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Abstract

The Holocene, starting approximately | 1.7 cal ka, is characterized by distinct periods of warming and cooling. Despite these known climate events, few
temperature proxy data exist in the northwestern Atlantic Ocean. One potential record of past water temperatures is preserved in the marine fossil
record. Shell growth of ocean quahogs (Arctica islandica), a long-lived bivalve, can provide records of past environmental conditions. Arctica islandica habitat
includes the Mid-Atlantic Bight (MAB), an area rapidly warming as a consequence of climate change. The Cold Pool, a bottom-trapped water mass on the
outer continental shelf within the MAB, rarely rises above 15°C. Ocean quahogs inhabiting the MAB are confined to the Cold Pool as a consequence of
an upper thermal limit for the species of ~15—16°C. Recently, dead A. islandica shells were discovered outside of the species’ present-day range, suggesting
that the Cold Pool once extended further inshore than now observed. Shells collected off the Delmarva Peninsula were radiocarbon-dated to identify the
timing of habitation and biogeographic range shifts. Dead shell ages range from 4400 to 60 cal BP, including ages representing four major Holocene cold
events. Nearly absent from this record are shells from the intermittent warm periods. Radiocarbon ages indicate that ocean quahogs, contemporaneous
with the present MAB populations, were living inshore of their present-day distribution during the past 200years. This overlap suggests the initiation of
a recent biogeographic range shift that occurred as a result of a regression of the Cold Pool following the Little Ice Age.
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Introduction The boreal, benthic clams known as ocean quahogs (Arctica
islandica, Linneaus 1767) have supported a major fishery on the
U.S. Mid-Atlantic continental shelf since 1967 (Dahlgren et al.,
2000; Hennen, 2015; Merrill and Ropes, 1969), with most land-
ings post-1980 (NEFSC, 2017b). As a boreal species, these
clams are constrained to water <16°C; hence, ocean quahogs
are found exclusively within the Cold Pool on the MAB conti-
nental shelf. The Cold Pool, a seasonal finger of cold water
located on the outer continental shelf, maintained by thermal
stratification during the summer, rarely rises above 15°C (Big-
nami and Hopkins, 2003; Castelao et al., 2008; Houghton et al.,
1982; Lentz, 2017). The inshore boundary of the Cold Pool and
surrounding coastal water form an ecotone sensitive to climate

Key climate events in the North Atlantic during the middle to late-
Holocene include the Neoglacial Period (Jennings et al., 2002;
Moossen et al., 2015), the Roman Warm Period (RWP) ( Wang
et al., 2012), the Dark Ages Cold Period (DACP) (Helama et al.,
2017), the Medieval Warm Period (MWP=Medieval Climate
Anomaly) (Graham et al., 2011; Moossen et al., 2015), and the
Little Ice Age (LIA; Moore et al., 2017; Moossen et al., 2015;
Ogilvie and Jonsson, 2001). Since the end of the LIA the waters
of the U.S. northeastern continental shelf have been in a cycle of
warming and cooling periods, a consequence of the Atlantic Mul-
tidecadal Oscillation (AMO; Moore et al., 2017; Chen and Tung,
2018; Hou et al., 2019), superimposed on a persistent warming
trend (Hanna et al., 2004; Wallace et al., 2018) well documented
in the meteorology of the region (Auger et al., 2019). Recently,

the Western North Atlantic has been warming at a rate faster than 'Gulf Coast Research Laboratory, University of Southern Mississippi,
>90% of oceans around the world (Lentz, 2017; Pershing et al., USA

. . %irginia Institute of Marine Science, College of William and Mary, USA
2015; Saba et al., 2016), likely due to a northward shift of the 8 » 8 4

Gulf Stream (Neto et al., 2021; Sachs, 2007). Warming water c .

i . . Lo orresponding author:
alters })ottom conditions, affectl.ng the survival gnd distribution of Alyssa M LeClaire, Gulf Coast Research Laboratory, University of
benthic species on the US continental shelf (Friedland and Hare, Southern Mississippi, 703 East Beach Drive, Ocean Springs, MS 39564,
2007; Hofmann et al., 2018; Lucey and Nye, 2010; Scavia et al., USA.
2002). Email: Alyssa.LeClaire@usm.edu


https://uk.sagepub.com/en-gb/journals-permissions
https://journals.sagepub.com/home/hol
mailto:Alyssa.LeClaire@usm.edu
http://crossmark.crossref.org/dialog/?doi=10.1177%2F09596836221101275&domain=pdf&date_stamp=2022-06-08

The Holocene 00(0)

change. This sensitivity is exemplified by the progradation of
Atlantic surfclams (Spisula solidissima) across the continental
shelf in response to rising temperatures that are causing the
inshore boundary of the Cold Pool to recede (Friedland et al.,
2020; Hofmann et al., 2018; Kavanaugh et al., 2017; Weinberg,
2005). The latitudinal extent of this boundary presents a chance
to evaluate conditions that prompt range shifts of thermally-
sensitive species, like the ocean quahog.

The National Marine Fisheries Service — Northeast Fisheries
Science Center (NMFS-NEFSC) has surveyed ocean quahogs on
the MAB continental shelf from 1982 to present day (NEFSC,
2017b). Before 2012, the NEFSC survey collected data not only
on live animals but also estimated the concentration of dead
shells. Using these data, Powell et al. (2020) were able to map
locations where live clams and dead shells co-occurred (the
expected condition), and localities where only dead shells were
found. Powell et al. (2020) discovered an abundance of sites
where only dead ocean quahog shells were found extending far-
ther inshore and covering a larger range than the contemporary
ocean quahog population. This inshore distribution of shells was
most apparent in the southern portion of the MAB (Powell et al.,
2020). The ocean quahog fishery began off the Delmarva Penin-
sula and then moved north to its present focus off Long Island, but
landings have never been recorded in the target region for this
study, the inshore waters off Delmarva (NEFSC, 2017b); thus,
dead shells found outside of the present range do not originate
from modern fishing activities, but suggest that past environmen-
tal conditions sustained living ocean quahogs closer to shore in
the past.

The NEFSC survey only encompasses the last 40 years of the
present warming period beginning in the 1800s (Pace et al.,
2017a, 2017b). Regional population age frequencies suggest 4.
islandica existed in relatively low abundance over its present bio-
geographic range during the late LIA, followed by a rapid popula-
tion expansion in the late 1800s throughout the MAB (Hemeon
et al., 2021; Pace et al., 2017b) with high population abundance
continuing through today. During the LIA and through the 1800s,
colder water presumably extended closer inshore, supporting the
inshore range of ocean quahogs documented by the distribution of
dead shells.

The distribution of shells described by Powell et al. (2020)
suggests that the inshore range boundary for ocean quahogs has
shifted offshore across the continental shelf, driven by the changes
in bottom water temperatures. Records of sea surface tempera-
tures in this region extend to the mid-1800s. However, few ocean-
ographic records of sea bottom temperature exist before 1950.
Consequently, historical temperature records do not capture Cold
Pool water as it is a bottom-tending phenomenon (Hanna et al.,
2004; Hulme and Jones, 1994). Evidence of bottom water tem-
perature shifts is limited to documentation of events such as the
well-known tilefish mass mortality of 1882, an event commonly
attributed to an extreme cold deviation from average conditions
(Fisher et al., 2014). In addition, very limited temperature data
extend back to the late 1700s and early 1800s, and what records
exist are all atmospheric. For this region of the continental shelf,
only temperature proxies support inferences that it was colder
than today (Pace et al., 2018; see also Moore et al., 2017). This
inadequate database of past surface and bottom water tempera-
tures limits the reconstruction of MAB bottom water tempera-
tures by hydrodynamic models (Kang and Curchitser, 2013).

Arctica islandica shells have proven to be effective as paleo-
thermometers used to inform on bottom water temperatures over
extended time periods (Butler et al., 2013; Crippa et al., 2019; Hol-
land et al., 2014; Mette et al., 2016; Reynolds et al., 2016, 2017;
Schone et al., 2005; von Leesen et al., 2017; Wanamaker et al.,
2011; Weidman et al., 1994). Typically, modern applications of the
death assemblage focus on the study of historical conditions and

anthropogenic-induced shifts in community structure. Limited
attention has been given to the death assemblage as a recorder of
geographic climate change (Bizjack et al., 2017; Kidwell, 2007,
2008; Kosnik et al., 2009; Meadows et al., 2019; Negri et al.,
2015; Powell et al., 2020; Wanamaker et al., 2008, 2011). Ocean
quahogs are unique in their potential to contribute to long-term
chronologies with a lifespan exceeding 500years (Butler et al.,
2013). In the MAB, animals of 250+ years have been collected
live (Pace et al., 2017b). The discovery of dead shells inshore of
the present-day distribution presents an opportunity to improve the
understanding of bottom water temperature history in the Mid-
Atlantic Bight as well as evaluate the distributional dynamics of
this species during periods of climate change.

This report tests the hypothesis of Powell et al. (2020) that
the presence of ocean quahogs inshore of the present-day range
boundary provides a record of historical climate change in the
MAB and long-term variability in the Cold Pool. To test this
hypothesis, dead shells were collected inshore of their present
southern range boundary in August 2019 and the approximate
birth date estimated with radiocarbon dating. The history of
past inshore occupations and range shifts can be reconstructed
from these samples and evaluated to support the development
of a predictive tool for future range shifts on the MAB conti-
nental shelf.

Methods

Sample collection

To investigate the timing of range shifts, dead ocean quahog
shells were collected inshore of the species’ present-day southern
inshore range boundary. A hydraulic dredge with a dredge width
of 2.54m was used to collect dead shells during an August 2019
research cruise aboard the F/V Betty C, a typical clam boat (Meyer
et al.,, 1981; Parker, 1971). The dredge was lined with 1-inch
square wire on the bottom and knife shelf, and 1 X 2-inch rectan-
gular wire on the sides, back, and door. The wire lining retained
clams ~=40mm. Tows had a swept area of approximately 118 m?
with tow distance limited to prevent overfilling of the dredge.
Ocean quahogs shells were manually selected from the dredge
haul material passed along a central belt. Sample stations extend
along the continental shelf off the Delmarva Peninsula (Figure 1
and Table 1). Of the 27 stations sampled, 22 stations were also
NEFSC federal survey stations for ocean quahogs and Atlantic
surfclams sampled during 1982-2011 (NEFSC, 2017b) and iden-
tified by Powell et al. (2020). Five additional stations were added
to this study from Powell et al. (2017).

Radiocarbon dating

Valves selected for dating were cut using a Kobalt wet tile saw.
The valves were ground using 240 grit silicon carbide abrasive
paper to remove any contaminants along the edge. Shell powder
samples were extracted from half of the cut valve using a Dremel
tool to grind the cut edge of the shell near the hinge and umbo to
collect carbonate from the portion of the shell with early ontoge-
netic growth; that is, shell deposited during the first few years of
life. Shell powder was collected and the resulting >10-mg sample
was sent to the W. M. Keck Carbon Cycle Accelerator Mass Spec-
trometry Laboratory at the University of California, Irvine for
analysis. Radiocarbon ages of samples will be referred to hereaf-
ter as birth years to clarify that the ages represent the time near the
beginning of the lifespan which often exceeds 200 years for ocean
quahogs.

Radiocarbon ages (*15-25years depending on sample) were
corrected for marine reservoir age (MRA) using Marinel3
(400 years) (Reimer et al., 2013). MRA differs both temporally
and spatially as a consequence of spatio-temporal variations in
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Figure |. Map of sample stations as numbered during the survey. Bathymetric contour depths in meters. Bracket numbers in blue represent
the station location where shells were dated during the first half of the Neoglacial period, approximately at the time of the Northgrippian-
Meghalayan boundary of the Holocene. For a map of the present-day distribution of Arctica islandica, see Powell et al. (2020) and NEFSC

(2017b).

ocean mixing (Alves et al., 2018; Heaton et al., 2020). Ocean qua-
hogs live in the Cold Pool, which derives water in varying propor-
tions from Arctic and North Atlantic sources depending on the
year (Chen and Curchitser, 2020; Chen et al., 2021; Miles et al.,
2021; Wang et al., 2019), providing some uncertainty in this cor-
rection factor. In addition, the majority of earlier estimations for
the North Atlantic come from the eastern Atlantic, greater depths,
or higher latitudes, with mixes of water sources divergent from
the composition of the Cold Pool (Ascough et al., 2007; Eiriksson
et al., 2004; Heaton et al., 2020; Sherwood et al., 2008; Tisnérat-
Laborde et al., 2010). Given the absence of a regional MRA in the
MAB offshore of the Delmarva Peninsula, a series of live 4.
islandica were obtained from sites off New Jersey, Long Island,
and Georges Bank as described by Hemeon et al. (2021) and
Sower et al. (2022). Shells from live animals were processed and
radiocarbon dated using the same method followed for dead
shells.

A comparison of the birth year obtained by directly aging the
shells of these live-caught bivalves to the radiocarbon ages

obtained for their shells demonstrated a good fit to the Marinel3
MRA correction factor of 400 years (Figure 2). The median resid-
ual when compared to the Marine13 MRA obtained from this com-
parison was 6.5 years, a mean of 7years, and a standard deviation
of +40.47years. Nevertheless, to constrain the potential error
when calibrating marine carbon dates in this region, further
research is needed to determine the regional variability in MRA in
the Cold Pool. Given the presently available database shown in
Figure 2, birth dates in this contribution were corrected under the
assumption that bottom water conditions present at the time the
dated shells were alive were consistent with the Marine13 MRA.

Ocean quahogs alive after 1950 were exposed to bomb carbon
from the detonation of the atomic bombs in the late 1950s and
1960s. Exposure to “bomb carbon” resulted in a spike of “C in
the shell. The reference time series of A*C (%o deviation of the
sample from the radiocarbon standard defined by Stuiver and
Polach, 1977) determined by Kilada et al. (2007) was applied to
radiocarbon values from ocean quahog shells to estimate birth
years post-1950 (Scourse et al., 2012).
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Table I. Coordinates, depths, number of samples aged, and approximate birth dates of radiocarbon dated shells for stations shown in Figures |
and 5-7. Ages are calendar years from 2021.

Station number Latitude (°N) Longitude (°W) Depth (M) Radiocarbon ages (cal yr BP) (birth Climate events
dates)
2 38.0398 -74.7433 21.95 192, 207 Modern, Little Ice Age
3 37.9833 -74.7500 33.83 3427, 3452, 3462, 3467 Neoglacial
5 38.0333 -74.8450 24.99 237 Little Ice Age
7 38.1060 -74.3995 38.10 272, 2643, 2843, 2888, 3093, 3468, Little Ice Age, Neoglacial, Megha-
3542, 3817 layan Boundary
8 37.9666 -74.9166 23.77 61,62, 62,63 Modern
9 37.7652 -74.8140 34.44 243, 263,302, 2813, 3083, 3418, Little Ice Age, Neoglacial, Megha-
4182 layan Boundary
10 37.7258 -74.8507 31.70 3032, 3047, 3057 Neoglacial
13 37.6833 —-74.9833 30.18 3472 Neoglacial
15a 38.0680 -74.6020 33.53 172, 177, 177, 177, 182, 182, 198, Modern, Little Ice Age, Meghalayan
262, 4302 Boundary
15b 37.5833 -74.9166 35.05 57,132, 128, 158, 172, 212, 4392 Modern, Little Ice Age, Meghalayan
Boundary
16 38.1127 -74.6000 33.83 137, 142, 157, 157, 177, 182, Modern, Little Ice Age, Neoglacial,
182,182, 188, 193, 197, 198, 203, Meghalayan Boundary
212,222, 3517, 4102
17 38.1525 —-74.5986 39.93 167, 172, 177, 177 Modern
25 37.4333 -75.0500 28.04 157, 162, 167, 197, 2447 Modern, Roman Warm Period
26 37.4167 -74.9833 34.44 182,858, 1168, 1183, 1187, 1187, Modern, Medieval Warm Period,
1187, 1188, 1208, 1212, 1223 Dark Ages
27 37.3950 =75.0117 33.53 72,157, 162, 1167, 1207, 1223, Modern, Dark Ages, Neoglacial
2578
28 37.3551 -75.0118 37.19 65, 197,232, 242, 462 Modern, Little Ice Age
29 37.3000 -75.0333 36.88 177, 182, 197, 237 Modern, Little Ice Age
30 37.2285 -75.0858 32.00 2017, 3512, 3512, 3532 Roman Warm Period, Neoglacial
31 37.2299 -75.1469 29.57 162, 172, 187, 207, 877 Modern, Little Ice Age, Medieval
Warm Period
32 38.2335 -74.5800 37.19 3437, 3447, 3472, 3502, 3527 Neoglacial
33 38.2685 -74.6090 39.32 212 Little Ice Age
34 38.3160 -74.6005 35.66 117,137, 147 Modern
35 38.3537 -745118 33.22 157, 157, 192 Modern
38 38.4762 —74.5475 36.58 142, 202, 202 Modern
40 38.4378 -74.5790 3261 4172, 4182 Meghalayan Boundary
100 -
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Figure 2. Marine reservoir age residuals obtained by comparing the global marine reservoir age of 400years from Marinel3 (Reimer et al.,
2013) with the birth dates determined by visual aging from a sample of live-caught radiocarbon-dated Arctica islandica obtained from Georges
Bank (40.72767°N 67.79850°W, 72.5m; Hemeon et al., 2021), Long Island (40.09658°N 73.01057 WV, 47.5 m; Pace et al., 2017b), and northern
New Jersey (39.33°N 73.12°WV, 62.5m).
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Figure 3. Panel (a) shows the frequency of Arctica islandica births in years before present (BP) and the simultaneous climate events:
Northgrippian-Meghalayan Boundary (Helama and Oinonen, 2019). Neoglacial (Jennings et al., 2002), and Roman Warm Period (Moossen

et al, 2015; Wang et al,, 2012). Panel (b) shows the frequency of birthdates in years before present and the simultaneous climate events:
Roman Warm Period (Moossen et al., 2015; Wang et al., 2012), Dark Ages Cold Period (Larsen et al., 2012), Medieval Warm Period (Graham
etal, 201 1), Little Ice Age (Ogilvie and Jénsson, 2001), and post-Little Ice Age (Modern).
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Figure 4. Shorter timeline focusing on the frequency of Arctica islandica birth years during the 19th century.

Results post-bomb. Radiocarbon ages ranged from 4392 to 61cal BP
Atotal of 121 Arctica islandica shells were radiocarbon-dated. Of (Table 1). Of the 121 shells dated, 60 were alive in the 1800—
these, 116 dead shells were born pre-bomb and 5 shells were born 1900s (Figures 3 and 4). Most of these shells were alive between
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Figure 5. Map of sample stations as numbered during the survey. Bathymetric contour depths in meters. Bracket numbers in blue represent
the station locations where shells were dated during the second half of the Neoglacial period. Station numbers with a plus represent stations

with samples dated to multiple cold periods (Figure I).

1805 and 1865, within and just after the final years of the Little
Ice Age (Cronin et al., 2010; Mann et al., 2009). Because of the
uncertainty surrounding the exact end of the LIA, the ending of
the LIA has been set arbitrarily to 1819 to split the radiocarbon
dates obtained from this time period into two relatively equivalent
groups. Radiocarbon dates for six more shells were between 4.3
and 4.1cal ka BP, contemporaneous with the Northgrippian-
Meghalayan boundary of the Holocene circa 4.2 cal ka BP (Figure
3a; Helama and Oinonen, 2019). Twenty-three 4. islandica were
born between 3.8 and 3.0 cal ka and 2.4 cal ka BP, coinciding with
the time referred to as the Neoglacial Period (Figure 3a; Jennings
etal., 2002; Larsen et al., 2012; Moossen et al., 2015; Wang et al.,
2012). One dead shell lived in 2.0 cal ka BP which coincides with
the Roman Warm Period (Wang et al., 2012). Twelve animals
lived during the Dark Ages Cold Period (Figure 3b; Helama et al.,
2017; Larsen et al., 2012; Moossen et al., 2015). Two shells were
born in 0.8cal ka BP toward the end of the Medieval Warm
Period. The 18 shells recruited between 1500 and 1800cal CE
were alive during the Little Ice Age (Figure 3b; Cronin et al.,
2019; Larsen et al., 2012).

Shells collected from nine stations lived during the first half
of the Neoglacial, around the 4.2 cal ka event (Figure 1). Two of
the seven stations with shells dated during the Neoglacial also
had shells dated during the 4.2 cal ka event (Figure 5). Shells at
two collection sites were born during the Dark Ages Cold Period
(Figure 6). Shells at 11 stations lived during the Little Ice Age,
and shells at five of these stations also lived during previous cold
periods (Figures 1 and 5). Shells at 15 stations lived between
1819 and 1965; at seven of these stations, shells lived during the
Little Ice Age (Figure 7), and shells at three stations also lived
during the Neoglacial periods (Figures 1, 5, and 7).

The distribution of shell dates among stations showed that samples
often included shells with dates from more than one previous cold
period. Seven of 25 stations provided shells from more than one cold
period, with three of these stations providing shells with dates from
three cold periods. In addition, dead shells collected from nine stations
were alive in 1820 or later and during the LIA (defined arbitrarily to
end in 1819). Thus, the sampled stations were routinely occupied by
ocean quahogs during earlier cold times and these multiply-occupied
sites were also distributed throughout the sampled region.
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Figure 6. Map of sample stations as numbered during the survey. Bathymetric contour depths in meters. Bracket numbers in blue represent
the station locations where shells were dated during the Dark Ages Cold Period. Orange bracketed numbers represent shells dated during the
Little Ice Age through 1819. Station numbers with a plus represent stations with samples dated to multiple cold periods (Figures | and 5).

Discussion
Understanding the death assemblage

Finding solely dead shells can indicate the spatial or temporal
under-sampling of the community or allochthonous redistribution
of shells (Kidwell, 2002; Staff and Powell, 1988). Although the
possibility of allochthonous input cannot be ignored, the rarity of
fishing vessel routes in the area suggests that ocean quahogs
found offshore of Delmarva were not discarded shells from fish-
ing vessels (e.g. NEFSC, 2017a, 2017b; see also Ropes, 1972,
1982). The geographic extent of the federal survey assures ade-
quate sampling of the region and validates the absence of live
animals at sampled stations and throughout the adjacent region.
Moreover, the life span of the species minimizes the possibility of
failing to capture live animals due to seasonal or interannual vari-
ations in abundance, a consideration for shorter-lived species (e.g.
Kidwell, 2008; Staff and Powell, 1988, 1990). Finally, water
depth limits any shoreward transport of shells by storms (Miles
et al., 2015). The shells represent the remains of animals origi-
nally living at these sites and the birth years fall after the period of

rapid sea-level rise in the early years of the Holocene, meaning
that the MAB continental shelf depths were similar to today
(Engelhart et al., 2011).

The number of the shells dated during a given time interval is
not an indication of the relative abundance of the shells in situ, as
no effort was made to age shells in proportion to the numbers
retrieved by the dredge. The shells retrieved were present in the
top ~8cm of the sediment column, as hydraulic dredges are not
designed to dig deep into the sediment. Only a small vertical sec-
tion of the death assemblage was accessed; however, these
dredges are efficient collectors of material in this surficial horizon
(Poussard et al., 2021).

The time periods recorded by these shells in the death assem-
blage are a function of preservational processes, including limited
burial rates, and shell degradation (Olszewski, 2004; Powell,
1992; Smith and Nelson, 2003; Tomasovych, 2004). Ocean qua-
hogs shells degrade slowly and as a result persist in the death
assemblage (Powell et al., 2008, 2011a, 2011b). Hence, age distri-
butions observed support the inference that gaps in the distribu-
tion are likely to record times when living animals were not
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Figure 7. Map of sample stations as numbered during the survey. Bathymetric contour depths in meters. Bracketed numbers in blue
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but not during the Little Ice Age.

present, rather than a failure to be preserved. Large numbers of
shells recorded from the 19th century relative to earlier times sup-
port the hypothesis of exponential loss in time-averaged assem-
blages proposed by TomaSovych et al. (2014), Dexter et al.
(2014), and Kosnik et al. (2009). Thus, the majority of birth dates
being after 1800 CE does not indicate a lesser population abun-
dance prior to those times.

Generality of findings

The distribution of birth dates among stations reveals that sam-
ples at the same station often included shells from more than one
previous cold period. Stations were routinely occupied by ocean
quahogs during multiple cold events and were distributed
throughout the study region. Station samples containing shells
from multiple climate events within the entire study region of
approximately 1.5° of latitude suggests that the study does not
include the entire geographic extent of past ocean quahog

occupations, but rather suggests that further study would reveal a
much more widespread occupation in the studied region for each
of the cold periods identified.

Distribution and range shifts

The locations sampled harboring only dead clams are geographi-
cally distinct from the species present-day range (Figures 1-4);
therefore, the death assemblage preserves a record of past occupa-
tion and the historical shifting range of this species (Powell et al.,
2020). Utilizing these data, the death assemblage in these areas
can further the understanding of past, ongoing, and future range
shifts consequent of changes in bottom water temperatures (Pow-
ell et al., 2020).

Sea bottom temperatures (SBTs) in the MAB directly affect the
distribution of 4. islandica (Dahlgren et al., 2000), as seen in the
connection between the 16°C isotherm and the inshore range of
these boreal clams (Harding et al., 2008; Mann, 1982). Although
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A. islandica grow shell at temperatures as low as 0°C—1°C ( Schone
et al., 2004; Wanamaker et al., 2008, 2011; Witbaard et al., 1998),
in the MAB region, the minimum bottom temperature in the Cold
Pool ranges between 4°C and 5°C (Chen and Curchitser, 2020) and
the presence of clear growth increments confirms limited growth
at these winter temperatures in MAB populations. Therefore,
inferring a practical thermal range for adult ocean quahogs in the
MAB to be between 4°C and 16°C (Harding et al., 2008), the pres-
ence of these shells suggests that bottom temperatures during their
lifetimes were within the same thermal range (Powell et al., 2020).
Currently, the SBTs in the sampled region (Figure 1) are too warm
to support ocean quahogs and even too warm to continuously sup-
port Atlantic surfclams (Hofmann et al.,, 2018), which have a
higher thermal maximum (Munroe et al., 2013; NEFSC, 2017a).
During the late-Holocene, however, the distribution of 4. islandica
was both farther inshore and farther south than the present ocean
quahog range (Figures 1 and 5-7).

Shells containing radiocarbon from certain time periods indi-
cate animals were alive when optimum environmental conditions
prevailed for a boreal species. Over half of the radiocarbon dates
indicate that animals were alive in the late 1700s to 1800s at these
shallower inshore depths, years that are contemporaneous with
the recruitment of the modern living population farther offshore
in southern New Jersey (Pace et al., 2017b). This connection sig-
nifies that rising temperatures over the past 200years are the
likely cause of the disappearance of ocean quahogs from these
inshore habitats. The remaining radiocarbon dates substantively
predate the late 1700s—1800s. The majority of these years align
with known cooling events in the late-Holocene (Mayewski et al.,
2004; Wanner et al., 2011). Wanner et al. (2011) determined that
the post-glacial climate was interrupted by six cold periods during
the Holocene. Two periods occurred before the earliest birth of
any sampled shells, indicating conditions were outside the opti-
mal thermal range probably because lower sea level produced
depths too shallow for habitation in the sampled region during
these times. However, the other four cooling periods described by
Wanner et al. (2011) correspond with A. islandica recovered from
the MAB death assemblage. Negative temperature anomalies in
North America reveal cooling events in 4.3-3.8, 3.3-2.5, 1.75—
1.35, and 0.7-0.15cal ka BP (Mayewski et al., 2004; Wanner
et al., 2011). These times align with known past climate events
including the Neoglacial, Dark Ages Cold Period, and Little Ice
Age (Helama and Oinonen, 2019; Jennings et al., 2002; Larsen
et al., 2012; Moossen et al., 2015; Wang et al., 2012) and are rep-
resented by ocean quahog shells dated in this study.

The exact timing and extent of the Neoglacial is uncertain, but
estimates range between 6 and 2 cal ka BP (Jennings et al., 2002;
Moossen et al., 2015; Weidick et al., 2012; Weiser et al., 2021).
Shells dated between 4.4 and 3.8, 3.5-3.0, and 2.4 cal ka BP are
contemporaneous with this time interval as well as specific cold
events within it. The oldest shells coincide with the Northgrip-
pian-Meghalayan boundary of the Holocene, an event marked by
colder climate and a long megadrought that lasted from 4.2 to
3.9 cal ka BP as well as increased ice cap size in 4.2-3.0 cal ka BP
(Helama and Oinonen, 2019; Larsen et al., 2012; Walker et al.,
2018). Andersen et al. (2004) also inferred cooling events in 4.7,
4.3, and 2.8cal ka BP from fossil diatoms found in the North
Atlantic; these times align with the birth dates of the ocean
quahogs.

Radiocarbon from one 4. islandica sequestered during 2.0 cal
ka BP, indicated a birth date within the RWP, the warming period
that last from 2.3 to 1.6 cal ka BP. Despite evidence of a warming
period in North America, during this time conditions were not
above the temperature tolerance in the MAB for A. islandica at
the sample station. Helama et al. (2017) reviewed the Dark Ages
Cold Period (DACP) literature finding a more detailed chronol-
ogy of DACP indicated an average start and end date of 450 and

800 cal CE, with a North Atlantic event of ice-rafted debris in the
middle, about 1.4 cal ka BP, as well as support for a negative NAO
phase. Additionally, another cooling phase within the DACP from
540 to 660 cal CE, identified as the “Late Antique Little Ice Age”
(LALIA) can be seen within tree ring data (Biintgen et al., 2016;
Helama et al., 2017). Six dead shells were alive at the end of these
cooling events before the start of the MWP.

One shell collected was born at the tail end of the MWP and
the start of the LIA and may indicate a prelude to the start of the
LIA. Several shells date from the middle of the LIA, 462-222 cal
BP. The majority of the radiocarbon dates in and after the LIA fall
toward the end of the LIA in the early 19th century (Grove, 2004;
Wanner et al., 2008), during the coldest portion of the LIA, and
subsequently through the late 1800scal CE. Sixteen dead shells
had radiocarbon dates coinciding with this major cold event, indi-
cating that the animals were alive in the 1840—1865 cal CE time-
frame. Pace et al. (2017b) found an increase in ocean quahog
recruitment before 1860 cal CE in a site just offshore and north of
the region sampled in this study. Pace et al. (2017a) proposed that
the increased recruitment may be related to the end of the LIA and
the decline in shells with radiocarbon dates post-1865cal CE
might be interpreted as the initiation of increased mortality on the
inshore edge of the range as temperatures continued to warm in
the last half of the 19th century.

Although one cannot prove that the distribution of ages
observed in this study is comprehensive of the time periods when
ocean quahogs lived farther inshore than present-day, the near
absence of shells born during the warm periods, RWP and MWP,
strongly suggests that the distribution of birth dates observed
identifies cold-period biogeographic range shifts inshore rather
than the uncertain chance of collection. Powell et al. (2020) iden-
tified locations inshore and farther south of the present area of
sampling from which were reported dead ocean quahog shells.
Thus, this survey does not constrain either the inshore extent or
southern extent of ocean quahog habitation during earlier cold
times.

Conclusions

The death assemblage provides a view of the long-term geo-
graphic distributions of species prior to modern survey and moni-
toring programs. In particular, the death assemblage can provide
a new view of the history of community response to climate
change on the continental shelf over long time periods. In this
study, shells of Arctica islandica were sampled on the Mid-Atlan-
tic Bight (MAB) continental shelf at locations where living ani-
mals were not observed over the time of the 20th century federal
survey time series. These shells identify habitable regions in the
past that are not presently habitable by this species and in particu-
lar past times colder than today. Collection sites further inshore
and south of the present range of the ocean quahog were once
colder and thus suitable habitat for ocean quahogs. Looking at the
aggregation of radiocarbon date frequencies, the inshore range of
ocean quahogs has transgressed and regressed at least four times
over the last 4500 years. The largest aggregation of radiocarbon
dates reveals a recent ocean quahog transgression and regression
inshore, with the regression likely beginning post-1865. More-
over, all of these dates coincide with historical times of cooling
found in the Holocene climate literature. The radiocarbon dates
obtained do not designate birth years randomly distributed over
the time span of dated individuals. Very few shells date from
times of warming, also well-documented in the Holocene climate
literature, supporting the interpretation of range shifts onshore
and offshore across the continental shelf as a consequence of cli-
mate warming and cooling phases with bottom water tempera-
tures sufficient to permit and preclude the occupation of these
long-lived bivalves.
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The presence of these clams indicates that SBTs would need to
be within the range of thermal tolerance for A4. islandica, between
~5°C and 15°C, during these cold phases. These comparisons can
be used as predictive tools to determine future range shifts for
ocean quahogs as climate change continues to increase bottom
water temperatures in the MAB. The record provided by A.
islandica may provide an important constraint on the modeling of
the history of the Cold Pool which today determines the commu-
nity structure of the continental shelf from Virginia to Georges
Bank. Future work expanding the geographic footprint of dated A4.
islandica shells would be most valuable in this regard.
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