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Abstract Geophysical mapping and sampling data pro-
vide a record of changing environmental and faunal
conditions within the Hudson River estuary during the
mid- to late Holocene. On the shallow, broad marginal
flats of the mesohaline Hudson, fossil oyster beds
(Crassostrea virginica) are found exposed on the river
bottom and buried by sediment. The shallowest beds are
well imaged in chirp sub-bottom and side-scan sonar
data and form discrete flow-perpendicular bands, 0.6—
1.0 km wide and up to 3 km long, which cover 30% of
the river bottom. Radiocarbon-dated sediment cores
indicate oysters thrived within two time periods from
~500-2,400 and ~5,600-6,100 cal. years BP. Sediment
and physical property data indicate a changing deposi-
tional regime consistent with the oyster chronology.
Similar changes in oyster presence are found in local
shell midden sites of the Lower Hudson Valley as well as
elsewhere along the Atlantic coast, and may reflect cli-
matic controls associated with warm—cool cycles during
the Holocene. Oysters flourished during the mid-Holo-
cene warm period, disappeared with the onset of cooler
climate at 4,000-5,000 cal. years B.p., and returned dur-
ing warmer conditions of the late Holocene. The most
recent demise of oysters within the Hudson at 500-
900 cal. years BP. may have accompanied the Little Ice
Age.
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Introduction

Humans have long settled estuary banks where food
resources are abundant and accessible routes for trans-
portation and trade are present. As estuaries emerged as
favored sites for urban development and industrializa-
tion within the past two centuries, widespread degra-
dation of estuarine ecosystems occurred. Although the
modern collapse of coastal ecosystems is widely attrib-
uted to anthropogenic factors (e.g., Jackson et al. 2001),
these ecosystems are also vulnerable to environmental
transformation associated with sea-level rise and climate
change (Walther et al. 2002).

Within the Hudson River estuary, oysters were once
an abundant estuarine resource, as evidenced by the
presence of numerous prehistoric oyster shell middens
(mounds of discarded shells) left along the shores of the
Hudson by indigenous peoples. The earliest record of
marine shellfishing anywhere along the western Atlantic
coast is at Dogan Point on the eastern Hudson shore
south of Verplanck, where oyster harvesting began
~6,000 cal. years BP. (e.g., Brennan 1974; Claassen
1995, Fig. 1). The Dogan Point shell middens contain
two distinct shell layers. At the base of the middens are
“giant” oyster (GO) shells 10-13 cm long, dating to
5,100-5,900 cal. years BP. (Brennan 1974; Little 1995;
see Radiocarbon age dating section below). Above this
horizon is a younger, small oyster (SO) horizon with 7—
8 cm valve lengths. Shells from the SO horizon form two
age groups (4,000-5,100 and 1,500-1,800 cal. years B.p.)
separated by a distinct hiatus of roughly 2,000 years.
Archeologists have debated whether the oyster hiatus
revealed in the shell matrix sites of the lower Hudson
reflects change in the estuarine environment or anthro-
pogenic factors such as over-exploitation, a change in
dietary preferences or migration patterns of the resident
indigenous peoples (e.g., Schuldenrien 1995; Claa-
sen,1995).

In this study we present evidence from new geo-
physical and sampling data for fossil oyster beds within
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the mesohaline Hudson River estuary, with ages that are
consistent with the shell chronology found in local
middens. The data include a dense grid of high-resolu-
tion side-scan sonar imagery and chirp sub-bottom
profiles as well as a suite of sediment cores. Geophysical
data are used to define the spatial distribution and
geometry of the oyster beds. Radiocarbon-dated sedi-
ment cores are used to characterize environmental con-
ditions during the periods of oyster growth and to define
the local depositional regime. The data indicate that
changing environmental conditions rather than anthro-
pogenic effects account for the oyster hiatus observed
within the Hudson Valley shell middens. We discuss
possible factors that may have contributed to the ob-
served changes in faunal and sedimentary conditions
within the estuary, including the role of sea-level rise and
climate.

Materials and methods

In fall of 1998, a major geophysical mapping and
sampling effort within the Hudson River estuary was

73°52'W

initiated by the New York State Department of Envi-
ronmental Conservation. The goal of the project was to
provide high-resolution baseline characterization of the
river bottom for studies of benthic habitats and sediment
transport. As part of this program, side-scan sonar,
chirp sub-bottom, single and multibeam bathymetry
data, as well as an extensive suite of sediment core and
grab samples have been acquired by researchers at La-
mont-Doherty Earth Observatory, SUNY Stony Brook
and Queens College (Bell et al. 2000, 2003). Data col-
lection occurred during five field seasons spanning 1998
to 2003, and provides shore-to-shore coverage for much
of the river from the New York Harbor to the Troy
Dam.

Here we focus on data collected within a five-mile
stretch of the river located north of the Tappan Zee
Bridge (Fig. 1). Side-scan sonar data were acquired
along an orthogonal grid of 85-m-spaced north—south
lines and 165-m-spaced east—west lines, using a dual-
frequency (100 and 384 kHz) Edgetech sonar (Figs. |
and 2). An Edgetech 4-24 kHz chirp sonar and XSTAR
acquisition unit were used to collect high-frequency sub-
bottom data (Schock and Leblanc 1990) simultaneously
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Fig. 2 Side-scan sonar mosaic (100 kHz) acquired along north—
south tracks shown in Fig. 1. Numbered tracks (/-6) correspond
with chirp profiles shown in Figs. 3and 4. Locations of gravity and
vibracores used in this study are shown along with core numbers.
General areas of moderate backscatter, which correspond with
oyster beds exposed on river bottom, are indicated

with the side-scan operations. The chirp data were col-
lected at a shot rate of 5 per second, with tow speeds
ranging from 4 to 5.5 knots. A swept frequency range of
4-16 kHz was used, providing a practical vertical reso-
lution of 5-10 cm. Geophysical data were layback-cor-
rected to account for offsets between the position of the
towed sensors and the GPS antennae. Final positional
uncertainties of ~1 m were obtained by post-processed
differential pseudo-range GPS. Chirp data were gain-
adjusted. A constant correction for tow fish depth of
1.3 m was applied, estimated from average travel time
difference between the water bottom return and first
water bottom multiple. Under normal, underway oper-
ations, fish depth variations were typically less than
0.33 m. Corrections for tidal fluctuations were also ap-
plied, using tidal records from locally installed gauges.
Tide-corrected data were then loaded into the Geoquest
seismic interpretation package for identification and
mapping of sub-bottom horizons.

A suite of shallow (up to two-meter) gravity cores
(LW1-4, LW1-25, LW1-56, LW1-79) and four §-10 m
long vibracores (SD6, SD11, SD30, CD02-08) provide
information on sediment properties and shell material
for age dating (cf. Fig. 1 and Table 1 for core locations).
The primary cores used in this study are vibracores
SD30, located near the western margin of the main
channel, and SD11 located near shore. Core SD11 was
collected as part of a dense near-shore cluster (which
also included SDO6) targeted for environmental assess-

ment objectives. Core SD30 was sited to sample hori-
zons within the sub-bottom data, including a shallow
reflection believed to be an oyster shell layer of limited
lateral and vertical extent where good core penetration
was expected. Physical properties were measured using a
GEOTEK multi-sensor core logger and include com-
pressional (P-wave) velocity, magnetic susceptibility,
and sediment bulk density via gamma ray attenuation.
Cores were split and photographed, and are archived at
the Lamont-Doherty Earth Observatory Deep Sea
Sample Repository. Bottom photography, acquired with
a sediment profile imagery (SPI) system, provides
information on sediments and benthic fauna at the
sediment/water interface along several east-west tran-
sects of the river (NOAA 2000).

Radiocarbon age dating

Radiocarbon ages were obtained for individual shells
sampled from our cores by accelerator mass spec-
trometry (AMS). Details on the dated shells, including
core identification numbers, sample material and
depths, radiocarbon laboratory, and '*C age, are given
in Table 2. The measured dates are calibrated to cal-
endar years using CALIB 4.3 (Stuvier et al. 1998,
2001), after applying a reservoir correction of 950 years
derived from three pre-bomb shells collected within the
region (J. Rubenstone and D. Peteet, personal com-
munication). To obtain a consistent chronology for
river and midden shells, we apply this same reservoir
correction to the radiocarbon ages for the Dogan Point
shells reported by Little (1995). The Hudson correction
is larger than the standard marine correction of
~400 years, and indicates the presence of old terrestrial
carbon, possibly derived from erosion of Paleozoic
limestones located along the Hudson north of Wapp-
inger Falls and/or soil erosion from the Hudson wa-
tershed. For comparison, the reservoir correction for
Chesapeake Bay determined from similar pre-bomb
shell dating is 365 + 143 years, which is not significantly
different from the standard marine correction and
indicates little contribution of old carbon in this res-
ervoir (Colman et al. 2002).

Results

The geophysical and sampling data reveal fossil oyster
beds on the Hudson River bottom from Piermont to
Haverstraw Bay (Fig. 1). Within the Tappan Zee region,
located ~10 km south of the Dogan Point shell midden
site, oyster beds coincide with discrete bands of moder-
ate backscatter that extend across the marginal flats
(Fig. 2). The marginal flats border the main channel
(Fig. 3) and lie at a near-constant depth of 4.0-4.5 m
(referenced to NAVDSS), with portions of exposed
oyster beds elevated slightly (30-90 cm) above the sur-
rounding river bottom (Fig. 4).



Table 1 Locations of sediment cores in the Tappan Zee study area
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Core number® Latitude (N) Longitude (W) Water depth® (cm) Date of collection Core type Core diameter (inch)
SD30 41°05.5625 73°53.8054 436 Dec. 1999 Vibracore 4
SD11 41°05.47122' 73°54.83442’ 204 Dec. 1999 Vibracore 4
SD6 41°05.47007 73°54.87997 105 Dec. 1999 Vibracore 4
LWI-79 41°06.5140 73°52.18998" 372 June 1999 Gravity 4
LW1-25 41°08.8860" 73°54.3990 473 June 1999 Gravity 4
LWI-56 41°07.5240 73°54.00102 440 June 1999 Gravity 4
LWI-4 41°09.690 73°54.8820" 1,091 June 1999 Gravity 4
CD02-08 41°08.17674° 73°52.96824" 958 June 2002 Vibracore 4

#Cores are curated and stored within the Lamont-Doherty Earth Observatory Deep-Sea Sample Repository

"Water depth below mean sea level referenced to NAVDS8

Table 2 Radiocarbon ages of bivalve shells in the Tappan Zee study area

Core number Sample depth® Material® Laboratory® o3¢ Age Error® Calibrated age (min., max.)’
(cm) (%) ("C years) (years) (cal. years B.P.)
SD30 8 cv NOSAMS -5.83 1,940 35 927 (793, 963)
75 cv Zurich 2.2 2,370 60 1,307 (1,260, 1,413)
202 Bivalve NOSAMS -2.13 3,720 50 2,853 (2,763, 2,965)
284 Bivalve NOSAMS -3.14 4,160 35 3,425 (3,359, 3,544)
530 Bivalve NOSAMS -2.40 4,800 65 4,244 (4,019, 4,422)
574 Bivalve NOSAMS -2.53 4,820 65 4,287 (4,090, 4,502)
695 Bivalve NOSAMS -2.68 5,060 40 4,608 (4,447, 4,824)
727 Bivalve NOSAMS -1.82 5,250 65 4,851 (4,654, 5,035)
850 Bivalve NOSAMS -2.69 6,150 65 5,931 (5,755, 6,172)
925 cv Zurich 2.3 6,270 70 6,058 (5,926, 6,284)
SD11 158 cv LLNL 0 2,560 35 1,522 (1,411, 1,585)
314 Bivalve LLNL 0 4,230 40 3,473 (3,397, 3,631)
760 Bivalve LLNL 0 6,295 45 6,133 (5,952, 6,277)
LW1-79 160 cv Zurich 0.2 3,050 60 2,091 (1,902, 2,305)
LW1-25 15 cv Zurich -2.2 1,765 55 728 (660, 906)
LW1-56 95 cv Zurich -0.2 3,280 65 2,346 (2,155, 2,706)
LW14 105 cv Zurich 1.5 2,135 60 1,164 (961, 1,264)
CD02-08 273 cv LLNL -2.5 2,080 40 1,028 (952, 1,170)

#Sample depth is within core

°CV, Crassostrea virginica

‘LNLL, Lawrence Livermore National Labs; NOSAMS, National
Ocean Science Accelerator Mass Spectrometry facility at Woods
Hole Oceanographic Institute; Zurich Radiocarbon Laboratory,
University of Zurich

In the sub-bottom data, oyster beds appear as
bright, acoustically impenetrable reflections coincident
with the moderate backscatter regions in the side-scan
sonar data but also buried by up to 3 m of sediment
(Figs. 3 and 4). Opyster beds extend as continuous
structures into the subsurface and typically dip gently
to the north, with a steep scarp at their southern edge
(Figs. 3 and 4). Individual oyster beds are ~0.6—-1 km
wide and up to 3 km long but may have once reached
from bank to bank (Fig. 5). Isolated protrusions with
oyster shell layers are present within the channel bank
sediments, which appear to be erosional remnants of
beds formerly continuous with those of the marginal
flats (Figs. 3, 4 and 5). These isolated structures are
always lower in elevation than oyster beds on the
nearby marginal flats, consistent with an erosional
formation. The oyster beds imaged with the geophysi-
cal data cover ~30% of the estuary floor within
the Tappan Zee (Fig. 5). Sub-bottom penetration

d513C values of 0 assumed; all others measured

°One sigma

'Radiocarbon ages are calibrated to calendar years using CALIB
4.3 (Stuvier et al. 1998, 2001), after applying a reservoir correction
of 950 years obtained from pre-bomb shells within the study area
(J. Rubenstone and D. Peteet, unpublished data)

throughout the region is limited to ~4 m below river
bottom, presumably due to gas presence within the
sediments (e.g., Hagen and Vogt 1999). However, vi-
bracores reveal deeper oyster shell layers, 6.5-9.5 m
below river bottom.

The shells belong exclusively to the eastern oyster
species Crassostrea virginica (Gmelin 1791). Although
salinities within this stretch of the Hudson (summer
range of ~10-13 ppt) are adequate to support living
specimens, these are rare in grab samples and bottom
photographs and always small, presumably juvenile
specimens. Radiocarbon data indicate that the Hudson
River oyster shells lie within two age brackets consistent
with the Dogan Point shell middens (Table 2, Figs. Sand
6). Shells from the upper parts of the cores have ages of
520-2,346 cal. years BP. whereas those from the lower
parts were deposited 5,660-6,058 cal. years B.p. In be-
tween is a layer of sediment 3—6 m thick without oyster
shells. As is the case for the middens, shells from the
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base of the cores are larger (10 cm) than the shallower
shells (7-8 cm). The intervening layer of oyster-free
sediment is consistent with the hiatus inferred from the

73°53'W 73°52'W

midden ages. The combined river-midden dataset sug-
gests the oyster hiatus lasted from ~2,500 to
4,000 years B.p. within the region.
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has intermittently high P-wave velocities as well as fre-
quent intervals of high acoustic attenuation, due to
abundant cracks and voids (Fig. 6). We attribute these
cracks and voids to sediment degassing on core extrac-
tion, and use variations in acoustic attenuation within
our cores as a proxy indicator of relative variations in
sediment gas concentrations. We emphasize that with
gas-charged sediments, the P-wave velocities we measure
on unpressurized cores in the laboratory will not reflect
in-situ seismic velocities, and can not be used to convert
two-way travel times to seismic horizons to depth.
Lithofacies 2 is composed of alternating laminated
and massive clayey silts with frequent shelly layers (10—
30 cm thick) of small, thin-walled bivalves (predomi-
nantly Mulinia Lateralis), but a notable lack of oyster
shell. Higher magnetic susceptibilities characterize this
lithofacies, indicating increased abundance of magnetic
minerals. A localized zone of high acoustic attenuation
and abundant voids, indicating sediments with higher
gas concentrations, are observed in both SDI11 and
SD30 in the middle of lithofacies 2, at a depth of 4—
4.5 m. This depth interval coincides well with the

cracks, voids

— Chirp horizon

approximate limit of seismic penetration throughout the
region. The gas present within these sediments prior to
core extraction is likely biogenic methane created by
long-term chemical decomposition processes within
buried sediments with high organic contents (e.g., Hill
et al. 1992; Hagen and Vogt 1999).

Lithofacies 1 in the upper part of our cores (Fig. 6)
corresponds again with sparsely laminated clayey silts
with oyster shell layers similar to lithofacies 3. Lithof-
acies 1 has higher P-wave velocities and lower magnetic
susceptibility than lithofacies 2. The available age
control indicates low sedimentation rates of ~1-2 mm/
year for both lithofacies 1 and 3, with higher rates of 2—
4 mm)/year for lithofacies 2.

The contacts between the lithofacies are visually dis-
tinct and accompanied by abrupt changes in physical
properties (Fig. 6), suggestive of erosion or periods of
non-deposition. From linear extrapolation of sedimen-
tation rates derived for each facies, we estimate the
possible time intervals represented by these unconfo-
rmities to be ~1,750-2,500 and 5,100-5,500 years B.P.
within SD30, and 2,400-3,500 and 4,500-5,200 years B.P.



within SD11 (Fig. 6). Although these estimates are
subject to large uncertainties due to the sparse age
control, they suggest that unconformities of greater
duration are present in the near-shore core SD11 than in
the near-channel core SD30 (by few 100s of years).

The uppermost one meter of sediment in the near-
shore core SD11 is composed of water-saturated clayey
silts and does not contain oysters (lithofacies 0).
Anthropogenic detritus including slag and brick dust is
found in these sediments, and may account for the
exceptionally high magnetic susceptibilities measured.
This facies, which is not found in SD30, appears to
correspond with the recently deposited sediments found
within the region in localized zones along the shoreline
(Bell et al. 2000; McHugh et al. 2004).

Paleowater depths for our core locations are esti-
mated using the relative sea-level curve for the Hudson
River derived from the Peltier (1998) model for post-
glacial isostatic adjustment (Fig. 7). This model fits the
sparse existing sea-level observations from the Hudson
well (Peltier 1999), and indicates gradual sea-level rise
throughout the mid- to late Holocene. Estimated pa-
leowater depths at the near-channel SD30 site are ~6 m
during deposition of lithofacies 3. Depths rapidly shoal
from 6 to 4 m with deposition of lithofacies 2, and re-

a
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S Relative Sea Level
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EE ??‘;'\'\“‘**nj
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2 1:31200_ 2-4 mm/year retu__SD11-6
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Fig. 7 a Age-depth data for Hudson River cores (Table 2), with
sedimentation rates indicated. Symbols show control points; closed
symbols correspond with oyster shell (circles small oyster
shells,squares large oyster shells,stars oyster shells from other cores
located elsewhere on marginal flats at similar water depths, see
Fig. 5); open circlesdenote other bivalves. Solid boldand shaded lines
on age-depth curves denote sediment lithofacies from Fig. 6, with
interpolated time intervals associated with unconformities at facies
boundaries in dashed line. Water depths are referenced to NAVDS88
(~mean sea level). Solid bold lineshows relative sea-level curve for
the Hudson River from Peltier (1998). bPaleowater depths at
cores SD30 and SD11. Time intervals associated with unconformi-
ties are shown with hatched lines
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main near-constant at ~4 m during deposition of
lithofacies 1. Paleaowater depths at the near-shore
core SD11 site have remained close to modern depths of
~2 m throughout this time.

Discussion

Depositional history within the Tappan
Zee study area

The three lithofacies observed across the marginal flats
of the Tappan Zee indicate a changing depositional re-
gime over the past 6,100 cal. years B.p. Within our cores,
the oldest lithofacies is found in direct contact with
fluvial sands at the near-shore sites, and we attribute this
facies to deposition in a restricted, marginal estuarine
setting following marine incursion into the Tappan Zee
region prior to 6,100 cal. years B.p. Similar restricted-
estuarine sediments with oyster layers occur above the
fluvial-estuarine contact within the northern Chesa-
peake Bay, and are credited to flooding of the banks
of the paleo-Susquehanna River at 7,000-8,000 cal.
years B.P. (Bratton et al. 2003). The more rapidly accu-
mulating, alternating massive and laminated sediments
of lithofacies 2 are similar to the open estuarine muds of
Chesapeake Bay (e.g., Baucom et al. 2001), and coincide
with the absence of oysters. Infilling of accommodation
space on the marginal flats in response to rising sea level
(e.g., Olson et al. 1978; McHugh et al. 2004), possibly
due to sediment trapping at a migrating paleo-estuarine
turbidity maximum (Pekar et al. 2004), may explain this
phase of more rapid sedimentation and shoaling paleo-
water depths (Fig. 7).

Oysters return during the deposition of lithofacies 1.
Estimates of paleowater depths at both core locations
(Fig. 7) indicate sedimentation kept pace with rising sea
level at rates of 1-2 mm/year during deposition of
lithofacies 1. We attribute the sparsely laminated sedi-
ments and low deposition rates compared with lithofa-
cies 2 to a depositional regime limited by benthic wave
activity. Bottom sediment resuspension due to wind-
generated wave activity is documented in shallow re-
gions of Chesapeake Bay (3.5-5.5 m; Sanford 1994), and
may be a significant process within the broad Tappan
Zee where there is a long open fetch and similarly
shallow water depths (<4.5 m).

The modern environment on the marginal flats is
dominated by non-deposition or erosion presumably
maintained by benthic wave activity. With the exception
of a now-filled 19th century channel into Nyack, New
York, and local accumulations within sheltered embay-
ments along the shoreline, radioisotope and sediment
studies indicate that modern (post-1957) sediments are
not accumulating on the marginal flats (Bell et al. 2000;
McHugh et al. 2004). Indeed, existing age constraints
indicate the youngest sediments on the marginal flats
date to > 500 cal. years BP.(Fig. 5). The near-horizontal
surface of the marginal flats at present, with subtly
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elevated oyster beds, is indicative of the erosive effects of
benthic wave activity that leaves resistant oyster beds
higher than the surrounding mud bottom. Erosive
activity is also evident in the isolated oyster bed struc-
tures found within the sediments bounding the main
channel, which appear to be remnants of beds formerly
continuous with those of the marginal flats. Similar
isolated features with oyster shells are also found within
the Chesapeake Bay, where they are attributed to ero-
sion of larger beds by wave cutting (Smith et al. 2003).

The inferred ages of unconformities marking the fa-
cies transitions in our cores overlap in time (~1,750—
2,500 and 2,400-3,500 cal. years B.p. for the facies 1/2
transition, and 5,100-5,500 and 4,500-5,200 cal.
years B.P. for the facies 2/3 transition within SD30 and
SD11, respectively, Fig. 6), and indicate two periods of
non-deposition or erosion across the marginal flats.
Core SD11 is located only 80 m from the modern
shoreline, and we attribute the greater duration of un-
conformities marking facies boundaries in this core to
enhanced wave-driven erosion at the shoreline.

The two interruptions in sedimentation across the
marginal flats could be the consequence of reductions in
sediment supply from the watershed or changes in the
riverbed configuration due to channel migration. Alter-
natively, sedimentation may have been halted by a
lowering in relative sea level related to climate (e.g.,
Siddall et al. 2003) or local rebound effects associated
with post-glacial isostatic adjustment (Peltier 1998). The
timing of renewed sedimentation on the marginal flats of
the Tappan Zee at ~1,800-2,500 cal. years B.p. is con-
sistent with the timing of a transgressive event docu-
mented within Delaware Bay and Connecticut salt
marshes (van de Plassche 1991; Fletcher et al. 1993).
This correlation suggests an origin due to regional fac-
tors, such as small-scale fluctuations in sea level, rather
than local estuarine processes. Because of the shallow
water depths and likely role of benthic wave activity in
controlling deposition on the Hudson marginal flats,
they may contain a stratigraphic record that is especially
sensitive to fluctuations in relative sea level.

Fluctuations in oyster presence and Holocene climate
variability

The close association between sediment lithofacies and
oyster shell documented in our sediment cores indicates
that fluctuations in oyster presence in the Hudson
estuary during the Holocene has been controlled by
changing environmental conditions within the river.
Comparison of shell ages with paleoclimate data for the
mid- to late Holocene reveals temporal correlations,
which suggest that environmental conditions related to
climate may have played an important role in the faunal
changes observed (Fig. 8). For example, the giant oyster
horizon of the shell middens and the basal oysters within
our cores coincide with the mid-Holocene warm period
known as the Hypsithermal or Holocene Climatic

Optimum when summertime temperatures were 2—4 °C
warmer than today (e.g., Webb et al. 1993; Ganopolski
et al. 1998). Glacier reconstructions (e.g., Nesje and
Kvamme 1991) and ice core data from Greenland and
Peru (Larsen et al. 1995; Thompson et al. 1995) indicate
the Hypsithermal represented a sustained period (several
millennia) of warmer temperatures within the mid-
Holocene.

Climate proxies on both a regional and global scale
indicate a shift to cooler temperatures at ~4,000—
5,000 cal. years BP. coincident with the onset of the
Tappan Zee oyster hiatus (Fig. 8C). In sediments of the
New York State Finger Lakes, a decrease in carbonate
content and fossil counts occurs at ~3,400—
4,500 '*C years (~3,600-5,200 cal. years B.P.), attrib-
uted to cooler temperatures following the Hypsithermal
(Mullins 1998). Pollen records from the Hudson High-
lands indicate a transition to cooler and wetter condi-
tions ca. 4,000 cal. years Bp. (Maenza-Gmelch 1997).
On a more global scale, climatic indicators across the
North Atlantic, including high-resolution proxy records
from SW Ireland and the Sargasso Sea, Bermuda
Rise, indicate onset of cooler conditions at 4,600 cal.
years BP., and a return to warmer temperatures by
3,000 cal. years BP. associated with the Roman and
Medieval warm periods (Keigwin 1996; McDermott
et al. 2001, Fig. 8C). These warmer periods coincide
with the return of oysters in the Tappan Zee.

Similar aged fluctuations in oyster presence are ob-
served within shell middens elsewhere along the Atlantic
seaboard (Fig. 8B), providing further support for cli-
matic control. In Georgia and South Carolina, oysters
are absent from shell middens between ~2,500 and
4,200 cal. years B.P., and in Florida and North Carolina
oysters appear as the dominant shellfish species within
local shell middens only after 1,500-2,500 cal. years B.P.
(Classen 1986). Within Maine, oyster shells from the
large, Damariscotta River middens have a limited age
range of 1,000-2,400 cal. years B.p. (Sanger and Sanger
1986), but older oyster shells (4,100-5,500 cal. years B.p.)
have been recovered from Damariscotta River bioherms
(Belknap et al. 1994).

Although these correlations along the Atlantic coast
are subject to significant age uncertainties associated
with reservoir corrections and sparse sampling, the lack
of oysters at shell midden sites from Maine to Florida
during the cool period ~2,500-4,000 cal. years B.p. fol-
lowing the Hypsithermal is intriguing. The primary
environmental factors that influence oyster growth in-
clude salinity, temperature, substrate type, and sedi-
mentation rate. The mature oyster can tolerate wide
ranges in temperature and salinity. During juvenile
development, however, a more limited range of tem-
peratures (20-30 °C) and salinities of 14-25 ppt are
optimal (Kennedy et al. 1996). Higher salinities enhance
predation and disease, and prolonged periods of freezing
temperatures or low salinity associated with freshwater
floods cause mortality (Galtsoff 1964; Kennedy et al.
1996). Oysters are also susceptible to high sediment flux
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that buries hard substrates necessary for successful spat
settlement. Physical disturbance of oyster beds during
storms and hurricanes or by winter ice rafting can also
cause mortality and limit recruitment.
Paleo-environmental indicators derived from our
sediment cores provide constraints on local conditions
associated with oyster fluctuations within the Tappan
Zee study area. Pekar et al. (2004) use analyses of
Foraminifera assemblages and oxygen isotopes from
cores SD30 and SD11 to estimate paleosalinities within
the region. This study indicates that throughout the past
6,100 years, salinities have remained higher than 10—
15 ppt, which is within the range required to support
oysters. Based on these data, salinity does not appear to
have been a limiting factor for oysters in the region. The
highest paleosalinities are derived for sediments of
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Fig. 8A—-C Comparative chronology for the Hudson River, Atlan-
tic coast shell middens, and climate change in and around the
North Atlantic. A Age-depth data for Hudson River cores from
Fig. 7 (see Fig. 7 for definition of symbols/lines). GO and SO are
the dated giant and small oysters, respectively, from Dogan Point
middens. Dogan Point shell dates are taken from Little (1995),
reservoir-corrected using the same value applied to the river shells
and calibrated with CALIB 4.3. B Overview of oyster chronology
within middens along the Atlantic coast. Age ranges correspond
with where oysters are present (solid lines) or the dominant species
(dashed line) within middens. Data for Maine are from Sanger and
Sanger (1986) and Belknap et al. (1994). Other data are from
Claassen (1986).C Climate proxy data for mid- to late Holocene.
High-resolution 6'%0 record from SW Ireland speleothems (from
McDermott et al. 2001; open circles correspond with conventionally
sampled and analyzed 6'%0 data,solid line corresponds with laser
ablation data; RWP Roman Warm Period,DACP Dark Ages Cold
Period, MWPMedieval Warm Period, LIA Little Ice Age).
Weight% carbonate record from Sargasso Sea (from Keigwin
1996; symbols correspond with data from three different cores as
described in original source). Local climate data are from the
Hudson Valley (closed starsdenote cooler/wetter conditions, from
Maenza-Gmelch 1997) and the Finger Lakes, NY (rectangle
denotes age range of onset of cooler conditions inferred from lake
sediments; Mullins 1998).Grey tone highlights warm periods
identified from the high-resolution climate data, which correspond
well with phases of oyster presence along the Atlantic seaboard.
For data reported in 'C years within source publications (New
York and Maine), we apply a standard marine reservoir correction
of 400 years for oyster shell, and ages are calibrated using CALIB
4.3 (Stuvier et al. 1998, 2001)

Hypsithermal age (17-23 ppt; Pekar et al. 2004), and
more favorable growth conditions associated with
higher salinities and warmer water temperatures may
account for the larger shells characteristic of this period
(i.e., the giant oyster horizon in local shell middens and
the large basal oysters in our cores). Sediment samples
reveal increased sedimentation rates during the oyster
hiatus and higher magnetic susceptibilities, which may
reflect an increase in the influx of terrigenous sediments.
Local paleoclimate data suggest both cooler and wetter
conditions during the period following the Hypsithermal
(Maenza-Gmelch 1997). Enhanced stream runoff asso-
ciated with wetter conditions may have contributed to
the higher sediment accumulation rates, along with ef-
fects of rising sea level discussed above. Paleowater
depths at our core locations have varied from 64 m at
SD30 to ~2 m at SD11, with oysters present at this full
depth range (Fig. 7), and there is no indication that
changes in water depth have limited oyster presence
within the Tappan Zee.

Based on these paleo-environmental indicators, we
speculate that cooler spring and summertime water
temperatures during juvenile development, and possibly
higher sedimentation rates gave rise to the demise of
oysters within the Tappan Zee between 2,500 and
4,000 cal. years B.p.When actively depositing, the clayey
silts characteristic of all lithofacies observed within our
cores would provide a poor substrate for oyster
recruitment (Kennedy et al. 1996). However, the period
of non-deposition or erosion marking the boundary
between lithofacies 1 and 2 may have played an
important role in the return of oysters to the region after
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~2,500 cal. years BP., by providing a hard substrate
more suitable for oyster settlement and development.
Alternate explanations for the oyster demise within
the Tappan Zee include devastation by disease or
changes in environmental conditions related to the local
history of sea-level rise. Widespread mortality due to
disease (Dermo and MSX most prevalent, e.g., Kennedy
et al. 1996) has affected oyster populations along the
Atlantic coast during the past century, and similar
massive die-offs may have occurred in the past. Diseased
oysters may experience growth inhibition, and analysis
of fossil oyster shells within Tappan Zee sediments could
help elucidate any linkage with disease or predators.
Post-glacial sea-level rise has contributed to the sedi-
mentary history of the Tappan Zee (e.g., Newman et al.
1969; Weiss 1974; McHugh et al. 2004) and could also
contribute to the observed faunal changes, as they relate
to sedimentation rates and salinity. As discussed above,
the paleosalinity data of Pekar et al. (2004) indicate
salinities within the region adequate to support oysters
throughout the mid- to late Holocene. Higher rates of
sediment accumulation during the oyster hiatus may have
played an important role in inhibiting oyster colonization,
and are plausibly related to both climate and sea-level rise.
The history of Holocene sea-level movements around the
globe reflects glacial isostatic adjustment, as well as eu-
static contributions linked to climate through the melting
of continental ice sheets, thermal expansion of the oceans,
and possible changes in thermohaline circulation (e.g.,
Peltier 1998). Along the Atlantic coast, isostatic effects are
complex, with different responses in magnitude and tim-
ing from glacial rebound and water loading (e.g., Tush-
ingham and Peltier 1992). As a result, isostatic sea-level
movements are not as likely to be synchronous and in
phase as the forcing from climate change. Based on the
temporal correlations between oyster presence and cli-
mate proxies evident in the existing data from along the
Atlantic coast, we favor climatic control. However, con-
firmation of this hypothesis will clearly require further
studies of paleo-environmental indicators, including
high-resolution sea-level observations both within the
Hudson and in other mesohaline systems along the
Atlantic coast where a history of oyster presence is found.

Demise of the Tappan Zee oyster beds within the last
millennia

Shell dating from the Dogan Point middens suggests the
youngest phase of oyster harvesting by indigenous peo-
ples (oyster shell dates range 1,500—1,800 cal. years B.p.)
ceased prior to European contact, although charcoal and
other artifacts above the shells indicate occupation up to
colonial times (Little 1995; Claassen 1995). The youngest
oyster shell ages (500-900 cal. years B.p.) recovered from
the Tappan Zee sediments also suggest that oysters failed
again within the last millennium. Although reports from
early settlers indicate that they were aware of oyster beds
within the Tappan Zee (Ingersoll 1881), to our knowledge

significant commercial harvesting did not occur in this
area during colonial times. In the 1950s oyster cultivators
briefly used the Tappan Zee beds as nursery beds
(Bromley 1954). Although over-harvesting of the Tappan
Zee beds by non-commercial colonial activity cannot be
ruled out, our existing shell dates suggest a major demise
at ~500-900 years B.p. (Fig. 8). This timing is consistent
with the onset of the Little Ice Age, a period of increased
storm activity within the northeastern US (Noren et al.
2002), and lower temperatures with more severe winters
during which glaciers in many parts of the globe expanded
(Grove 1988). Within Chesapeake Bay, Cronin et al.
(2003) report a sustained period of cooler springtime
water temperatures (by ~2—-5°C) during the Little Ice Age
relative to the earlier Medevial Warm Period. Similar cool
spring and summer water temperatures within the Hud-
son at this time may have negatively impacted oyster
growth, particularly during the juvenile phase of devel-
opment. Physical damage to oyster beds from ice rafting
or frequent storm events could also have been important
in the demise of the Tappan Zee oyster population. In-
deed, the oyster bed remnants documented within the
Tappan Zee channel in the present study indicate signifi-
cant erosion of the shallowest beds has occurred in the
recent past. Dates from shell middens elsewhere along the
Atlantic coast also suggest an end in widespread indige-
nous oyster harvesting prior to colonization, and chang-
ing climatic conditions associated with the Little Ice Age
may have impacted oyster populations within estuaries
throughout the region (Fig. 8).

Modern salinities within the Tappan Zee (summer
range of ~10-13 ppt) are at the lower limit of the re-
quired range for oysters, and we anticipate that oyster
beds within this marginal environment are more vul-
nerable to effects of climate changes than beds closer to
the ocean. For example, within the higher-salinity con-
ditions of New York Harbor, a robust oyster industry
thrived throughout colonial times until the early 1900s
when over-harvesting, pollution, and market forces
caused the industry to close down (MacKenzie 1996).
Elsewhere along the Atlantic coast, many of the shell
middens where temporal fluctuations in oyster presence
are observed are located at upriver sites (Claassen 1986)
where local oyster beds may have developed at the limits
of their environmental range during favorable climatic
conditions, serving as sensitive indicators of climatic
shifts through time. With post-Little Ice Age warming in
the northern Atlantic region, efforts to restore estuarine
oyster populations along the east coast may be well
timed. Indeed, during our sampling, young live oysters
were occasionally recovered within the Tappan Zee. A
natural restoration may already be underway.

Conclusions

Our study of geophysical and sampling data reveals
fossil oyster beds within the marginal flats of the mes-
ohaline Hudson River estuary. Shell ages and changes in



valve size match those found in local shell middens, and
the fossil beds likely represent those harvested by local
indigenous peoples up to >6,000 cal. years B.p.The
available age control indicates oysters thrived within two
distinct warm periods during the Holocene—the mid-
Holocene hypsithermal ending ~4,000 cal. years B.p,
and the Roman and Medieval warm periods beginning
~2,500 cal. years B.p. Oysters disappeared from the re-
gion during the intervening period of cooler conditions,
and with onset of the Little Ice Age. Similar age fluc-
tuations in oyster presence are evident in local shell
midden sites elsewhere along the Atlantic coast, and may
reflect the sensitivity of oysters in marginal upstream
mesohaline settings to climate fluctuations. Although
anthropogenic impacts appear to dominate modern
estuarine ecosystems, these impacts occur within the
context of naturally changing environmental conditions,
which must be understood if restoration and mitigation
programs targeted at modern degraded estuaries are to
be effective.
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