Calibration (99-118 years, IQRs 25-51; Table 2.7). Changing the ΔBIC limit of the model

created a larger effect on the Nuculana shell ages than on the Macoma shell ages, particularly in

the Young Calibration, where the ΔBIC limit set at 2 resulted in a 400-year increase in the total age

range, while IQRs increased from 10 to 20 years. In all calibrations, mean and median Nuculana

shell ages are less than 200 years (Figure 2.4; Table 2.7).

The scale of time-averaging varies slightly among the three sites. For Macoma shells, DBO3,

which is characterized by the highest oxygen demand and presumably the most undersaturated

porewaters, exhibits the least time-averaging of all three hotspots, regardless of the metric of

time- averaging (median, IQR, maximum, total range) and the calibration used (Figure 2.3, Table

2.7). DBO4, the region expected to have the most undersaturated overlying water, exhibits the

greatest time-averaging (excepting using the Young calibration, where DBO4 exhibits intermediate

time-averaging). For Nuculana shells, the pattern is less consistent. DBO3 exhibits the least

time-averaging using two models (the Middle calibration and the Young calibration version ΔBIC

1), and DBO4 exhibits the least time-averaging using the other two models (Old calibration, Young

calibration version ΔBIC2, Figure 2.4, Table 2.7).

2.4.2 Shell-Loss Rates

All age calibrations, genera, and regions favored the truncated one-phase models, that is, where

the rates of shell loss are best modeled using the youngest observed shell age rather than zero. The

absence of extremely young shells in the most recent phase of production is an artifact of AAR

and AMS dating uncertainties (Table 2.8). For Macoma, all but the Young Calibration was most

consistent with the truncated one-phase model. Macoma at DBO3 showed the highest rates of shell

loss for all age calibrations, yielding the shortest half-life of 15-30 years (Figure 2.5A). For all of
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the supported one-phase models of Macoma (closed circles in Figure 2.5A), the lowest rates of

loss are found in DBO4. For Nuculana, all but the Young DBO1 and Middle DBO4 were most

consistent with the truncated one-phase model. Overall, Nuculana loss rates and half-lives are on

the order of 10 – 35 years and exhibit less variation among DBO regions, except when using the

Middle calibration (Figure 2.5B, Table 2.8). The middle calibration for Nuculana ranks regions in

the same order as the Macoma shells (highest loss rates at DBO3 and lowest rates at DBO4).

For all truncated two-phase models the loss rates in the first phase (_1, within the TAZ) are equal

to those estimated by the truncated one-phase model for both Nuculana and Macoma (Figure 2.5,

Figure 2.6). Half-lives for the first-phase are between 10-110 years for bothMacoma andNuculana.

For Macoma, the secondary loss rates (_2) are slightly slower than first-phase rates, with half-life

estimates of 10-600 years. Only the Young calibration forMacoma favored the truncated two-phase

loss models, with higher half-lives in the second phase (450-600 years; Figure 2.6). In this set of

favored models, the lowest rates of loss are found in DBO1 and DBO3, with the highest rates of

loss in DBO4, the opposite pattern as found in the first phase. The remaining models for Macoma

do not show a consistent pattern across all regions. For Nuculana, the secondary loss rates (_2)

are slightly slower than first-phase rates, and slower than the rates found forMacoma, with half-life

estimates from 40-950 years (Figure 2.6). The two-phase truncated model is supported for the

Young calibration in DBO1, and for the Middle calibration in DBO4 for Nuculana, with half-lives

from 450-900 years. The remaining models for Nuculana excluding the Old calibration have the

highest rates of secondary loss at DBO3.

The net sequestration rates (g) from the two-phase models are consistently small (Table 8), that

is the rate of change from _1 to _2 is slow or negligible in these Arctic sediments. ForMacoma, the

mean time to sequestration (1/g) is 65,000-2,000,000 years, and for Nuculana it is 20,000-35,000

years for supported models (Table 2.8). That is, sequestration fails to occur.
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2.5 Discussion

2.5.1 Challenges of Arctic Age Dating

These results represent the first estimates of the scales of time-averaging and the rates of shell loss

in Arctic seafloor sediments. However, the Arctic seafloor was methodologically challenging for

these analyses.

First, the AMS calibration ages spanned the pre-bomb and post-bomb curves, returning ages on

both curves, with three potential ages. These calibration ages lead to the multiple AMS calibration

options (Table 2.4). Additional AMS dates are needed to stabilize the post-bomb curve and thus

clarify the calibration.

Second, AAR rates for each genus were calibrated after pooling samples from both the Bering

and Chukchi Seas. Because the Bering and Chukchi Seas have different bottom water temperatures

with potential to affect racemization rates, this pooling of data may have contributed to the large

uncertainties and the low non-parametric correlation between the D:L values and the radio-carbon

estimated ages (Table 2.1). At present, we have too few AMS dates to analyze racemization rates

in the two seas separately; we are in the process of dating additional specimens from both seas and

also locate older shells.

Finally, although additionalAMSdateswill improve these analyses, AAR rates are always slower

in colder waters, reducing the resolving power of the method [154, 153, 113]. This relationship

is evident in the data presented here, with both Macoma and Nuculana exhibiting generally low

DL ratio values: all Asp DL ratio values are <0.12, and all Glu DL ratio values are <0.05. Given

slower racemization rates, calibration (correlation) becomes more challenging because of short

intervals. The data presented here adds to the body of literature on the challenges of AAR dating

of the skeletal remains of boreal ecosystem fauna [113].

These challenges of calibration arise from the almost-exclusively very young ages of shells

in the death assemblages of all three sites within the study area: shell ages did not exceed 1600
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years for either genus, regardless of the calibration model, and most shells were less than 200 years

old (Table 2.7). Using truncated models — i.e., using the youngest shell to define the left edge

of the shell AFD rather than an age of 0 years — was helpful in estimating loss rates for all age

calibrations (gave the lowest AICc), probably a reflection of the high uncertainty in shell ages, the

youngest shells being about 30 years old, and the small range of shell ages in each AFD (to 1600

years maximum).

2.5.2 Magnitude of Time-Averaging in Arctic Seabeds

For all genera, age calibrations, and regions, median shell ages range from 28-125 years with

IQRs from 4-65 years (estimate of time-averaging), which is much shorter than the time-averaging

estimated for bivalve dead-shell assemblages in temperate and tropical seabeds using the same

methods (Table 2.9). Short windows of time-averaging in other shelf ecosystems are related to

population dynamics (i.e., recent high production of shells [306]), or from taxa that are rapidly lost

in the seabed (e.g., fully articulated specimens of echinoderms in the tropics [171]; Table 2.9).

Overall, dead shell assemblages from the Arctic have a much shorter window of time-averaging.

The Arctic AFDs are dominated by geologically young shells <200 years old but a few older shels

form a right-skewed, “L-shaped” AFDs for some age calibrations (Figure 2.3, and Figure 2.4).

Maximum shell ages in the Arctic assemblages are based on a few old shells that range only up to

1600 years (Figure 2.4; Table 2.7). Given their short window of time-averaging, Arctic dead-shell

assemblages provide a high-resolution source of information for ecological analysis, reflecting

only the most recent few centuries of ecological history: older shells are extremely rare, despite

these Arctic seabeds having similar sedimentation rates (0.1-0.5 cm/y, [52, 227]) to those of lower

latitude shelves where shells within the SML commonly range up to many thousands of years old

[164, 305, 10, 301]. This short window of time-averaging means that dead-shell assemblages can

be an insightful and temporally sharply resolved source of retrospective information on benthic

communities, especially in Arctic regions that have not been surveyed previously, or that were
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inaccessible before anthropogenic climate change began. To enable further investigation of these

dynamics, the sampling protocols of future expeditions here and elsewhere in the Arctic should

include retaining the dead-shell assemblages of at least some benthic samples.

2.5.3 Rates of Shell Loss

Shell loss, as modeled here, is the sum of loss from all processes, including both loss from shell

disintegration within the sediment surface mixed layer (SML) and loss from burial below the

sediment SML. Using a one-phase model, rates of shell loss within Arctic sediment SMLs are up

to 10x more rapid than they are in warm-temperate and sub-tropical seabeds (e.g., for Nuculana,

_ = 0.0084-0.0286 vs. _ = 0.00030-0.00140 in southern California; Figure 2.7). Using two-phase

models, the initial loss rates (_1) in the Arctic are very similar to those in temperate shelves –

they are certainly not significantly higher – but the decline in rate to the second phase (_2) is more

modest, although the error bars are large (Figure 2.8), with a decline of at most several fold rather

than the two orders-of-magnitude encountered on temperate shelves.

The lack of support for a two-phase model of shell loss in Arctic death assemblages – and the

very slow values of g – indicate that the exclusively young ages of shells in these assemblages owes

not to higher short-term rates of loss but to a failure of shells to sequester, i.e. to shift, as they age,

to a slower rate of loss, in contrast to widespread support for the two-phase model in temperate and

tropical death assemblages. g, the net sequestration rate, is markedly slower in the Arctic, with a

mean time to sequestration (1/g) for Macoma between 65,000-2,000,000 years, and for Nuculana

between 20,000-35,000 years (Table 8). This contrasts with Southern California, where the mean

time to sequestration is still geologically long (i.e., few shells attain sequestration) but is still much

shorter than in the Arctic (for Parvilucina between 7000-15,000, and for Nuculana between 1,500-

12,500 [305]). The reasons for this “failure to sequester” or “rarity of sequestration” in Arctic

sediments require additional work. We suspect, however, that it is driven by slower rates or fewer

pathways of diagenetic stabilization of shells within the sediment SML rather than by higher burial
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and outright removal from the sediment SML: sedimentation rates in the Arctic shelves of this study

are no higher than those on temperate and tropical shelves where shell AFDs have been analyzed,

and the depth of penetration (and thus potential vertical advection of shells) by bioturbators is

unlikely to be as deep.

The two Arctic genera that we dated have qualitatively different aragonitic microstructures,

permitting a test for their effects on rates of shell loss. Macoma is composed of cross-lamellar

aragonite outside the pallial line (the region where bivalve flesh is not attached to the shell) and

complex cross-lamellar aragonite inside the pallial line; both microstructures have low organic-

matrix content. In contrast, Nuculana shells are composed entirely of high-organic homogeneous

aragonitic microstructure [296, 297]. Contrary to expectations from experimental work that high-

organic content promotes shell disintegration [110], we found that Macoma exhibited slightly

higher rates of loss than Nuculana. However, the rate estimates forMacoma and Nuculana are very

similar, with overlapping error bars, and so this lack of differentiation between shell microstructure

types may well be due to the rapid rates of loss of both types of bivalve shell.

2.5.4 Spatial Variation in Shell Loss

Aragonite Undersaturation of Overlying Waters

The saturation state of awatermass can be defined as the difference between the actual concentration

of carbonate ions in water and the critical or threshold concentration of those ions below which

CaCO3 will dissolve [108]. The concentration of carbonate ions is determined by the quantity of

dissolved CO2 that reacts with water to create carbonate, carbonic acid, and bicarbonate [108].

The concentration of each species within the marine carbonate system is determined by the water’s

temperature, salinity, and pressure (the latter two are not significant factors in shelf water depths),

with higher CO2 solubility in cold waters, and therefore naturally low concentrations of calcium

carbonate [86, 108]. These controlling factors help to create a strong gradient of declining carbonate

saturation state with latitude, and presumably a large preservational barrier to biogenic aragonite.
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The latitudinal temperature gradient is thus our first-order predictor of the postmortem per-

sistence and thus time-averaging of shell carbonate in sediment surface mixed layers. Although

calibration of AAR data is challenging in the Arctic, we in fact find that the median and maximum

ages of shells are significantly younger at our Arctic sites than in counterpart tropical and temperate

shelves (Figure 2.7, Figure 2.8, Table 2.7). Also, short-term loss rates in the Arctic are either 10x

faster (using a one-phase model) or, using a two-phase model, are no faster than those documented

by others in lower latitudes and, importantly, are less likely to be permanently sequestered (Figure,

2.7, Figure 2.8). The transition to a slower loss rate, which is widely observed in lower latitudes, is

so slow in the Arctic sites as to not represent a pathway to permanent preservation at all: permanent

preservation apparently requires chance deep burial below the sediment SML relatively early in the

postmortem interval. These results on time-averaging and loss rates of molluscan shells represent

the first quantitative field determinations of biogenic aragonite loss rates in Arctic seabeds on ge-

ologically significant time scales (ie., radiocarbon age as opposed to incubation experiments), and

establish that qualitatively different dynamics of shell preservation apply there.

Within the Pacific Arctic, the relatively low aragonite saturation state decreases further for

several reasons. First, anthropogenic CO2 is particularly seasonally potent in the Arctic because

this dissolved CO2 can be trapped in the summer at the seabeds of the Bering and Chukchi Seas by

the stratified water masses hat develop there [58, 249]. Second, sharp pycnoclines in the Bering and

southeastern Chukchi Sea trap the CO2 produced locally by microbial and microbenthic respiration

in the seabed, increasing the p(CO2) of bottomwaters and lowering carbonate concentrations; these

respiration products accumulate until bottom waters are mixed, either by storm winds in the fall and

spring and/or brine injection in winter (related to sea ice formation)[58, 55]. Finally, the amount

of low-carbonate water flowing northward through the Bering Strait has increased by 150% over

the last 10-15 years, contributing to lower aragonite saturation states in the Chukchi Sea [58, 321].

The effects of low aragonite saturation state are especially concentrated in the DBO hotspot

regions on the Alaskan Continental shelf, where biological activity – organic flux, benthic popu-
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lations, respiration – are highest [58, 55]. As currents slow in the northern Bering Sea and the

southeast Chukchi Sea, POM and other nutrients fall to the seabed at DBO1 and DBO3. Respira-

tory products from this organic matter are trapped in bottom waters by sharp haloclines and can

be transported by bottom currents, or they can be reactivated into the water column from vertical

mixing (i.e., brine rejection, wind driven mixing) [202, 57, 58]. This periodic trapping and release

of CO2 has created strong but episodic ocean acidification events at DBO1 and DBO3 [57, 58, 201].

DBO4, in the Northeast Chukchi Sea, is at the end of this conveyor belt and experiences the

most severe seasonal aragonite undersaturation. The water that reaches DBO4 has been conditioned

with both anthropogenic and respired CO2, along with other respiratory products along its route

[58, 199]. POM and nutrients are provided by inflow from the south, and from vigorous ice-edge

phytoplankton communities in surface waters [58]. These two sources of POM and nutrients are

trapped in DBO4 bottomwaters, which in turn sinks and flows into the Arctic basin through Barrow

Canyon [58].

Thus, if overlying water undersaturation from all of these processes – both expected from cold

water and from the unique patterns within he Pacific Arctic – were the sole cause of shell loss,

then we would expect to see the highest rates of carbonate shell loss and the shortest windows of

time-averaging in DBO4, i.e., in the northeast Chukchi Sea. Contrary to this prediction, we see the

highest rates of loss for Macoma in DBO3 in the northern Bering Sea, and the highest loss rates

for Nuculana at DBO3 or DBO1 in the Bering Sea (depending on the calibration) (Figure 2.5, and

Figure 2.6). Thus, although the Arctic shell-loss rates at all three sites are much higher than those

documented at lower latitudes (Figure 2.7, and Figure 2.8), the highest loss rates within the Arctic

study system are not correlated with areas of seasonal aragonite undersaturation of the overlying

water, but rather with the highers ’biological activity’ in the seabed (Section 2.5.4).
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Seafloor Biologic Activity and Porewater Undersaturation

The Pacific Arctic DBO hotspots are home to the most productive soft bottom seafloor ecosystems

in the world [318, 119] (Table 2.1). The productivity in these hotspots derives from the large

amounts of POM flowing into the regions on currents from the south, plus POM flux from blooms

of ice-associated microbial communities at the ice edge. In DBO1 and DBO3, most of the carbon

biomass produced at the water’s surface that reaches the seabed is consumed by the macrofaunal

seafloor community, creating strong pelagic-benthic coupling [132, 130]. Further north at DBO4,

the macrofaunal seafloor community is not as productive, leaving large amounts of POM for

microbial consumption (see section 2.5.4) [57, 130, 132]. Sediment oxygen demand is also highest

in the two southern sites, where bioturbation by the dense macrobenthic infaunal community would

promote aerobic microbial decomposition of organics, thus increasing p(CO2) and thus porewater

undersaturation (Figure 2.9).

Our observation that the shortest windows of time-averaging and highest rates of loss occur in

these southern sites – DBO3 and DBO1 (Tables 2.7, Table 2.8, Figure 2.5, and Figure 2.6) – sug-

gests that, within the cold-water Arctic study system, the effects of high organic flux and biological

activity on taphonomic conditions within the seabed play a stronger role on carbonate preservation

than does the saturation state of overlying water. That activity would promote aerobic microbial

decomposition of organic matter (producing CO2) and redox of the products of anaerobic microbial

decomposition (such as sulfides), promoting undersaturated conditions within the sediment SML

[252, 225, 243], and would likely also support larger microbial populations, which would pro-

mote maceration of biogenic carbonate (shell disintegration by loss of organic matrix, [110, 103].

Scanning electron microscopy of Arctic shells is revealing that, in fact, microbial maceration is

widespread in these sediments, with negligible evidence of direct dissolution of shells (i.e., no

evidence of karstic textures; Section E, [209, 163]). The pathway of shell loss seems to be through

microbial attack of shell organic matrix, which releases mineral crystallites from the shell surface,

which then dissolve (titrate) the undersaturated porewaters.
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2.6 Conclusions

These results represent a first estimate of the scale of time-averaging formolluscan shell assemblages

in polar shelves. We find that the window of time-averaging for bivalve shells on Pacific Arctic

shelves is less than 1000 years, so that loss and sequestration are best characterized by a one-phase

model of loss. This result contrasts with the two-phase loss models that characterize assemblages

from lower latitudes and signals a failure of the shells to sequester: Arctic loss rates are up to 10 times

higher than counterpart estimates for biogenic aragonite in temperate settings. Therefore, the live-

dead discordance provides a temporally appropriate tool for detecting recent past changes in seafloor

ecology, in addition to its improved spatial resolution using biomass as a paleoecologic currency

[208]. As the Arctic continues to warm, dead-shell assemblages from regions that have never been

surveyed owing to ice cover can provide a means to examine the past seafloor communities. Time-

averaged assemblages from the Arctic can provide insights into how unmonitored communities are

reacting to ongoing climate change. Additionally, this study increases confidence in paleobiologic

investigations to analyze polar ecosystems over an expanded timeframe.

We find that shell disintegration and loss are fastest where seafloor biologic activity is greatest,

indicating that the undersaturation of porewaters associated with high biological respiration may

be an important factor in shell loss, rather than just the saturation state of overlying water. This

finding suggests that the relative effects of seabed biology and overlying water saturation states

should be examined in additional Arctic regions, such as the Barrow Canyon region (DBO5) and

the Siberian Shelf, both of which are expected to experience aggressive aragonite undersaturation

(Ω0A06 . 1)[58]. The porewaters of each of these regions could also be investigated to confirm the

aragonite undersaturation of porewaters as proposed here.

The living macrofauna may interact with the dead shells accumulating in the sediment, by

aeration of the sediment, growing of microbial communities, and the undersaturation of aragonite

in porewaters. This form of taphonomic feedback should be investigated further to understand how

shell disintegration could affect living communities.
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Figure 2.1: Pacific ocean aragonite saturation state (Ω0A06) at 50 m water depth [147], map
interpolated in OceanData Viewer. Diamonds represent the locations with age-dated shells (Table
2.1, Table 2.2)
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Figure 2.2: Sites sampled for dead shells, by region (Distributed Biological Observatory - DBO).
Black icons - DBO1 northern Bering Sea, St. Lawrence Polynya, characterized by persistent
subarctic conditions, with intermediate saturation states of overlying water and of porewater, as
judged by oxygen uptake; White icons - DBO3 Southeast Chukchi Sea, recently transitioned from
arctic to subartic conditions, highest rates of oxygen uptake; Striped - DBO4Northeast Chukchi Sea;
persistent Arctic conditions, lowest saturation state of overlying water. Arrows denote dominant
currents: Purple - Anadyr and Bering currents, blue - East Siberian Sea current, green - Alaskan
coastal current. SLI - St. Lawrence Island. Base map adapted from Ocean Data Viewer and
approximate currents from [121].
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Figure 2.3: Postmortem age-frequency distributions of shells of Macoma from DBO1 in the
northern Bering Sea (black bars), DBO3 in the SE Chukchi Sea (white), and DBO4 in the NE
Chukchi Sea (striped; N denotes number of dated shells), based on four different radiocarbon-
calibrations of AAR data (rows; details in Tables 2.6 and 2.7).Shell age estimates are binned into
200 year-increments in the large plots; insets display data in 10 year-increments for shells <500
years old, although such fine bins are not statistically meaningful. Most shells are very young, with
only a few older shells, creating an L-shaped distribution of ages in Arctic assemblages, with little
difference between calibrations.
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Figure 2.4: Postmortem age-frequency distributions of shells of Nuculana, using the same conven-
tions as in Figure 2.3. Most shells are young, with only a few older shells, creating an L-shaped
distribution of ages in Arctic assemblages, as seen with Macoma, but overal older ages.
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Figure 2.5: Taphonomic half-lives of shells of (A) Macoma and (B) Nuculana (years; ;>6(2)/_)
when fitted using the one-phase truncated model in the three test regions (DBO1, 2, 3), for all
calibration models (labeled lines). Filled icons indicate the favored models for the region and age
calibration dataset. For Macoma the shortest half-lives (fastest loss rates) are at DBO3; rates are
similar across all three sites for Nuculana, but with the lowest rates at DBO3 and DBO4.
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Figure 2.6: Taphonomic half-lives of shells ofMacoma (left plots) andNuculana (right plots) in the
three test regions (DBO1, 3, 4)as estimated using the truncated two-phase model of shell loss within
the sediment surface mixed layer (SML); loss rates plotted as half-lives (years; ;>6(2)/_). Top row
(A, B) shows results for the initial Phase 1 of loss within the taponomically active zone (TAZ);
bottom row (C, D) shows results for the subsequent Phase 2 within the sequestration zone (SZ);
colored lines denote results using different calibration models (labeled). Closed icons indicate the
favored model for the region and age calibration age dataset. The first phase half-lives are similar
to those produced by the one-phase models (in Figure 2.5), and the second phase of loss is similar
to the first-phase loss rate, i.e. with no large order-of-magnitude difference between the phases.
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Figure 2.7: Taphonomic half-lives of aragonitic bivalve shells in the sediment surface mixed layer
(SML) (log(2)/_) estimated using the one-phase model of loss, comparing results from the three
Arctic study regions (DBO1, 3, 4; work here, Figure 2.7) with published results from three warm-
temperate shelves (Adriatic Sea = [10], Mediterranean Israel = [306], and Southern California =
[305]). Blue circles are Macoma, red triangles are Nuculana, green squares are Corbula, and
teal diamonds are Parvilucina. Median values are represented by symbols, and bars represent the
minimum and maximum reported value. Values from this study are labeled "Arctic", all other
values were published in the literature. Lateral offset of vertical bars are not meaningful and are
for ease of viewing only. The half-lives for aragonitic bivalve shells in the Arctic are much lower
than those documented for counterpart shells on warm-temperate shelves.
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Figure 2.8: Taphonomic half-lives of shells in the surface mixed layer (SML; log(2)_) using the
two-phase model of loss, estimated using the two-phase model of loss, comparing results from
the three Arctic study regions (DBO1, 3, 4; work here) with published results from three warm-
temperate shelves (Adriatic Sea = [302], Mediterranean Israel = [306], and Southern California
= [305]). Blue symbols represent half-lives of phase-1 in the TAZ (log(2)/_1), and red symbols
represent half-lives of phase-2 in the SZ (log(2)/_2). Conventions as in Figure 7. First phase
half-lives are similar across all latitudes, but the second phase half-lives are much shorter in the
Arctic.
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Figure 2.9: Median taphonomic half-lives of shells versus environmentalmeasures of (A)Aragonite
saturation state of the overlying bottom water (Ω0A06), and (b)and (b) sediment oxygen demand of
the top 10 cm of the sediment (mmolO2/m2/day). Each dot represents the median half-life of shells
from each hotspot (log(2)/_), verses the median value of either aragonite saturation or sediment
oxygen demand. Blue circles = Macoma, red triangles = Nuculana.
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Table 2.1: Environmental variables from the sampled DBO regions, ordered south (DBO1) to north
(DBO4). All values measured in summer from bottom water (Temperature, Ω0A06, Total Alkalin-
ity), from the top 10 cm of sediment (infaunal macrofauna. Biomass and Abundance, sedimentary
Oxygen Demand). Values are means, with minimum and maximum values in brackets. Sources:
temperature [121], total alkalinity (TA) [203, 200, 57, 323], Aragonite saturation state ( Ω0A06)
[201, 241, 58, 202, 200, 323], all measures of productivity [131]. Gray shading indicates regions
with lowestΩ0A06, and highest biological activity (Sediment oxygen demand mmolO2/m2/day, and
infaunal macrofauna biomass gCarbon/m2).

Oceanography Biology
DBO Region Temperature

(◦C)
Ω0A06 TA

(`mol/kg)
Abundance
(indiv/m2)

Biomass
(gCarbon/m2)

Oxygen
(mmolO2/m2/day)

DBO1 -1.64
[-1.81-0.13]

1.25
[0.5-1.4]

2175
[2150-
2250]

2329
[1343-3550]

22.3
[11.5-35.4]

11.1
[3.5-19.2]

DBO3 2.20
[-1.69-
10.50]

1.30
[0.5-2]

2250
[2200-
2300]

8777
[1985-
23,010]

34.0
[5.4-112.0]

23.8
[12.1-40.7]

DBO4 -0.70
[-1.83-6.20]

1.10
[0.5-1.6]

2250
[2000-
2290]

3489
[1343-3550]

15.6
[6.15-29.0]

8.9
[5.4-12.8]

Table 2.2: Sampling year (2014 or 2015; last two digits of SWL cruise number), location, water
depth, and number of age-dated dead-collected shells of two bivalve genera (total number analyzed),
organized by test regions (DBO hotspots). 202 total shells were dated.
Cruise Station Latitude Logitude Depth (m) Macoma Nuculana
DBO1 - St. Lawrence Polynya, northern Bering Sea
SWL14 SLIP4 63.0301 -173.4595 71 37 37

Total 37 37
DBO3 - Southeast Chukchi Sea
SWL14 UTN2 67.0501 -168.7291 47 33 27
SWL14 UTN4 67.5014 -168.9042 50 0 6
SWL14 UTN5 67.6705 -168.9087 50 3 4

Total 36 37
DBO4 - Northeast Chukchi Sea
SWL15 DBO4.2 71.1036 -162.2640 47 0 1
SWL14 DBO4.2 71.1036 -162.2640 47 6 5
SWL14 DBO4.3 71.2326 -162.6350 46 1 0
SWL14 DBO4.6 71.6182 -163.7711 42 18 24

Total 25 30
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Table 2.3: Live-collected individuals used in calibrating Amino Acid Racemization (AAR). All
specimens were collected as closely as possible to the regions where dead- collected specimens
were acquired. ID – UChicago lab identification number for shell.
Region Station Date Latitude Longitude Depth (m) Species ID DL Asp DL Glu
DBO1 DBO1.1 8/5/2019 62.010 -175.060 85 Nuculana radiata NR0287L 0.088 0.034
DBO1 SLIP3 7/14/2014 62.390 -174.570 71 Macoma calcarea MC0101L 0.075 0.038
DBO3 DBO3.7 8/29/2017 67.783 -168.596 50 Macoma calcarea MC0143L 0.086 0.043
DBO4 SE-5 8/29/2017 71.641 -160.792 49 Nuculana radiata NR0104L 0.078 0.035

Table 2.4: Amino Acid Racemization (AAR) and AMS radiocarbon data from dead-collected
shells used to calibrate the rate of racemization, with age estimates (years) produced using results
from three models (see text) and using the regional post-bomb calibration of AMS data that was
created using OxCal (for Young and Middle calibrations) and the specimens listed in Table (Young
calibration excludes specimen HAO277). All calibrated ages are median ages, reported as years
before 2020. ID – Uchicago lab identification number for shell.

Young Calibration Middle Calibration Old Calibration
DBO ID DL Asp DL Glu F Mod ± Δ14C (‰) ± 14C age (BP) ± Age ± Age ± Age ±

DBO1 MC0029C 0.118 0.049 0.9511 0.0059 -48.9 5.9 405 50 45 29-61 62 28-177 122 67-177
DBO1 MC0030A 0.114 0.046 0.9621 0.0050 -37.9 5.0 310 45 8 6-24 8 6-24 117 69-165
DBO1 MC0040A 0.112 0.047 0.9442 0.0039 -55.8 3.9 460 35 46 44-48 62 44-181 124 68-181
DBO1 MC0041C 0.110 0.047 0.9610 0.0050 -39.0 5.0 320 45 8 6-24 8 6-24 117 69-166
DBO1 MC0133C 0.102 0.047 0.9520 0.0046 -48.0 4.6 395 40 44 26-62 62 60-172 120 67-173
DBO1 MC0134C 0.108 0.049 0.9585 0.0041 -41.5 4.1 340 35 44 25-63 44 25-63 117 69-166
DBO1 MC0135C 0.103 0.047 0.9546 0.0055 -45.4 5.5 375 50 9 6-24 9 6-24 120 67-173
DBO1 MC0101L 0.075 0.038 0.958 0.007 -42.333 6.58 350 60 11 6-21 11 6-21 11 6-21
DBO3 MC0143L 0.086 0.043 0.941 0.005 -59.286 4.74 490 45 8 3-18 8 3-18 8 3-18
DBO1 NR0008C 0.115 0.046 0.9634 0.0049 -36.6 4.9 300 45 8 6-23 62 6-62 116 69-163
DBO1 NR0018C 0.122 0.051 0.9603 0.0042 -39.7 4.2 325 35 8 6-25 62 6-165 117 69-164
DBO1 NR0024A 0.111 0.046 0.9717 0.0049 -28.3 4.9 230 45 10 6-22 10 6-62 114 70-157
DBO3 NR0061C 0.104 0.045 0.9651 0.0044 -34.9 4.4 285 40 9 6-23 9 6-62 115 69-161
DBO3 NR0064B 0.111 0.045 0.9458 0.0043 -54.2 4.3 450 40 46 42-50 62 42-179 123 67-179
DBO3 NR0074B 0.112 0.043 0.9487 0.0040 -51.3 4.0 425 35 45 34-53 62 37-175 121 67-175
DBO3 NR0113A 0.107 0.046 0.9122 0.0082 -87.8 8.2 740 80 189 102-276 189 102-276 189 102-276
DBO1 NR0137B 0.115 0.044 0.9553 0.0049 -44.7 4.9 400 60 44 25-63 62 25-63 119 68-170
DBO1 NR0142A 0.119 0.047 1.0225 0.0044 22.5 4.4 MODERN 22 13-31 74 8-80 74 68-80
DBO1 NR0287L 0.088 0.034 0.988 0.006 -12.014 6.31 100 60 3 1-6 3 1-6 3 1-6
DBO4 NR0104L 0.078 0.035 0.958 0.007 -42.333 6.58 350 60 5 3-8 5 3-8 5 3-8

Table 2.5: Live-collected individuals from the Bering and Chukchi Seas used to create the regional
post-bomb curve in OxCal. UAM – specimens housed in the Invertebrate Zoology Collection at
the Museum of the North, University of Alaska, Fairbanks; Grebmeier – specimens collected by
Jacqueline Grebmeier of the University of Maryland Center for Environmental Sciences, Chesa-
peake Biologic Lab. Date = collection date. Mus. Num. = the museum’s identification number for
the specimen. Modern = 1950. ID – Uchicago lab identification number for shell.

ID Date Latitude Longitude Collector / Mus. Num. Taxa F. Mod. ± Δ14C (‰) ± 14C age (BP) ±
MC0101L 2014 62.390 -174.570 Grebmeier Macoma calcarea 0.9577 0.0066 -42.3 6.6 350 60
NR0103L 2014 62.560 -173.549 Grebmeier Nuculana radiata 0.9648 0.0039 -35.2 3.9 290 35
NR0279 1980 67.167 -172.183 UAM:Inv:2945 Nuculana radiata 1.0589 0.0049 58.9 4.9 Modern
Nsp0281 1969 62.483 -174.817 UAM:Inv:3021 Nuculana sp. 1.1357 0.0050 135.7 5.0 Modern
MM0285 1991 71.167 -161.917 UAM:Inv:3614 Macoma moesta 1.0541 0.0050 54.2 5.0 Modern
MC0282 1973 68.600 -171.183 UAM:Inv:4093 Macoma calcarea 0.9392 0.0045 -60.8 4.5 505 40
MC0283 1980 67.808 -170.025 UAM:Inv:4121 Macoma calcarea 1.0392 0.0055 39.2 5.5 Modern
MM0280 1970 70.300 -164.683 UAM:Inv:4209 Macoma moesta 1.1399 0.0070 139.9 7.0 Modern
HA0278 1967 65.800 -168.792 UAM:Inv:4388 Hiatella arctica 1.0660 0.0049 66.0 4.9 Modern
HA0277 1957 "off shore of camp at Point Barrow" UAM:Inv:4398 Hiatella arctica 0.9420 0.0070 -57.9 7.0 480 60
MC0284 1986 68.498 -166.498 UAM:Inv:6663 Macoma calcarea 1.0391 0.0051 39.1 5.1 Modern
CC0286 2007 68.003 -168.706 UAM:Inv:8216 Clinocardium ciliatum 0.9786 0.0049 -21.4 4.9 175 45
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Table 2.6: Calibration statistics for the rate of amino acid

racemization (AAR) based on paired radiometric and AAR

analyses from 202 specimens of Macoma and Nuculana.

AMS calibrations from Table 2.6(Young, Middle, Old) were

modeled (first column) using methods described in [12]. ∗ =

low nonparametric correlation between output age and DL.

BIC = Bayesian Information Criteria. a, b, c, '0 and d are

coefficients used in calibration models (see Section 2.3.3).

Model Amino acid Uncertainty ln(a) ln(b) c R0 ln(d) BIC ΔBIC

Old Calibration

Macoma (ΔBIC = 1)

APK1 Asp Gamma 10.778 NA 0.872 0.031 2.096 88.9 0.0

CPK1 Asp Gamma 38.541 -31.178 3.093 0.038 1.821 89.8 0.9

Macoma (ΔBIC = 4)

APK1 Asp Gamma 10.778 NA 0.872 0.031 2.096 88.9 0.0

CPK1 Asp Gamma 38.541 -31.178 3.093 0.038 1.821 89.8 0.9

SPK0 Asp Gamma 16.386 1.663 NA 0.000 2.302 90.2 1.3

TDK0 Asp Gamma 16.270 1.655 NA 0.000 2.354 90.3 1.3

TDK1 Asp Gamma 9.804 0.482 1.167 0.033 1.975 91.2 2.3

TDK0 Glu Gamma 36.113 2.332 NA 0.000 2.431 91.4 2.4

SPK0 Glu Gamma 36.403 2.341 NA 0.000 2.417 91.4 2.4

CPK0 Asp Gamma -0.850 3.231 NA 0.000 2.446 91.4 2.5

SPK1 Asp Gamma 12.346 1.203 1.463 0.035 2.053 91.6 2.7

APK1 Glu Gamma 13.506 NA 1.408 0.035 2.402 91.8 2.9

∗ Nuculana (ΔBIC = 1)

61



Table2.6, continued.

Model Amino acid Uncertainty ln(a) ln(b) c R0 ln(d) BIC ΔBIC

APK1 Glu Lognormal 13.315 NA 1.520 0.032 -2.051 107.8 0.0

∗Nuculana (ΔBIC = 8)

APK1 Glu Lognormal 13.315 NA 1.520 0.032 -2.051 107.8 0.0

TDK1 Glu Lognormal 10.918 0.346 1.958 0.033 -2.106 120.2 1.0

SPK1 Glu Gamma 38.601 -32.630 3.140 0.034 1.992 111.4 1.6

CPK1 Glu Lognormal 37.135 -28.775 2.637 0.034 -2.239 109.5 2.0

SPK1 Glu Lognormal 37.990 -32.119 3.319 0.034 -2.021 113.0 2.1

TDK1 Glu Gamma 8.363 -0.205 2.450 0.034 2.221 118.4 3.0

CPK1 Glu Gamma 36.455 -27.971 2.058 0.033 2.248 111.3 3.3

APK1 Glu Gamma 12.843 NA 0.953 0.028 2.724 122.8 5.1

SPK0 Glu Gamma 21.631 1.702 NA 0.000 3.035 116.6 8.2

TDK0 Glu Gamma 21.472 1.692 NA 0.000 3.058 115.7 8.2

APK1 Asp Gamma 10.778 NA 0.892 0.028 3.001 121.8 8.5

Middle Calibration

∗Macoma (ΔBIC = 1)

APK0 Asp Lognormal 7.562 NA NA 0.000 -0.276 81.7 0.0

APK0 Glu Lognormal 9.171 NA NA 0.000 -0.265 81.9 0.2

CPK0 Glu Lognormal 38.509 -33.263 NA 0.000 -0.366 82.5 0.5

APK0 Glu Gamma 9.570 NA NA 0.000 2.976 82.0 0.7

APK0 Asp Gamma 7.943 NA NA 0.000 2.979 82.2 0.9

∗Nuculana (ΔBIC = 1)

CPK0 Asp Lognormal -4.664 3.620 NA 0.000 -0.374 116.7 0.0

SPK0 Asp Lognormal 20.167 2.015 NA 0.000 -0.337 119.7 0.1

TDK0 Asp Lognormal 20.320 2.026 NA 0.000 -0.339 119.6 0.1
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Table2.6, continued.

Model Amino acid Uncertainty ln(a) ln(b) c R0 ln(d) BIC ΔBIC

APK1 Glu Lognormal 12.165 NA 1.193 0.030 -0.328 119.4 0.3

Young Calibration

∗Macoma (ΔBIC = 1)

APK0 Asp Lognormal 7.450 NA NA 0.000 -0.563 77.2 0.0

APK0 Glu Lognormal 9.060 NA NA 0.000 -0.567 77.2 0.0

CPK0 Glu Lognormal 38.554 -33.268 NA 0.000 -0.869 77.8 0.2

APK0 Glu Gamma 9.367 NA NA 0.000 2.511 77.3 0.4

APK0 Asp Gamma 7.740 NA NA 0.000 2.530 77.7 0.7

∗Nuculana (ΔBIC = 1)

APK0 Asp Lognormal 7.309 NA NA 0.000 0.149 99.6 . 0.0

APK0 Glu Lognormal 9.105 NA NA 0.000 0.165 99.8 0.2

∗Nuculana (ΔBIC = 2)

APK0 Asp Lognormal 7.309 NA NA 0.000 0.149 99.6 0.0

APK0 Glu Lognormal 9.105 NA NA 0.000 0.165 99.8 0.2

APK1 Glu Lognormal 10.745 NA 0.557 0.024 0.044 99.9 1.4

APK1 Asp Lognormal 8.654 NA 0.418 0.023 0.067 99.8 1.5

SPK0 Asp Lognormal 12.176 1.430 NA 0.000 0.039 101.5 1.7

TDK0 Glu Lognormal 15.713 1.413 NA 0.000 0.123 101.4 1.9

SPK0 Glu Lognormal 17.014 1.507 NA 0.000 0.113 101.3 1.9
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Table 2.7: Descriptive statistics for shell-age frequency distributions from each genus, calibration,
age model, and test region. Red (Macoma) and blue (Nuculana) highlighting denotes the least
degree of time averaging for a given calibration. IQR = Interquartile Range
Calibration Taxon ΔBIC Limit DBO Mean SD Median IQR Minimum Maximum Range

Old

Macoma

1
DBO1 92 33 84 40 41 191 150
DBO3 62 15 63 18.25 23 94 71
DBO4 137 58 128 65 54 279 225

4
DBO1 82 33 72 41 35 180 145
DBO3 54 14 54 16.5 20 87 67
DBO4 127 60 116 65 46 283 237

Nuculana

1
DBO1 83 44 87 50 4 241 237
DBO3 95 53 88 65 17 243 226
DBO4 87 48 76 39 42 296 254

8
DBO1 84 40 89 46 6 221 215
DBO3 95 48 90 60 20 223 203
DBO4 88 42 79 35.75 46 267 221

Middle

Macoma 1
DBO1 39 8 37 8 30 67 37
DBO3 36 4 36 6 24 42 18
DBO4 44 13 42 10 31 97 66

Nuculana 1
DBO1 140 155 105 35.5 61 1042 981
DBO3 109 34 99 25 74 217 143
DBO4 171 256 118 50.75 80 1513 1433

Young

Macoma 1
DBO1 65 161 27 7 21 819 798
DBO3 44 111 25 4 18 688 670
DBO4 45 74 30 7 24 402 378

Nuculana

1
DBO1 63 31 53 10.75 37 214 117
DBO3 56 14 51 10 42 107 65
DBO4 59 14 54 10.75 44 110 66

2
DBO1 77 88 55 20.25 45 519 546
DBO3 58 20 53 10 41 158 117
DBO4 56 11 51 8 46 89 43
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Table 2.8: Shell loss and sequestration rates estimated following [305] and organized by age
calibration used, genus, agemodel, and test region. PreferredModelwas determined fromminimum
Akaike information criterion (AICc) value of the four different loss models tested (models: 1-phase,
2-phase, truncated 1- phase, and truncated 2-phase), where the truncated models (developed here)
use the youngest dated shell as the left edge of the frequency distribution. Rates are: _ – One-phase
loss rate; _1 - initial loss rate of two-phase model; _2 - second loss rate of two-phase model; g –
sequestration rate of two-phase model. Trun. = truncated model that uses youngest dated shell as
the left edge of the frequency distribution, developed here. Log-like – log likelihood from model.
Red (Macoma) and blue (Nuculana) rows are lowest TA for the calibration
Calibration Taxa ΔBIC Limit DBO Preferred Model _ _1 _2 g Log-Like AICc

Old

Macoma

1
DBO1 Trun. One-Phase 0.0141 NA NA NA -194.8 396.3
DBO3 Trun. One-Phase 0.0241 NA NA NA -170.1 347.0
DBO4 Trun. One-Phase 0.0086 NA NA NA -143.8 294.8

4
DBO1 Trun. One-Phase 0.0163 NA NA NA -189.2 385.2
DBO3 Trun. One-Phase 0.0300 NA NA NA -162.2 331.2
DBO4 Trun. One-Phase 0.0094 NA NA NA -141.5 290.2

Nuculana

1
DBO1 Trun. One-Phase 0.0162 NA NA NA -194.7 396.0
DBO3 Trun. One-Phase 0.0135 NA NA NA -196.3 399.3
DBO4 Trun. One-Phase 0.0151 NA NA NA -155.9 318.6

8
DBO1 Trun. One-Phase 0.0159 NA NA NA -195.3 397.4
DBO3 Trun. One-Phase 0.0135 NA NA NA -196.2 399.1
DBO4 Trun. One-Phase 0.0149 NA NA NA -156.2 319.4

Middle

Macoma 1
DBO1 Trun. One-Phase 0.0558 NA NA NA -143.8 294.3
DBO3 Trun. One-Phase 0.0683 NA NA NA -132.6 272.0
DBO4 Trun. One-Phase 0.0439 NA NA NA -103.2 213.5

Nuculana 1
DBO1 Trun. One-Phase 0.0084 NA NA NA -219.6 446.0
DBO3 Trun. One-Phase 0.0114 NA NA NA -202.7 412.1
DBO4 Trun. Two-Phase NA 0.0096 0.0009 2.94 − 05 -176.1 364.7

Young

Macoma 1
DBO1 Trun. Two-Phase NA 0.0149 0.0015 4.04 − 06 -124.4 260.8
DBO3 Trun. Two-Phase NA 0.2230 0.0016 4.74 − 07 -99.8 211.5
DBO4 Trun. Two-Phase NA 0.1054 0.0029 1.524 − 05 -89.1 191.3

Nuculana

1
DBO1 Trun. One-Phase 0.0239 NA NA NA -179.9 366.5
DBO3 Trun. One-Phase 0.0282 NA NA NA -169.0 344.7
DBO4 Trun. One-Phase 0.0266 NA NA NA -138.8 284.5

2
DBO1 Trun. Two-Phase NA 0.0238 0.0023 5.04 − 05 -187.1 386.0
DBO3 Trun. One-Phase 0.0274 NA NA NA -170.1 347.0
DBO4 Trun. One-Phase 0.0286 NA NA NA -136.6 280.1
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Table 2.9: Estimates of time-averaging based on age-dating of carbonate skeletal remains from
continental shelves. Results here are only including the surface sediment increment (0-8cm, 10cm
or 20cm depending on study); N - number of shells dated; ∗ - specimens not sampled randomly,
thus overestimates of medians All are bivalves unless otherwise noted: Br = brachiopod, Ech =
echinoid. Sources listed as in full text references.

Taxon Latitude Location Environment Sediment Water Depth (m) Median Age (yrs) IQR (yrs) Range (yrs) N Source
Pitar 9◦N Caribean, Panama Shelf Siliciclastic 4-35 375 (∗) 1743 5400 15 [164, 159]

Semele 23◦S Brazil Shelf Siliciclastic 10 760 475 4437 38 [164, 174]
30 964 456 4271 37 1, 3

Bouchardia (Br) 23◦S So Paulo, Brazil Shelf Siliciclastic 5.7-22.8 470 3195 82 [39, 169]
Leodia 25◦N San Salvador, Bahamas Carbonate 12 2 33 30 [171]

Tecetona (Ech) 25◦N San Salvador, Bahamas Carbonate 1058 1830 4000 30 [171]

Donax 32◦N Mediteranian, Israel Shelf Siliciclastic
10 671 962 4171 15 [10]
30 1470 1344 4771 15 [10]
40 207 292 504 15 [10]

Mactra 33◦S Southernmost Brazil Shelf Siliciclastic
7 663 1914 56161 20 [219]
19 431 921 6992 20 [219]
21 186 200 3093 20 [219]

Nuculana 34◦N Southern California Shelf Siliciclastic 23-58 629 4496 12712 232 [164, 305]
Parvilucina 34◦N Southern California Shelf Siliciclastic 19-72 36 87 10758 235 [164, 305]

Cyclocardia 34◦N Southern California Shelf Siliciclastic 38 2400 5900 25 [164, 174]
89 11500 17500 25 [164, 174]

Gouldia 45◦N Adriatic Sea, Gulf of Trieste Shelf Siliciclastic 1200 2000 5500 60 [301]
1100 1100 4100 59 [301]

Corbula 45◦N Adriatic Sea, Gulf of Trieste Shelf Siliciclastic 1000 2900 7800 50 [301]
Cerastoderma 54◦N North Sea Shelf Siliciclastic 5684 (∗) 7839 9 [164, 99]
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CHAPTER 3

NEW FRONTIERS IN ALASKAN SEAFLOOR ECOLOGY: 150 YEARS

OF PACIFIC ARCTIC ECOSYSTEM CHANGE RECONSTRUCTED

FROM NATURAL HISTORY COLLECTIONS

3.1 Abstract

Bivalve communities of the Bering and Chukchi Seas, which are the key food source for large

populations of marine mammals and birds, are known to react quickly to climate shifts based on

quantitative monitoring that began in the 1980s and focused on detecting their response to the

decreasing persistence of seasonal sea-ice. However, because the effects of human-induced climate

change likely started before monitoring began, historic benthic data are needed to understand the

relationship between seasonal sea ice and the seafloor ecosystem and how large seafloor community

reorganizations might affect higher-trophic level animals. Here, I reconstruct a 150-year history

of benthic community change in the northern Bering and Chukchi Seas using natural history

collections (NHCs) of bivalve prey taxa. Semi-quantitative periodic benthic surveys began in 1845

and are archived in museums, libraries, and online databases. The past geographic distributions

of these bivalves can then be modeled with occurrence data to identify the southern or northern

edges (“frontiers”) of past populations; NHCs from the 1970s onward that overlap with the era

of quantitative benthic survey data are used to evaluate the reliability of the older, pre-1970s

collections. I find that, using occurrence data for seven families, bivalve communities underwent a

significant reorganization in the interval between 1940 and 1960. This reorganization included (1)

the expansion of Nuculanidae populations southward into the Bering Sea, and (2) the expansion

of Cardiidae populations throughout the Chukchi Sea after 1940, from the BeringSea where they

had previously (1900-1940) been concentrated. Frontier positions based on NHCs do not differ

significantly from those based on quantitative biomonitoring during the window of 1970-2000

when both data types are available. Historic observations on bivalve family distributions inferred
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from 150 years of NHCs thus indicate that the ecologic baseline inferred from the first quantitative

surveys in the 1970swas at that point only a recently completed (1960s) reorganization of the benthic

community; this reorganization, recognized using NHC data, had started in the 1940s, coinciding

with the initial, 20th-century onset of seasonal sea ice retreat that began then. A collections-based

historic perspective on benthic populations in the Arctic over the past 150 years thus reveals that

the close coupling of biological and physical changes through multiple climate shifts.

3.2 Introduction

Understanding how biological communities have reacted to past and ongoing climate changes is

crucial to understanding how future ecosystems might respond to new and accelerating climate

shifts. However, biological monitoring often begins only after a change in the ecosystem is

underway. For example, in the Bering and Chukchi Seas, marine monitoring began in the 1970s,

shifting to annual and more standardized surveys in the 1980s [240, 293, 119], but instrumental

records indicate that Alaskan Arctic surface air temperatures began a rapid rise as early as 1925

and that sea ice began to retreat in 1930 [240, 313, 190]. Thus some significant climate shifts

of the 20th century are likely not captured by modern quantative surveys. Historic observations

are thus needed to examine this major marine ecosystem through multiple warming and cooling

periods to understand the future of the Pacific Arctic [143, 179, 315].Natural history collections

(NHCs) from the Bering and Chukchi Seas date back to the earliest phases of post-Industrial climate

shift (beginning in 1845) and range up to the present day, with the latter, 1970s-onward part of

this history overlapping with modern quantitative surveys. The Pacific Arctic thus represents an

excellent opportunity to test NHCs as a source of regional historic data on species occurrences over

multiple intervals of rapid climate change, relevant to crucial benthivores in this ecosystem.

Once known as the most stable region on earth, the high latitudes have been undergoing

strong changes in climate in recent decades, induced by rapid warming of air and water surface

temperatures that have contributed to the loss of sea ice [148]. Systematic observations by the
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Chesapeake Biological Laboratory Arctic Research Group (https://arctic.cbl.umces.edu/) have es-

tablished strong coupling of physical and biological changes in the marine ecosystem on the open

continental shelf of the Bering and Chukchi Seas (10 to 100 m) [119, 133].In the last 15 years, the

northern Bering Sea and the southeast Chukchi Sea have undergone a “regime change” from an

Arctic climate and ecology – characterized by a longer ice-covered season, productive benthos, and

a large flux of organic carbon to the seabed from ice edge primary productivity left unconsumed

by zooplankton, to a new Subarctic condition with a longer open water season, more open-water

primary productivity, and a productive pelagic community, with more organic flux caught in the

pelagic ecosystem [128]. The boundary between the Subarctic and Arctic regimes was in the past

maintained south of St. Lawrence Island within the northern Bering Sea by a very cold (< 1◦C)

bottom water layer [133, 119], but physical oceanographic monitoring shows that this bottom-

water pool began to warm in 2014 [286]. Changes in the benthic community structure in the

southeast Chukchi Sea since 1990’s indicates that Arctic benthic communities are under transition

in the Northern Bering Sea, and the Southeastern Chukchi Sea. This regime change is driven by

accelerated climate change, and seasonal sea ice retreat.

Primary productivity along the sea-ice edge provides abundant organic carbon to the seafloor,

which in turn supports a diverse, abundant, and productive (high biomass) benthic community,

dominated by infauna such as bivalves, polychaetes, and arthropods [119, 132, 130]. Without a

consistent seasonal cycle of sea ice formation and break-up, the amount of carbon delivered to the

benthos changes both in source and amount, forcing benthic populations to find a new environment

during the next generation, or to adapt to the new carbon delivery. This physical-biological coupling

found in the Pacific Arctic region creates a strong trophic reaction to sea ice changes within the

ecosystem, with ice-associated marine benthivores such as the Pacific walrus (Odobenus rosmarus

divergens) and spectacled eiders (Somateria fischeri) depending on both the ice itself (resting

habitat) and he infaunal prey communities linked to the ice edge [119, 182, 184, 187, 277] (See

Appendix F, and Appendix G for review).
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Natural history collections (NHCs) can offer an unparalleled source of historic ecological

information over multiple past changes in climate, as shown by many past studies [149, 175,

116, 248, 244, 180, 141, 198, 264, 265]. Even qualitative from NHCs have the power to reveal

relationships between biology and climate change owing to the fundamental place-and-date data

they archive on species’ occurrences [248, 149]. These NHC data can now be extracted and

digitized for new, ecological applications [248, 265, 149, 264, 198].The North Pacific Arctic is an

ideal area to bring NHCs to bear on the early effects of postindustrial climate change, as it has been

the focus of prolonged scientific interest, starting with the exploratory marine surveys of Bering

and Stellar to the coasts of Kamchatka and Siberia in 1733-1743 [151, 28]. Here I present bivalve

occurrence data of gathered from Pacific Arctic NHCs (2587 data points), as a rough time series

from 1865 to 2000, in 20 year time increments.

Using NHC records, I will address the following questions in this chapter:

1. Can species occurrence (presence-absence) data from NHCs reliably reconstruct the geo-

graphic distribution of key benthic prey taxa of the Arctic open-continental shelf, using

recent quantitative surveys as a benchmark?

2. How have seafloor communities changed over the last 150 years?

I find that the NHCs of the Pacific Arctic provide reliable, interdecadal-scale information on

historic changes in seafloor ecology, drawing on the more than 4000 museum lots available for

analysis. I also present a new model to estimate one edge — one frontier – of a taxa’s geographic

distribution, i.e., the descending limb of a unimodal global distribution, or the local minima of

an assumed bimodal global distribution. From this “frontiers” model, I find a significant and

previously unsuspected shift in the distribution of bivalve populations in the 1940-1960 interval,

coincident with an independently known region-wide shift in the timing of seasonal sea ice retreat.

70



3.3 Methods

3.3.1 Data Collection

Study Region

Analyses focus on the northern Bering and Chukchi Seas, between 61◦N and 73◦N, and between

180◦ and 155◦, (Figure 3.1). These geographic limits correspond to those ofmodern surveys in the

Pacific Arctic Region, such as the Distributed Biological Observatory (https://dbo.cbl.umces.edu/),

with the southern boundary (61◦N) at the interface between the northern Pacific-influenced Arctic

ecosystem and the Subarctic southern ecosystem within the Bering Sea, and the northern boundary

is at the northern edge of the Arctic continental shelf (73◦N). The eastern boundary (155◦W) ) is

Point Barrow, to exclude taxa endemic to the Beaufort Sea, and the western boundary is political,

set by the US-Russia boundary (180◦W) that serves as the usual limit of modern American and

Canadian oceanographic surveys.

Target Taxa

A subset of seven bivalve families was selected for analysis, focusing on important prey taxa of

either Pacific walrus or spectacled eiders (Table F.1, and Table G.1). Dominant prey for the walrus

are large bodied suspension feeding bivalves including Cardiidae (specifically the genus Serripes)

and Myidae, as well as smaller bivalves of various feeding guilds including Tellinidae (facultative

deposit feeder), Hiatellidae (nestling suspension feeder), and Yoldiidae (infaunal generalist deposit

feeder) [88, 277, 210, 89, 300]. Dominant prey for the spectacled eiders are the Nuculanidae

and Nuculidae (both infaunal subsurface deposit feeders), and Tellinidae. Analyses here focus on

Nuculanidae, Nuculidae, Tellinidae, Myidae, Cardiidae, Hiatellidae, and Yoldiidae.. The taxonomy

in NHCs is complicated, particularly for old lots; therefore, before analysis, all species and genera

identifications based on the specimen label were checked against and upgraded to the latest. . .
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were checked against the specimen, and upgraded to the latest accepted taxonomic identification

following WoRMS [54]. To minimize taxonomic misidentification with these records, only family-

level taxonomy was used.

Natural History Collections

Bivalve occurrence data were collected from four Invertebrate Zoology collections; National Mu-

seum of Natural History, Smithsonian Institution, Washington, the California Academy of Sciences,

San Francisco California; the Museum of the North, University of Alaska, Fairbanks Alaska; and

the Russian Academy of Sciences (RAS), St. Petersburg (Table 3.1). At each museum, all Arctic

taxa were searched for relevant collections. A museum lot – a separate collection event defined by

the museum - was recorded if it was collected in the Pacific Arctic region, including the Bering

Sea, and the Chukchi Sea, whether in Alaska or Siberia.

Overall, I acquired data on 4293 museum lots for possible analysis (Table 3.1). Acquiring and

confirming these data included collaborating with respective collection curators and my updating

their digital catalogs. The collection date and location could not be conclusively established for

all lots based on museum labels alone, but such data could still be included for many lots as an

“estimate” or could be estimated from secondary sources such as cruise reports (e.g., [67]). For

analysis, the total set of museum lots was narrowed to only those bivalve lots that had been collected

(1) on the open continental shelf (>10 m water depth) (2) a collection date known within a narrow

range (set at < 15 years) and (3) and (3) a collection location that was north 61◦N and between

180o and 155◦W, , i.e. within the study area, which was set to overlap the geographic range of

most modern (1970s-onward) oceanographic surveys. In older lots and labels, locations were often

reported only in terms of a land feature and water depth, requiring post hoc georeferencing with

some amount of uncertainty. That uncertainty is estimated to be 10 nautical miles and is denoted by

”Estimated” in the database. This uncertainty on the estimated location could not be incorporated

in these analyses.
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The final analytical dataset contains 2587 museum lots, which ranged in collection date from

1845 to 2000 (Table 3.2). These lots reflect sampling effort at 921 “stations”, which are unique

combinations of sampling year, latitude, and longitude (Table 3.1, and Figure 3.2). Lots collected

after 1999 were excluded from analysis because they were very few (only three between 2000-2012,

across all museums visited).

To compile this data set, museum labels were transcribed verbatim, translated if needed, and

used to determine collection date, original collection report (e.g., the expedition, or the museum’s

accession number), and collection location (latitude and longitude if available, or place name).

Each museum lot was assigned a unique number in a master database. Each bivalve individual

was tallied (to build abundance data), measured for body size (to build data on biomass, g Carbon;

[207]), and examined to determine if it had been collected alive or dead (live collection inferred

from articulated valves, adhering flesh, or archived in alcohol).

Only presence-absence occurrence data are analyzed here, and both live collected and dead-

collected lots are used in these analyses. 435 lots contained only “dead” collected individuals. In

the RAS collections, 555 lots ( 20%, Table 3.1) were not physically accessible, that is I could not

examine the specimen and its label directly. Data were thus collected from these lots based on my

translation of mostly hand-written entries in museum ledgers, which consistently included latitude

and longitude information as well as collection data. These lots thus represent valuable data that

would otherwise be entirely inaccessible but have the disadvantage in that they could not be scored

for specimen abundance, body size (biomass), or live versus dead status at the time of collection.

Despite the uncertainty of the unexamined lots, they were included in the analysis: many of these

specimens are in the oldest lots.

Modern Survey Data

Survey data on animal occurrences were gathered from online data repositories covering the last

50 years, including NSF Arctic Data Center (https://Arcticdata.io/), NOAA National Centers for
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Environmental Information, and newer data shared by Prof. Jacqueline Grebmeier, the lead scientist

on many research cruises over the past several decades [135, 81, 76, 75, 146, 82, 320, 206, 4, 5, 3].

As with the NHC data, all species and genus identifications were aggregated to family, using

WoRMS [54].Because analyses incorporated only occurrence (presence-absence) data, only station

location data were used: differences in gear between these modern and historical collections that

would affect data on abundance and biomass were ignored. Overall, the data set based on modern

surveys spans 1970-2016, thus overlapping with the NHC data for about 40-50 years.

3.3.2 Data Analysis

Modelling Frontiers of Geographic Distribution

The geographic extent of bivalve occurrences at any given moment in time – here, the northern or

southern edge of a population of a given family, can be modeled as a ”frontier”, that is a sloping

front beyond which bivalves are less likely to live. A new model is developed here in order to

accommodate the inconsistent nature of the data from NHCs, and to use occurrence- rather than

abundance-based data: occurrence data cannot be used with dynamical models such as the reaction

diffusion models [282].

If H8 represents the presence or absence of a bivalve family (1 or 0) at a given latitude G8, then

bivalve presence could be modeled with a simple regression:

H8 = V0 + V1G8 + n, (3.1)

where V0 and V1 are coefficients in a linear regression scaling bivalve presence or absence to

latitude and a “noise” factor (n). The expected value of occurrence (� (H8)) at a given latitude (G8)

is equivalent to the probability of occurrence and can be written as:

� (H8) = V0 + V1G8 (3.2)
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This model for the latitudinal distribution of bivalve occurrences can be used to model the expected

number of occurrences per latitude if sampling of bivalves had been uniform over time. However,

museum lots were collected over decades to century timescales, with erratic spacing in time and

space and by a variety of researchers with differing goals and collection strategies, thus creating an

inherently non-uniform sampling scheme [248, 244, 265, 270]. Therefore, a model that assumes

uniform sampling is insufficient to capture the dynamics of the Pacific Arctic seabed. Instead the

probability of occurrence is more appropriately modeled as a Poisson process, which describes

a random pattern of points in a mathematical space. The Poisson process used here models a

sequence of random latitudes where a family of bivalve occurs, as follows.

� (H8) = c8 = −1 − 4G?−_(G8) (3.3)

where _(G8) is the intensity of the Poisson process at a given latitude (G8). This intensity serves as

a linking function for a generalized linear model of � (H8) where

_(G8) = 4G?V0 + V1G8 (3.4)

An exponential function was chosen to model the bivalve occurrences as this model estimates one

edge of the family distribution, i.e., the descending limb of a unimodal global distribution, or the

local minima of an assumed bimodal global distribution. Therefore, the Poisson process can be

written as [319]:

;>6(−;>6(1 − c8)) = V0 + V1G8 (3.5)

In this approach, the occurrence of bivalves is modeled as a Poisson process with the intensity

_(G) = 4G?(V0 + V1G), which characterizes the complex data of the bivalve distributions as a single

number, namely the ”frontier”:

q = −V0/V1 (3.6)
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The frontier (q) measured as a latitude beyond which bivalves are less likely to be sampled. Here

we focus on the latitudinal gradient in the Alaskan Arctic; however, future work will include

longitudinal variation. The latitude of this frontier is determined by the latitude where the intensity

(Eqn 4) decreases below some threshold value (_1). The magnitude of paired V0, and V1 values

determines the shape of the curve depicting variation in occurrences with latitude (Eqn 4). The

steeper the slope of intensity, the faster bivalve occurrences decrease at the frontier, i.e. the more

distinct the edge of the latitudinal distribution. The signs of V0, and V1 determine the direction of

the frontier (northward with positive V0 and negative V1 or southward with negative V0 and positive

V1).

Figure 3.3 shows hypothetical examples of different paired values of V0, V1 within this model

framework, and the resulting intensity curves (Eqn 4). The threshold intensity (_1) was set equal

to 1, and so in these examples the frontier is defined as the latitude where the curve intersects with

an intensity of 1.

Modelling Temporal Data

To model latitudinal shifts of frontiers over time, all bivalve data were binned into seven 20-year

time bins for analysis, with the first bin representing all samples “before 1880” and 20-year bins

thereafter (Figure 3.2). To estimate the frontiers for the total number of time increments (g), )8

denotes the 8th time increment, with each observation year (C) falling within a time increment (8).

The frontier model can then be modified to allow for separate intercepts in latitude coefficients for

each time interval (i.e., V08 and V18). This model can be written as follows:

log
(
− log (1 − c(G, C))

)
=

g∑
8=1

(
V08 �{C ∈ )8} + V18 �{C ∈ )8}G

)
(Model 1) (3.7)

The number of parameters is 2g, twice the number of time increments because each increment

has a V0 and V1. � is an indicator variable denoting the particular time increment ()8) the station

collection year (C) is in, and therefore what parameters (V08 and V18) to use.
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This full model (Model 1) was tested against a “reduced model” in which the latitude coefficient

denoting slope (V1) is constant in time (V1(C) = V1):

log
(
− log (1 − c(G, C))

)
=

g∑
8=1

(
V08 �{C ∈ )8}

)
+ V1G (Model 2) (3.8)

A likelihood ratio test was used to test the null hypothesis that V18 = V1 for all 8, in other words

that the reduced model is sufficient. If the result is significant, then the null is rejected, and Model

1 must be used. If the result is not significant, then the null cannot be rejected and so Model 2 may

be used. Here I test for significance at the 95% level, in which case ?-values < 0.05 are significant.

All these models assume that the observations in successive years are independent, and that a lack

of occurrence at a latitude is the same as the bivalve being known not to live at that station (i.e., not

be present at that place in that time increment).

Confidence Intervals for Frontiers

To estimate the 95% confidence intervals of the frontier I employed Fieller’s method, which allows

for confidence intervals to be calculated from a ratio of two means [96]. This method uses the

estimated co-variance matrix for V0 and V1 to estimate the confidence intervals of the frontier

(q = −V0/V1). Fieller’s estimates were accompanied by nonparametric bootstrapping (10,000

simulations) to provide confidence intervals both for frontiers and for intensity estimates.

Intensity Thresholds (_1)

Three types of intensity thresholds were used to find the frontier (Table 3.4). First, the intensity

for all families was set to a constant value at 0.2, the ”constant threshold” (C). Second, for each

family the median intensity of each family was used, the “midpoint threshold” (MP). Third, for

each family and each time increment, the minimum and maximum intensity was found, and a value

was chosen that overlapped with the most time increments, the ”By Period Threshold” (BP).
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Survey Data Analysis

Quantitative “survey data” produced in 1970-2016 were used to test the NHC data in two simple

ways. First, the survey data were run through the same Poisson Process model as the NHC data

(Section 3.3.2) in order to generate frontier latitudes. Frontier latitudes were considered to match

if the museum-estimated frontier was within the confidence interval of that of the survey data and

if the sign of the slope of the frontier matched (e.g., both recognized a north- facing frontier), or,

alternatively, neither dataset detected a frontier within the geographic bounds of the analysis. Only

frontiers from the same type of intensity threshold were compared (e.g., Frontier MP of survey

vs. Frontier MP of Museum), and the constant intensity threshold was set to 0.2, the same as the

NHC models (Table 3.5). Running the survey data through the model is an important test, because

even a quantitative survey focuses on some but not all parts of the study area, here with particular

focus on biomass hotspots. Second, for each 20-year time interval, the observed latitudes of bivalve

family occurrences (simple histograms) were compared between the NHC data and the survey data

using a two-sample Kolmogorov-Smirnov test. If the two samples were randomly sampled from

identical populations, then I would expect their frequency distributions of latitude to be similar,

i.e. that the NHC data would provide an adequate substitute for survey-generated occurrence data.

Therefore, if the ?-value is small (<0.05), then the null hypotheses is rejected: the two samples are

from different distributions, and NHC data are not a good proxy for geographic occurrence.

3.4 Results

3.4.1 Overall Sampling using NHCs

NHCs examined for this study yielded a total of 2587 museum lots, that had both collection date

and location metadata of sufficient resolution and were collected on the Bering and Chukchi Sea

continental shelves, within the bounds of the study. The oldest historic lots were collected in 1845

CE in the Bering Straits (RAS lots 100307 and 100308 of Macoma balthica), and the youngest
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lots used in the analysis were collected in 1999 in the Bering Sea (RAS lots 101783-101785 of

Musculus corrugotus and 101858-101861 of Musculus niger).

Sampling technology and strategies changed over time. For example, Figure 3.4 contours the

changing density of shelf stations. From 1845 to 1900, sampling was concentrated around the

Bering Strait and near coasts. Sampling from 1900 to 1940 expanded into the northwest Chukchi

and northern Bering basins and away from coastlines. The 1940-1960 interval was a period of

intense sampling around Point Barrow, related to the establishment of the Naval Arctic Research

Laboratory after World War II.

Collectors also used a variety of sampling gear: the majority of museum lots were collected

using trawl, dredge, or grabs (Petersen and van Veen) that sample the surface 15-20 cm of muddy

sediment. All seven of the bivalve families targeted here were encountered in each of the 20-

year time increments (Table 3.3, Figure 3.5), with fairly consistent representation of families

over time. This pattern suggests that collection is not taxonomically biased over time, but some

bias from collection gear persists. Most notably, deep-burrowing bivalves, such as Mya arenaria

within Myidae, and bivalves that prefer rocky or pebbly habitats, such as Hiatella arctica within

Hiatellidae, are expected to be under-sampled and in fact, only small numbers of lots of Myidae

and Hiatellidae are available for analyses (Table 3.3).

3.4.2 Model Selection

For each of the families, the goodness of fit between Model 1 and Model 2 was tested using a

likelihood ratio test (Table 3.6). This test revealed that the full model (Model 1) must be used

for the Cardiidae, Nuculanidae, Nuculidae, and Yoldiidae, whereas the reduced model (Model 2)

can be used for Hiatellidae, Myidae, and Tellinidae. Consequently, only the results of the favored

model will be presented for each family.

Hiatellidae and Myidae have the fewest occurrences of all families (Table 3.3; 104 and 42

stations, respectively), and this probably explains their lack of support for Model 1 (i.e., too
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few data points per 20-year increment to identify frontiers). The lack of support for Model 1

by Tellinidae, on the other hand, may be rooted in their biology, since his family is very well

sampled and not prone to the same collection (gear) biases as Hiatellidae and Myidae (Table 3.3,

188 stations). Tellinidae are generalist, facultative deposit feeders, and today (2000-2016) occur

throughout the region in consistently high abundance.

3.4.3 Bivalve Frontiers

Overall, frontiers are identified consistently from 1900-1960 for the families favoring Model 1,

as these time intervals hold the most stations. Most of these frontiers are south-facing, meaning

that boundaries identify latitudes south of which the bivalve family is unlikely occur (Table 3.6,

and Table 3.6). Among families favoring Model 2, few frontiers were identified during this

same period, which is likely due to the low-density sampling of Hiatellidae and Myidae and the

widespread distribution of the heavily-collected Tellinidae. Very few frontiers are found more

recently than 1980 for any model.

A lack of an identified frontier does not indicate a lack of information using this model. If no

frontier is found for a time interval despite a sufficient number of occurrences, then that bivalve

family may simply occur throughout the region rather than concentrated in only one part of it.

For all models, the intensity thresholds were set using three different approaches (see Section

3.3.2, Table 3.4). Of these, the MP intensity threshold method often produced the highest intensity

thresholds (except Myidae), while the C and BP intensity threshold methods often found threshold

intensities at 0.2. Differences among frontier estimates as a function of the threshold value

are usually small and within confidence interval estimates. The choice of threshold intensity

nonetheless significantly affects the latitude of the frontiers presented below.
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Cardiidae - Model 1

Cardiidae occurrences yield intensities whose maxima range from 0.06 to 0.82, and five curves

slope to the south and two to the north (Figure 3.7, Table 3.6). Model 1 identified a persistent

frontier at 67.5◦N in 1900-1940 using the BP and the C intensity threshold. The MP intensity

threshold yielded one frontier at 65.2◦N in 1900-1920 (Figure 3.7, Table 3.6). All three intensity

thresholds resulted in similar frontiers in 1900-1920, but the MP frontier (in 1920-1940) is outside

of the study area and its confidence intervals do not overlap with the BP and C estimates. The two

C and BP frontiers do not change location between the two time intervals, but these frontiers are

north-facing, unlike the majority of frontiers found for other bivalve families. These north-facing

frontiers are in the opposite direction to that expected from sampling bias – i.e., low sampling in

the Bering Sea should create south-facing frontiers – and suggest that this southern boundary for

Arctic Cardiidae species is real.

Hiatellidae - Model 2

Hiatellidae bivalve intensities range from 0.06 to 0.42, with southern sloping intensity curves(Figure

3.8, Table 3.6). Model 2 found two frontiers, at 65.1◦N in 1880-1900, and 69.2◦N using the MP

intensity threshold and only that threshold, which is the highest intensity threshold tested for

Hiatellidae (Table 3.4). For most intervals, the Hiatellidae intensity curves are relatively flat, with

low overall intensities, making it difficult to define a frontier using this method. Intervals from

1920-1940 and 1940-1960 have large enough sample sizes to confidently define a frontier, but

the majority of the 1940-1960 stations are around the Barrow Canyon, limiting the power of the

method. Low occurrences of Hiatellidae in the other time intervals (<15 occurrences) are unlikely

to identify a frontier.
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Myidae - Model 2

Myidae bivalve intensities range from 0.01 to 0.18, with southern sloping intensity curves (Figure

3.9, Table 3.6). Model 2 did not detect any significant frontiers at any intensity threshold. The

Myidae intensity curves are low and flat, and the number of occurrences in each time interval is

low (<15 occurrences); therefore, this model is unlikely to capture frontiers for this family without

more data.

Nuculanidae - Model 1

Nuculanidae bivalve intensities range from 0.06 to 0.75, with six southern sloping intensity curves

and one northern sloping intensity curve (Figure 3.10, Table 3.6). Model 1 found five significant

frontiers using the BP and C intensity thresholds, including 68.3◦N before 1880, 69.4◦N in 1900-

1920, 63.5◦N in 1920-1940, 70.1◦N in 1940-1960, and at 61◦N in 1980-2000. The frontiers

shifted south significantly from 1900-1920 to 1920-1940, and north again in 1940-1960. These

shifts coincide with southern and northern shifts in Nuculidae, another deposit-feeding bivalve

group. Sample sizes for Nuculanidae were low before 1920, and so frontiers before 1920 might

not be reliable reflections of biology. Using a different intensity threshold strongly affects the

frontier estimate. The MP threshold moves the estimated frontier to the very edge of the domain

in many cases (e.g., a 1900-1920 frontier at 71.3◦N, Table 3.4). The high MP intensity threshold

(0.41) means that it intersects most intensity curves at high intensity and steep slopes (Figure 3.10);

therefore, this intensity threshold may be too high to capture a genuine frontier.

Nuculidae - Model 1

Nuculidae bivalve intensities range from 0.04 to 0.72 with three southern sloping intensity curves

and three northern sloping intensity curves (Figure 3.11, Table 3.6). Model 1 detected three frontiers

using BP and C intensity thresholds, including 66.3◦N in 1900-1920, 61.4◦N in 1920-1940, and
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69.1◦N in 1940-1960. The frontiers shift north significantly from 1920-1940 to 1940-1960. This

shift coincides with shifts from the Nuculanidae family (Section 3.4.3). Sample sizes for Nuculidae

were low before 1900, and so those early frontiers might not be reliable reflections of biology. Using

a different intensity threshold strongly affects the frontier estimate, as also found in Nuculanidae.

However, the pattern from 1920-1960 previously described is maintained when using the MP

threshold, with the frontier shifting from 67.5◦N in 1920-1940 to 71.5◦N in 1940-1960.

Tellinidae - Model 2

Tellinidae bivalve intensities range from 0.06 to 0.58, with southern sloping intensity curves (Figure

3.12, Table 3.6). Model 2 found two frontiers using the MP intensity threshold, at 63.2◦N in 1900-

1920, and at 69.5◦N in 1960-1980. Frontiers were detected only using the MP intensity threshold,

which is the highest intensity threshold tested for Tellinidae (Table 3.4). Although the Tellinidae

has relatively high intensity with many occurrences, the curves are relatively flat, making it difficult

to define a frontier using this method. Tellinidae is a generalist (facilitative deposit feeder) and is

expected to occur throughout the region in high abundance. Probably due to their flexible life habit,

they may not have a frontier to identify within the study system, i.e. the analysis yields a correct

result of ‘no frontier’.

Yoldiidae - Model 1

Yoldiidae bivalve intensities range from 0.03 to 1.09 with four southern sloping intensity curves

and three flat curves (Figure 3.13, Table 3.6). Model 1 yielded one frontier, in 1940-1960, at 69◦N

using the C and BP thresholds and at 71.5◦N using the MP threshold. Thus, the intensity threshold

strongly affected the frontier estimate, as also found in Nuculanidae. The higher intensity threshold

pushes the frontier estimate to the edge of the domain (71.5◦N in 1940-1960). After 1960, Model 1

does not identify more frontiers for Yoldiidae. The 1940-1960 frontier for Yoldiidae is in a similar

location as other deposit feeders, Nuculanidae and Nuculidae. However, since Yoldiidae are more
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flexible surface and subsurface deposit feeders, they may not have a frontier to identify within the

study system in other intervals.

3.4.4 Comparison of Museum and Survey Data

When the frontier model is applied to the occurrence data acquired from modern surveys (1960-

2000), the Poisson intensity values are consistently higher than those found with the NHC data,

most likely due to the larger number (higher density) of stations for the survey data than for the

NHCs. Using survey data, the Cardiidae, Hiatellidae, and Myidae families supported Model 2,

and all other families used Model 1 (Table 3.6). Higher intensities lead to higher MP and BP

thresholds for all families, while the C threshold was held to 0.2 (Table 3.5). For all families, the

survey models found no frontiers in the 1960-1980 interval, which is the same pattern as the NHC

data. The lack of frontiers in this time interval may thus reflect seafloor biology rather than an error

in the occurrence data or model. For 1980-2000, the survey data yielded significant frontiers for

Cardiidae, Nuculanidae, and Yoldiidae, of which none were found in the NHC data, but the other

three families matched between the survey and NHC data. Thus, overall, of the seven families

compared in the two time increments and three intensity thresholds (42 pairwise comparisons), the

museum and survey data agreed in 31 cases.

In addition to analyzing the overlapping time intervals, the survey data from 2000-2015 were

included in themodel analyses. This time interval yielded reasonable frontiers for all families (Table

3.6), and the largest number of occurrences found in the study (all families .100 occurrences). All

frontiers found, except Yoldiidae, are southern-facing frontiers. Yoldiidae holds the only northern

facing frontier at 67.2◦N using the Frontier BP intensity threshold. The frontiers found here are

strongly affected by the frontier intensity threshold used (e.g., Tellinidae MP Frontier 66.4◦N vs

BP frontier 71.5 ◦N). The frontiers in this time interval serve as an additional test of the model,

as they can be compared to established changes in the Arctic seafloor ecosystem (see Section 3.5).

However, 2000-2020 is characterized by rapid change and a 20-year interval may be too coarse to
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discern all ecologic changes in the region.

For 1960-2000, when both museum and survey data are available, the latitudes of bivalve

family occurrences derived from those two sources were compared using a simple two-sample

Kolmogorov-Smirnov test. If the two samples were randomly sampled from identical populations,

then I expect the frequency distributions of occurrences with latitude to be similar. Thus, for ?-

values <0.05, the null hypothesis of no difference was rejected. This test only examines the “hits”

within a bivalve family – the latitudes of positive occurrences in the survey and NHC data. The test

does not analyze the “known misses” available in the data – stations with no occurrences of a given

taxon despite the presence of other bivalves. This Kolmogorov-Smirnov test also assumes random

and thus comparable sampling of the region by both data sources, which is arguably violated by

each data source. Despite these issues, museum and survey data are not significantly different for

five of seven families in 1960-1980 (exceptions are Cardiidae and Yoldiidae) whereas the two data

sources are significantly different for all but Yoldiidae in 1980-2000 (Table 3.9). Filtering out those

lots with only dead-collected shells, and lots only fromRAS ledgers and not a physical examination,

Nuculidae in 1980-2000 is found to be not significantly different, while all other results remain the

same.

3.5 Discussion

3.5.1 Caveats for NHC data

NHCs pose both an opportunity and a challenge for historical ecology research. Here, I present the

results of the largest compilation of Arctic bivalves ever assembled fromNHCs, building a database

of species-level occurrence data and place-time-depth metadata from a combination of archived

specimens and original cruise and museum ledgers. Although NHCs hold unique historical data,

they can still present challenges for biologic and paleobiologic analyses, with three considered here.

First, despite an exhaustive inventory, the number of data points may still not provide sufficient
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power to test for changes in geographic distributions. In the present study, more data would always

be better. However, the analyses here are based on a very large database (2587 occurrences), with

an average of 50 occurrences per family per 20-year time increment, and thus constitute much

more than anecdotal observations such as northern-most and southern-most known specimens.

This dataset required acquiring data from offline sources – visiting museums in-person to examine

specimen labels and ledgers – and transforming qualitative georeferencing information into latitude

and longitude coordinates for many records. This effort yielded data on bivalve occurrences

throughout their range within the Arctic study area, permitting statistical analysis of the (former)

edges of their populations. This dataset thus constitutes a far more robust basis for evaluating

variation over time than the range end-point data that NHCs might ordinarily be used for.

Second, because NHCs can reflect haphazard or opportunistic collection of specimens over

time [248], and are not exclusively the products of systematic efforts, the time series of species

occurrences extracted from such collections might have significant temporal or spatial bias. The

bias created by the uneven collecting of any single effort, however, is minimized by summing the

collections from many different surveys and expeditions. Figure 3.4, Table 3.2, and Table 3.1

describe the spatial and temporal variation in bivalve occurrences that exist in the data from NHCs.

These patterns include shifting hotspots in sampling effort, and thus an uneven spatial grid of

stations for analyses, much as modern surveys focus on particular hotspots. The Poisson model was

developed to overcome this reality of uneven data availability across the study area in any given

time increment, and the variation over time in the spatial pattern. In detail, such temporal variation

in benthic sampling reflects the history of federal (both US and Russian) and academic interests in

the Arctic (for history, see Appendix H).

Third, museums – and curators – can have different priorities and resources for taxonomic groups

and collecting areas, and some can be biased against (or simply cannot accommodate) “redundant”

specimens, i.e., lots that differ from others only in the date of collection and/or the locality within

a given region. Therefore, museum holdings might have a surplus of one or more families relative
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to others. The data presented here do not show clear evidence of taxonomic bias among museums

(similar total number of families; Table 3.1), or obvious trends in family occurrences over time

(Figure 3.6, Table 3.3). The relative scarcity, both in NHCs and survey data and across all

time intervals, of deep-burrowing bivalves such as Myidae and pebble-nestling bivalves such as

Hiatellidae, likely does reflect sampling bias related to gear, not archival bias. Upgrading these

occurrence data with information on specimen abundances per station and/or body size or biomass

data would help illuminate any pervasive taxonomic collection biases. However, the results appear

to be robust to sampling and other collection-related biases.

3.5.2 Model Caveats

The frontier model presented here models an edge of bivalve occurrences, beyond which the target

bivalve family is unlikely to occur. This model has two significant assumptions about bivalve

distributions.

First, the model assumes a unimodal distribution of occurrences and tests for the existence of a

single frontier of that biogeographic range, whereas a taxon might have a multi-modal distribution

with more than one frontier within the study region. Therefore, failure to detect a frontier might

indicate a different biologic structure rather than a failure of the model given the data. Alternatively,

the northern (or southern) edge of a taxon’s range might lie outside the domain of the study area.

In this instance, given a reasonable number of occurrences exist in that interval, failure to detect a

frontier could simply mean that the bivalve occurs throughout the region.

Second, the model assumes that if a bivalve was not sampled in a location during a time

interval then it did not live at that location, that is, “zero occurrences” are as meaningful as positive

occurrences. Thus, the model uses both presences and absences to estimate an intensity in a

mathematical space, rather than exclusively using occurrence data to estimate a probability of

occurrence. This assumption does not consider that sampling of the seafloor is incomplete, and

that grabs and dredges sample small sections of the seafloor and can easily miss populations of

87



taxa. Adding more NHCs to this data set will thus improve these estimates of intensity, and so

improve the estimation of frontiers, by better describing the heterogeneity of bivalve occurrences

on the seafloor.

The results of this model also could be improved by closer discrimination of live versus dead

occurrences. Occurrences based on dead-collected specimens may erroneously extend the range of

living population during that time interval (or increase its intensity) and thus will tend to broaden

ranges and decrease the likelihood of recognizing a frontier. Dead-only occurrences from 1980-

2000 revealed the existence of a frontier for Nuculidae, that was otherwise undetected (see Section

3.4.4).

This model currently only examines variation along latitude: examining variation along lon-

gitude would improve it, possibly revealing mode dynamics within the Alaskan Arctic system.

In addition to the shifts identified here, adding data about the longitudinal variation in species

occurrences would help identify changes that might be related to a strong nutrient gradient that

exists today between the Alaskan Coastal Current and the open shelf waters of the Chukchi Sea

[130, 94]. This nutrient gradient creates a sharp boundary in community composition under these

two different water masses, with the nutrient-poor waters of Alaskan Coastal Current supporting

many sea urchins and slow-growing bivalves (e.g., Astartidae), and the open-shelf waters support-

ing more productive and faster growing bivalves (e.g., Cardiidae) [130, 94]. Future work will

examine longitudinal changes within the Chukchi Sea given that this nutrient gradient appears to

exert significant control on seafloor assemblage composition.

3.5.3 Shifting Seafloor Ecology

The seven bivalve families targeted here were grouped by their life habits and functions within

the benthic community. Cardiidae, Myidae, and Hiatellidae are all suspension-feeding bivalves

(at various sediment depths); Nuculanidae and Nuculidae are both obligate subsurface deposit-

feeding bivalves; Yoldiidae are generalist deposit-feeding bivalves (both surface and subsurface);
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and Tellinidae are facultative surface deposit-feeding bivalves (mix of suspension and deposit-

feeding). The following sections will discuss the frontiers found for these different bivalve families

by feeding guild.

Suspension-Feeding Bivalves – Cardiidae, Hiatellidae, Myidae

All suspension feeding bivalves in the Pacific Arctic depend on receiving ”fresh” organic carbon

year round, which is here supplied by planktonic productivity along the ice edge [155, 312, 316,

40, 17, 317, 168]. Cardiidae and other suspension feeding bivalves in the study area are found

in relatively sandy sediments with low sediment organic carbon [183, 181, 130]. Therefore, the

shifting positions of the frontiers of suspension feeders found here (Cardiidae, Hiatellidae) is

probably an ecologic change in response to a change in patterns of carbon deposition.

Very few frontiers were identified for the suspension feeding bivalves(Table 3.6, Table 3.6). For

Myidae and Hiatellidae, this lack of frontiers likely reflects their low occurrences despite sampling

effort (Table 3.3) [300, 34, 229, 252, 130]: adult Myidae are expected to be difficult to collect

because of their deep burrows (15-20 cm) and Hiatellidae because of their preference to nestle on

pebbly or rocky substrata where grab samplers commonly fail. These results suggest that a taxon

must have more than 15 occurrences per time period, and more than 104 occurrences total, for the

model to detect a spatial frontier in its distribution (Table 3.3).

Shallowly-burrowing Cardiidae, on the other hand, have more overall occurrences, exhibit

frontiers, and are the only bivalves with north-facing frontiers (Table 3.6). From 1900-1940

Cardiidae were concentrated in the northern Bering Sea, and from 1940 onward, there are no

discernible frontiers (the family occurred throughout the entire study area). Their early 20th-

century north-facing frontiers are opposite to the expectation from sampling biases alone because

the Chukchi Sea is consistently more densely sampled than is the Bering Sea: an absence from the

Chukchi Sea is difficult to produce artificially.

Modeling of the modern survey data shows Cardiidae to be present further north within the
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Chukchi Sea and have a south-facing frontier in the Bering Strait (66.1◦N) in 1980-2000 and the

northern Bering Sea (61.9◦N) in 2000-2020 (Table 3.6). The confidence intervals of these frontiers

overlap; therefore, there is not a significant spatial shift. The NHC data did not record the frontier

in 1980-2000, despite sufficient sampling in this time interval (42 occurrences). From 1980-2020

the Cardiidae populations have gone through large ”booms and busts”, with large populations

springing up and for a short period when there is their preferred level of carbon delivery in the

region [131, 93, 119].From 1970-2020, large populations of Serripeswere often found in the Bering

Sea, and in 2004 they began to become dominant in the southeastern Chukchi Sea as well, until their

decline from 2017-2020 [131, 93, 293]. These reports do not completely agree with the observed

frontiers and highlight how abundance data, and finer time intervals could identify rapid shifts as

expected with Cardiidae.

Subsurface deposit-feeding Bivalves – Nuculanidae, Nuculidae

In general, Nuculidae and Nuculanidae throughout the Pacific Arctic are most often associated

with fine sediment and abundant seafloor organic carbon [183, 184, 130, 316]. Nuculanidae and

Nuculidae both grow well while feeding off detrital carbon [183, 184, 130, 316], and the subsurface

deposit feeders can dominate a region when large quantities of organic carbon are consistently

delivered, as in the northern Bering Sea from 1980-2008 [131]. The largest populations of obligate

subsurface deposit-feeding bivalves occur in the St. Lawrence Island polynya, an ice-free patch of

sea during winter, south of St. Lawrence Island in the Northern Bering Sea that is consistently fed

by ice edge, and open water algae throughout the year [183, 130, 317]. As sea ice retreats, this

source of abundant carbon is threatened, by a change in the sub-ice circulation (Anadyr Gyre) and

a change in the quality and quantity of carbon delivered near the polynya.

The south-facing frontiers of Nuculanidae and Nuculidae shifted north significantly between

1920-1940 and 1940-1960, from the northern Bering Sea (63.5◦N, and 61.4◦N in 1920-1940) to

the Chukchi Sea (70.1◦N and 69.1◦N in 1940-1960; Figure 3.11, Figure 3.10, Table 3.6). Because
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both bivalve families are well sampled (Nuculidae 205 occurrences, Nuculanidae 196 occurrences,

Table 3.3), are members of the same feeding group, and experience the same shift in the frontier.

In the interval 1960-1980, both Nuculanidae and Nuculidae have too few occurrences to discern

frontiers (both <= 15). In 1980-2000, with sufficient sample sizes, no frontier could be found for

Nuculidae, while Nuculanidae had one south-facing frontier at 61 ◦N (C and BP) or 67.4 ◦N (MP).

These results indicate that after 1960, Nuculanidae and Nuculidae spread throughout the region

again.

Modeling of themodern survey data revealed two reasonable frontiers forNuculanidae at 67.9◦N

in 1980-2000 and 67◦N in 2000-2020 and one for Nuculidae at 67.9◦N in 2000-2020 (Table 3.6).

Based on monitoring data, biologists reported large populations of Nuculanidae and Nuculidae

in the northern Bering Sea, associated with the St. Lawrence Island polynya (DBO1 [131]), and

that these families were the most abundant of all bivalve taxa in this region from the 1980s to

2008 [131, 184, 121]. During the 2008-2015 interval, however, the northern Bering seafloor

underwent a significant transition from dominance by these subsurface deposit-feeding bivalves to

more generalist bivalves (Tellinidae, and Yoldiidae) [131, 111]. This transition coincides with the

frontiers identified during 2000-2020 by modeling the survey-based data, but not the Nuculanidae

frontier identified in 1980-2000. While themost abundant populations occur in the Northern Bering

Sea, the family is widespread and could have higher occupancy in the Chukchi Sea rather than the

Bering Sea, resulting in Chukchi Sea frontiers.

Generalist Bivalves – Yoldiidae, Tellinidae

Yoldiidae and Tellinidae are identified as generalist bivalves in this study and are grouped because

of their functional flexibility and similar diet of available seafloor organic carbon [181, 155].

Yoldiidae, and notably the abundant Pacific Arctic species Yoldia hyperborea, are deposit-feeding

bivalves that can feed both at the surface of the sediment-water interface (in response to high organic

deposition) as well as subsurface [300, 258, 289]. Tellinidae, particularly Macoma spp. that are
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abundant in the Pacific Arctic, use both suspension-feeding and surface deposit-feeding depending

on the delivery of carbon.

Modeling the NHC data revealed very few frontiers for either family, despite their both having

many occurrences (183 occurrences Yoldiidae, 188 occurrences Tellinidae, able 3.3, Table 3.6,

Table 3.6, Figure 3.12, Figure 3.13). Yoldiidae yielded only one frontier, and it was south-facing in

the North Chukchi Sea (69◦N) during 1940-1960. This frontier is similar to those identified during

the 1940-1960 interval among the subsurface deposit feeders (Section 3.5.3) and further strengthens

the idea that these frontiers reflect an ecological response of bivalves, especially the deposit-feeding

guilds rather than being artifacts of a change in sampling. Tellinidae yields frontiers when the (low)

MP intensity threshold is used. The intensity curves in most time intervals are relatively flat for

both families: they occur consistently almost everywhere (Figure 3.12, Figure 3.13). Given that

both families are generalists, the inability of modeling to detect a frontier within the study system

is very likely a correct result.

Using survey data, several frontierswere identified for these families: in 1980-2020 forYoldiidae

– both a south-facing frontier at 69.9◦N and a north-facing frontier at 67.2◦N – and for Tellinidae a

north-facing frontier in 1960-1980 at 70.3 ◦N and in 2000-2020 a south-facing frontier at 66.4◦N

in the near the Bering Strait (Table 3.6). These frontiers are consistent with isolated reports

that Tellinidae dominated the northern Bering Sea before 1980 [293],with that role replaced by

Nuculanidae and Nuculidae from 1980-2008, and with a resurgence of Tellinidae from 2008

onward [131, 111]. Tellinidae should be examined for more complex multi-modal distributions, as

Tellinidae population centers of the southeastern Chukchi Sea were expanding south while those

of the northern Bering Sea were contracting north across a seafloor of heterogeneous grain size

and organic carbon input [111]. Yoldiidae are less abundant than Tellinidae in the Pacific Arctic

and shifts in their populations have not been as thoroughly characterized; therefore, this model and

NHC dataset provide an opportunity to examine the Yoldiidae response to climate shifts.
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3.5.4 Sea Ice and Seafloor Ecology

The Arctic seafloor is connected to the seasonal sea ice cycle through pelagic-benthic coupling,

with about 70% of water column productivity settling to the seafloor and consumed by the benthic

community [132, 130]. Productivity is closely linked spatially to the ice edge, where sunlight can

reach primary producers through thin ice and open water [104]. Therefore, the shifts in seafloor

ecology described in the previous section should be examined in tandem with historical sea ice

data. Figure 3.14 displays a time series of the month of the breakup of sea ice from the Historical

Sea Ice Atlas, a gridded, monthly, sea ice concentration data set from 1850 to 2017 [6].The month

of the breakup was the first month of the year during which the sea ice concentration dropped below

15% [49, 104]. Starting in 1940, sea ice in the region began to retreat one to two months earlier, a

change that was likely related to the rapid rise in Arctic surface air temperatures observed as early

as 1925 [240, 313, 190]. This period of sea ice transition started before the onset of ecosystem

monitoring (1970s) but is overlapped by the time series of NHC data developed here. Over the

period 1940-1960 when the Atlas data indicates that sea-ice started to break up much earlier (Figure

3.14), the NHC data identify four major changes in community structure:

1. Cardiidae (suspension feeders) lose their formerly consistent north-facing frontier at 67.5◦N

and transitions to a state with no identifiable frontier;

2. Nuculanidae andNuculidae (subsurface deposit feeders) both shift their south-facing frontiers

northward, from the northern Bering Sea (63.5◦N and 61.4◦N) into the Chukchi Sea (70.1◦N

and 69.1◦N), after which no frontiers can be identified; and

3. Yoldiidae develops a south-facing frontier at 69◦N, after exhibiting no frontiers in the previous

decades (1920-1940)

In contrast, no frontiers could be identified for any family in the interval 1960-1980, by which time

the early break-up date had stabilized across the region, and very few frontiers were found for any

family, using either the NHC or the survey data. Using this model, a lack of a frontier does not
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mean a lack of information: instead, if the family exhibits a sufficient number of occurrences across

the region (i.e., Tellinidae, Yoldiidae), it most likely simply occurred throughout the region rather

than being concentrated in only one part of it.

Given the similarities among feeding guilds and the NHC and survey datasets in the time

at which frontiers appear and their directions of movement, and given the coincidence of these

changes with a major and rapid change in the timing of sea ice break up, the NHC-based analyses

reveal a previously unreported reorganization of seafloor communities in the 1940s and 1950s,

several decades before the shelf-wide quantitative survey began in 1970. This mid-20th-century

reorganization entailed the northward expansion of populations of suspension feeders from the

Bering Sea to the entire region, and the nortward contraction of obligate deposit feeders to the

Chukchi Sea. It closely resembles the ecological “regime change” that is associated with a late

20th-century phase of rapid sea-ice retreat and recognized using monitoring data [133, 119]. The

NHC-based evidence presented here of a rapid mid-20th century shift also indicates that the

benthic conditions sampled quantitatively in the 1970s-80s and thought to be a stable baseline were

instead a more recently established state. Finally, the existence of two phases of rapid ecological

reorganization within the 20th-century suggests that benthic community change in the Arctic during

anthropogenic climate warming has proceeded as a series of punctuated changes, implying (a) less

inertia to change than previously assumed (i.e. a few decades of stability) and (b) that the well-

documented and understood late-20th century reorganization was not unprecedented but rather part

of a pattern of repeated and relatively sudden reorganizations.

3.6 Conclusions

This study is based on the analysis of 2600 museum lots of bivalves from the Bering and Chukchi

shelves, drawn from >4000 available lots, and represents the largest compilation of Arctic NHCs

and first attempt to inform the historical ecology of this region. This study represents one sliver

of what NHC’s have to offer Arctic researchers: adding additional taxa, body size information,
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and abundances gained from NHCs could all further inform on the history of the Arctic. The

bivalve families targeted here are important prey items for benthivores, most notably the walrus

and spectacled eiders, and thus it would now be worth looking for changes in these key consumer

populations beginning in 1940 to further understand the future of this complex ecosystem. The

frontier model presented here is a novel method to estimate a single geographic boundary within

the preferred habitat of a taxon (here, of bivalve taxa), and has been applied to uncover how seafloor

ecology has shifted over the last 150 years. Further work should resolve longitudinal gradients, the

location of highest abundance in the region, and the relationship between the environment and the

seabed ecology.

From this model, I identify three major changes in the distribution of infaunal bivalves between

1940 and1960. This represents a significant change in benthic community structure, andcoincides

with a regional shift to an earlier seasonal break-up of sea ice. Between 1940 and 1960:

From this model, I identify three major changes in community structure from 1940-1960,

coincident with earlier sea ice break up across the region:

1. Cardiidae (suspension feeders) lose their formerly consistent north-facing frontier at 67.5◦N

and transition to a state with no identifiable frontier by occupying the entire study area;

2. Nuculanidae andNuculidae (subsurface deposit feeders) both shift their south-facing frontiers

northward, from the northern Bering Sea (63.5°N and 61.4°N) into the Chukchi Sea (70.1◦N

and 69.1◦N), after which no frontiers can be identified; and

3. Yoldiidae develops a south-facing frontier at 69◦N, after exhibiting no frontiers in the previous

decades (1920-1940).

In contrast, no frontiers could be identified for any of the seven families tested in the interval

between 1960-1980. By 1960 the new-early sea-ice break-up date had stabilized across the region.

After 1960, the seven bivalve families examined here were spread throughout the region rather than

organized behind a single frontier. The existence of this rapid ecological reorganization, within
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two decades of the mid-20Cℎ century, implies that the Arctic seafloor has undergone repeated,

relatively sudden community shifts. Moreover, what was previously thought of as a baseline in the

1970s based on quantitative surveys and biological monitoring, may represent a relatively recent

community reorganization in response to an earlier onset of anthropogenic climate change. As sea

ice continues to retreat and Arctic warming continues to accelerate, the results presented here offer

the opportunity to add long-term benthic data to new models that can examine the future function

of a new Arctic ecosystem, and the future of higher trophic-level prdators.
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Figure 3.1: Map of the Pacific Arctic region used in this study. Arrows denote dominant currents:
purple Anadyr and Bering currents, blue Siberian current, green Alaskan coastal current. SLI St.
Lawrence Island. Base map adapted from Ocean Data Viewer and approximate currents from [121]

.
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Figure 3.2: All museum lots used in these analyses. Darker colors correspond to older collection
age. Inset shows histogram of stations (unique latitude, longitude, date combinations) used in these
analyses
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Figure 3.3: Examples of modeled frontiers, including V0, and V1 values. Location of frontier
determined when intensity threshold (_(G) = 1) crosses curve. The Direction of the frontier (N =
North, S = South) is determined by the sign of the V0, and V1 values, indicating if the intensity is
lower to the north or south of the frontier.

Figure 3.4: Kernel density maps of all stations, and split by 20-year time interval. From a
2-dimensional kernel estimate from from bivariate normal kernels (function in MASS::kde2d)
estimated independently for each time-interval, with the bandwidth estimated from the data for
each time-interval (with R function bandwidth.nrd).
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Figure 3.5: All stations (unique latitude, longitude, date combinations) used in these analyses, color
coded by region (Chukchi Sea, Bering Straits, Bering Sea)
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Figure 3.6: All lots used in these analyses, color coded by Bivalve family, target families in color,
all other in gray
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Figure 3.7: Results of Cardiidae Model 1. A) All occurrences of Cardiidae (triangles) color coded
by time interval with darker colors represent older periods, and open circles are stations without
Cardiidae occurrences. B) Triangles are the frontier estimates from MP, BP and C intensity
thresholds with bootstrapping confidence intervals. If symbol is on the left or right margin the
frontier estimate is outside the sampling domain. Error bars that exceed the sampling domain are
denoted with arrows. C) intensity curves from Model 1 with intensity thresholds (C, MP, and
BP) marked with dashed lines (Table 3.4). Shaded envelopes around intensity curves represent
bootstrapping confidence interval estimates of the intensities.
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Figure 3.8: Results of Hiatellidae Model 2. A) All occurrences of Hiatellidae (triangles) color
coded by time interval with darker colors represent older periods, and open circles are stations
without Hiatellidae occurrences. B) Triangles are the frontier estimates from MP, BP and C
intensity thresholds with Fieler’s confidence intervals. If symbol is on the left or right margin
the frontier estimate is outside the sampling domain. Error bars that exceed the sampling domain
are denoted with arrows. C) intensity curves from Model 2 with intensity thresholds (C, MP,
and BP) marked with dashed lines (Table 3.4).Shaded envelopes around intensity curves represent
bootstrapping confidence interval estimates of the intensities.
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Figure 3.9: Results of Myidae Model 2. A) All occurrences of Myidae (triangles) color coded
by time interval with darker colors represent older periods, and open circles are stations without
Myidae occurrences. B) Triangles are the frontier estimates fromMP, BP and C intensity thresholds
with Fieler’s confidence intervals. If symbol is on the left or right margin the frontier estimate is
outside the sampling domain. Error bars that exceed the sampling domain are denoted with arrows.
C) intensity curves from Model 2 with intensity thresholds (C, MP, and BP) marked with dashed
lines (Table 3.4). Shaded envelopes around intensity curves represent bootstrapping confidence
interval estimates of the intensities.
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Figure 3.10: Results of Nuculanidae Model 1. A) All occurrences of Nuculanidae (triangles) color
coded by time interval with darker colors represent older periods, and open circles are stations
without Nuculanidae occurrences. B) Triangles are the frontier estimates from MP, BP and C
intensity thresholds with bootstrapping confidence intervals. If symbol is on the left or right
margin the frontier estimate is outside the sampling domain. Error bars that exceed the sampling
domain are denoted with arrows. C) intensity curves from Model 1 with intensity thresholds (C,
MP, and BP) marked with dashed lines (Table 3.4). Shaded envelopes around intensity curves
represent bootstrapping confidence interval estimates of the intensities.
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Figure 3.11: Results of NuculidaeModel 1. A)All occurrences of Nuculidae (triangles) color coded
by time interval with darker colors represent older periods, and open circles are stations without
Nuculidae occurrences. B) Triangles are the frontier estimates from MP, BP and C intensity
thresholds with bootstrapping confidence intervals. If symbol is on the left or right margin the
frontier estimate is outside the sampling domain. Error bars that exceed the sampling domain are
denoted with arrows. C) intensity curves from Model 1 with intensity thresholds (C, MP, and
BP) marked with dashed lines (Table 3.4). Shaded envelopes around intensity curves represent
bootstrapping confidence interval estimates of the intensities.
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Figure 3.12: Results of TellinidaeModel 2. A) All occurrences of Tellinidae (triangles) color coded
by time interval with darker colors represent older periods, and open circles are stations without
Tellinidae occurrences. B) Triangles are the frontier estimates from MP, BP and C intensity
thresholds with Fieler’s confidence intervals. If symbol is on the left or right margin the frontier
estimate is outside the sampling domain. Error bars that exceed the sampling domain are denoted
with arrows. C) intensity curves from Model 2 with intensity thresholds (C, MP, and BP) marked
with dashed lines (Table 3.4). Shaded envelopes around intensity curves represent bootstrapping
confidence interval estimates of the intensities.
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Figure 3.13: Results of Yoldiidae Model 1. A) All occurrences of Yoldiidae (triangles) color
coded by time interval with darker colors represent older periods, and open circles are stations
without Yoldiidae occurrences. B) Triangles are the frontier estimates fromMP, BP and C intensity
thresholds with bootstrapping confidence intervals. If symbol is on the left or right margin the
frontier estimate is outside the sampling domain. Error bars that exceed the sampling domain are
denoted with arrows. C) intensity curves from Model 1 with intensity thresholds (C, MP, and
BP) marked with dashed lines (Table 3.4). Shaded envelopes around intensity curves represent
bootstrapping confidence interval estimates of the intensities.
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Figure 3.14: Timeseries of the month of sea ice break up (left graph) for four subregions in the
study area (right map), with monthly resolution for the last 150 years; data from the Historic Sea
Ice Atlas [139]. red lines = northern Bering Sea, orange = Bering Strait, green = southern Chukchi
Sea, and blue = northern Chukchi Sea. Month of break up was defined as the first month with 15%
ice cover. During the 1940’s, sea ice started to break up significantly earlier breakup across the
entire region, and a new normal was established by the 1960s. Black bar indicates first shelf-wide
biologic surveys, and the advent of satellite based measurements for sea ice concentration.
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Table 3.1: Summary of all bivalve lots that were examined in museums
Museum Total Lots Bering Sea Lots Chukchi Sea Lots Families

California Academy of Sciences 360 84 276 19
Smithsonian Institution 836 242 594 21

Russian Academy of Sciences 1258 383 875 19
Museum of the North (UAF) 197 63 134 21

Table 3.2: Summary of all NHC lots analyzed in this study. *Sufficiency of date information
includes both lots for which a single collection year is available and lots with <15 years of possible
collection years

Total Lots 4293
Subtotal of Lots with sufficient date information* 3992
Intertidal Lots (<10 m) 352
Shelf Lots 3640
Subtotal of shelf lots in the Study Region 2587
Unique sampling locations – “Stations” 921

Table 3.3: NNumber of stations in each time period, with occurrences for each family
Family before 1880 1880-1900 1900-1920 1920-1940 1940-1960 1960-1980 1980-2000 Total Occurrences

Infaunal Suspension Feeder
Cardiidae 8 14 14 65 47 16 42 206
Myidae 3 7 4 4 15 5 4 42

Nestling Suspension Feeder
Hiatellidae 3 15 5 19 36 14 12 104

Subsurface Deposit Feeder
Nuculanidae 5 11 8 79 36 10 47 196
Nuculidae 6 10 16 100 41 12 20 205

Surface and Subsurface Deposit Feeder
Yoldiidae 11 18 15 69 49 15 6 183

Infaunal Facultative Deposit Feeder
Tellinidae 11 26 24 26 51 39 11 188
Total Occurrences 47 101 86 362 275 111 142 1124
Total Stations 27 61 63 325 157 151 134 918

Table 3.4: Intensity thresholds chosen for the frontier using for NHC data. C = Constant intensity,
MP=mean intensity, BP = by period intensity, estimated from choosing the intensity that overlapped
with the most time increments

Intensity Threshold
Family Model C MP BP
Cardiidae 1 0.20 0.44 0.20
Myidae 2 0.20 0.09 0.10
Hiatellidae 2 0.20 0.24 0.10
Nuculanidae 1 0.20 0.41 0.20
Nuculidae 1 0.20 0.38 0.20
Yoldiidae 1 0.20 0.55 0.2
Tellinidae 2 0.20 0.36 0.20
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Table 3.5: Intensity thresholds chosen for the frontier using biologic survey data. C = Constant
intensity, MP = mean intensity, BP = by period intensity, estimated from choosing the intensity that
overlapped with the most time incrementss

Intensity Threshold
Family Model C MP BP
Cardiidae 2 0.2 0.528493804 0.53
Hiatellidae 1 0.2 0.088093219 0.005
Myidae 2 0.2 0.193291026 0.16
Nuculanidae 2 0.2 0.810680539 0.5
Nuculidae 1 0.2 4.145614309 1.86
Yoldiidae 1 0.2 1.071752298 1.382
Tellinidae 1 0.2 3.115191446 1.9

Table 3.6: Results of likelihood ratio test between Model 1 and Model 2. ?-values <0.05 indicate
that Model 1 must be used.

Family Likelihood Ratio ?-value
Cardiidae 19.707 0.003
Myidae 6.2155 0.399
Hiatellidae 9.534 0.143
Nuculanidae 13.1352 0.041
Nuculidae 15.2741 0.018
Yoldiidae 17.2250 0.008
Tellinidae 2.5242 0.866
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Table 3.7: Frontier estimates using Model 1, with bootstrap-

ing estimates for confidence intervals, and different values of

intensity corresponding to Table 3.4, gray shading highlights

reasonable frontiers with at least one bound of the confidence

intervals within the study region.

Family Time Increment # Dirrection Frontier C

(◦N)

Frontier MP

(◦N)

Frontier BP

(◦N)

C
ar
di
id
ae

In
fa
un

al
Su

sp
en
si
on

before 1880 8 S 52.5

(-9.6, 141.9)

73.5

(24.6, 107.8)

52.5

(-9.6, 141.9)

1880-1900 14 S 61.4

(19.5, 111.8)

77.5

(2.8, 138.6)

61.4

(19.5, 111.8)

1900-1920 14 N 67.5

(65.4, 69.3)

65.2

(62.6, 66.6)

67.5

(65.4, 69.3)

1920-1940 65 N 67.5

(64.8, 71.6)

60.3

(45.3, 63.2)

67.5

(64.8, 71.6)

1940-1960 47 S 60.1

(-38.8, 147.8)

73.8

(35.8, 111.8)

60.1

(-38.8, 147.8)

1960-1980 16 S 71.3

(39.7, 104)

77.3

(-2.3, 142.6)

71.3

(39.7, 104)

1980-2000 42 S -179.1

(-144.3, 304)

128.7

(7.2, 131)

-179.1

(-144.3, 304)

before 1880 5 S 68.3

(64.1, 74.1)

70.6

(68, 81.8)

68.3

(64.1, 74.1)

1880-1900 11 N 66.4

(29.7, 108.6)

52.5

(-43.6, 181.8)

66.4

(29.7, 108.6)
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Table 3.7 continued

Family Time Increment # Dirrection Frontier C

(◦N)

Frontier MP

(◦N)

Frontier BP

(◦N)

N
uc
ul
an
id
ae

Su
bs
ur
fa
ce

D
ep
os
it

1900-1920 8 S 69.4

(67.7, 73.3)

71.3

(69.6, 78.4)

69.4

(67.7, 73.3)

1920-1940 79 S 63.5

(51.6, 66.6)

71.4

(68.6, 85.1)

63.5

(51.6, 66.6)

1940-1960 36 S 70.1

(68.8, 71.2)

72.1

(71.2, 73.5)

70.1

(68.8, 71.2)

1960-1980 10 S 8.4

(-54.7, 192.9)

-30.1

(-139, 281.3)

8.4

(-54.7, 192.9)

1980-2000 47 S 61

(37.2, 65.2)

67.4

(62.2, 71.3)

61

(37.2, 65.2)

N
uc
ul
id
ae

Su
bs
ur
fa
ce

D
ep
os
it

before 1880 6 N 70.3

(36.3, 97.5)

61.8

(36, 94.9)

70.3

(36.3, 97.5)

1880-1900 10 N 65.1

(33.2, 97.7)

57.9

(-20.9, 141.4)

65.1

(33.2, 97.7)

1900-1920 16 S 66.3

(56.3, 69.9)

69.1

(65.4, 76.3)

66.3

(56.3, 69.9)

1920-1940 100 S 61.4

(52.5, 64.4)

67.5

(65.3, 69.9)

61.4

(52.5, 64.4)

1940-1960 41 S 69.1

(66, 70.8)

71.5

(70.4, 73.5)

69.1

(66, 70.8)

1960-1980 12 N 59.6

(-1.6, 119.9)

55

(-49.5, 169.8)

59.6

(-1.6, 119.9)
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Table 3.7 continued

Family Time Increment # Dirrection Frontier C

(◦N)

Frontier MP

(◦N)

Frontier BP

(◦N)

1980-2000 20 S 70.1

(51.3, 93.4)

76.6

(13.2, 153.6)

70.1

(51.3, 93.4)

Yo
ld
iid

ae

G
en
er
al
ist

D
ep
os
it

before 1880 11 S 59.3

(17.9, 134.4)

68.2

(51.4, 85.9)

59.3

(17.9, 134.4)

1880-1900 18 S 63.3

(42.8, 74.5)

70.1

(53.8, 88.1)

63.3

(42.8, 74.5)

1900-1920 15 S 64.3

(30.5, 99)

75.8

(-6.1, 146.9)

64.3

(30.5, 99)

1920-1940 69 S 58.6

(-5, 128.6)

106.9

(-211.5, 391.5)

58.6

(-5, 128.6)

1940-1960 49 S 69

(67.4, 70.2)

71.5

(70.4, 73.5)

69

(67.4, 70.2)

1960-1980 15 NA 32.2

(-52.3, 165.8)

-22

(-227.1, 352)

32.2

(-52.3, 165.8)

1980-2000 6 N 55

(-1.7, 143.6)

48

(-56.5, 186.2)

55

(-1.7, 143.6)

114



Table 3.8: Frontier estimates using Model 2, bootstrapping

estimates confidence intervals, and different values of in-

tensity corresponding to Table 3.4, gray shading highlights

reasonable frontiers with at least one bound of the confidence

intervals within the study region.

Family Time Increment # Direction Frontier C

(◦N)

Frontier MP

(◦N)

Frontier BP

(◦N)

H
ia
te
lli
da
e

N
es
tli
ng

Su
sp
en
si
on

before 1880 3 S 89.8

(76.6, 154.9)

75

(62.6, 103.7)

66

(45.9, 81.2)

1880-1900 15 S 80

(73.1, 117.2)

65.1

(54, 71.1)

56.2

(23.4, 62.5)

1900-1920 5 S 93.6

(80.6, 167.8)

78.8

(69.6, 113.6)

69.8

(59.2, 85.8)

1920-1940 19 S 96.3

(83.7, 177.4)

81.5

(74.6, 121.2)

72.5

(67.9, 88.7)

1940-1960 36 S 84.1

(77.8, 122.7)

69.2

(62.1, 73.1)

60.3

(30.6, 65.4)

1960-1980 14 S 90.9

(80.1, 158.1)

76

(70.2, 102.7)

67.1

(58.8, 74.9)

1980-2000 12 S 92.4

(81.2, 161.4)

77.5

(71.3, 106)

68.6

(60.4, 77.7)

before 1880 3 S 237.9

(-Inf, 48) U

(82.3, Inf)

50.5

(-Inf, Inf)

54.6

(-Inf, Inf)
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Table 3.8 continued

Family Time Increment # Direction Frontier C

(◦N)

Frontier MP

(◦N)

Frontier BP

(◦N)

1880-1900 7 S 234.3

(-Inf, 45.8) U

(83, Inf)

46.8

(-Inf, Inf)

50.9

(-Inf, Inf)

1900-1920 4 S 284.6

(-Inf, 40.6) U

(88.6, Inf)

97.1

(-Inf, Inf)

101.2

(-Inf, Inf)

M
yi
da
e
–
D
ee
p-
In
fa
un

a

Su
sp
en
si
on

1920-1940 4 S 416.6

(-Inf, 21.7) U

(102.5, Inf)

229.1

(-Inf, 47.8) U

(81.6, Inf)

233.2

(-Inf, 47.2) U

(82.1, Inf)

1940-1960 15 S 253

(-Inf, 46.4) U

(88.7, Inf)

65.5

(-Inf, Inf)

69.6

(-Inf, Inf)

1960-1980 5 S 336.5

(-Inf, 31.9) U

(93.7, Inf)

149

(-Inf, 60.1) U

(70.7, Inf)

153.1

(-Inf, 59.2) U

(71.5, Inf)

1980-2000 4 S 346.1

(-Inf, 32.2) U

(95.6, Inf)

158.7

(-Inf, 60.9) U

(72.1, Inf)

162.8

(-Inf, 59.9) U

(73, Inf)

before 1880 11 S 77.6

(68.3, 122.3)

61.7

(30.2, 71.5)

52.7

(-12, 62.8)

1880-1900 26 S 76

(69.6, 115.1)

60.2

(29.6, 66.3)

51.1

(-14.7, 59.6)
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Table 3.8 continued

Family Time Increment # Direction Frontier C

(◦N)

Frontier MP

(◦N)

Frontier BP

(◦N)

Te
lli
ni
da
e

Fa
cu
lta

tiv
e
D
ep
os
it

1900-1920 24 S 79

(72, 126.7)

63.2

(40.1, 69.6)

54.1

(-3.2, 61.9)

1920-1940 26 S 105.6

(88, 260.9)

89.7

(78.8, 181.2)

80.7

(73.1, 136)

1940-1960 51 S 84.6

(77.5, 143.1)

68.8

(57.8, 73.9)

59.7

(15.2, 65.5)

1960-1980 39 S 85.4

(76.4, 160.8)

69.5

(64.1, 84.1)

60.4

(31.9, 65.5)

1980-2000 11 S 105.9

(87.7, 260.8)

90.1

(78, 181.7)

81

(71.5, 137.3)
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Table 3.9: Results of two-way Kolmogorov-Smirnov tests comparing the latitudes of occurrences
of bivalve families from Museum and Survey Data. Gray shading indicates significant ?-values
(<0.05), and that both museum and survey data could be sampled from the different distribution.

1960-1980 1980-2000
Family Museum Occ. Survey Occ. D-Value ?-value Museum Occ. Survey Occ. D-Value ?-value
Cardiidae 16 102 0.4743 0.004 42 371 0.5831 1.4e-11
Hiatellidae 14 18 0.2619 0.653 12 122 0.4522 0.022
Myidae 5 57 0.3895 0.488 4 209 0.6794 0.053
Nuculanidae 10 167 0.2341 0.679 47 889 0.7101 2.2e-16
Nuculidae 12 211 0.3444 0.135 20 1539 0.6811 2.22e-08
Yoldiidae 15 101 0.4416 0.012 6 1123 0.4501 0.178
Tellinidae 39 221 0.1991 0.144 11 1403 0.5138 0.006
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Table 3.10: Frontiers found using the Poisson process model

with modern biologic survey data. Green cells are a match

between the frontiers found here and the frontiers found in

the NHC data, orange cells do not match. Confidence inter-

vals are determined from bootstrapping estimates. Bold font

indicates a frontier that is considered "reasonable" (within

the study bounds with at least one confidence interval within

bounds). N is the number of stations with occurrence of the

family in that time interval.

Family Interval N Model Direction Frontier

MP (◦N)

Frontier BP

(◦N)

Frontier C

(◦N)

C
ar
di
id
ae

1960-1980 57 2 S 64.5

(28.5,

101.1)

64.5

(29.8,

105.7)

57

(51.4, 60.4)

1980-2000 102 2 S 66.1

(63.4, 68.7)

66

(63.3, 68.5)

58.5

(53.5, 61.4)

2000-2020 371 2 S 61.9

(57.4, 64.6)

61.9

(57.1, 64.6)

54.4

(45.3, 58.7)

H
ia
te
lli
da
e

1960-1980 3 1 S 61.6

(-Inf, 62.9)

64.7

(63, 66.4)

59

(-Inf, Inf)

1980-2000 18 1 N 68

(61.8, 79.1)

47.4

(-65.9,

95.3)

85.4

(-Inf, Inf)

2000-2020 122 1 S 68.8

(65.3, 70.9)

103.7

(91.8, 146)

39.3

(-Inf, Inf)
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Table 3.10 continued

Family Interval N Model Direction Frontier

MP (◦N)

Frontier BP

(◦N)

Frontier C

(◦N)

M
yi
da
e

1960-1980 22 2 S 61.6

(34.8, 94.1)

67.3

(37.1, 94.4)

11.7

(-Inf, Inf)

1980-2000 57 2 S 75.1

(-73.9, 179)

80.9

(-115, 265)

25.2

(-Inf, Inf)

2000-2020 209 2 S 60.3

(46.3, 67.4)

66.1

(59.1, 70.2)

10.4

(-Inf, Inf)

N
uc
ul
an
id
ae

1960-1980 24 2 S 41.8

(-100.8,

224)

49.4

(-43.9,

171.5)

38.5

(21.4, 47.4)

1980-2000 167 2 S 71.2

(40.3,

119.9)

78.8

(-6, 185.6)

67.9

(65.4, 71)

2000-2020 889 2 S 70.3

(69.2, 71.3)

77.9

(75, 81.6)

67

(64.6, 68.3)

N
uc
ul
id
ae

1960-1980 97 1 N 80.3

(6.3, 163.8)

69.7

(45, 98.6)

61.4

(-Inf, Inf)

1980-2000 211 1 S -289.2

(-391.3,

504.4)

71.1

(30.6,

104.6)

350

(-Inf, Inf)

2000-2020 1539 1 S 67.9

(65.3, 69.7)

76.3

(74, 81.2)

82.8

(-Inf, Inf)
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Table 3.10 continued

Family Interval N Model Direction Frontier

MP (◦N)

Frontier BP

(◦N)

Frontier C

(◦N)

Yo
ld
iid

ae

1960-1980 102 1 N -174.4

(-28.5,

154.9)

61.6

(34.7, 93.4)

-238.7

(-Inf, Inf)

1980-2000 101 1 S 69.9

(68.8, 71.5)

71

(69.8, 73)

69.6

(-Inf, Inf)

2000-2020 1123 1 N 72.9

(71.4, 76.9)

67.2

(62.7, 68.9)

74.4

(-Inf, Inf)

Te
lli
ni
da
e

1960-1980 115 1 N 70.3

(65.8, 92.4)

64.4

(59.2, 68.5)

56.8

(-Inf, Inf)

1980-2000 221 1 S 58.2

(-1.7,

115.6)

69.8

(43.1,

101.1)

84.9

(-Inf, Inf)

2000-2020 1403 1 S 66.4

(64.8, 67.6)

71.5

(70.9, 72.3)

78.1

(-Inf, Inf)
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APPENDIX A

ABBREVIATIONS

Table A.1: Abbreviations used throughout text. See text for

additional explanation.

Abbreviation Explanation

AAR Amino Acid Racemization

AFD Age Frequency Distribution

AICc Akaike information criterion

AMS Accelerated Mass Spectrometer

Asp Aspartic Acid

ARG Arctic Research Group

BIC Baysean Information Criteria

BP By Period Intensity Threshold

C Constant Intensity Threshold

CCA Canonical Correspondence Analysis

CCGC Canadian Coast Guard Cutter

CE Common Era

C:N Carbon to Nitrogen ratio

CPK Constrained Power-law Kinetics

CSESP Chukchi Sea Environmental Studies Program

DBO Distributed Biological Observatory

DCA Detrended Correspondence Analysis

DL Ration left- (“L”) and right-handed (“D”) amino acid isomers

gC grams Carbon (in reference to biomass)

Glu Glutamic acid
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TableA.1, continued

Abbreviation Explanation

IQR Interquartile Ranges

JC Jaccard-Chao

MAPS Mid-American Paleontology Society

MP Mid-point Intensity Threshold

NHC Natural History Collection

NMDS Non-metric Multidimensional Scaling

NOAA National Oceanic and Atmospheric Administration

NSF National Science Foundation

OA Ocean Acidification

OW Overlying water

PRF Petroleum Research Fund

PacMARS Pacific Marine Arctic Regional Synthesis

RAS Russian Academy of Sciences

SEM Scanning Electron Microscope

SML Sediment Surface Mixed Layer

SPK Simple Power-law Kinetics

SWL14 Sir Wilfred Laurier cruise in 2014

SZ Sequestration Zone

TA Total Alkalinity

TAZ Taphonomically Active Zone

TDK Time-Dependent Reaction Kinetics

TINRO Pacific Scientific Institute of Ichthyology

TOC Total Organic Carbon

TON Total Organic Nitrogen
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TableA.1, continued

Abbreviation Explanation

UAF University of Alaska, Fairbanks

USCGC United States Coast Guard Cutter

[]
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APPENDIX B

ESTIMATING FOSSIL BIOMASS FROM SKELETAL MASS IN

MARINE INVERTEBRATES

B.1 Abstract

Palaeoecology uses the numerical abundance and the occurrence of species to evaluate the dynamics

of past communities, but biomass–the quantity of soft tissue -– is the critical currency needed to

capture the flow and role of nutrients in modern ecosystems. Acquiring biomass data from

fossil assemblages has, however, remained challenging, thus limiting the analysis of net secondary

production in palaeocommunities.Prior models relate shell size or shell biovolume to fossil biomass.

These models neglect shell fragments and, moreover, use units of biovolume (cm3) that are not

directly related to those of biomass (g), making the models difficult to tune and the coefficients

highly specific. To remedy these shortcomings, I evaluate skeletal mass as a means of estimating the

soft tissue biomass of fossil taxa, using ratios among biomass, skeletalmass and the total wetmass of

living representatives of extant species, so that skeletal mass alone can be used to estimate grams of

organic biomass. Data on total wet mass,organic carbon mass, and shell mass were acquired from

more than 80 live-collected individuals from eight families in three major, shelly macrobenthic

groups (Mollusca, Brachiopoda, Arthropoda) and supplemented with counterpart data from the

literature to increase taxonomic breadth. This new shell-mass model provides more accurate and

precise biomass estimates than models based on the linear dimensions of shells,expanding our

ability to examine the interplay between organisms and their environments.

B.2 Summary

This appendix points to the publishedmanuscript of [207], available online at doi: 10.1111/let.12314,

and files can be found in the online supplement in the file:
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Appendix B_Meadows_Biomass_Lethaia.zip.
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APPENDIX C

SWL14 DEAD BIVLAVLE DATA - FAMILY LEVEL

Appendix contains the full dataset for Chapter 1, available in the online supplement in the file:

Appendix C_SWL14_FAMILY_Dead Collected_Bivalve Taxa.zip.
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APPENDIX D

AGE DATING MODEL OUTPUT

Appendix contains the full dataset and all model output for Amino Acid Calibration found in

Chapter 2, available in the online supplement in the file:

Appendix D_AAR_ALASKA_Bivalve_Meadows_Kidwell.zip.
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APPENDIX E

SEM EVIDENCE OF POST-MORTEM SHELL MICROSTRUCTURE

CHANGE

Experiments have shown that the disintegration of aragonitic shells is accelerated by the microbial

communities’ presence, regardless of water saturation [110]. To establish the process of shell

disintegration in Arctic shells, we treated live-collectedMacoma shells to reagents of known effect:

bleach (NaClO) to remove the organic matrix, simulating microbial maceration, and acetic acid to

remove mineral crystallites, simulating dissolution (Figure E.1). Experiments were designed with

to mimic the methods of studies investigating the crystallographic structures of biogenic carbonates

[85, 15, 42, 310, 110]. The resulting textures were compared to microstructure textures of dead

collected Macoma shells. These reagents yield different textures based on what phase of the shell

was removed – mineral or matrix (Figure E.1 top row). SEM images of dead-collected Macoma

reveal damage that is most consistent with loss of organic matrix and not with preferential loss

of the mineral phase (Figure E.1 bottom row, left and center images). We observed no "karstic"

or "needle-like" textures created from the chemical dissolution of aragonite, but instead saw gaps

between crystallites where the organic matrix would have originally been. We also observed

syntaxial deposition of carbonate on top of the original bivalve microstructure (Figure E.1 bottom

right image).

The results presented here indicate that the rapid shell loss seen in the Arctic is mediated by the

biology at the seafloor, particularly the bioturbation to promote aeration of the sediment and the

microbial activity in the sediment to strip the shells of organic material. Undersaturated waters –

porewaters, overlying waters, or both – almost certainly contribute to high rates of shell loss from

the seabed, but only after the aragonite crystallites (mineral phase of the shell) have been released

from themicrostructure by the loss of organicmatrix through a process ofmicrobial maceration, and

not through the direct dissolution of crystallites while they are still part of the shell microstructure.
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Figure E.1: Scanning Electron microscope images of the interior surfaces ofMacoma shells, which
are characterized by cross-lamellar aragonitic microstructure. Top row: Live-collected shells
without treatment (left), after exposure to bleach (10% NaClO) to preferentially remove organic
matrix (middle), and after exposure to acetic acid (10%, pH = 4) to preferentially remove mineral
crystallites (right). Bottom row: Dead-collected shells exhibit damage consistent with loss of
organic matrix rather than dissolution of mineral crystallites (left and middle images), and some
acquire a thin prismatic crust (right image, unknownmineralogy); AAR-estimated shell ages. Scale
bars are 1 `m long (8000x magnification, uncoated specimens).
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APPENDIX F

PACIFIC WALRUS - ODOBENUS ROSMARUS DIVERGENS

F.0.1 Life History

The Pacific walrus (Odobenus rosmarus divergens) is a major predator of the macrobenthos, diving

down from the ice flows of the Bering and Chukchi Seas. The goal of a feeding walrus is to

fill its stomach twice per day [88, 89, 252, 191]. Depending on the size of the walrus and the

density of benthos on the seafloor, each walrus thus eats between 6 and 9 seafloor individuals per

minute of a feeding dive [88], with a total of about 50 individuals per dive, and from 4000-6000

individual benthic animals per walrus per day to fill to reach their metabolic demands [252, 88, 152].

Throughout the season an individual walrus can consume 180-240 kg of benthic biomass per day,

which means that 250,000 walrus (estimated population size) of Pacific walrus consumes 2.53%

of the standing stock biomass of the Bering and Chukchi Sea benthos each year [88]. Walrus

predation is concentrated along the coasts and along the ice edge of the Bering and Chukchi shelf

between 10 and 80 m water depth (120m maximum), predominantly south of St. Lawrence Island

in the winter and into the Chukchi Sea along ice leads in the summer, that is relatively near to ice

or shoreline resting (haul-out) grounds [87, 88].

While hunting for prey, walruses excavate a track of pits as much as 0.2m into the sediment

[252, 34, 229]. These excavations vary in length but average 0.4 m across [252]. A single walrus is

estimated to affect 260-400 m2 of seabed per day, and an entire population can disturb 3000-5000

km2 (or 2-3% of Bering and Chukchi seabed) in a 5-month season [252]. The feeding traces are

large enough to be detected with side-scan sonar, like the feeding scars of gray whales, creating an

undulating soft sediment seabed of both undisturbed and excavated muddy sediment [222, 150].

This large scale bioturbation has been suggested as contributing to the extremely high benthic

productivity on the Pacific Arctic Shelf, by releasing nutrients during feeding and creating habitat

heterogeneity [252]. It is estimated that benthic-feeding marine mammals disturb the entirety of

131



the Bering and Chukchi Shelf every 3 years [221]. Walrus diets are wide and varied, including

every phylum of macrobenthic invertebrate and also, opportunistically, birds and seals encountered

while feeding [187, 277, 79, 188, 88]. The diets of walrus are therefore considered to be a sampling

of available large-bodied seafloor prey, rather than a highly selective diet [88]; therefore, as benthic

taxa in feeding grounds shift, so do the diets of the Pacific Walrus [195, 324, 45].

Although able to subsist on many prey animals, the stomachs of walrus are often “filled

with clams” [176], even when considering that stomach contents hold their own biases towards

digestively robust tissues [276]. In the Bering Sea, large deep-burrowing bivalves can compose up

to 80% of the food items in stomachs, and can be found in nearly all of walrus stomachs (75-100%;

Table F.1).The most common bivalve taxa include Serripes, Mya, and Hiatella, the last of which

are swallowed whole[277, 276, 89, 88, 210]. There are fewer observations in the Chukchi Sea, but

walruses there appear to eat more gastropods, polychaetes, and other fleshy worms, in accordance

with the Chukchi’s Arctic, as opposed to subarctic, benthic communities.

Throughout the year, walrus follow the ice edge, which in January is in the Bering Sea (St.

Lawrence Island) and Bristol Bay (Figure F.1A) [88, 176]. Winter (January-March) is also the

mating season, leading to births 14 months later in spring; therefore, ice and adequate haul-out

locations allow for proper feeding [88, 191]. As the ice breaks up, many walrus follow the ice floes

northwest into the central Chukchi Sea, and along the Alaskan coastal current in the eastern Chukchi

Sea, while large populations of males are found in the Bering Sea near Round Island [88]. Walrus

spend June-September in the Chukchi Sea where the ice edge overlaps with the continental shelf

and productive feeding grounds [88, 27]. September marks the end of summer and the beginning

of a southern migration back to the Bering Sea, again following the ice edge [88].

Before commercial exploitation the walrus population was thought to be nearly 300,000 individ-

uals, at the estimated carrying capacity of the Bering and Chukchi Seas, and herds were described

as “innumerable” by the first whalers in 1849 (Figure F.2) [176, 88, 252, 269, 139]. Walruses have

a 2000-year history in the culture of people living in the Bering and Chukchi Seas [176, 139].
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Commercial harvest ofwalrus began during the search for biogenic oil in theBering andChukchi

Seas, with the first commercial whaling expedition in the Chukchi Sea led by Captain Thomas W

Roys in 1849 [269, 16, 31]. Walruses were hunted on the ice while waiting for the ice to retreat

into the Chukchi Sea, and the hunters then followed whales further north [269]. This mid-19th-

century harvest was extensive and thought to have entirely crashed the Pacific Walrus population

with excessively large takes (nearly 80,000 walruses harvested in 1880) [285, 192] (Figure F.3).

Regulation of Alaskan marine mammal commercial harvest began as early as 1806 by the Russians

to protect fur seals, but walruses were not fully protected from commercial exploitation until

1985 [263].Following this 1806 regulation, the Americans and the international community began

restricting the hunting of whales and other marine mammals in 1905. Increasing regulation and

monitoring culminated in the Marine Mammal Protection Act in 1972, with sustainable subsistence

harvests being managed beginning in 1985 [263]. Through conservation and more sustainable

harvesting practices, PacificWalrus populations recovered from a low of around 80,000 individuals

in 1960 to about 250,000 in 1980 [90] (Figure F.2, Figure F.3). The walrus population declined after

1980, owing to human hunting, and declining sea ice, and petitions for international cooperation

and protection were issued in the 1980’s, during the Cold War [91, 80]. After further protection

and sustainable harvesting, the population of Pacific Walrus seems to have rebounded to nearly

300,000 individuals by 2014 [191]. Walrus were nominated for consideration for protection under

the Endangered Species Act in 2008, and Pacific walrus were nominated in 2011, but no formal

habitat protection has been undertaken [106]).

With a shorter season of sea ice, walruses are losing both resting grounds and suitable feeding

grounds [184, 124, 324]. This stress has led to mass mortality events on the coast of Siberia

and Alaska, mass mortality at haul out locations, and a change in the location of walrus herds

[191, 307, 97]. The specific, ice-edge habitat needs of walrus make it possible to estimate the

carrying capacity with 1980’s sea ice at about 300,000 individuals [91, 144, 184, 145]. However,

the future of walruses is uncertain. Historic data is needed to understand how walrus populations
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are affected by changes at the seabed and would create better projections of the future changes

in walrus population [144, 184]. The future of the walrus populations will have long reaching

effects on the marine community, and the people of Alaska who depend on marine resources

[278, 191, 192, 176, 252].

F.0.2 Potential Reaction to Historic Seafloor Community Change:

Of the known prey taxa of walrus, this study can provide reliable data about the Cardiidae (Serripes)

bivalve. The expansion of Cardiidae from the Bering Sea to the entire region in the 1940s-60s

likely increased the size of the feeding grounds of some walrus herds (e.g., [189, 88]). Acquiring

additional data about longitudinal variation in bivalve species occurrences within this region would

help identify changes in the summer feeding grounds of walrus, which are spread widely across

the Alaskan continental shelf, and on ice floes created along the Alaskan Coastal Current in the

Chukchi Sea [88]. Because walrus are generalist feeders of sessile macrobenthos and search for

seabeds with abundant fauna, the NHC bivalve database developed could help identify the location

of past hotspots of biomass, such as those hotspots currently being monitored as within the DBO

[215, 277, 88].
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Figure F.1: Life history diagrams of Pacific walrus (A), and spectacled eider (B). Figure altered
from (A) [176] and (B) [275].
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Figure F.2: Estimated walrus population size. Pre-Exploitation population size and estimated
carrying capacity are marked with a black dot to the left and a dashed red line. Estimates of
population are plotted as black dots with vertical error bars indicating minimum and maximum
values reported for that year if more than one value was reported, or 95% confidence intervals for the
2014 and 2006 data points from themost recent census of PacificWalrus [191, 106]. Open circles are
reported from [18] and held the caveat that they should not be used to infer trends. Horizonal error
bars represent data averaged over multiple observing years represent the minimum and maximum
year in that range (MacCracken 2012). Data collected from [191, 192, 106, 284, 114, 90, 91]. Due
to differences in methods and the difficulty in capturing all walrus in surveys, these population
estimates are subject to several caveats and are not particularly reliable to infer precise trends [18].
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Figure F.3: Number of walrus harvested from 1850-2015. Data gathered from the following
sources. 1849-1909: [32], 1960-2011:NOAA Pacific Walrus Stock Assessment (2014), 1650-2009
(not all plotted): [192], 1930-2000: [107]. Horizontal bars represent the range of years over which
data were averaged by [32], to attain the mean (dot) and standard deviation represented by the
vertical bars.
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Table F.1: Summary of the prey of Pacificwalrus based on the

literature. Taxa are reported to the genus level when possible.

Average percent occurrence was calculated from the mean of

reported percent occurrence of that taxa. Data based on DNA

analysis are tabulated separately (in parentheses). X = Found

in stomachs but not in sufficient quantities to be tabulated

as % occurrence. The type of observation: SC = Stomach

Contents, F = Feces, PCR = DNA from feces or GI tracts, D

= Detritus on ice/resting area. “Year Range” is oldest past

and most recent years in which a prey taxon was documented

in the walrus’ diet.

TAXA Mean

% Occ.,

Bering Sea

Mean

% Occ.,

Chukchi Sea

Observation

Type

Years Source

POLYCHAETA 78 97 SC 1934-1991 [88, 277, 87]

Lumbrineris 7 (94) X SC, PCR 1952-2018 [88, 277,

195]

Aphrodita X SC 1952-1991 [277]

Nephtys 25 X SC 1952-2007 [88, 277,

210, 89]

Phyllodoce X SC 1952-1991 [277]

Arenicola 8 X SC 1952-1991 [277, 210]

Maldanindae 10 X SC 1952-1991 [277, 210]

Maldane X X SC 1952-1991 [277]

Brada 5 X SC 1952-1991 [277, 210]
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Table F.1 continued

TAXA Mean

% Occ.,

Bering Sea

Mean

% Occ.,

Chukchi Sea

Observation

Type

Years Source

Flabelligera X X SC 1952-1991 [277]

Pectinaria 4 SC 1952-1991 [277, 210]

Terebellidae X X SC 1952-1991 [277]

Terebella X SC 1952-1991 [277]

Owenia X SC 1952-1991 [277]

Echiurus 42 (58) 26 SC, F, PCR 1934-2015 [88, 277,

210, 195, 89,

87]

BRACHIOPODA X SC 1952-1991 [277]

BRYOZOA 1 X SC 1952-1991 [277, 210]

CNIDARIA 11 35 SC 1952-1991 [277]

Scyphozoa 10 SC 1952-2007 [277, 210]

Anthozoa X X SC 1952-1991 [277]

Alcyonacea X SC 1952-1991 [277]

Pennatulacea X SC 1952-1991 [277]

Actiniaria 9 X SC 1952-2007 [277, 210]

Metridium X SC 1975 [88]

CRUSTACEA 19 X SC 1952-2007 [277, 210]

CIRRIPEDIA X X SC

Balanus 11 SC 1952-2007 [277, 210,

89]

Thoracica X X SC 1952-1991 [277]
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Table F.1 continued

TAXA Mean

% Occ.,

Bering Sea

Mean

% Occ.,

Chukchi Sea

Observation

Type

Years Source

AMPHIPODA 20 52 SC 1956-1991 [88, 277,

210]

Ampelisca 7 X SC 1972-1985 [88, 210, 89]

Byblis 3 SC 1982 [210]

Lembos 3 SC 1976 [89]

Protomedeia 1 SC 1980 [210]

Hippomedon 4 SC 1975-1980 [210, 89]

Anonyx 9 SC 1975-2007 [210, 89]

CUMACEA X X SC 1952-1991 [277]

Diastylis X SC 1952-1991 [277]

DECAPOD 21 67 SC 1956-2007 [88, 277,

210]

Erimacrus X (27) PCR 2014-2018 [195]

Argis 12 SC 1974-2007 [210, 89]

Sabinea 5 SC 1985 [210]

Sclerocrangon 15 SC 1952-1975 [88, 89]

Cragonidae 35 (14) SC, PCR 1957-2015 [88, 195]

Chionoecetes 40 SC, F 1972-1985 [88, 210, 89,

87]

Hyas 32 (15) SC, PCR 1952-2015 [88, 210,

195, 89]
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Table F.1 continued

TAXA Mean

% Occ.,

Bering Sea

Mean

% Occ.,

Chukchi Sea

Observation

Type

Years Source

Pagurus 21 (79) SC, PCR, D 1972-2015 [88, 210,

195, 89, 87]

ECHINODERMATA X X

HOLOTHUROIDEA X X SC 1952-1991 [88, 277]

Cucumaria 39 (34) 12 SC, PCR 1934-2018 [88, 277,

210, 195, 89]

Thyonidium 32 X SC 1974-1980 [88, 210]

Stolus X X SC 1952-1991 [277]

Psolus 8 SC 1952-1991 [277, 210,

89]

Molpadia X X SC 1952-1953 [88]

OPHEROIDEA X SC 1952-1991 [277]

Ophiura X SC 1952-1991 [277]

MOLLUSCA X X SC 1962 [88]

Shell 16 SC 1982-1985 [210]

BIVALVIA 84 89 SC 1952-2007 [277, 210]

Musculus X SC, D 1952-1972 [88, 277]

Mytilus X SC 1952-1991 [277]

Cardiidae X X SC 1952-1991 [277]

Clinocardium 23 (24) SC, PCR 1952-2018 [88, 277,

210, 195, 87]
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Table F.1 continued

TAXA Mean

% Occ.,

Bering Sea

Mean

% Occ.,

Chukchi Sea

Observation

Type

Years Source

Serripes 74 (19) 64 SC, PCR 1934-2018 [88, 277,

210, 195, 87,

89]

Cartididae X X SC 1952-1991 [277]

Cyclocardia X X SC 1952-1991 [88, 277,

195, 89]

Hiatella 25 6 SC 1952-1991 [88, 277,

195, 89]

Panomya 52 SC 1985-2007 [210, 87]

Mactromeris 20 1 SC 1952-1991 [277]

Spisula 17 (39) SC, PCR 1980-2018 [88, 210,

195]

Mya 70 (88) 37 SC, PCR 1934-2018 [88, 277,

210, 210,

195, 89]

Siliqua X (39) X SC, PCR 1952-2018 [277, 195]

Tellinidae 29 X SC 1952-1991 [277, 210,

89, 87]

Macoma X (59) X SC, PCR, D 1934-2018 [88, 277,

195]

Tellina 86 X SC, PCR 1952-2018 [88, 277,

195]
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Table F.1 continued

TAXA Mean

% Occ.,

Bering Sea

Mean

% Occ.,

Chukchi Sea

Observation

Type

Years Source

Thyasira 1 X SC 1952-1991 [88, 277,

210]

Liocyma 3 SC 1952-1991 [277, 210]

Nuculana X (12) X SC, PCR 1952-2015 [277, 195]

Nucula 2 (27) X SC, PCR, F 1952-2018 [88, 277,

210, 195, 89]

Yoldia 13 31 SC 1952-1991 [88, 277,

210, 89, 87]

GASTROPODA 57 99 SC 1952-2007 [277, 210]

Eggs X X SC 1952-1991 [277]

Boreoscala X X SC 1952-1991 [277]

Epitonium 3 SC 1980 [210]

Turritella X SC 1952-1991 [277]

Onchidiopsis 16 X SC 1952-1991 [277, 210]

Naticidae 29 X SC 1952-1991 [277, 210]

Euspira X (69) PCR 2017-2018 [195]

Natica 36 96 SC, F 1952-1991 [88, 277,

195, 89, 87]

Polinices 60 96 SC, F 1952-2007 [88, 277,

195, 89, 87]

Velutina X SC 1952-1991 [277]
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Table F.1 continued

TAXA Mean

% Occ.,

Bering Sea

Mean

% Occ.,

Chukchi Sea

Observation

Type

Years Source

Buccinum 42 (13) 33 SC, PCR, F 1952-2015 [88, 277,

210, 195, 89,

87]

Clinopegma X X SC 1952-1991 [277, 87]

Buccinidae 43 SC 1985 [210]

Neptunea 63 (54) 90 SC, PCR, F 1952-2018 [88, 277,

210, 195, 89,

87]

Margarites 8 (34) X SC, PCR 1952-2018 [88, 277,

210, 195]

Solariella 4 SC 1952-1991 [277, 210]

Nudibranchia 8 SC 1952-1991 [277, 89]

CEPHALOPODA X X

Octopoda 5 23 SC 1952-1991 [277, 210,

89, 87]

NERMERTEA 9 X SC 1952-2007 [277, 210]

PORIFERA X

Tethya X SC 1949-1959 [88]

PRIAPULIDA X X

Priapulus 48 (68) 61 SC, PCR 1934-2018 [88, 277,

210, 195, 89,

87]

144



Table F.1 continued

TAXA Mean

% Occ.,

Bering Sea

Mean

% Occ.,

Chukchi Sea

Observation

Type

Years Source

SIPUNCULA 23 25 SC 1952-1991 [88, 277,

210]

Golfingia 31 (69) SC, PCR 1974-2018 [88, 210,

195, 89]

TUNICATA 6 50 SC 1952-1991 [88, 277,

195, 89]

ASCIDIACEA 14 SC 2007 [210]

Halocynthia X SC 1952-1991 [277]

Pelonaia 6 X SC, F 1934-1991 [88, 277,

210, 89]

Styela X (87) PCR 2014-2018 [195]

VERTEBRATA X X

AVES X SC 1952-1991 [277]

Cepphus X SC 1952-1991 [277]

Phalacrocorax X SC 1952-1991 [277]

MAMMALIA X X

Pinnipedia X X SC 1952-1991 [277]

Erignathus 1 SC 1952-1991 [277]

Phoca hispida X X SC 1952-1991 [277]

Phoca largha X SC 1952-1991 [277]

ACTINOPTERYGII 5 X SC 1952-1991 [277, 210]
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Table F.1 continued

TAXA Mean

% Occ.,

Bering Sea

Mean

% Occ.,

Chukchi Sea

Observation

Type

Years Source

Ammodytes 15 (38) SC , PCR 1952-2015 [277, 210,

195]

Anisarchus X (37) PCR 2014-2018 [195]

Lumpenus X (60) PCR 2014-2015 [195]

Acantholumpenus 21 PCR 2014-2018 [195]

Eumesogrammus X (27) PCR 2014-2015 [195]

Microstomus X (37) PCR 2014-2015 [195]

Parophrys X (51) PCR 2014-2015 [195]
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APPENDIX G

SPECTACLED EIDERS - SOMATERIA FISCHERI

G.0.1 Life History

The spectacled eider winters in the St Lawrence polynya in the northern Bering Sea, resting on ice

and diving up to 80 m to retrieve bivalves from the seafloor [236]. The duck wintering ground was

a mystery until 1990s with the advent of sufficiently small GPS tags for tracking their migration

[235, 234]. The ducks visit the polynya southwest of St. Lawrence Island, which is also frequented

by walruses and home to diverse and abundant seafloor communities [121, 187, 186].

While in the Bering Sea, spectacled eiders eat the largest size classes of infaunal deposit feeding

bivalves, especially Nuculana, along with some Enucula and Macoma (Table G.1) [186].Bivalves,

and particularly these species of bivalves, are found in the stomachs almost all spectacled eider

stomachs examined (80% occurrence), and constitute all or nearly all of the diet in the few stomachs

that could be examined [186, 230, 237, 236].SThe preferred prey item is Nuculana radiata in the

18-24 mm size class, which provide the most nutrition (soft tissue) per individual and represent

30% by mass of stomach contents [186, 259]. Overall, in order to provide successful dives the

seafloor must have at least 90 bivalves/m2 with broken and open sea ice above [186, 182, 184].

After winter, the large population of spectacled eiders that assembled in the northern Bering

Sea migrate to several breeding and molting areas (Figure F.1B) [23, 98, 234, 275, 267, 274].

These areas include both Alaska and Siberia, with the larger populations of birds in Siberia and

particularly at the Indigirka River Delta [274, 140, 167, 236, 275, 232]. The Yukon-Kuskokwim

Delta in Alaska is the largest breeding ground for spectacled eiders within Alaska, and is protected

land for the spectacled eider [83, 290]. When not on-land breeding and tending their young,

spectacled eiders occur in eight important areas (identified by [275] (Figure F.1B):

Pre/Post-Breeding Migration (mid-March-early May and mid-July-mid-November):

1. western Bering Strait within approximately 60 km of the coast of the eastern Chukotka
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Peninsula, Russia;

2. eastern and southern Norton Sound in the northeastern Bering Sea;

Pre-Breeding Staging (Early-mid-May) and during Breeding:

3. Yukon-Kuskokwim Delta and adjacent marine areas within approximately 20 km of the coast

of western Alaska;

Pre-Breeding Staging, Breeding and Molt (sporadically May-September):

4. eastern Chukchi Sea within approximately 70 km of the coast of northern Alaska;

5. East Siberian Sea within 200 km of the coast of northern Russia;

During Breeding only:

6. western Beaufort Sea within approximately 30 km of the coast of northern Alaska;

Wintering (November-mid-February):

7. northern Bering Sea within approximately 200 km of the southern coast of St. Lawrence

Island.

The wintering area of the St. Lawrence Island polynya is well-connected to each breeding

ground, and may be the where pair bonding occurs before the mating season [275]. This migration

pattern has been observed since the 1800’s and early 1900’s, when large populations of Eiders in

Siberia and few observations in Alaska were also mentioned [62, 63, 36, 273, 48, 72].

With this large population of birds spread over the Russian-American border, it is difficult to

estimate the full population size, even when they are on land and easier to survey. While in the

northern Bering Sea, they occupy an open patch of sea (polynya) that is completely surrounded by

ice. Nonetheless, observers on icebreaker cruises and aerial surveys have estimated the wintering

population to be nearly 350,000 individuals (Figure G.1) [50, 235? , 178].107].The population of
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spectacled eider today is relatively stable; however, from 1952-1993 the spectacled eiders breeding

at the Yukon-Kuskokwim Delta declined 96%, prompting protection under the endangered species

act [98, 290]. The Yukon-Kuskokwim Delta has been extensively monitored since then, with

the cause of the decline largely unknown but likely related to lead and heavy metal poisoning

[83, 101, 100, 117].

Spectacled eider populations are currently stable but vulnerable, due to the loss of sea ice,

changing seafloor food dynamics, and the exploitation of their habitat for hunting, fishing, and

mining, and development [267, 274, 100]. Most worryingly, ecologically similar benthic-feeding

birds such as King Eiders have experienced mass mortality events in the Bering and Chukchi Seas

due to heat, starvation, and harmful algal toxins [22, 314, 262, 309], and parasites and high levels

of heavy metals have recently been observed in spectacled eiders [185, 254]. The future of eiders

is uncertain, but the most pressing need is for protection of the northern Bering Sea wintering area

(i.e. the St. Lawrence Island polynya), as well as areas where the ducks might winter in the future

as sea ice continues to disappear [184, 124].

G.0.2 Potential Reaction to Historic Seafloor Community Change

The NHC analysis here found that Nuculanidae and Nuculidae bivalves shifted their frontiers

from the northern Bering Sea (63.5◦N and 61.4◦N) to the Chukchi Sea (70.1◦N and 69.1◦N) in

1920-1960 before expanding southward back throughout the region. Because Nuculanidae are

the preferred prey of spectacled eider, a decline of Nuculanidae in the northern Bering Sea in

1920-1960 would negatively affect the body condition and health of the spectacled eider population

[186, 259]. This change in the seabed community would have a disproportionately large effect on

spectacled eiders because nearly the entire population winters at the Saint Lawrence Island polynya

(350,000 individuals) before dispersing to multiple breeding grounds in the spring/summer (Figure

G.1) [50, 235, 178].

The preferred prey item is the 18-24 mm size class of Nuculana radiata, which combines the
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nutrition and high density at the seabed (30% by mass of stomach contents) [186, 259]. Overall,

successful foraging require that the seafloor has at least 90 bivalves/m2 and that the sea surface is

characterized by broken and open sea ice [186, 182, 184]. Given these strict requirements, specta-

cled eider offer the opportunity to expand the NHC dataset to include information on abundance,

biomass, and body size, to greatly improve models of eider health.
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Figure G.1: Spectacled eider population estimates from various wintering and breeding locations.
Wintering estimates in the northern Bering Sea represent estimates of nearly the entire population
of spectacled eiders (near 350,000 individuals). In breeding areas, only displaying estimates for all
Siberia (closed triangle), the Indigrka River delta (open triangle), and the Yukon-Kuskokwim Delta
in Alaska (diamonds). There are very few estimates of spectacled eider population sizes in Siberia
although it is thought to be the largest breeding ground. Within the Yukon- Kuskokwim Delta two
types of data are presented, counts of all Eider species individuals (closed diamonds) and counts of
spectacled eider nests (open diamonds). The majority of birds at the Yukon- Kuskokwim Delta are
spectacled eiders [98]. Sources of data include [167, 290, 140, 235, 178, 98]. Due to differences in
methods and the difficulty in capturing all eiders in surveys, these population estimates are subject
to several caveats and are not particularly reliable to infer precise trends.
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Table G.1: Summary of the prey of spectacled eider while wintering in the northern Bering Sea;
all data from stomach contents. Taxa are reported at the lowest possible level, based on identifiable
remains. Percent occurrence in stomach contents reported when present, as well as percent of
stomach contents where the taxon is the sole taxon present in the stomach contents, and the percent
of the stomach contents that the taxon occupies (by mass from [230]). “Year Range” is the oldest
past and most recent years in which a prey taxon was observed to be part of the duck’s diet

TAXA % Occ,
Bering Sea

% Sole
Taxon

% of Diet
(by mass)

Year Source

ALGAE [236]
PROTOZOA [236]

BRYOZOA [236]
CRUSTACEA 30.6 11.1 1987-1992 [236, 237, 186]

MALACOSTRACCA 13.1 ± 64.9 [230]
DECAPODA

Majidae 5.6 0 1987-1992 [236, 237]
Chionocetes sp. 19.4 11.1 1987-1992 [236, 237, 186]

Dermaturus mandtii 2.8 0 [236, 237]
Hyas sp. 2.8 0 1987-1992 [236, 237]

CIRRIPEDIA 0.1 ± 0.4 [230]
Balanidae 8.3 0 1987-1992 [236, 237]

ECHINODERMATA
ASTEROIDEA 0.1 ± 0.4 [236, 230]
ECHINOIDEA 0.3 ± 1.5 [230]

Echinarachnius parma [236]
MOLLUSCA 100 88.9 1987-1992 [237]

BIVALVIA 80 48 86.2 ± 68.2 1987-1992 [236, 186, 230]
Macoma brota 40 12 1987-1992 [236, 237]

Macoma calcarea 40 8 1987-2001 [236, 237, 186]
Macoma lama 16 0 1987-1992 [236, 237]
Macoma spp. 12 36 1987-1992 [236, 237, 186]
Panomya spp. 4 0 1987-1992 [236, 237]
Musculus spp. [236]
Mytilus edulis [236]

Ennucula tenuis 9 2001 [186]
Nuculana radiata 28 2001 [186]

Megayoldia traciaeformais 4 0 1987-1992 [236, 237]
Yoldia spp. 16 0 1987-1992 [236, 237]

GASTROPODA 20 0 0.1 ± 0.7 1987-1992 [237, 186, 230]
Natidicae 8 0 1987-1992 [236, 237]

Trichotropis sp 12 0 1987-1992 [236, 237]
Trochidae [236]

VERTEBRATA
ACTINOPTERYGII 0.1 ± 0.4 [230]

Cottidae [236]
Gadidae 2.8 0 1987-1992 [236, 237]

Ampeliscidae 5.6 0 1987-1992 [236, 237]
Lysianassidae 8.3 0 1987-1992 [236, 237]
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APPENDIX H

HISTORIC EXPLORATION AND SURVEYS OF THE PACIFIC ARCTIC

Alaskan and Siberian colonial exploration began with Bering’s and Steller’s “Second Expedition”

to Kamchatka and Siberia in 1733-1743, which was an effort by Russia to prospect the sea and

mineral resources of the Pacific Arctic (Figure H.1, Table H.1, and Table H.2) [151, 28]. This

expedition began Russia’s economic use of the ecologic resources of the region and colonization of

the region starting in 1733 (see [151] for full accounting of regional extinctions and depletions of

marine mammals). The first Russian Settlement in Alaska was established in 1784 at Three Saints

Bay, on Kodiak Island [8], and Alaska became a colony of Russian America in 1799 [28]. Russia’s

foothold in America was used to exploit the fur seals, otters, whales, and other marine mammal

resources as well as grow their empire via trade with and subjugation of the Indigenous American

people [151, 28]. During this second half of the 18th century, the Stellar sea cow was hunted to

extinction and all other economically valuable marine mammals faced total extirpation by 1800,

particularly in the Aleutian Islands [151]. The Russian economic domination in the Pacific Arctic

led to a treaty with the United States that granted Russia exclusive trading rights north of 54◦40’N,

including all of the Bering and Chukchi Seas [151, 212].

During Russian Colonial rule (1733-1842), other European expeditions prospected for the

Northwest Passage from the east and for varied economic resources within Alaska [47, 26, 233],

including several ill-fated voyages and rescue attempts [19, 250]. These 18th and early 19th century

expeditions also mark the beginning of widespread interest in the Arctic as a natural system, and a

theory that there was another new world at the top of the globe for whomever could break through

the ice [78, 217, 261].

US presence and exploitation ofAlaskanmarine resources began uponRussia’s withdrawal from

the region beginning in 1842 (TableH.2) [220], related to re-focusing of political economic attention

on Europe. Whaling began in 1848, when Captain Royce on board the Superior described bowhead

whales for the first time [269, 32, 31]. The discovery of abundant blubber- and oil-producing
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marine mammals drew American whalers and explorers into the area, along with US military

exploration by the 1870s, using ships repurposed from the Civil War [21, 217, 136, 137, 280, 291].

Knowledge of marine resources in Alaska was slow through this early phase of US exploration,

but this changed in the 1860’s with a new era of scientifically-focused expeditions ushered in by

William Healy Dall of the Smithsonian Institution. Dall’s work with the joint Russian-American

Telegraph Expedition in 1865-67 was a logistical failure – they failed to establish a telegraph line

between Russia and America – but a scientific success [? 61, 280, 62], allowing Dall to spend two

years in Alaska systematically documenting the biodiversity and geology of the territory (green

symbols in Figure H.1) [280, 67, 64], on behalf of the US Coast Survey, the Smithsonian Institution,

and the US Geological Survey [280]. This work marked the transition from haphazard and largely

opportunistic exploration, to systematic, purposeful surveys and documentation of Alaska’s natural

resources [70, 73, 71, 280, 322]. Dall created guides for the collection of marine invertebrates [68],

as well as detailed taxonomic treatments of fossil and extant mollusks [64, 72, 69, 66], and became

the foremost expert on Alaskan ecosystems during the American colonization period [280].

Much of the active scientific investigation of Alaska was determined by US Military and

economic interests, which provided marine access [214]. Alaska was purchased from Russia by

the US in 1867 [279, 220], and then ruled through martial law by the US Army, Department of

Treasury, and Navy until the formation of a civil government in 1884 [220, 214, 1]; statehood

was not achieved until 1959. The scientific work described here thus often occurred in tandem

with military action against the indigenous people of Alaska (see [214] for more). Ships of

the US Revenue Cutter Service were the primary means of both patrolling and studying Alaska

[294, 217, 136, 137]. Military-sponsored science inAlaska established theNaval PetroleumReserve

No 4 (1923-Present; in the North Slope from Icy cape to Prudhoe Bay), established the US Arctic

Naval Research Laboratory (1947-1966; Point Barrow), and prompted ecologic investigations

prior to military experiments throughout the region (e.g., nuclear weapons as excavation tools)

[16, 255]. At the same time, the Russian government established the Pacific Scientific Institution of
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Ichthyology (TINRO) on the western shore of the Siberian and Chukchi Seas and began purposeful

investigations of the Siberian Arctic [16]. The establishment of the US Arctic Research Laboratory

at Point Barrow in 1947 and the Russian TINRO survey of Northwestern Chukchi Sea in 1932-33

marked a transition to more quantitative, fully modern surveys of marine resources, but with the

first modern ecologic survey of the continental shelf was not undertaken until 1970, led by Samuel

S. Stoker and colleagues from the University of Alaska (focused on both the Bering and Chukchi

Sea Sea) [293].
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Figure H.1: Timeline of Alaskan Exploration with Relevant Collections. Single and multi-year
events are represented by dots and bars. Purple represents names of political or governmental states
in Alaska, such as Russian rule of America. Blue denotes expeditions toAlaska by various countries
(CAN = Canada, EU = European nations, UK = Britain and United Kingdom, RUS = Russia, US
= United States), and green denotes field expeditions by WH Dall. Other notable expeditions are
labeled separately. Open shapes represent expeditions with reports of relevant sampling but are not
presented in this study.
Explanations: American Whaling = First American Whaler N of the Bering Strait (Capt. Royce,
Superior), US N Pac = United States North Pacific Exploring Expedition, Rus-Am Telegraph
= Russian American Telegraph Expedition (aka Western Union Telegraph Expedition, Collins
Expedition), Point-Barrow = International Point Barrow Research Expedition, TINRO = Pacific
Scientific Institution of Ichthyology Surveys, Albatross = US Fishing Commission Pacific Surveys
from the USFC Albatross.
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Table H.1: Near comprehensive list of expeditions to Alaska.

Expedition dates range from 1733 to 1966. Expeditions are

organized by leading country and date. US expeditions are

subdivided into categories of “Oceanographic”, “Geologic”

and “Other”. Meta data include the date, name of leader(s),

expedition name or =ship used, the stated primary purpose(s)

of the expedition, and source of information. NA = not

available

Date Leader Expedition/Ship Name Purpose Source

CANADA

1837 Dease, Simpson Hudson Bay Company Prospecting [256]

1913-18 Dall, Kindle Canadian Arctic Expedition Scientific [71, 166]

1887-88 Dawson, Oglvie,

McConnell

Boundary between Canada

and Alaska

Prospecting [77, 280]

EUROPE

1865 Lambert Scientific [16]

1878-80 Nodenskiold Vega Exploratory [16, 226,

26]

1881-82 Krause, Krause Krause Expedition Scientific [280, 173]

BRITAIN AND THE UNITED KINGDOM

1776-79 Cook 3rd Expedition Scientific,

Ex-

ploratory

[256, 16,

233, 47]

1825-28 Beechey HMS Blossom Exploratory [256, 16,

26]
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TableH.1, continued

Date Leader Expedition/Ship Name Purpose Source

1826 Franklin Mackenzie River Expedition Exploratory [256]

1850-54 McClure HMS Investigator Exploratory [16, 250,

19]

RUSSIA

1733-43 Bering, Stellar Second Kamchatka Expedi-

tion

Exploratory 15, [28]

1789-95 Billings Billings Expedition Exploratory [151, 268]

1815-18 Kotzebue Rurik Prospecting [16, 311]

1819-21 Shishmaryov Good Intent Scientific [16, 311,

20]

1842 Vossnessensky NA Scientific [16, 211]

1843-44 Middendorff NA Scientific [16, 211,

295]

1932-33 NA Pacific Scientific Institution

of Ichthyology (TINRO)

Scientific [16]

UNITED STATES OF AMERICA

Oceanographic Expeditions

1848 Royce Supperior, Whaling Prospecting [256, 16,

31, 269]

1849 Pullen NA Prospecting [256]

1852-61 Ringgold,

Rodgers, Stimp-

son

US North Pacific Exploring

Expedition

Exploratory,

Scientific

[291, 292,

260]
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TableH.1, continued

Date Leader Expedition/Ship Name Purpose Source

1865-67 Kennicott, Dall Russian American Telegraph

Expedition

Scientific,

Prospecting

[280, 61,

62]

1867-68 Dall Solo remains in AK Scientific [280, 64,

67, 62]

1867 Davidson Lincoln Prospecting [280, 279]

1868 Minor USRC Wayanda Prospecting [280, 20,

294]

1871-74 Dall US Coast Survey Scientific [280, 64,

67, 63]

1879-81 De Long USS Jeannette Exploratory [217, 78]

1880 Bean and Dall US Coast Survey, 10th Cen-

sus, Yukon

Scientific [16, 64, 25]

1880 Dall, Baker US Coast Survey Scientific [280, 64,

66, 65]

1881-86 Healy, Muir,

Stoney, McLene-

gan

USRC Corwin Military,

Scientific

[256, 280,

16, 217]

1881-83 Ray, Murdoch Point Barrow Expedition Scientific [256, 253,

74, 196]

1883-1913 USFC Albatross Scientific [196, 7]

1902 Kindle USRC Thetis Scientific [165]

1908 Kindle Umatilla Scientific [165]

1924 Bartlett Effie M. Morrissey Scientific [16]
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TableH.1, continued

Date Leader Expedition/Ship Name Purpose Source

1958-59 McLaughlin King Crab Investigation, Bu-

reau of Commercial Fisheries

Scientific [204]

1948-50 MacGinitie Arctic Research Laboratory Scientific [142, 193]

Geologic Expeditions

1889-90 McGrath, Turner US Coast and Geodetic Sur-

vey

Scientific [280, 266]

1895 Dall, Becker US Geological Survey Scientific [280, 69]

1898 Spurr US Geological Survey Scientific [280]

1898 Spurr, Post US Geological Survey Scientific [280]

1900 Barnard, Brooks,

Peters, and

Mendenhall

US Geological Survey Scientific [280]

1901 Peters, Schrader US Geological Survey Scientific [256]

1906-14 Leffingwell, An-

derson

US Geological Survey Prospecting [256]

1908-18 Stefansson US Geological Survey Prospecting [256]

1923 Paige US Geological Survey Scientific [256, 231]

1924 Smith, PS US Geological Survey Scientific [256]

1925 FitzGerald US Geological Survey Scientific [256]

1926 Smith, PS US Geological Survey Scientific [256]

1951 Malkin US Geological Survey Scientific [194]

1958 Scholl, Sainsbury US Geological Survey Scientific [271]

Other Expeditions
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TableH.1, continued

Date Leader Expedition/Ship Name Purpose Source

1890-91 NA Leslie Illustrated Newspaper

Expedition

Exploratory [280, 56]

1899 Harriman SS George W Elder Exploratory [60, 2]

1912 NA International Boundary Com-

mission

Prospecting [256]

1947 NA USS Nereus Military [16, 177]

1947 NA USS Burton Island,

BAREX47

Military [256, 16]

1947-66 NA Arctic Research Laboratory,

Point Barrow

Scientific [255]
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Table H.2: List of historic political and governing events in Alaska.
Date Event Sources

RUSSIAN AMERICA
1733 Russian Colonialization [280, 151, 28]
1784 First Russian Settlement in AK [8]
1799 Incorporation of Alaska as a Russian Colony [28]
1824 Russo-American Treaty, Russians hold exclusive trading

rights north of 54 40◦N
[151, 212]

1842 Russian withdrawal from Alaska began [8, 220]
UNITED STATES OF AMERICA

1865 Last Shot of Civil War, CSS Shenandoah, Bering Sea [21]
1867 Purchase of Alaska by the United States (Seward’s Folly) [280, 1, 220]

1867-84 Department of Alaska [280, 220, 214]
1867-77 Period of Army Rule [280, 220, 214]
1877-79 Period of TreasuryDepartment Rule inAlaska, Enforcement

by the US Revenue Cutter Service (Coast Guard)
[280, 220, 214]

1879-84 Period of Naval Rule in Alaska [280, 220, 214]
1880 The 10th US Census, First Census of Alaska (Petrov) [280, 238]
1884 Alaska’s First Organic Act [280, 1, 220, 214]

1884-1912 District of Alaska [280, 1, 220, 214]
1912-59 Territory of Alaska [220, 214]

1923-2020 Naval Petroleum Reserve No. 4, established and active
Geologic Surveys

[256]

1959-2020 State of Alaska [214, 220]
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APPENDIX I

FULL SPECIES LIST IN ARCTIC BIVALVE NATURAL HISTORY

COLLECTIONS

Below is a list of all the species reported in the NHC collections presented here. Species are

grouped into families, with families are arranged by relationship to one another. Species names

may be out of date because of the age of the collections presented here. Species are arranged

alphabetically. ∗ = not a fully accepted name.

BIVALVIA (Class)

AUTOBRANCHIA (Subclass)

HETEROCONCHIA (Infraclass)

ARCHIHETERODONTA (Subterclass)

CARDITIDA (Order)

CRASSATELLOIDEA (Superfamily)

ASTARTIDAE (Family)

Astartidae indet.

Astarte sp.

Astarte (Nicamia) warhami Astarte warhami

Astarte banksii Astarte montagui

Astarte borealis Astarte borealis

Astarte borealis v. placenta Astarte borealis

Astarte borealis var sibirica Astarte borealis

Astarte crenata Astarte crenata

Astarte esquimalti Astarte esquimalti

Astarte montagui Astarte montagui

Astarte montagui (Leach) Astarte montagui
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Astarte montagui var fabula Astarte warhami

Astarte montagui var striata Astarte montagui

Astarte montagui var vernicosa Astarte montagui

Astarte montagui var warhami Astarte warhami

Astarte montegui (Dilwyn) Astarte montagui

Astarte rollandi Astarte arctica

Astarte varhami Astarte warhami

Astarte vernicosa Astarte vernicosa

CARDITOIDEA (Superfamily)

CARDITIDAE (Family)

Carditidae indet.

Astarte crassidens Crassicardia crassidens

Cardita granulata s. sp. rjalinivae Cardita sp.

Crassicardia crassidens Crassicardia crassidens

Cyclocardia sp.

Cyclocardia crassidens Crassicardia crassidens

Cyclocardia crebicostata Cyclocardia crebicostata

Cyclocardia ovata Cyclocardia ovata

Cyclocardia rjabininae Cyclocardia rjabininae

Cyclocardia ventricosa ovata Cyclocardia ventricosa

Venercardia (Cyclocardia) borealis var. novangliae Cyclocardia borealis

Venericardia (Cyclocardia) borealis v. ovata Cyclocardia ovata

Venericardia (Cyclocardia) crassidens Crassicardia crassidens

Venericardia (cyclocardia) crebicostata (Krause) Cyclocardia crebicostata

Venericardia (Cyclocardia) paucicostata Cyclocardia sp.

Venericardia (Cyclocardia) ventericosa Cyclocardia ventericosa
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Venericardia (Cyclocardia) ventricosa Cyclocardia ventericosa

Venericardia granulata Cyclocardia granulata

EUHETERODONTA (Subterclass)

IMPARIDENTIA(Superorder)

CARDIIDA(Order)

CARDIOIDEA(Superfamily)

CARDIIDAE (Family)

Cardiidae indet.

Cardium californense Keenocardium californiense

Cilartocardium ciliatum Cilartocardium ciliatum

Cilartocardium cil. ciliatum Cilartocardium ciliatum

Ciliantocardium cil techuktchiuse Cilartocardium cil. tchuktchense

Ciliatocardium cil dawsoni Cilartocardium ciliatum

Clinocardium blandum Keenocardium blandum

Clinocardium californien Keenocardium californiense

Clinocardium californiense Keenocardium californiense

Clinocardium ciliatum Cilartocardium ciliatum

Clinocardium fucanum Keenocardium blandum

Clinocardium nuttallii Clinocardium nuttallii

Keenocardium californiense californiense Keenocardium californiense

Serripes (Yangudiuella) notablis

Serripes gr. beringianus Serripes groenlandicus

Serripes gr. groenlandicus Serripes groenlandicus

Serripes groenlandicus Serripes groenlandicus

Serripes laperousii Serripes laperousii

Serripes notablis Serripes notablis
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TELLINOIDEA (Superfamily)

TELLINIDAE (Family)

Tellinidae indet.

Macoma sp.

Macoma balthica Macoma balthica

Macoma brota Macoma brota

Macoma calcarea Macoma calcarea

Macoma calcarea var. soot-zyem Macoma calcarea

Macoma crassula Macoma crassula

Macoma inquinita Macoma inquinita

Macoma krausei Macoma moesta

Macoma lama Macoma lama

Macoma loveni Macoma loveni

Macoma middendorffii Macoma middendorffii

Macoma moesta Macoma moesta

Macoma obliqua Macoma obliqua

Macoma planiscula Macoma lama

Tellina lutea Megangulus luteus

MYIDA (Order)

MYOIDEA (Superfamily)

MYIDAE (Family)

Myidae indet.

Mya sp.

Mya (Mya) pseudoarienaria Mya pseudoarienaria

Mya japonica Mya japonica

Mya pseudoarenaria Mya pseudoarienaria
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Mya pseudoaria Mya pseudoarienaria

Mya truncata Mya truncata

Mya uzenensis Mya uzenensis

PECTINIDA (Order)

PECTINOIDEA (Superfamily)

PECTINIDAE (Family)

Pectinidae indet.

Chlamys behringiana Chlamys behringiana

Chlamys beringianus Chlamys behringiana

Chlamys beringianus angustecostatus Chlamys behringiana

Chlamys beringianus var strategus Chlamys behringiana

Chlamys hindsii (Carpenter) asiaticus Chlamys sp.

Chlamys wainwrightensis Chlamys albida

LUCINIDA (Order)

THYASIROIDEA (Superfamily)

THYASIRIDAE (Family)

Thyasiridae indet.

Axinopsida sp.

Axinopsida orbiculata Axinopsida orbiculata

Axinopsida serricata Axinopsida serricata

Thyasira flexuosa Thyasira flexuosa

Thyasira gouldi Thyasira gouldii

Thyasira gouldi (Philippi) Thyasira gouldii

VENERIDA (Order)

MACTROIDEA (Superfamily)

MACTRIDAE (Family)
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Mactromeris polynyma Macromeris polynyma

Spisula sp.

Spisula alaskana Macromeris polynyma

Spisula polynyma Macromeris polynyma

Spisula voyi Spisula voyi

UNGULINOIDEA (Superfamily)

UNGULINIDAE (Family)

Diplodonta aleutica Diplodonta aleutica

Diplodonta orbella Zemysina orbella

ANOMALODESMATA (Superorder)

PANDOROIDEA (Superfamily)

LYONSIIDAE (Family)

Lyonsiidae indet.

Lyonsia sp.

Lyonsia arenosa Lyonsia arenosa

Lyonsia norvegica Lyonsia norwegica

Lyonsia norwegica Lyonsia norwegica

PANDORIDAE (Family)

Pandora glacialis Pandora glacialis

THRACIOIDEA (Superfamily)

PERIPLOMATIDAE (Family)

Periploma alaskana Periploma aleuticum

Periploma aleuticum Periploma aleuticum

Periploma fragilis Periploma aleuticum

THRACIIDAE (Family)

Cyanthodonta dubiosa Cyanthodonta dubiosa
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Lampeia adamsi Lampeia adamsi

Thracia sp.

Thracia devexa Thracia devexa

Thracia myopsis Thracia myopsis

VENEROIDEA (Superfamily)

VENERIDAE (Family)

Veneridae indet.

Gomphina (Liocyma) fluctuosa Liocyma fluctuosa

Gomphina (Liocyma) viridis Liocyma fluctuosa

Liocyma sp.

Liocyma fluctuosa Liocyma fluctuosa

Liocyma fluctuosum Liocyma fluctuosa

Liocyma viridis Liocyma fluctuosa

ADAPENDONTA (Order)

HIATELLOIDEA (Superfamily)

HIATELLIDAE (Family)

Hiatellidae indet.

Cyrtodaria sp.

Cyrtodaria kurriana Cyrtodaria kurriana

Hiatella arctica Hiatella arctica

Mya priagus (Tilesius) Panomya priapus

Panomya sp.

Panomya ampla Panomya ampla

Panomya arctica Panomya norvegica

Panomya beringiana Panomya priapus
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Panomya norvegica Panomya norvegica

SOLENOIDEA (Superfamily)

PHARIDAE (Family)

Siliqua sp.

Siliqua alta Siliqua alta

Siliqua media Siliqua sp.

GALEOMMATIDA (Order)

GALEOMMATOIDEA (Superfamily)

LASAEIDAE (Family)

Lasaeidae indet.

Montacutinae (Subfamily)

Mysella sp.

Mysella aleutica Kurtiella tumida

Mysella derjugini Kutiella derjugini

Mysella gurjanoval gurjanval Mysella gurjanovae

Mysella planata Mysella planata

Mysella tumida Kurtiella tumida

Neaeromya compressa Neaeromya compressa

Pseudopythina compressa Neaeromya compressa

PTERIOMORPHIA (Infraclass)

MYTILIDA (Order)

MYTILOIDEA (Superfamily)

MYTILIDAE (Family)

Mytilidae indet.

Crenella columbiana Solamen columbianum

Crenella decussata Crenella decussata
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Modiolus modiolus Modiolus modiolus

Musculus sp.

Musculus corrugatus Musculus glacialis

Musculus discors Musculus discors

Musculus discors var substriatus Musculus discors

Musculus glacialis Musculus glacialis

Musculus laevigatus Musculus discors

Musculus niger Musculus niger

Musculus nigra Musculus niger

Mytilus edulis Mytilus edulis

PROTOBRANCHIA (Subclass)

NUCULANIDA (Order)

NUCULANOIDEA (Superfamily)

NUCULANIDAE (Family)

Nuculanidae indet.

Leda minuta Nuculana minuta

Leda radiata Nuculana radiata∗

Leda radiata var lamellosa Nuculana radiata∗

Nuculana sp.

Nuculana fossa Nuculana fossa∗

Nuculana minuta Nuculana minuta

Nuculana pernula Nuculana pernula

Nuculana radiata Nuculana radiata∗

YOLDIIDAE (Family)

Yoldiidae indet.

Portlandia aestuariorum Portlandia aestuariorum
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Portlandia arctica Portlandia arctica

Portlandia arctica (siliqua) inflata Portlandia arctica

Portlandia glacialis Portlandia glacialis

Portlandia intermedia Yoldiella intermedia

Yoldia sp.

Yoldia (Yoldia) amygdalea Yoldia amygdalea

Yoldia (Yoldia) amygdalea myaliformis Yoldia amygdalea

Yoldia amygdalea Yoldia amygdalea

Yoldia hyperborea Yoldia hyperborea

Yoldia myalis Yoldia myalis

Yoldia oleacina Yoldiella intermedia

Yoldia scissurata Yoldia aeolica

Yoldia seminuda Yoldia aeolica

Yoldiella (Portlandia) lenticula Yoldiella lenticula

Yoldiella fraterna Yoldiella nana

NUCULIDA (Order)

NCULOIDEA (Superfamily)

NUCULIDAE (Family)

Nuculidae indet.

Ennucula tenuis cf. Ennucula tenuis

Enucula tenuis Ennucula tenuis

Leionucula bellotii (belotti) Ennucula tenuis

Nucula belloti Ennucula tenuis

Nucula inflata romboides Ennucula tenuis

Nucula proxima Nucula proxima

Nucula tenuis Ennucula tenuis
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Nucula tenuis expansa Ennucula tenuis

Nucula tenuis inflata Ennucula tenuis
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APPENDIX J

FULL NATURAL HISTORY COLLECTION DATA

Appendix contains the full dataset for Chapter 3, available in the online supplement in the file:

Appendix J_ARCTIC_NHC_Bivalve taxa_Meadows.zip.
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