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Abstract: A 15-year time-series of data on benthic community response to rapid climate change at a biomass
‘hotspot’ in the northern Bering Sea, Alaska, provides an exceptional opportunity to evaluate naturally occur-
ring molluscan dead-shell assemblages as ecological archives. We find that, at five middle-shelf stations cen-
sused annually from 2000 to 2014, dead-shell assemblages collected in 2014 are dominated by obligate
deposit-feeding Nuculanidae bivalves as opposed to the other families in that guild or the facultative
deposit-feeding Tellinidae that dominate the most recent living bivalve assemblages, thus correctly detecting
the location and direction of known ecological changes. However, live–dead contrast is significant where the
bivalve biomass and abundance has declined over time, and muted where bivalve abundances, and therefore
shell input, increased, underscoring the general danger of assuming constant shell input. We also find that pro-
portional abundance-basedmeasures are best suited for detecting benthic response to climate change. Combined
with preliminary results from shell age-dating, these results indicate that dead-shell assemblages provide a
short-lived but compositionally faithful ecological memory well-suited for detecting recent site- and habitat-
level ecological change under cold-water conditions. With marine regime change suspected to now be under-
way throughout the Arctic, molluscan dead-shell assemblages should become an integral part of efforts to detect
transitioning regions.

Death assemblages are the time-averaged accumula-
tions of dead and discarded skeletal remains encoun-
tered in the surficial sedimentary record of a modern
environment, representing input from past genera-
tions. If their composition has not been too biased
by differential preservation or transport of species,
then they have the potential to register ecological
conditions over much longer periods than typically
encompassed by biomonitoring and other observa-
tional data (for reviews, see Kidwell 2013; Kidwell
and Tomašových 2013; Kowalewski et al. 2018).
The fidelity – faithfulness – of marine molluscan
death assemblage composition to that of local source
communities has been tested many times in diverse
settings by comparing the numerical abundance
and richness of species and functional groups with
counterpart information from living assemblages
collected in the same samples. Meta-analysis of doz-
ens of such ‘live–dead’ studies and modelling (sum-
marized in Kidwell and Tomašových 2013) find in
fact that live–dead agreement is typically very
good in level-bottom subtidal settings with no his-
tory of human modification: live–dead differences
can be attributed largely or entirely to the coarser

temporal resolution of the death assemblage relative
to a ‘snapshot’ of the living. Habitats yielding poor
live–dead agreement by such measures as taxonomic
similarity, species’ rank-abundance, and strongly
offset centroids in multivariate space are, in contrast,
consistently from areas with known or suspected
human activities, which have apparently shifted the
living assemblage from its baseline state, which the
time-averaged death assemblage remembers (Kid-
well 2007). The strong association of live–dead dis-
cordance with anthropogenic stressors, and not
simply with settings of high natural variability, rec-
ommends including death assemblages in protocols
for environmental assessment, using dead-only and
live-only species (or species with strongly disparate
live and dead abundances) as indicators of recent
declines and arrivals (Kidwell 2007). Extensive
field studies by geologists have used such live–
dead discordance to confirm or resolve habitat-level
biological responses to suspected human activities
such as eutrophication, species invasion, and fishing
(Staff and Powell 1999; Ferguson 2008; Chiba and
Sato 2013; Gallmetzer et al. 2017), and to detect
community shifts of uncertain or compounded
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sources (Weber and Zuschin 2013; Arkle and Miller
2018; Michelson et al. 2018; Haselmair et al. 2021;
Gilad et al. 2018).

Here, we assess the power of live–dead discord-
ance to detect a known community-level benthic
response to climate change in the Alaskan Arctic,
which is undergoing especially rapid physical and
biological changes both on land and under the sea
(Johannessen et al. 2004). Marine climate change
is more insidious – i.e. creeping and pervasive –

than point-source stressors, such as wastewater out-
falls, and is less direct than dredge-spoil dumping
and trawling, and should thus be more challenging
to detect using live–dead comparison (but see the
successful single-taxon analysis by Powell et al.
2017). Arctic seabeds should also, in principle, pre-
sent especially difficult postmortem conditions for
preservation of biogenic carbonate. In addition to
intensive bioturbation and aerobic decomposition
of organics that promote acid production in pore-
waters everywhere, overlying cold waters pose an
additional well-appreciated preservational barrier
because of the sensitivity of the aragonite saturation
state to temperature, creating a strong latitudinal gra-
dient in the potential for carbonate dissolution (Jiang
et al. 2015; Keil 2017). These conditions should act
against the long-term accumulation of molluscan
shells in Arctic subtidal seabeds, shortening the
scale of time-averaging and, perhaps, intensifying
the net biasing effects of shell loss on death assem-
blage composition by filtering out fragile shells
more completely.

To evaluate these hypothesized effects, we ana-
lyse live–dead agreement within a ‘hotspot’ of mac-
robenthic biomass in the northern Bering Sea having
an exceptional, 15-year time-series of benthic sam-
pling: bivalve dead-shell assemblages retained
from samples collected in the final year (2014) of
this series could be compared against a known recent
history of community composition. This study area
is part of the Distributed Biological Observatory
(DBO), an international observation network orga-
nized to co-ordinate analysis of biophysical
responses to persistent sea ice loss and climate
change across 10° of latitude in the Pacific Arctic
(Moore and Grebmeier 2018). Annual summer
cruises have tracked ocean chemistry, circulation,
seabed conditions (organic and nutrient flux, sedi-
ment grain size), and biological communities across
this broad region starting at various times in the
1990s, augmented with data from cruises in the
1970s and 1980s (Grebmeier 2012; Grebmeier
et al. 2015a, 2018). Biophysical time-series data
have revealed a strong coupling between physical
oceanography, primary productivity, and the infau-
nal macrobenthic community. Macrobenthic com-
munities in each of the DBO hotspots are
maintained by organic matter produced along the

thawing ice edge and in persistently ice-free areas
such as polynyas (Grebmeier et al. 2015a). High pri-
mary productivity that starts with the spring thaw is
accompanied by limited grazing owing to still-cold
waters, and thus a large magnitude of primary pro-
ductivity can reach shallow shelf seabeds; lateral,
northward advection of part of that carbon can fur-
ther feed the DBO regions, supporting extensive
macrobenthic communities (Grebmeier 2012; Blan-
chard and Feder 2014; Mathis et al. 2014). Macro-
benthic communities in the DBOs thus display
strong pelagic-benthic coupling, i.e. from primary
production in surface waters to seafloor biomass,
and these macrobenthos serve, in turn, as food for
benthivore mammals and seabirds; changes in
organic delivery can thus cascade strongly from
prey to predators (Grebmeier et al. 2015a; Lovvorn
et al. 2018).

From this co-ordinated research, an ecosystem-
wide marine ‘regime change’ was recognized in
the northern Bering Sea occurring between 1990
and 2010, associated with the northward retreat of
cold bottom waters and sea-ice (Grebmeier et al.
2006). Regime change in the northern Bering Sea
consisted of decreases in planktic–benthic flux,
decreased bottom current strength, and significant
declines in total macrobenthic biomass, as well as a
guild-level shift in dominance from obligate deposit
feeders to facultative deposit (mixed suspension-
deposit) feeders (trends described in Grebmeier
et al. 2006, 2018).

As elsewhere in the Arctic, climate warming in
the northern Bering Sea has thus been multifactorial,
not simply a matter of warming temperature, making
biotic effects difficult to predict from temperature
alone (e.g. Saupe et al. 2014). In the marine realm,
changes in minimum rather than mean or maximum
temperature, temperature variability, oxygenation,
nutrient upwelling and runoff, organic flux, and sedi-
ment grain size related to current strength can all
have greater effects on benthic community composi-
tion than the more easily acquired data on mean tem-
perature. These challenges place a premium on
acquiring local empirical data on community compo-
sition from natural archives of ecological history
such as dead-shell assemblages.

We previously evaluated the power of live–dead
analysis for historical ecology using four biomoni-
tored biomass hotspots throughout the northern
Bering–Chukchi Sea system (DBO1–DBO4; Mead-
ows et al. 2019). Each hotspot served as a separate
region, distinguished by its relative stability and
productivity, but we used only a single year of live
data (standard protocol of live–dead analysis) and,
to maximize comparability to ecosystem analysis,
we used functional guilds and families rather than
fine-, species- or genus-level taxa to characterize
assemblage composition; moreover, we focused on
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biomass as the unit of molluscan abundance. We
found good live–dead agreement in hotspots of com-
parative stability, with significant live–dead discord-
ance only in areas – or at individual sites within a
hotspot – with documented changes in the composi-
tion of the living community, typically associated
with changes in carbon delivery and/or sediment
grain size.

Here we focus on site- and habitat-level variation
within a single biomass hotspot in the northern
Bering Sea (DBO1) using numerical abundance
data exclusively (as is standard in live–dead analy-
sis) and comparing dead-shell assemblages against
the full historical dataset on living assemblage com-
position (2000–14) in order to test their archival
quality more explicitly. Despite the aggressive high-
latitude waters, we find (1) high spatial fidelity
between live and dead shell assemblages, able to dis-
cern both site- and habitat-level changes in biologi-
cal communities during the regime change, as well
as (2) patterns consistent with high temporal resolu-
tion, i.e. a short-duration time-averaging compared
to shelves at lower latitudes, likely owing to rela-
tively lower rates of aragonite sequestration in the
northern Bering Sea seabeds.

Study area

The DBO1 benthic-biomass hotspot in the northern
Bering Sea is associated with a polynya (persistent
ice-free area) just south of St Lawrence Island
(Fig. 1), of critical importance historically to walrus
and diving ducks. DBO1 was established in 2010
following time-series studies at 5 core sites starting
in 1990, to monitor warming, with the expectation
that ‘subarctic’ conditions would expand northward
into the Bering Straits, replacing ‘Arctic’ conditions,
which are characterized by colder and more
nutrient-rich water, higher primary productivity,
higher carbon export to seabeds, and, arising from
these conditions, richer macrobenthic populations
and benthivore predators (Grebmeier et al. 2018).
The subarctic ecosystem is, in contrast, characterized
by only seasonal ice cover, variable primary produc-
tion, and generally lower benthic biomass. Between
1990 and 2000, the cold bottom water pool (,2°C)
that had been maintained south of St Lawrence
Island by seasonal sea ice started to retreat north-
ward. This cold pool determined the position of the
Arctic–subarctic boundary, with the cold water
excluding subarctic taxa. With sea ice retreat, the
southern extent of the cold pool boundary began
fluctuating from year to year with greater variability
(Mueter and Litzow 2008; Grebmeier et al. 2006,
2015a, b; Siddon 2021; Fig. 1). The subarctic eco-
system largely replaced Arctic conditions south of
St Lawrence Island by the early 2010s (see sharp

change in dates of sea ice break-up and freeze-up
in Grebmeier et al. 2018, fig. 1b). The subarctic
ecosystem has continued to expand northward into
the southern Chukchi Sea, where it is now displacing
Arctic conditions (Mueter and Litzow 2008; Greb-
meier 2012; Siddon 2021).

We focus on data from five stations within DBO1
that were sampled annually between 2000 and 2014
(stations SLIP1-5 in Fig. 1; Table 1), the period when
this hotspot was ‘in transition’. In units of infaunal
macrobenthic biomass, communities at DBO1 were
highly productive in the early 2000s (c. 20 gC m−2,
ranging 10–30 gC m−2), although punctuated by
intense station-level changes interannually (Grebme-
ier 2012; Blanchard 2014; Grebmeier and Cooper
2016b). Biomass declined significantly toward
2015, an effect of interannual variability in the pre-
cise position of the cold bottom water pool and of
the polynya, and a related slowing of north-flowing
bottom currents, which allow particulate organic
matter to settle to the seabed (Grebmeier 2012;
Cross et al. 2018; Creamean et al. 2019). DBO1 sta-
tions were positioned along a gradient of organic flux
created by these conditions, with increasing seafloor
macroinvertebrate biomass to the north (SLIP4). The
three stations in the southern area of the DBO1 are
characterized by sandy mud (SLIP1–3), and two
northern stations (SLIP4–5) are characterized by
mud with ,10% sand (Table 2).

The organic flux to DBO1 fed dense populations
of benthic macrofauna, which in turn created biotur-
bated and thus well-aerated sediments (Table 2).
Carbon dioxide from benthic respiration is thought
to contribute to seasonally strong acidification of
bottom waters in DBO1 (Emerson et al. 1990;
Mathis et al. 2014; Cross et al. 2018). Thus, strong
aragonite undersaturation of sedimentary porewaters
is likely within DBO1; such seafloor chemistry
would be antagonistic to the post-mortem persis-
tence of shell carbonate. Destruction and damage
to shells on such densely productive seafloors
might also arise from bioturbation and the large pop-
ulations of benthivorous birds and mammals (Coo-
per et al. 2013; Grebmeier et al. 2015c).

Methods

Variation in sediment type

For all sediment samples referenced in this study,
sediment was collected from the first van Veen
grab used for collection of sediment at sea, packaged
in whirl-pak bags, and frozen for post-cruise analy-
ses at land-based facilities. Sediment grain size was
determined in the laboratory, normally (but not
exclusively) after removal of organics and of iron
oxides following the process of Gee and Bauder
(1986). Sediment samples were acidified and
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provided to a land-based laboratory for carbon and
nitrogen analyses at the University of California
Santa Barbara in 1989–2008 and at the Nutrient Ana-
lytical Service Lab (NASL) of CBL in 2009–14.
Methods of total organic carbon (TOC) and total
organic nitrogen (TON) determination used one rep-
licate (details of NASL methods are available at
https://www.umces.edu/nasl/methods).

Stations within DBO1 can be separated into two
sedimentary facies: three southern stations (sites)
whose upper 0.5 cm is characterized by sandy mud
(typically c. 70% mud, 24–35% sand, ‘sandy mud’;

SLIP1, SLIP2, SLIP3), and two northern stations
characterized by less sand (85–90% mud, ‘mud’;
SLIP4, SLIP5 (Fig. 2a, Table 2; Grebmeier and Coo-
per 2016a, 2018, 2019b). At the sandy mud stations,
mud content was relatively stable from 2000–04,
somewhat variable over the next five years, and
increased modestly from 2010–14 toward 90%, sug-
gesting a slowing of currents (Fig. 2a), but this trend
is not significant (Mann–Kendall trend test; S =
0.104, 0.109, 0.766 and all p-values ..0.1, for
SLIP1, 2, and 3; Pohlert 2020). In contrast, mud con-
tent at both of the mud stations decreased slightly,

Fig. 1. (a) Study area in the North Pacific Arctic open continental shelf. Black icons denote stations (SLIP1–5)
sampled for bivalve living and death assemblages from 2000 to 2014 within the northern Bering Sea Distributed
Biological Observatory region 1 (DBO1, grey box). Dashed lines show the northward shift in the approximate
southern limit of the cold bottom-water pool (,2°C) in the northern Bering Sea over the same period as the
time-series examined here (Mueter and Litzow 2008; Siddon 2021). The DBO1 region is associated with a
persistently ice-free polynya located south of St Lawrence Island (Grebmeier and Cooper 1995). Base map adapted
from Ocean Data Viewer. (b) Sea ice persistence in the DBO1 region, using data from Grebmeier et al. (2018). Error
bars depict spatial variability within the polygon of DBO1 region stations per year; grey band shows limits of the
macrobenthic time-series used here.
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Table 1. Data for each station used

Ship Station
name

Latitude
(°N)

Longitude
(°W)

Sampling
date

Water
depth (m)

S Live
bivalve
families

Total live bivalve
abundance (indiv./m2)

LAU00 SLIP1 62.014 −175.057 20000719 80 6 652.5
LAU00 SLIP2 62.052 −175.208 20000719 80 5 612.5
LAU00 SLIP3 62.394 −174.587 20000719 71 5 610
LAU00 SLIP4 63.028 −173.458 20000720 70 7 542.5
LAU00 SLIP5 62.566 −173.553 20000720 65 6 2327.5
LAU01 SLIP1 62.013 −175.054 20010717 52 6 507.5
LAU01 SLIP2 62.050 −175.204 20010717 78 7 567.5
LAU01 SLIP3 62.394 −174.567 20010718 69 7 465
LAU01 SLIP4 63.025 −173.462 20010718 69 9 1035
LAU01 SLIP5 62.563 −173.555 20010718 62 7 2287.5
LAU02 SLIP1 62.011 −175.058 20020715 80 6 465
LAU02 SLIP2 62.050 −175.207 20020715 82 5 405
LAU02 SLIP3 62.392 −174.571 20020715 73 4 515
LAU02 SLIP4 63.031 −173.453 20020716 72 8 680
LAU02 SLIP5 62.562 −173.556 20020716 67 6 2097.5
LAU03 SLIP1 62.012 −175.055 20030714 84 8 577.5
LAU03 SLIP2 62.050 −175.213 20030714 84 6 677.5
LAU03 SLIP3 62.390 −174.571 20030715 72 7 465
LAU03 SLIP4 63.028 −173.456 20030715 73 6 725
LAU03 SLIP5 62.554 −173.563 20030715 67 6 2672.5
LAU04 SLIP1 62.013 −175.057 20040715 83 6 525
LAU04 SLIP2 62.054 −175.207 20040715 84 7 425
LAU04 SLIP3 62.393 −174.570 20040716 74 7 580
LAU04 SLIP4 63.028 −173.457 20040717 75 9 880
LAU04 SLIP5 62.563 −173.556 20040716 69 5 2037.5
LAU05 SLIP1 62.013 −175.054 20050714 83 5 695
LAU05 SLIP2 62.051 −175.204 20050715 83 7 645
LAU05 SLIP3 62.393 −174.570 20050715 73 6 975
LAU05 SLIP4 63.029 −173.458 20050716 73 7 1205
LAU05 SLIP5 62.563 −173.554 20050715 66 6 1692.5
LAU06 SLIP1 62.014 −175.054 20060712 80 6 695
LAU06 SLIP2 62.037 −175.218 20060712 82 6 957.5
LAU06 SLIP3 62.393 −174.570 20060713 73 5 670
LAU06 SLIP4 63.028 −173.458 20060713 73 8 1690
LAU06 SLIP5 62.566 −173.547 20060713 66 7 1165
LAU07 SLIP1 62.014 −175.057 20070714 80 7 1800
LAU07 SLIP2 62.051 −175.205 20070714 82 8 1205
LAU07 SLIP3 62.394 −174.569 20070714 67 6 537.5
LAU07 SLIP4 63.029 −173.457 20070714 36 8 2082.5
LAU07 SLIP5 62.563 −173.554 20070714 74 7 1870
LAU08 SLIP1 62.014 −175.056 20080716 80 5 852.5
LAU08 SLIP2 62.050 −175.205 20080716 83 5 867.5
LAU08 SLIP3 62.393 −174.570 20080716 73 7 432.5
LAU08 SLIP4 63.029 −173.458 20080717 73 8 1765
LAU08 SLIP5 62.564 −173.554 20080716 66 7 1355
LAU10 SLIP1 62.013 −175.050 20100716 86 7 250
LAU10 SLIP2 62.049 −175.200 20100716 83 6 207.5
LAU10 SLIP3 62.394 −174.569 20100716 73 6 275
LAU10 SLIP4 63.029 −173.458 20100717 73 8 1662.5
LAU10 SLIP5 62.562 −173.550 20100716 67 3 650
LAU11 SLIP1 62.010 −175.060 20110715 80 6 150
LAU11 SLIP2 62.050 −175.210 20110715 80 6 130
LAU11 SLIP3 62.390 −174.570 20110715 68 4 187.5
LAU11 SLIP4 63.030 −173.460 20110715 71 6 1472.5
LAU11 SLIP5 62.560 −173.551 20110715 65 4 662.5
LAU12 SLIP1 62.012 −175.066 20120714 80 5 445

(Continued)
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converging toward the sandy mud stations, espe-
cially within the 2010–14 interval (Fig. 2a); these
negative trends were also not significant (Mann–
Kendall trend test; S = −0.985, 0.656, and all
p-values ..0.1, for SLIP4 and 5; Pohlert 2020).
Despite the (non-significant) trends toward similar-
ity, two habitats remained distinct in grain size
over the 15-year time-series using a Wilcoxon rank-
sum test (%mud,W = 36, p,,0.001; R Core Team
and Contributors Worldwide 2022). Qualitatively,
grain sizes have been more variable at the sandy
mud sites than at the mud sites.

The mud stations generally contain higher
amounts of total organic carbon than the sandy mud
seabeds, suggesting higher rates of carbon delivery;
SLIP4 has the consistently highest TOC levels
throughout the time-series (Fig. 2b). TOC has also
generally increased and been more variable at the
SLIP4 mud site than at any others (Fig. 2). When
tested, no significant trends in TOC over time were
detected at any station (Mann–Kendall trend test S
= −0.8–0.16 with p-values ..0.1 for SLIP1-5).
The two habitats remained distinct in TOC regime
over the 15-year time-series using a Wilcoxon rank-
sum test (TOC, W = 240, p,,0.001; R Core
Team and Contributors Worldwide 2022).

Bivalve living assemblages

Living assemblages were sampled annually at
SLIP1-5 between 2000 and 2014 by the Arctic
Research Group (ARG; at the University of Mary-
land Centre for Environmental Science Chesapeake
Biological Laboratory) using cruises of the Canadian
Coast Guard Ship Sir Wilfrid Laurier (SWL or LAU;
no cruise in 2009; Grebmeier et al. 2015b; Grebme-
ier and Cooper 2016a, 2018, 2019a, b). At each sta-
tion, sediment and infauna were collected in the
summer using two to five van Veen grabs (0.1 m2,
weighted with 32 kg to enhance penetration to 20–
30 cm at these stations), sieved through a 1 mm
screen with seawater, with the sieve residue pre-
served in 10% seawater-buffered formalin. van
Veen grabs are commonly used for infaunal biomo-
nitoring despite the likely under-sampling of deeply
burrowing and large-bodied taxa (Munroe et al.
2013; Powell and Mann 2016; Powell et al. 2017;
Mann et al. 2020). Processing using a 1 mm sieve
has been standard for the ARG monitoring effort,
as it is for many agency surveys (Gill et al. 2011;
Becker 2015). At many sites within DBO shelf hot-
spots, Pirtle-Levy (2006) found that, on average,
97% of the station macrofaunal biomass was caught

Table 1. Continued.

Ship Station
name

Latitude
(°N)

Longitude
(°W)

Sampling
date

Water
depth (m)

S Live
bivalve
families

Total live bivalve
abundance (indiv./m2)

LAU12 SLIP2 62.050 −175.212 20120714 78 5 770
LAU12 SLIP3 62.390 −174.571 20120714 70 6 322.5
LAU12 SLIP4 63.030 −173.460 20120714 73 10 1092.5
LAU12 SLIP5 62.561 −173.551 20120714 62 4 450
LAU13 SLIP1 62.010 −175.060 20130713 80 7 710
LAU13 SLIP2 62.050 −175.210 20130713 81 6 587.5
LAU13 SLIP3 62.391 −174.571 20130714 73 7 440
LAU13 SLIP4 63.030 −173.460 20130714 73 10 1300
LAU13 SLIP5 62.560 −173.550 20130714 71 6 680

Samples with death assemblages

Ship Station
name

Latitude Longitude Sampling date Water
depth
(m)

S Live
bivalve
taxa

Total live
bivalve
abundance
(indiv./m2)

D:L
ratio

N Dead
shells

LAU14 SLIP1 62.011 −175.059 20140714 81 8 725 5.17 1097
LAU14 SLIP2 62.050 −175.209 20140714 84 7 875 6.58 1712
LAU14 SLIP3 62.390 −174.570 20140714 71 8 460 6.41 876
LAU14 SLIP4 63.030 −173.460 20140714 65 9 1467.5 2.65 1156
LAU14 SLIP5 62.560 −173.549 20140715 71 6 617.5 4.90 905

Data include cruise name (Ship), latitude and longitude of sample, the sampling date (YYYYMMDD), water depth (m), gear used (all van
Veen samplers; 3–5 grabs pooled per station), count of bivalve taxa (families) present as living individuals (S), the ratio of total dead indi-
viduals in the 2014 samples over the live abundance (indiv/m2), and, for 2014 samples, the raw number of dead shells counted (n
individuals).
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on the 1 mm screen, compared to 3% remaining on
the 0.5 mm screen; use of both screens produced
more variable abundance levels due to the inclusion
of meiofauna and juvenile macrofauna. Bivalve
abundances were reported as living individuals per
m2 (indiv/m2) of seafloor and reflect pooling of all
replicate samples collected at a given station in
each year, multiplied up to a standard 1 m2. Acquir-
ing 2–5 replicate samples per site per visit is standard
among agencies, as is (among ecosystem scientists)
the extrapolation of abundance data to a standard
number per 1 m2 (density). For analysis, these ‘live
data’ were used both in their original annual form
and after pooling into 5-year increments – 2000–
04, 2005–09, and 2010–14 – to dampen noise and
more closely simulate time-averaged data.

Bivalve dead-shell assemblages

Dead-shell assemblages were acquired from the
same van Veen grab samples used to collect the liv-
ing community in 2014, which was the last year of
the time-series of live data used in this study. Such
a single sampling of the dead-shell assemblage, coin-
ciding with sampling the living community and
extracted from the same sedimentary volume, is a
standard procedure for live–dead comparisons (see
review of protocols in Kidwell 2013). The sieve res-
idue of shells, lithic gravel, and other debris was
dried and sorted for mollusc shells at the University
of Chicago. An empty, disarticulated bivalve shell or
a shell fragment was counted as an individual if it

retained ≥50% of the hinge line and was .1 mm
in length and thus likely an adult. Still articulated,
double-valved bivalve specimens were also counted
as single individuals, but were rare: if these retained
any flesh, they were removed and counted as living
individuals. As with the live data, counts were mul-
tiplied to produce density values, i.e. the number of
dead individuals per m2.

We also acquired ‘dead data’ from vanVeen sam-
ples collected in summer 2015, permitting a rare test
of interannual variation in death assemblage compo-
sition. All live–dead comparisons (see methods
below) were repeated using these 2015 death assem-
blages, which, unlike those collected in 2014, had
potential to reflect individuals living in 2014. Results
comparing live data and 2015 dead data were not sig-
nificantly different than those comparing 2014 live
and 2014 dead data, and so we report only the latter,
which has been the conventional approach since the
1950s (Kidwell 2013).

Bivalve taxonomy and guilds

Each live and dead bivalve individual was identified
to the lowest taxonomic level possible using print
resources shared between the UMCES ARG and
UChicago (Foster 1991; Coan et al. 2000). We
also used two digital voucher collections: one cre-
ated by the first author during visits to the ARG,
and the other created by ARG collaborators to coor-
dinate invertebrate researchers on the DBOs (Kędra
and Oleszczuki 2017). With these resources, almost
all bivalve specimens could be confidently

Fig. 2. Variation in (a) weight-percent mud (clay and silt, phi ≥ 5) and (b) total organic carbon (TOC, wt%) of the
upper 0.5 cm of van Veen sediment grab samples at the same sample sites as the bivalve living and death
assemblages. Alternating grey and white bands highlight the 5-year time binning of live data used in some analyses
(2000–04, 2005–09, 2010–14; no data in 2009). Icon shapes denote different SLIP stations; solid black lines and
icons used for sandy mud data (SLIP1–3), dashed grey lines and icons for mud (SLIP4–5) data from (Grebmeier and
Cooper 2016a, 2018, 2019b). Mud content varied considerably year-to-year at each station, related to bottom current
strength, with the sandy mud stations becoming muddier toward in 2014. TOC was similarly variable at all stations
excepting SLIP4, where it was consistently higher.
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identified to species level using shell morphology
alone. The notable exceptions were many dead
specimens of Macoma, which could typically be
identified only to genus level owing to indistinctly
preserved pallial lines or being represented only
by hinge lines. Dead shells of commensal bivalves
were also challenging. Given this challenge with
the relatively abundant Macoma, and because
most families in the fauna are represented by a sin-
gle genus and usually a single species (Table 3), we
used bivalve families as our unit of taxonomic

analysis. This analytic coarsening of both live and
dead data to the family level allows us to include
all dead specimens, for a total of 17 families. All
individuals from the bivalve families Lasaeidae
and Montacutidae were treated as members of the
superfamily Galeommatoidea because species and
family-level assignments of living individuals in
this superfamily have either been uncertain or
changed over the 15 years of benthic sampling.
Substituting this superfamily for the two separate
families had no significant effect on the outcome

Table 3. Taxonomic list and habitat-level occurrences of families, their guild (Todd 2001; Dufour 2005; Stead
and Thompson 2006), and component species

Guild Family Genus sp. Sandy mud Mud

Chemosymbiont Thyasiridae LD LD
Chemosymbiont Thyasiridae Thyasira flexuosa
Commensal Lasaeidae L L
Commensal Montacutidae LD LD
Commensal Montacutidae Kurtiella /Mysella/Rochefortia tumida
Commensal Montacutidae Kurtiella /Mysella planata
Commensal Montacutidae Kurtiella /Mysella sp.
Epifaunal suspension Mytilidae LD LD
Epifaunal suspension Mytilidae Musculus discors
Epifaunal suspension Mytilidae Musculus niger
Facultative deposit Semelidae L L
Facultative deposit Tellinidae LD LD
Facultative deposit Tellinidae Macoma brota
Facultative deposit Tellinidae Macoma calcarea
Facultative deposit Tellinidae Macoma moesta
Facultative deposit Tellinidae Macoma sp.
Facultative deposit Tellinidae Macoma torelli
Infaunal suspension Astartidae LD L
Infaunal suspension Astartidae Astarte montagui
Infaunal suspension Cardiidae LD LD
Infaunal suspension Cardiidae Clinocardium ciliatum
Infaunal suspension Cardiidae Clinocardium sp.
Infaunal suspension Cardiidae Serripes groelandicus
Infaunal suspension Cardiidae Serripes laperousii
Infaunal suspension Carditidae D L
Infaunal suspension Carditidae Cyclocardia sp.
Infaunal suspension Lyonsiidae L
Infaunal suspension Pandoridae LD
Infaunal suspension Pandoridae Pandora sp.
Infaunal suspension Thraciidae L L
Infaunal suspension Ungulinidae L L
Infaunal suspension Veneridae LD LD
Infaunal suspension Veneridae Liocyma fluctuosa
Obligate deposit Nuculanidae LD LD
Obligate deposit Nuculanidae Nuculana radiata
Obligate deposit Nuculanidae Nuculana sp.
Obligate deposit Nuculidae LD LD
Obligate deposit Nuculidae Ennucula tenuis /Nucula belloti
Obligate deposit Yoldiidae LD LD
Obligate deposit Yoldiidae Yoldia hyperborea
Obligate deposit Yoldiidae Yoldia seminuda
Obligate deposit Yoldiidae Yoldia sp.

Live-only (‘L’), dead-only (‘D’), or both alive and dead (‘LD’) occurrences in sandy mud (SLIP1–3) and mud (SLIP4–5) habitats. All taxa
are infaunal unless otherwise noted.
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of our analyses, largely because of the rarity of both
living and dead individuals. Overall, family-level
identifications were earlier determined to suffice to
differentiate living communities among all five
DBO hotspots (Meadows et al. 2019) and they
also suffice to differentiate among the five stations
within the DBO1 hotspot analysed here.

Assignment of bivalve taxa to six guilds (Table 3)
is based on a combination of life habit and trophic
group, largely following Todd (2001): infaunal
chemosymbiont-bearing, infaunal obligate deposit
feeding (combines both surface and subsurface feed-
ers), infaunal facultative deposit-feeding, infaunal
suspension-feeding, epifaunal suspension-feeding,
and commensals (live inside the body of another
animal or share its burrow). Predatory bivalves
(e.g. Cuspidariida), nestling (suspension-feeding)
bivalves (e.g. Hiatellidae), and deep burrowing sus-
pension feeding bivalves (e.g. Myidae) are not repre-
sented in the DBO1 fauna despite their presence in
the Arctic region (likely gear-related undersampling
of Myidae, although we also do not encounter dead
shells of Myidae nor of the other taxa not occurring
alive). For the purposes of these analyses, Yoldiidae
were considered obligate deposit feeders (Stead and
Thompson 2006) despite some evidence of flexible
life habits (Todd 2001). Following Dufour (2005),
the only facultative chemosymbiontic bivalve in
this fauna is Thyasira flexuosa.

Live–dead comparisons

Live–dead comparisons used both raw (density,
indiv/m2) and proportional abundance data, and
were conducted using both family- and guild-level
resolution. Some comparisons here use annual-
resolution data on the composition of living assem-
blages, but for most analyses we pooled annual
data into five-year bins, both to reduce noise from
interannual variation and to better approximate natu-
rally time-averaged information. These temporal bins
were 2000–04, 2005–09 (no live data for 2009), and
2010–14 (bins are shadowed in Fig. 2). Each year of
live data, or each 5-year pooling of live data, was
compared with data from the dead-shell assemblage
collected in 2014. Pooling means that raw data were
summed before any calculation (e.g. of proportional
abundance) or data transformation. Spatially, all
analyses were conducted at site-level resolution, but
sites were informally grouped into a sandy mud hab-
itat (sites SLIP1–3) and a mud habitat (SLIP4–5) for
many figures, guided by the environmental informa-
tion in Table 2.

To provide context for quantitative live–dead
comparisons, we used bar graphs of the proportional
abundance of guilds in the dead-shell (2014) and in
each of the 5-year binned living assemblages. We
also generated simple bivariate plots of living and

dead-shell assemblages, using both raw density and
proportional abundance of both guilds and families.
Live–dead agreement was assessed using a Pearson
correlation coefficient. Results (r-values) among
these alternative plots were very similar, and so we
only display plots of proportional abundance ampli-
fied by plots of the raw abundance of living individ-
uals from the top four families over time.

For comparison with other systems, live–dead
discordance was also assessed using a widely-used
cross-plot of two measures of pairwise live–dead
similarity: (1) in the rank abundances of taxa,
expressed as a correlation (Spearman’s rho), and
(2) in the presence–absence of taxa, i.e. the propor-
tion of taxa shared by two lists after correction for
disparate sample sizes, Jaccard–Chao index (JC),
following Kidwell (2007). A positive Spearman ρ
indicates that taxa that numerically dominate the liv-
ing assemblage are also highly ranked in the death
assemblages and that taxa that are rare in one assem-
blage are also rare (or absent) in the other; a ρ of 1
denotes that taxa are ranked identically in both
assemblages. JC uses information on the numbers
of singletons and doubletons to correct for ‘unseen
taxa’ in the smaller sample (Chao et al. 2005); a
JC of 1 indicates that the lists of live and dead taxa
are identical, with all species shared and none occur-
ring dead-only or live-only. Here, both JC and ρ are
calculated using bivalve families. When displayed
on a cross-plot, stations falling in the upper-right
quadrant have the least live–dead discordance. This
method has previously only been used with numeri-
cal abundance data for species, and originally only at
the habitat level, i.e. after data from multiple stations
within sedimentary facies had been pooled (Kidwell
2007). Here, discordance is evaluated using numeri-
cal abundance of families at the station level, and for
every pairwise comparison of annual live data
(2000–14) with dead data collected in 2014.

Nonmetric multidimensional scaling (NMDS)
has also become widely used in live–dead analysis
to recognize compositional differences in multivari-
ate space. It differs from other unconstrained ordina-
tion methods by representing multidimensional data
in a low number of predetermined axes, and
approaches that solution through an algorithmic
approach rather than through eigen-decomposition
in order to minimize rather than maximize pairwise
distances between sites (Borcard et al. 2011). We
used wisconsin-transformed abundance data from
the three sets of five-year binned live data and
from the once-sampled dead data. All NMDS spaces
were constructed using extended Jaccard distances,
closely related to the Bray–Curtis dissimilarity (B,
where the extended Jaccard = 2B/(1 + B); Oksanen
et al. 2007). Semelidae and Pandoridae were
excluded from these family-level analyses because
of low singleton abundances, both living and dead.
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Guild-level data were not tested because the low
number of overall guilds did not yield a converged
solution with low stress in NMDS. A NMDS with
low stress (e.g.,0.1) maintains differences between
sites while limiting distortion of the original distance
matrix.

All data analyses were performed using R and the
vegan (Oksanen et al. 2007), stats (R Core Team and
Contributors Worldwide 2022), fossil (Vavrek
2020), and trend (Pohlert 2020) packages, and all
visualizations and plots were created using ggplot2
(Wickham et al. 2022).

Results

Qualitative spatial and temporal variation in
abundance

Bar graphs of the proportional abundance of guilds
and families show that bivalve death assemblages
from each within habitat (sandy mud SLIP1–3, and
mud SLIP4–5) resemble each other more closely
than they resemble death assemblages from the
other habitat (Fig. 3, left column). At sandy mud
sites, obligate deposit feeders dominate overwhelm-
ingly (90–95% of all dead individuals), and Nucula-
nidae dominates that guild overwhelmingly. At mud
sites, obligate deposit feeders also dominate the dead
but less strongly (65 to 78%); Nuculanidae domi-
nates that guild here, too, as in sandy mud, but less
strongly. In both habitats, facultative deposit feeders
constitute the remainder of the death assemblage,
mostly Macoma (Tellinidae), with scarce specimens
of other guilds and families.

Living assemblages also differ between the two
habitats (Fig. 3 right three columns, Figs 4 & 5).
At sandy mud sites, compositions decreased mono-
tonically from an overwhelming dominance by obli-
gate deposit feeders in 2000–04 (80–89%) to,50%
by 2010–14, when the facultative deposit feeding
Tellinidae attained dominance (Fig. 3, upper two
rows); exceptionally, epifaunal suspension feeding
Mytilidae were coequal with Tellinidae at SLIP2 in
2010–14. Within the obligate deposit-feeding
guild, families shifted strongly in relative impor-
tance, with dominance shifting progressively from
Nuculanidae to Nuculidae, and with Yoldiidae at
SLIP3 comprising up to 14% of individuals in
2005–09. In contrast, at mud stations, obligate
deposit feeders were the dominant guild in living
assemblages over the entire 15-year monitoring
series. At SLIP4, Nuculanidae and Nuculidae
remained co-dominant, with substantive Yoldiidae
in 2000–04, whereas at SLIP5, Nuculidae progres-
sively rose to a clear dominance with negligible
appearance of Yoldiidae (Fig. 3, lower two rows).

Inspection of these bar graphs also shows that
live–dead agreement is generally highest when

death assemblages are compared to the oldest sam-
pling of the live, both at the family-level and espe-
cially considering guild-level composition (Fig. 3).
In mud stations, live–dead agreement at the guild
level is high for all live samplings because the
guild composition of the living communities was rel-
atively consistent throughout the time-series despite
changes in the proportions of families (Fig. 3, bottom
two rows, all columns). At the family level, the
2014-collected death assemblages at all stations are
enriched in Nuculanidae compared to every sam-
pling of the living, but most closely resemble the old-
est (2000–04) live collections (except at SLIP4) and
differ most strongly from the most-recently sampled
living assemblage (2010–14, including at SLIP4).

Interannually, the total abundance of bivalves per
station ranged from 130 to 2673 indiv/m2 (median
679 indiv/m2; grey icons and dashed lines in Figs
4 & 5). Living bivalve abundance was several
times larger in mud stations than in sandy mud sta-
tions (median 1327 indiv/m2 v. 527 indiv/m2,
respectively). At sandy mud stations, total abun-
dance peaked in 2005–08, and then declined to its
lowest level in the time-series in 2011; bivalve abun-
dance recovered to earlier levels by 2012–14
(Fig. 4a; not evident in Fig. 5a due to temporal bin-
ning), coincident with a slight increase in the percent
mud in the seabed (Fig. 2a). At mud stations, total
bivalve abundance showed less strong changes inter-
annually and less coordination between the two sta-
tions (dashed lines in Fig. 4b), but each station
showed a several-fold change over the 15-year
time-series: total abundance increased at SLIP4 and
decreased at SLIP5 (dashed lines in Fig. 5b).

Family abundances at sandy mud stations were
highly variable interannually (Fig. 4a) but, overall,
the facultative-deposit feeding Tellinidae increased
steadily in absolute numbers at all stations by
several-fold, and the obligate deposit-feeding Nucu-
lanidae declined by an order of magnitude over the
same period (Fig. 5a). Other obligate deposit-feeding
families in sandy mud exhibited a broad increase fol-
lowed by a decrease, with either no net change or a
slightly lower abundance at the end of the time-series
than at the start (Fig. 5a). Interannual resolution
reveals strong swings in abundance in all families
(Fig. 4a, note order of magnitude changes in family
abundance). Yoldiidae, for example, increased to
several hundred indiv/m2 in 2005–07 before declin-
ing back to ≤10 indiv/m2.

Family abundances at mud stations are less tem-
porally variable than in sandy muds using both inter-
annual (Fig. 4b) and time-binned data (Fig. 5b).
Total bivalve abundance rose steadily at SLIP4 and
declined steadily at SLIP5, correlating respectively
with a strong increase and strong decrease in the
raw abundance of Nuculanidae (Fig. 5b). Other fam-
ilies followed the trend of Nuculanidae, with the
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exception of Yoldiidae, which declined strongly at
both stations by two orders of magnitude (from
≥100 indiv/m2 to only a few, also evident in time-
binned data Fig. 5b). In interannual data (Fig. 4b),
almost all families at both mud stations exhibited a
local peak within the 2005–08 interval, as also
observed in sandy mud stations (Fig. 4a).

Quantitative live–dead comparisons

Live–dead agreement in the proportional abun-
dances of guilds and of families are compared
directly in Figures 6 and 7, with agreement expressed
by their Pearson correlation (r, upper left corner of
each live–dead cross-plot, 5-year binning of live

data). Live–dead agreement is positive for both
guild- and family-level data in all comparisons but
varies with data resolution (higher r using guild-level
data; Figs 6 & 8a), and over time (decreasing as the
dead data are compared with more recently collected
living assemblages, except at SLIP4; Fig. 8). Using
guild-level data (Fig. 8a), live–dead agreement is
very high (r.0.95) for early samplings of the living
assemblage in both habitats, but it declines markedly
in sandy mud stations with the most recent sampling
(2010–14; to r = 0.8 at SLIP2 and to r = 0.5–0.6 at
SLIP2–3). In mud stations, live–dead agreement
remains high throughout the time-series at r .0.95
(Fig. 8a). Using family-level data (Figs 7 & 8b),
live–dead agreement in the sandy mud stations starts

Fig. 3. Proportional abundance of bivalve guilds in the dead-shell assemblage (left column) and in successive living
assemblages at each of the DBO1 stations (SLIP1–5), with live data pooled into 5-year bins. The dominant guild of
infaunal obligate deposit feeders is subdivided into families (NN, Nuculanidae; NUC, Nuculidae; YOLD, Yoldiidae);
the infaunal facultative deposit-feeding guild comprises a single family (TEL, Tellinidae). Stations are grouped by
habitat (facies). Obligate deposit feeders dominate the death assemblages at all five sites, and also dominate the oldest
living assemblages everywhere, but decline in proportional abundance over the live time-series (except at SLIP5),
accompanied by a shift in the family composition of that guild. Nuculanidae are far less abundance in the youngest
living assemblage than in the death assemblage everywhere, and in the sandy mud sites, the facultative
deposit-feeding Tellindae are proportionally far more abundant living than dead.
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Fig. 4. Annually sampled abundance (standardized to number of individuals per m2) by station of all living bivalves
(total; icons with grey outline) and of the four dominant families by station from 2000 to 2014, showing the highly
variable density data behind the temporally-coarser shifts in proportional abundance displayed in Figure 3. (a)
Stations from sandy mud seabeds at SLIP1, 2, and 3; (b) stations from mud seabeds at SLIP4 and 5 (Grebmeier and
Cooper 2016a, 2019a, b).

Fig. 5. Abundance (indiv/m2) of the total bivalve living assemblages and their dominant families at each station after
pooling data into 5-year bins: (a) sandy mud habitats (SLIP1–3); (b) mud habitat (SLIP4–5).
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lower (r = 0.6–0.85) and declines steadily, again
with the lowest values in the most recent sampling
(r = 0.12–0.25). In mud stations, live–dead agree-
ment at SLIP5 declines from a high value
(r ∼0.85) but not until the most recent sampling,
and, exceptionally, at SLIP4, agreement increases

slightly toward the most recent sampling from
r ∼0.7 to ∼0.85. Live–dead agreement in the mud
stations is never as low as in the sandy mud stations,
using either guild- or family-level data (Fig. 8).

With few exceptions, cross-plots of the live–dead
rank-abundance correlation of taxa (Spearman’s ρ)

Fig. 8. Variation in live–dead agreement (Pearson correlation) as the death assemblage (from 2014) is compared to
successively more recently sampled living assemblages, by station. (a) Using guild-level data (Pearson r values from
Fig. 6); (b) using family-level data (Pearson r values from Fig. 7). Stations SLIP1–3 are from sandy mud seabeds
(solid black lines and symbols), SLIP4–5 are from mud seabeds (dashed grey lines and symbols).

Fig. 9. Live–dead agreement at the family-level evaluated using a cross-plot of taxonomic similarity (shared taxa,
corrected for disparate live and dead sample sizes; Jaccard–Chao index) and the rank-order agreement in family
relative abundances (Spearman ρ). Each symbol represents live–dead agreement at a single station for the living
assemblage collected in a particular year, shaded by year of collection (dark colours = earlier collections); each
comparison used the death assemblage collected in 2014. Perfect live–dead agreement would fall at the upper right
corner. (a) Results for stations from sandy mud seabeds; (b) results for stations from mud seabeds. All Spearman
correlations were positive, and thus plots are truncated for easier viewing of data.
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against live–dead taxonomic similarity (JC index)
reveal overall very high agreement in family compo-
sition in both sandy mud and mud habitats (Fig. 9).
With few exceptions, ρ ≥ 0.5 and JC ≥ 0.85. Each
icon reflects comparison of the living assemblage
sampled in a given year between 2000 and 2014
against the death assemblage collected at that same
site in 2014; variation in live–dead agreement per
site thus arises from interannual variability in the
living assemblage.

At sandy mud sites (SLIP1–3; Fig. 9a), live–
dead agreement varies interannually most strongly
in rank-abundance (ρ), with consistently very high
taxonomic similarity (JC ≥0.91); the one exception
(with JC = 0.17) is a very small live sample from
2011. The sample-series from SLIP1 has one outlier
of relatively low ρ (live sampled in 2010, ρ c. 0.3),
but otherwise ranges narrowly between ρ = 0.55

and 0.77 (Fig. 9a), and the SLIP3 series is similar
(one low-ρ outlier from 2012 at 0.36, otherwise
ρ = 0.6–0.95; Fig. 9a). SLIP2 shows the greatest
interannual variation in live–dead agreement, with
on average lower ρ (0.3 to 0.75); the lowest ρ values
are from 2006, 2011, and 2012.

In the twomud sites (SLIP4–5; Fig. 9b), live–dead
agreement is consistently high at SLIP5, signaling
that the relative abundances of families in the living
assemblage are both quite consistent over time and
similar to that of the death assemblage (as also seen
in Fig. 3): ρ varies only between 0.63 and 0.90, and
JC is always≥0.96. SLIP4 exhibits the greatest vari-
ability in live–dead agreement of all five sites, with
ρ varying from 0.23 to 0.75 and JC ranging down to
0.62 from a maximum of 1.00. The poorest live–
dead agreement is found when the SLIP4 death
assemblage is compared with living assemblages

Fig. 10. Multivariate comparison of living assemblages (5-year binned data) and death assemblages from the entire
DBO1, using nonmetric multi-dimensional scaling (NMDS); each assemblage is hulled to ease viewing, showing only
the first two axes. NMDS was constructed using family-level abundance data, scaled using the square-root Wisconsin
transformation, extended Jaccard distance, k = 3, stress = 0.107, tries = 20. Death assemblages lie apart from all
living assemblages, excepting SLIP3, related to higher abundances of the obligate deposit-feeder Nuculanidae and
subsidiary Veneridae and Cardiidae (infaunal suspension feeders); all death assemblages are compositionally furthest
from living assemblages collected most recently (2010–14).
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from the earliest part of the live time-series (lowest
agreement in 2001, followed by 2002, followed by
2000), despite reasonable sample sizes (n = 1035,
542, 680 living individuals perm2, respectively, com-
pared with 3839 dead individuals per m2).

In general, using JC–ρ cross-plots (Fig. 9), live
data collected early in the 15-year time-series resem-
bles the death assemblage most closely, but the cor-
relation of agreement with collection year is not
consistent because live variability is especially high
at all sites in the 2005–10 interval, as also evident
in Figure 4.

Multivariate analysis (NMDS) using family-
level data pooled into 5-year bins (Fig. 10) shows
that death assemblages differ in composition from
all source living assemblages, specifically in having
more obligate deposit-feeding Nuculanidae and
infaunal suspension-feeding Veneridae and Cardii-
dae (with the exception of sandy mud site SLIP3,
whose death assemblage most closely resembles
its 2000–04 living assemblage). The most-recently
collected living assemblages (from 2010–14) are
furthest from their counterpart death assemblages
at all sites, whereas living assemblages from the
earliest and middle phases of the live time-series
overlap with each other and are closest to the death
assemblages. Yoldiidae and infaunal suspension-
feeding Carditidae (Cyclocardia) are important in

the middle phase of the live time-series, especially
at the three sandy mud sites (as also evident in
Fig. 3). In general, the living assemblages are char-
acterized by larger proportions of Tellinidae, epifau-
nal suspension-feeding Mytilidae, and infaunal
suspension feeders other than those already listed.

Considering only the three sandy mud sites
(Fig. 11), death assemblages plot closest to each
other and “near” Nuculanidae along axis 2; they do
not overlap with any of the living assemblages, but
are closest to the oldest living samples (2000–04)
and are furthest from the mid-series samples
(2005–10). Living assemblages contain larger num-
bers of other families of obligate deposit feeders, of
facultative feeders, and of all infaunal suspension
feeders other than Cardiidae. Considering only the
two mud sites (Fig. 12), death assemblages (white-
filled icons) lie among the three successively sam-
pled living assemblages.

Discussion

For death assemblages to serve as reliable archives of
community ecology over the recent past, their com-
position must not have been overtly biased by taph-
onomic processes, notwithstanding time-averaged
accumulation in the surface mixed layer. Preferably,

Fig. 11. As Figure 10, but with NMDS axes calculated using only the three sandy mud stations (SLIP1, 2, 3). Stress=
0.020, tries= 20.
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live–dead differences in composition reflect ecolog-
ical changes during the interval of time-averaged
accumulation, and do not arise from differential pres-
ervation of species. These and other possible causes
of live–dead discordance can be treated as a series of
hypotheses (H1–5) that can be evaluated in turn but
are not mutually exclusive (Table 4; adapted from
Kidwell 2013).

Hypothesis 1: live–dead differences arise from
shortcomings of method and sampling

These issues were likely negligible in this study of
DBO1. Living and dead-shell assemblages were
sampled using the same van Veen grab and 1 mm
processing, with the death assemblage sieved
from the same set of samples used to acquire living
assemblages in 2014. Favouring sufficient sample
sizes, the ratio of dead:live individuals in DBO1
was on average 6:1, notably higher than the c.

1:1 ratio encountered in other DBOs of the
Bering–Chukchi seas (Meadows et al. 2019) and
other boreal and cold-temperate seabeds (Kidwell
2013). This ratio is comparable to the median 8:1
dead:live ratio encountered in warm temperate
and tropical shelves, where small live samples are
the most common challenge. Dead samples in the
highly productive DBO1 were thus sufficiently
large to ensure confident proportional abundance
data (.4500 dead bivalve indiv/m2 compared to
a median 679 live bivalve indiv/m2). Exception-
ally, the density of four annual live samples were
,250 indiv/m2, which in raw terms meant an aver-
age of only 15 bivalve individuals per 0.1 m2 grab.
Such low numbers in the 2011 sampling of the liv-
ing assemblage at SLIP2 produced exceptionally
low JC and ρ values in Figure 9a. However, none
of the other four samples with a live n ,250
indiv/m2 displayed this effect, and the 5-year bin-
ning of annual samples counteracted these sparse
samples in other analyses.

Fig. 12. As Figure 10, but with NMDS axes calculated using only the two mud stations (SLIP4 and 5). Stress =
0.020, tries = 20.
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The same set of voucher specimens were used for
taxonomic identification of both datasets, ensuring
consistency. We further minimized live–dead differ-
ences arising from H1 by coarsening all identifica-
tions to the family level given the difficulty of
differentiating (abundant) dead specimens of Tellini-
dae to species level. We coarsened data for the com-
mensal taxa Mysella, Rochefortia, and Kurtiella
to superfamily level given unstable family-level
assignments.

Van Veen grab samples are well known to under-
sample living individuals of large-bodied bivalves
and especially individuals living deeper than 20–
30 cm below the sediment–water interface, which
here would include deep-burrowing Myidae and
some commensal Galeommatoidea. Dead shells of
deep-dwelling animals might be reworked upward,
i.e. within the reach of a van Veen grab, and so
gear bias might in principle be stronger against living
than dead individuals. However, in our study, the
numbers of individuals of deep burrower groups
tended to be very low both alive and dead. The effect
of missing large individuals (especially Myidae) is
further diminished here by using numerical abun-
dance rather than biomass as the currency of analy-
sis; most bivalve individuals would live within the
depth of penetration of the gear. Commensal
galeommatoids, which can live inside other animals

or share their burrow, often elude detection as living
individuals, are commonly assigned to species
inconsistently, and their dead shells can be extremely
difficult to differentiate, even at the family level
(many are edentate and identified with soft tissue
characteristics). As a result, we ran our analyses
both including and excluding commensal individu-
als and found no effect, even though they were abun-
dant alive at SLIP4 in the 2000s.

We thus conclude that methodological and
sample-size issues (H1) make a negligible contribu-
tion to observed live–dead discordance in DBO1.

H2: contamination or culling of death
assemblage

We have no reason to suspect any human activities
that would have either introduced or selectively
removed dead bivalve shells at these sites. Bottom-
trawling, for example, has been restricted to the
southern Bering Sea since the early twentieth century
by the United States and was reaffirmed in 2009 to
further protect untrawled seas (NOAA 2008;
NOAA NMFS 2012). All removal and/or transport
of shells within DBO1 is likely natural, for example
from the locally intense activity of benthic-feeding
spectacled eider ducks (Somatera fuscgeri) and

Table 4. Protocol for evaluating the underlying causes of strong live–dead discordance in the relative
abundance of a taxon or set of taxa in benthic samples from the surface mixed layer

Hypothesis Explanation for observed live–dead discordance

H1: Shortcomings of method, sample
size or quality issues

Small number of living or of dead individuals per sample or in the total
number of samples for any reason, including taxa that are difficult to
collect alive using available gear, post-collection damage of sample,
operator errors in identification or counting; dead sampled using
different methods than live samples

H2: Contamination or culling of death
assemblage

Death assemblage altered by human activities, e.g. beach
replenishment, dredge spoil dumping, shell removal (shell-fishery,
-trade, -mining)

H3: Time-averaging Death assemblage reflects input over time, compared to a ‘snapshot’ of
the living community; all naturally occurring dead-shell
assemblages are assumed to be time-averaged to some extent,
typically on the order of decades to centuries, which can be
quantified by geological age-dating

H4: Taphonomic bias Death assemblage composition altered by natural postmortem
processes, i.e. acting upon inter-species differences in shell
production, durability, and/or transportation. Includes biasing effects
of preferential predation (and thus removal) of individuals of a
particular taxon or body-size class

H5: Ecological change Living assemblage changed during the window of time-averaging in
response to natural or anthropogenic factors, (e.g. change in taxon
presence–absence, proportional abundance, production rate, density,
inherent durability), or change in the intensity of shell removal
related to the ecological change, (e.g. predation, oxygenation); death
assemblage remembers the former community state

Hypotheses (H) are not mutually exclusive. Adapted from (Kidwell and Tomašových 2013); italics denote addition here.
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Pacific walrus (Odobenus rosmarus divergens; dis-
cussed in H4).

H3: time-averaging of shell input

Death assemblages in the northern Bering Sea are
assumed to be time-averaged to some degree given
well-oxygenated overlying waters (thus ample bio-
turbation, which will mix young shells downward
and older shells upward), abundant shelled infaunal
animals (thus positive shell input), and moderate
rather than rapid rates of sedimentation (thus slow
net burial; here 0.1–0.5 cm a−1; Cooper and Greb-
meier 2018), all typical conditions for siliciclastic
continental shelves. Given time-averaging, some off-
sets in composition are to be expected, even in the
absence of taphonomic bias. For example, in meta-
analyses, live–dead agreement in ‘pristine’ settings
can range from 1 down to 0.5 using presence–
absence measures of taxonomic similarity (JC), and
from 1 down to 0.5 using Spearman rank-order
correlations, simply from natural levels of variability
(Kidwell 2007). The composition of the time-
averaged death assemblage will also tend to diverge
from any single instantaneous sample of the living,
owing simply to the difference in temporal resolution
of the dead and living samples, and both the richness
and evenness of the death assemblage will be higher,
due to the summing of short-term variability in
the system (effects summarized in Kidwell and
Tomašových 2013). Under steady-state conditions,
modelling reveals that the composition of an accu-
mulating death assemblage converges quickly
toward the average composition of living assem-
blages within the first five to ten years of time-
averaging, summing across short-term changes in
dominance and capturing ephemeral rare taxa
(Tomašových and Kidwell 2011).

With few exceptions, annual-resolution live–
dead agreement here is consistently high using
Spearman rank-order correlations (ρ ≥ 0.5) and
using presence–absence-based measures of taxo-
nomic similarity (JC .0.85), except with compari-
sons from the end of the live time-series (Fig. 9).
Therefore, time-averaging (H3) might suffice to
explain compositional offsets up until shifts near
the end of the living time-series. Pooling of live
data into five-year bins for the NMDS analyses
should, on the one hand, diminish live–dead compo-
sitional offset – the temporally pooled live data
should mimic time-averaging – but on the other
hand the use of proportional abundances represents
a more sensitive test than those using only rank abun-
dance or presence–absence. In sandy mud sites
(SLIP1–3; Fig. 11), death assemblages are consis-
tently distinct from any of the living assemblages,
falling outside the range of compositions observed
at any time. Thus, some factor(s) other than H3

must be responsible for the clear live–dead offsets
in composition based on proportional abundance.
In contrast, death assemblages from mud sites
(SLIP4–5; Fig. 12) fall along the periphery of the
multivariate cloud of points produced by live sam-
ples, a result that is more consistent with time-
averaging (H3) as an important if not dominant pro-
cess. Thus, time-averaging suffices to explain most
live–dead differences in the mud sites but does not
suffice in the sandy mud sites that lie closest to the
fluctuating cold bottom water pool and ice edge
(Figs 1 & 10–12), nor does it suffice in either habitat
to explain live–dead discordances using living
assemblages from the end of the time-series (Fig. 9).

Our preliminary age-dating of bivalve shells from
DBO1 seabeds using 14C-calibrated amino-acid
racemization indicates that the magnitude of time-
averaging in these cold, bioturbated, organic-rich
seabeds is shorter than that documented in warm-
temperate and tropical shelf seabeds (Meadows
2020; Meadows et al. 2020). In DBO1, using data
from Nuculana and Macoma, median shell ages are
50 years, interquartile ranges (IQRs) are ,100
years, and the oldest dated shell is 400–1200 years
(74 total dates). These values contrast with median
ages of 500–1000, IQRs of 1000–2000 years, and
shell ages up to 20,000 years in warm temperate
and tropical shelves (Krause et al. 2010; Kidwell
and Tomašových 2013; Tomašových et al. 2014,
2018). The relatively narrow window of time-
averaging in these Bering Sea bivalve death assem-
blages would diminish the live–dead contrast in tem-
poral resolution and thus tend to diminish the
magnitude of effect expected from H3 on live–
dead contrast in species composition. Such a short
window of time-averaging means that these Arctic
dead-shell assemblages provide a relatively high-
resolution source of information for ecological anal-
ysis, with negligible memory beyond the most recent
few centuries of ecological history and a strong
memory of only the most recent century. Additional
dating and calibration effort are underway to confirm
these initial estimates.

H4: Taphonomic bias

Skewing of death assemblage composition away
from that of the local, source living assemblages,
owing to interspecies differences in shell durability
(affecting rate of loss), production (i.e. differences
in rate of shell input related to lifespans and fecun-
dity), and transport (causing either loss or input of
shells), has potential to be a significant factor in
these seabeds, which we suspected would be espe-
cially corrosive to bivalve aragonite (see ‘Study
area’). Both facies are from the middle shelf (66–
82 m; Tables 1 & 2) between fair-weather and
storm wave bases, evident from their mix of mud
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and sand, with consistently well-oxygenated overly-
ing water that supports intense bioturbation. Physical
currents on this low-gradient middle shelf are thus
unlikely to cause significant, i.e. spatially-
homogenizing, preferential transport of shells and
shell fragments .1 mm, either into or away from
the life habitat, based on studies of other low-
gradient shelves (Flessa 1998; Kidwell 2008; Toma-
šových and Kidwell 2009; Weber and Zuschin 2013;
Albano et al. 2018; Gilad et al. 2018). Storms typi-
cally fail to homogenize the composition of dead-
shell assemblages even in much shallower level-
bottom settings (Hassan 2015; Casebolt and Kowa-
lewski 2018; Brown and Larina 2019). We thus
focus on other taphonomic agents.

A priori, the higher TOC and sediment oxygen
consumption at the mud sites (SLIP4–5; Table 2)
could generate particularly unfavourable porewater
conditions for aragonite persistence, with these con-
ditions producing more acid by biological irrigation
and potentially promoting faster microbial decompo-
sition of shell microstructures (Aller 1982; Emerson
et al. 1990). However, TOC and, most importantly,
benthic respiration are fairly high at all sites through-
out DBO1 and so we do not expect particularly
strong facies-level variation in shell preservation
(Table 2). In addition, seasonally strong aragonite
undersaturation of the overlying water was experi-
enced throughout the northern Bering Sea during
our study period; although correlated with benthic
productivity, undersaturation is not solely localized
to the highest productivity sites within the northern
Bering Sea (Mathis et al. 2011, 2014; Cross et al.
2018). Finally, shell durability also presents little
leverage for differential preservation of taxa within
sites, because the bivalve fauna of DBO1 is entirely
aragonitic with the exception of bimineralic Mytili-
dae, which occur only sporadically.

We thus look instead to interspecies differences
in maximum body size, shell thickness, and micro-
structure that might affect durability, but again con-
clude that these probably had little net effect on death
assemblage composition. For example, the live
time-series (Figs 3–5) reveals an absolute and pro-
portional increase in Tellinidae, especially in the
muddy SLIP4–5 sites. Many Tellinidae are typically
relatively thin-shelled, with lower inherent preserva-
tion potential than thicker shelled Veneridae, Astar-
tidae, and Carditidae, which are also present in
DBO1 communities. In southern California shelf
death assemblages, for example, small-bodied,
thin-shelled species of Tellina are disproportionately
rare compared to their known population history
(Leonard-Pingel et al. 2019). However, in DBO1,
Tellinidae is represented by relatively large-bodied,
comparatively thick-shelled species of Macoma,
and so we suspect that their lower abundance dead
than alive is not taphonomic in origin.

In contrast, the shells of Lyonsiidae, Pandoriidae,
and Yoldiidae here and elsewhere are all extremely
thin and composed of high-organic aragonitic micro-
structures prone to rapid disintegration (Glover and
Kidwell 1993; Harper 2000; Valentine et al. 2006).
These families do in fact consistently occur more
abundant alive than dead in DBO1, consistent with
taphonomic under-representation (Fig. 10). These
taxa are also, however, scarce (,1%) even in the
few living assemblages where they occur (e.g.
SLIP3), and so their under-representation in death
assemblages has negligible effect on live–dead
discordance.

Finally, the shells of Nuculanidae and Nuculidae,
although relatively thick for their size, should have
relatively low inherent preservation potential in
most settings arising from their high-organic nacre-
ous and homogeneous aragonitic microstructures.
Their disproportionately high abundance in all
DBO1 death assemblages (e.g. Fig. 3) is thus con-
trary to taphonomic bias, which should make them
disproportionately rare. Consequently, although
preservational bias arising from interspecies differ-
ences in shell durability probably contributes to
observed live–dead discordance to some degree, no
reason exists to suspect that it dominates the low-
level of live–dead discordance observed in these
Arctic assemblages.

A larger concern, typically ignored in tapho-
nomic analyses, is the effect of predation on
benthic prey, which in DBO1 is both well-studied
and intense. For example, the DBO1 region is
home to large populations of benthivorous Pacific
walrus (Odobenus rosmarus divergens), which
excavate a track of pits while hunting for infaunal
prey (Oliver et al. 1983; Born et al. 2003; Ray
et al. 2006). These excavations vary in length but
average 0.4 m wide and are up to 0.2 m deep. Wal-
rus are thus a major agent of large-scale bioturba-
tion in the region, disturbing 2–3% of Bering and
Chukchi seabed in a five-month summer season,
and their feeding traces have been suggested as
contributing to the extremely high benthic produc-
tivity on the Pacific Arctic Shelf by releasing nutri-
ents and creating habitat heterogeneity (Ray et al.
2006). When feeding, walruses jet water into the
seabed to loosen it, but do not shift large volumes:
when a prey item is found, the soft tissues are
stripped from the shells, which are left behind in
the seabed with re-settled sediment (Oliver et al.
1983; Ray et al. 2006). Both shell and sediment
movement are thus very localized, and so postmor-
tem transport between habitats should be negligible
despite the large populations of walrus. Consider-
ing postmortem loss rates of shells, it is possible
that walruses increase aragonitic shell loss through
their irrigation of the surface mixed layer with well-
oxygenated and cold, slightly undersaturated water,
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aggravating the undersaturation of porewaters
created by aerobic decomposition. However, this
process would apply to the entire dead-shell assem-
blage and across the entire study area: bias would
arise from interspecies differences in the inherent
durability of shells, as already discussed (and
rejected), not from direct walrus predation.

In contrast, the DBO1 region is also the seasonal
feeding area of large populations of benthivorous
spectacled eider (Somatera fuscgeri), and their net
effects are harder to reject. While in the northern
Bering Sea, these birds eat specific size classes of
infaunal deposit-feeding bivalves, especially Nucu-
lanidae (Nuculana radiata) along with smaller num-
bers of Nuculidae (Ennucula tenuis) and Tellinidae
(Macoma spp.; Lovvorn et al. 2003). These birds
preferentially ingest – and pulverize the shells of –
individuals in the 18–24 mm size range, while
some smaller individuals pass through the gut with-
out damage (or death), and larger specimens are
rejected. Fragmentary remains of predated bivalves
are then deposited on ice flows directly above the
feeding grounds (Petersen et al. 2000), with potential
to settle back to the seabed, although probably not in
a taxonomically identifiable condition. This intense,
selective removal of living individuals from the com-
munity would also cause a comparable number of
their shells to fail to enter the death assemblage;
these target taxa (mostly Nuculanidae) should thus
be under-represented in death assemblages. Instead,
we found that the 2014 death assemblages were
enriched rather than depleted in Nuculanidae relative
to living assemblages throughout the 2000–14
time-series, and can affirm that large numbers of
Nuculana radiata in the targeted 18–24 mm size
class were sampled both alive and dead at all five
SLIP sites during that period. The preferred prey
was thus not removed entirely from benthic commu-
nities by predation nor erased from the death assem-
blage, and in fact the observed live–dead contrast
(more abundant dead than alive) is opposite to that
predicted from a predation bias against preservation.
We thus reject H4 to explain observed live–dead
discordance.

We note that an ecologically-driven change (H5)
in taphonomic conditions could have occurred if,
within the window of time-averaging, the intensity
of eider predation changed. However, based on the
populations that could be estimated on sea ice during
the winter or at Alaskan nesting regions in spring,
spectacled eiders are judged to be vulnerable but sta-
ble from 1995 to 2010 (Petersen et al. 1999; Petersen
and Douglas 2004; Larned et al. 2012; Fischer et al.
2017), overlapping with our study interval. We thus
suspect no taphonomic bias (H4), nor ecologically
driven change in bias (H5), against the preservation
of Nuculana radiata related to duck predation. The
dominance of Nuculanidae in the death

assemblages of allfiveSLIP sites is thus likely a faith-
ful signal from its past abundance alive (see H5).

H5: live–dead differences arise from
ecological change within the window of
time-averaging

It could be argued that ecological change within the
window of time-averaging (H5 in Table 4) is the
most likely explanation for observed levels of live–
dead discordance in sandy mud and mud seabeds
of DBO1; simply given our ability to reject, or at
least doubt the adequacy of, the alternative hypothe-
ses H1–4. Fortunately, the exceptional availability of
a 15-year time-series of living data (Figs 3 & 4) as
well as data from earlier cruises (discussed below)
means that we can test H5 explicitly. If H5 is true,
then death assemblages should (a) exhibit the great-
est discordance with the most recently-collected liv-
ing assemblage, and either (b) agree most closely
with the oldest-collected live data or (c) have a
composition that is intermediate between the oldest
and most recent sampling, consistent with time-
averaging of shell input over an interval including
a strong shift in the ecological baseline.

We found that the death assemblage is most dis-
cordant with the youngest-collected living assem-
blage in most comparisons (option a), in both the
sandy mud and mud habitats and whether analyses
were performed at the guild- or family-level. Dis-
cordance was greatest in sites from sandy mud sea-
beds (SLIP1–3, Figs 9a, 10 & 11), where the
family-level composition of the bivalve living
assemblages is known to have changed most
strongly and most steadily (Fig. 3). In particular,
the overabundance of Nuculanidae in the death
assemblage (Fig. 11) is consistent with the docu-
mented decline in that family over the 15-year living
time-series (Figs 3 & 5a). In contrast, mud stations
(SLIP4–5) exhibit less strong live–dead discordance
(Figs 8 & 9b), commensurate with the smaller
changes in composition of the living assemblage
within the 15-year time-series there (Figs 3 & 5b).
Death assemblages have a composition that either
most closely resembles the earliest sampling of the
living assemblages (SLIP5) or is intermediate to
early and later samples (option c above), depending
on the test. However, Nuculanidae is again over-
abundant in the death assemblage, consistent with
their documented trend in living assemblages.

Biomonitoring trends from 2000 to 2014 thus
support the ecological change that would be inferred
from the observed live–dead discordance, namely
a strong decline in the obligate deposit-feeding
Nuculanidae throughout DBO1. Biomonitoring
time-series like those discussed here are relatively
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rare in other areas of the Arctic, or the continental
shelf at large. Therefore, if changes in seafloor com-
munity composition could be correctly inferred
from a single sampling year of live and dead data
then this method would prove a reliable means of
gathering historical biological data on the recent
past in the Arctic and other seabeds. When we eval-
uate a single year of live and dead data in DBO1
(2014 live and dead; and for a biomass-based
comparison, see Meadows et al. 2019), we find
that we would correctly infer that the decline in
Nuculanidae had been accompanied by proportional
increases in the smaller-bodied obligate deposit-
feeding Nuculidae and in the mixed-feeding Tellini-
dae in the sandy mud habitat, as evident in the living
time-series (Fig. 3). At the guild-level (Figs 3 & 8a),
we would also correctly recognize a decline in the
proportional importance of obligate deposit-feeders
at the expense of mixed feeders in the sandy mud
habitat. In the mud habitat, we would correctly
infer that the proportional decline in Nuculanidae
was countered by a strong proportional increase
in Nuculidae and a relatively steady proportion of
Tellinidae, consistent with the living time-series
(Fig. 3), and would also correctly recognize the
much smaller change in feeding guilds than in the
muddy sand habitat (Fig. 8a). The test of H5 using
the live time-series is thus, at a first order, strongly
affirmative using both guild- and family-level pro-
portional abundance data, and points to the broad
value of live–dead comparison even using a single
year of sampling.

Owing to time-averaging, death assemblages
typically contain many specimens that pre-date the
recent onset of benthic monitoring, and our prelim-
inary age-dating of shells indicates that this is prob-
ably also true in the DBO1 region (see H3 above;
shells up to a few centuries old). The high propor-
tional abundance of Nuculanidae, which in death
assemblages at all sites is higher than encountered
in any single living assemblage between 2000 and
2014 (Fig. 3), may thus reflect a shell input from
an earlier period of even higher dominance by that
family. Indeed, compositional data from earlier sur-
veys document a steady and significant decline in
Nuculanidae as a proportion of total macrobenthic
biomass from the mid-1980s to the 2000s, declining
from c. 70% to ,50% (Fig. 13; Grebmeier 2012).
Comparing the part of this biomass-based trend
(Fig. 13) that overlaps with the 15 years of numer-
ical abundance data used here (Figs 3 & 5) shows
that the decline in Nuculanidae is robust to units
of measurement. The overabundance of Nuculani-
dae in death assemblages within DBO1 is thus a
meaningful record of its formerly higher abundance
in this region: the death assemblage detects a bio-
logical trend that started before the onset of
biomonitoring.

It is also important to note what live–dead com-
parison cannot detect readily, namely the changes
in absolute abundance that lie behind the changes
in proportional abundance analysed here. For exam-
ple, at the muddy sand sites (SLIP1–3), we would not
appreciate that the proportional decline in Nuculani-
dae involved a strong, almost order-of-magnitude
decline in its absolute abundance; that the propor-
tional increase in Nuculidae reflected a genuine
increase in its density (as opposed to steady popula-
tions in the face of declining Nuculanidae); nor that
Yolidiidae experienced a recent pulse in density
(Fig. 5a). Similarly, at the mud sites (Fig. 5b), we
would not be able to detect that the density of both
Nuculanidae and Nuculidae had been in decline at
SLIP5 and had simply switched ranks during that
decline, in contrast to their opposing trajectories at
SLIP4 (where trends are more like those at the
sandy mud sites). Because changes in the raw abun-
dance of taxa can alter local rates of shell input to the
seabed, we discuss their taphonomic implications
below.

Facies-level differences influenced by rates
of shell input

Palaeoecological interpretation tends to assume no
change in rates of shell input over time, i.e. that
each past cohort had an equal chance of representa-
tion in the ultimate, time-averaged assemblage,
even though it is expected (and generally concluded)
that taphonomic loss weakens the signal from the
earlier phases, all else being equal (Tomašových
et al. 2014, 2016). Where ecological conditions
have changed during the window of shell accumula-
tion, we also allow that those changes might have
entailed a shift in total input – not just in the propor-
tional representation of species – and/or a shift in

Fig. 13. Significant decline since the 1980s in
Nuculanidae bivalves, a preferred prey item for
spectacled eider, as a proportion of total macrobenthic
biomass at SLIP1–5. Source: modified from Grebmeier
(2012).
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the inherent preservation potential of shell input (e.g.
owing to a change in shell mineralogy or body size),
and/or change in taphonomic conditions (e.g. preda-
tion intensity, water saturation state, as discussed
under H4). Change in the net rate of shell input, or
inherent durability of those shells – both are ecolog-
ical changes (H5) –would lead to the under- or over-
representation of some phases, affecting the rate at
which the composition of the dead-shell assemblage
adjusts toward that of the youngest living assem-
blages (i.e. affecting taphonomic inertia; Kidwell
2007, 2008). If shell input from the new community
state is at a higher rate or more inherently durable,
then that input can more quickly shift the death
assemblage away from its long-term composition
accrued from earlier community state(s), making it
resemble the ‘new’ community more closely than
otherwise expected.

In DBO1, such dynamics probably applied,
although differently among sites owing to differ-
ences in total bivalve living density (dashed grey
lines in Fig. 5). In both sandy mud and mud sites,
the relatively thick-shelled Nuculanidae dispropor-
tionately dominates death assemblages (Fig. 3).
Nuculanidae also dominated bivalve living commu-
nities throughout DBO1 during the 1980s based on
earlier surveys but declined through the 1990s and
the 2000–14 time-series used here (Figs 3 & 13;
Grebmeier et al. 1989, 2018). The high abundance
of Nuculanidae in death assemblages sampled in
2014 is thus a memory of the decline in this group.
In the sandy mud habitat (SLIP1–3), the strength
of this signal of decline – i.e. the magnitude of
live–dead discordance – is relatively strong, perhaps
because total bivalve abundance here either changed
very little or declined only slightly between 2000 and
2014 (Fig. 8a). In contrast, living density increased
strongly at SLIP4 in the mud habitat, perhaps
explaining why that death assemblage resembles
intermediate-age living assemblages more strongly
than it does the oldest living assemblages, despite
the ecological change coming largely from an abso-
lute increase in thin-shelled Tellinidae. Finally, liv-
ing bivalve density at SLIP5 decreased strongly
and the death assemblage resembles most closely
the oldest living assemblages, like death assem-
blages from the sandy mud habitat where total
input also declined or was steady. At SLIP5, Tellini-
dae declined in absolute abundance despite rising in
dominance, and thus their shells fail to register
strongly, perhaps exaggerated by a lower preserva-
tion potential. Changes in rates of shell input,
which are implicit from changes in bivalve living
density, can thus explain second-order variation in
live–dead discordance between the sandy mud sites
and mud sites, with possible amplification by family-
level differences in preservability related to shell
thickness.

The effect of ecological changes in body size
could also amplify – or suppress – live–dead dis-
cordance. We do not have body size data but can
calculate the average mass of an individual using
per-family data on biomass (gC m−2) and numbers
of individuals (annual data per station; Fig. 14). We
find that Nuculanidae were, on average across
all years 2000–14, larger bodied in the sandy mud
habitat (0.023–0.026 gC/individual at SLIP1–3)
than in the mud habitat (0.0047–0.0055 gC/indi-
vidual, SLIP4–5; two-sample unpaired t-test on
Nuculanidae estimated individual size per station
per year yielded p-value ,0.0001). The net effect
of this habitat-level difference would be to diminish
live–dead discordance in the mud habitat, assuming
that the input of smaller-bodied Nuculanidae
shells would cause them to become less well repre-
sented in the mud death assemblage than the com-
paratively larger-bodied shells input to the sandy
mud death assemblage. Temporally, Nuculanidae
declined in body size in 2012–14 at SLIP1 (not
shown in Fig. 14), but otherwise varied little: if
smaller specimens have lower preservation poten-
tial, then the net effect of this diminution in size
would be to suppress the live–dead contrast at
SLIP1. The sandy mud habitat does indeed exhibit
a stronger live–dead contrast, as predicted by both
of these patterns in body size, although we believe
that the observed discordance arises primarily from
the declining proportional abundance of living
Nuculanidae (see H5 above) and the absolute
decline in the population size (i.e. shell input in
terms of numbers of individuals, this section of dis-
cussion). Body sizes of the other key families do
not differ notably at a habitat scale, nor over time
(Fig. 14). Nuculidae is small (0.006 gC/individual)
at two muddy sand sites but its size at the third
sandy mud site resembles that at the two mud
sites (0.014 gC/individual at SLIP1 v. 0.010 and
0.018). Average Tellinidae body size shows little
variation among sites (0.013–0.016 gC/individual)
except for relatively small individuals at SLIP1
(0.007 gC/individual).

Overall, differences in the composition of living
and death assemblages are thus easy to relate to
known differences in recent biological history (H5)
of these two habitats, but the discordance is ampli-
fied somewhat by changes in shell input (numbers
of individuals) that are part of the ecological change
(thus also H5). Death assemblages at sandymud sites
indeed bear a strong, preferential signal from the
earliest-documented living assemblage (2000–04;
Nuculanidae dominance, which was even higher in
the 1980s, Fig. 13), strengthened by a decrease in
total bivalve input over the 2000–14 time-series,
whereas death assemblages from the mud stations
tend to have compositions intermediate to the earliest
and most-recent samplings of living assemblages,
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especially at SLIP4 (Fig. 8b) where total shell input
increased over time.

Broader implications: detecting climate-
related regime change in Arctic seabeds

Differences between sandy mud and mud middle-
shelf death assemblages within DBO1 reflect the par-
ticular and disparate ecological changes that have
occurred in these two habitats during a ‘regime
change’ associated with deterioration of the Arctic
cold-water front (Grebmeier et al. 2006, 2018;
Fig. 1), rather than reflecting facies-level taphonomic
differences (H5 rather than H4 in Table 4). The con-
trasts that exist in live–dead discordance between
sandy mud and mud habitats in DBO1 should thus
not be construed as general to these facies or else-
where within the Arctic. However, our analysis
does indicate the high degree to which time-averaged
death assemblages can reflect past ecological input at
a station scale in contrast to the many findings of
fidelity at the coarser facies- and gradient-scales,
especially in subtidal settings (e.g. reviewed by Kid-
well and Tomašových 2013; LeClaire et al. 2022).
This fidelity to local history is notwithstanding
the rigors of postmortem preservation presented by
cold, highly productive marine waters, which are
here superimposed on the intense bioturbation and
relatively slow net sedimentation typical of nor-
moxic continental shelves.

Our analysis also shows that this spatial and
compositional fidelity is robust to strong temporal
changes in total bivalve abundance, including
between-site differences within habitats, that would
have altered rates of shell input (Fig. 5). More gener-
ally, the net rate of shell input might be affected by
change(s) in the absolute abundance of shell-
producing taxa (as definite here), the inherent dura-
bility of the new dominants (possible here, but
with less-durable new dominants), and/or new taph-
onomic conditions (e.g. an increase in predation, bio-
turbation, or sedimentation that accompanies, or
drives, community change). For example, the origi-
nal global meta-analysis of live–dead datasets
behind this approach recognized live–dead discord-
ance associated with anthropogenic eutrophication,
including that high discordance was almost certainly
amplified by the rise to dominance of mostly thin-
shelled organic-loving taxa over earlier community
states characterized by diverse but mostly thicker-
shelled oligotrophic bivalves (Kidwell 2007). The
opposite situation is easily imagined, with shell pro-
duction (or shell preservation) being higher for the
new community state for some reason, diluting the
signal from the earliest cohorts in the death assem-
blage more quickly than had net shell input rates
remained constant. Such a dynamic likely figures
in the muted live–dead contrast at SLIP4, where
bivalve biomass and bivalve numerical abundance
(Fig. 4b) are known to have increased over time, sup-
pressing live–dead discordance using the more

Fig. 14. Average biomass (gC) per individual for the major families, by station after summing individuals and
biomass across all years. The average biomass of a bivalve individual across all families (grey outlined columns) is
slightly higher in the sandy mud habitat (SLIP1–3) than in the mud habitat (SLIP4–5). Nuculanidae (black outlined
columns) are consistently larger bodied in sandy muds than in muds, but the other key families do not differ strongly
in body size at the habitat level, only site to site.
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recently sampled living assemblages. This contrasts
with the dynamic at sandy mud sites SLIP1–3 and
mud site SLIP5, where bivalve biomass declined in
density in favour of polychaetes (Grebmeier et al.
2006) and numerical abundance either did not
trend or declined, thus amplifying live–dead discord-
ance in the same comparisons. Additional studies in
regions with well-documented ecological histories,
especially with data on biomass and the entire mac-
robenthic fauna such as available here, will help
build a fully general model for the ecological inter-
pretation of live–dead discordance, inclusive of non-
constant rates of shell input.

We were surprised by the relatively poor perfor-
mance of cross-plots of taxon presence–absence
(Jaccard–Chao index) and rank-abundance (Spear-
man ρ) metrics in the DBO1 region, given strong
temporal changes in the dominance of families
(e.g. Fig. 3). Contrary to expectation, most live–
dead comparisons fell into the upper-right quadrant
of the cross-plot, indeed the extreme upper part of
that quadrant with exceptional taxonomic similarity
(Fig. 9). Meta-analytically, this is the quadrant
where datasets from pristine, unmodified study sys-
tems typically fall when using habitat-level live–
dead data, that is, where live and dead data frommul-
tiple sites have first been pooled at a facies scale
(original method of Kidwell 2007, 2013); live–
dead divergence of this scale can usually be
explained by time-averaging alone. We used site-
level data in DBO1, which makes the strong levels
of Jaccard–Chao live–dead agreement at DBO1
sites even more remarkable. Researchers using site-
level data commonly find a wide range of values
down to low taxonomic similarity and, occasionally,
negative rank-order correlations, with discordance
attributable to a wide range of stressors (Yanes
2012; Chiba and Sato 2013; Michelson and Park
2013; Korpanty and Kelley 2014; Albano et al.
2016; Gilad et al. 2018).

Instead, throughout DBO1, live–dead discord-
ance was most readily detected using measures that
rely upon differences in proportional abundance of
taxa, namely Pearson correlations (Fig. 8) and
NMDS (Figs 10–12), implying that the response of
the bivalve community to climate-related environ-
mental changes, although significant, is not as
acute as that of molluscs to other (spatially or tempo-
rally more acute) stressors elsewhere. The need for
proportional abundance data to detect community
change here might also arise at least in part from
the relatively low richness of the bivalve fauna,
which reduces the number of pairwise comparisons
in a Spearman rank-order test and thus reduces the
magnitude of rank change that is possible. Our use
of families rather than species would have aggra-
vated this effect. In response to stress, taxa (here
families) shifted slightly in rank between living

and dead but did not switch from being top-ranked
to being low mid-ranked, rare, or absent the way
taxa can within more taxon-rich samples. Many
other assemblage-level analyses have also relied
upon proportional abundance data to test for ecolog-
ical stability, using live–dead cross-plots and multi-
variate displays (e.g. death assemblages falling
entirely within the cloud of living assemblages, Mar-
tinelli et al. 2016) and change in response to eutro-
phication (Leshno et al. 2015), invasives (e.g.
unusual trait-based analysis of Steger et al. 2022),
climate change (e.g. biomass-based changes; Mead-
ows et al. 2019), and multiple human stressors
(Albano and Sabelli 2011; Haselmair et al. 2021).

We emphasize that the ecosystem-wide regime
change recognized in DBO1 (Grebmeier et al.
2006) is expressed by many variables, including a
shift from bivalve to polychaetae dominance in the
macrobenthos that could not be detected via live–
dead analysis of shelled fauna alone. Bivalve taxa
themselves tended to shift between adjacent ranks
rather than more strongly, with few live-only or
dead-only taxa other than among the rarest groups.
Strong interannual variability in those living assem-
blages (Fig. 4), another signifier of regime change,
moreover produced a death assemblage with fairly
equitable abundances among these switching domi-
nants. The only other molluscan live–dead analyses
focused on biotic response to climate change that
we are aware of (other than Meadows et al. 2019)
is that of Powell et al. (2017), who used disparities
in the bathymetric distribution of living and dead
individuals of two commercial bivalves, rather than
a community-level analysis as here.

Additional tests of the power of live–dead analy-
sis to detect biotic response to climate change are
thus much needed, especially in polar settings
where warming is amplified. It is important to realize
that the immediate driver of biotic response in a sub-
tidal setting, such as in DBO1, might be a change in
mean temperature but is as likely to be a change
in minimum temperature or temperature variability,
upwelled nutrients, grain size related to current
strength, oxygen, and/or planktic-benthic flux.
Responses can thus be contrary to those predicted
by mean temperature alone and, of course, can
involve parts of the community lacking shelled hard-
parts and thus fall outside the domain of live–dead
analysis.

Conclusions

These results are very encouraging regarding Arctic
dead-shell assemblages as reliable archives of com-
munity composition and community change over
the recent past. Notwithstanding the especially rigor-
ous postmortem conditions expected in such cold
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seabeds, death assemblage samples provided by van
Veen grabs in DBO1 were fully adequate in size
(Hypothesis 1) and their compositions have not
been overtly biased by taphonomic processes (H3),
nor do we have reason to suspect direct human mod-
ification of death assemblages (H2). Instead, DBO1
death assemblages detect the changes in community
composition (H5) at both the guild and family-level
that are known from biomonitoring, including site-
level differences within the most organic-rich mud
facies of the DBO1 hotspot (SLIP4 v. SLIP5). This
resolution benefits from a likely very short window
of time-averaging throughout this region (,200
years, H4), based on our preliminary shell age-dating
work. The biological and physical rigors of the post-
mortem environment have in fact likely shortened
the memory of the death assemblage, allowing for
easier detection of change occurring within recent
decades.

The scatter of values of live–dead agreement pro-
duced by site-level data here and elsewhere can, of
course, be attributable to random, single-sample var-
iability in the living assemblage (i.e. noise), which is
why habitat-level datasets that pool multiple spatial
samples are most conservative in tests for live–
dead discordance (Kidwell 2007; Michelson et al.
2018). However, we suspect that such site-level var-
iation in live–dead discordance – whether evident in
a coarse JC–ρ cross-plot or using NMDS or some
other method exploiting proportional abundance
data – is commonly an expression of the genuinely
spatially pixelated dynamic by which a biota
changes from one community state to another as
opposed to spatially monotonic and gradual change
across a habitat or landscape. That said, this study
finds that community-level biotic response to eco-
system regime change driven by anthropogenic cli-
mate change – the confident stressor in DBO1 – is
largely too subtle to detect with the coarse tools of
taxon presence–absence and rank-abundance (JC–
ρ) that are so effective in live–dead analysis where
the spatial or temporal stress gradient is steeper.
This result contrasts with the successful detection
of bathymetric and other spatial shifts in single
taxa using presence–absence data (e.g. Miller et al.
2013; Powell et al. 2017).

Climate-associated community-wide changes
might in general require live–dead comparison
focused on proportional numerical abundance, as
here, and, to better coordinate with ecosystem scien-
tists, measures of biomass (as explored in Meadows
et al. 2019). Given that marine regime change is sus-
pected to now be underway throughout the Arctic,
these positive results from the Alaskan Arctic should
motivate additional tests in high latitude seabeds,
where molluscan dead-shell assemblages might
become a valuable new means for detecting transi-
tioning regions. Indeed, live–dead analysis could

be used at the initiation of a monitoring effort to
identify where the benthos is already in transition.
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