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Rapid decline and mortality of a
Pleistocene-aged forest now submerged
in the northern Gulf of Mexico, USA
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The Gulf and Atlantic Coastal Plains of the southern United States are characterized by a wide
continental shelf that was subaerially exposed for ca. 80,000 years during glacial-interval marine
regressions and transgressions. Given their present submergence, little is known about the vegetation
dynamics, particularly at annual time scales, of these formerly terrestrial sites due to erosional
processes associated with marine transgressions. Here, we present an annually resolved and well-
replicated 489-year tree-ring chronology from macrobotanical specimens —anatomically identified as
Taxodium distichum (L.) Rich.—collected in situ from a recently exposed submerged forest in 18 m
water depth in the northern Gulf of Mexico. This chronology not only reveals historical vegetation
dynamics at annual resolutions during Marine Isotope Stages 3-5a, but it also captures a catastrophic
mortality event likely connected to intense storm activity, perhaps driven by freshwater fluxes from
Heinrich events. Our findings are supported by coupled climate model simulations from the last
glaciation, providing new insights into the environmental history of the southeastern US coastal

regions.

The southeastern region of the United States of America (USA) is char-
acterized by a wide continental shelf (~100-1000 km) that was exposed for
as long as ca. 80,000 years during glacial-interval marine regressions™”. As
local ecosystems shifted seaward, this newly uncovered land became
inhabited by plants and animals, similar to other well-known sites, e.g.
Beringia’, Doggerland’, and Sundaland’. Marine transgression after the Last
Glacial Maximum (LGM,; after ca. 20,000 ka) either removed by erosion or
buried these formerly terrestrial sites in the offshore marine environment.
Hurricane Ivan made landfall as a strong category 3 storm at Gulf
Shores, Alabama, USA on 16 September 2004. Shortly afterwards an area of
previously buried logs and tree stumps rooted in their growth position was
found 13 km off the coast in 18 m water depth (Fig. 1B; hereafter termed
submerged forest). Geophysical surveys found an elongated depression
~100 m long and about 1.0 m deep in the seafloor trending northwest to
southeast™”. This depression was likely a result of substantial bottom scour
made by Hurricane Ivan, as similar scouring was documented in nearby
locations®’. Divers found more than 50 well-preserved tree stumps and logs

in and around the depression that were visually identified as most likely
being Taxodium distichum (L.) Rich. by their iconic knees and buttresses'’,
however, not yet confirmed with wood anatomical analyses.

Preservation of the wood at the site was made possible by the anoxic
conditions created by subsequent burial, which limits biological organisms
and slows decomposition'. Wood has been found in anoxic peat bogs in
freshwater environments'>™", but discovery of well-preserved macro-
botanical specimens in the marine environment is rare because shipworms
and other bioeroders quickly colonize and consume wood once uncovered'’.
The wood specimens collected by divers that were exposed from the sedi-
ments contain more marine boring organisms than those recovered from
inside the sediment ledge. Some pieces of wood recovered from the sediment
ledge by divers still had bark and beetle chambers were visible suggesting
quick burial®. Overall, the wood collected by divers is well-preserved and
radiocarbon dates of >43,500 BP reveal these deposits are from the Late
Pleistocene when sea level was lower than today’. Now that the site is
exposed, shipworms and other marine bioeroders are attacking the
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Fig. 1 | Submerged forest site setting within the northern Gulf of Mexico, USA.
A Global sea level relative to the present day for the past 80 ka (black line) with
estimated maximum and minimum sea level (gray shaded’*). The age range for the
submerged forest site shown in green shaded region and is based on prior (black
squares/diamonds)® and new (red squares/diamonds) optically stimulated lumi-
nescence (OSL) dates’'. Squares are OSL samples from late Pleistocene interbedded
mud and peat (LPIMP) facies where wood was found and diamonds are paleosol
facies that do not contain wood. Radiocarbon dates from organic debris in LPIMP
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are green circles’. Marine Isotope Stages (MIS) 1-5a (dashed gray) are based on
Railsback et al.” and are plotted with Heinrich events (vertical red*). The current
position of the submerged forest site is denoted with a horizontal green line at ~18 m
water depth. B Estimated coastlines (blue) for past sea level (using modern bathy-
metry as a proxy; isobath interval = 10 m) relative to the location of the submerged
forest site (green star). The submerged forest site is located ~13 km offshore of Gulf
Shores, Alabama, at ~18 m water depth on the outer-continental shelf. See Fig. S1 for
a broader geographical view of site location.

exhumed wood'”™"’, and the exposed stumps will eventually be lost to decay.
Our previous studies®” found the diver-collected wood samples were
radiocarbon dead (e.g. older than 43,500 BP), and the muddy-peat sedi-
ments containing woody remnants in sediment cores from the site were
dated between 74 + 6 and 61 + 7 ka (20) (Late Pleistocene) using optically
stimulated luminescence (OSL)**' (Fig. 1). The now submerged forest was
alive when sea level fell in response to ice sheet expansion during the
Wisconsin glacial episode or Marine Isotope Stage (MIS) 3 and 5a
(57-82ka)’. Using modern coastal bathymetry”>* and global sea-level
variations™ (because no regional sea level histories are available), we posit
this site was ~50-100 km inland when the forest was alive at an elevation
between 20 and 80 m, varying within dating uncertainties® (Fig. 1). We
interpret the location of the forest as being tectonically stable (~2.3m
subsidence/10 ka)”* and any potential leveraging associated with the Laur-
entide Ice Sheet are less than the potential elevation of the forest.
Previously Reese et al.”’ conducted a pollen analysis of the Pleistocene-
aged muddy-peat sediments at the site and found T. distichum-Nyssa
aquatica backwater forest assemblages similar to modern-day southeastern

US swamps that transition to an Atlantic Coastal Plain Blackwater Levee/
Bar Forests, of which the closest analog today is located along coastal North
and South Carolina”. The final transition in the pollen record, located near
the top of the muddy-peat sediments, was to a grass and sedge-dominated
environment that was likely a brackish or salt marsh''. Other pollen studies
suggest that the coastal plains of the southeastern USA were dry during
glacial intervals™™, yet these submerged trees suggest that robust coastal
wetlands were present during the early period of the last glacial interval™.
Here, we present an annually resolved and well-replicated tree-ring
chronology from macrobotanical specimens collected in situ from the
submerged forest (submerged forest chronology; SFC). Little is known
about the vegetation dynamics—particularly at annual time scales—of
former terrestrial sites along the northern Gulf of Mexico due to erosional
processes associated with marine transgression. This new record provides a
glimpse into the short- and long-term vegetation growth trends along the
Gulf of Mexico continental shelf during MIS 3-5a. The end of the record
captures a catastrophic event that caused widespread mortality at the site.
Using coupled climate model simulations during the last glaciation

npj Climate and Atmospheric Science | (2025)8:59


www.nature.com/npjclimatsci

https://doi.org/10.1038/s41612-025-00951-y

Article

combined with the interpretation of the tree-ring record, we show that the
most likely mortality agent was a strong storm, which at the time was
primarily controlled by freshwater fluxes associated with Heinrich events.

Results

Species identification

Observations during the diving expedition suggested the species of most of
the stumps at the submerged forest site to be T. distichum based on the iconic
basal buttress swell and abundance of pneumatophores (e.g. T. distichum
knees) that were scattered throughout the site positioned adjacent to
stumps. After examining the wood specimens collected from the site, we
found the primary cellulose structure intact on most samples with no visible
indications of permineralization (Fig. 2A-E). Wood specimens that were
fully exposed from the sediments contained more marine boring organism
galleries compared to those recovered from inside the sediment ledge along
the depression. Some wood pieces recovered from the sediments still con-
tained bark and beetle chambers intact, suggesting quick burial and excellent
preservation. Examination of the wood specimens under light microscope
confirmed the wood type to be conifer, but a confident species identification
based solely on cellular characteristics on the transverse plane was difficult
because the growth-ring anatomy of T. distichum and Chamaecyparis
thyoides (L.) Britton, Sterns & Poggenb. are indistinguishable™. C. thyoides is
another Cupressaceae species also distributed along the Gulf Coast and is
also indistinguishable from T. distichum in the palynological record, as
noted by Reese et al”’. Several microanatomical characteristics, most
notably the presence of longitudinal parenchyma visible in the transverse,
tangential, and radial planes of the submerged forest specimens

(Figs. S6 and S7) and confirmed with modern samples of T. distichum (Fig.
S8) and C. thyoides (Fig. S9), helped us confirm the observations made by
divers that the wood specimens retrieved from the submerged forest site
were T. distichum™'. Further, we were able to determine that specimens were
not members of the Pinaceae family, due to the lack of resin canals and
longitudinal parenchyma in the tangential plane’".

SFC growth trends and modern analog

After drying, we excluded wood specimens that appeared to derive from
roots or branches, and only retained samples that were confirmed by divers
to be derived from in situ stumps or large sections of stumps lying on the
surface sands and sediments (n = 12). Two of the 12 specimens retained for
dendrochronological analysis could not be successfully crossdated due to
issues with poor circuit uniformity and disturbance from marine boring
organisms. We successfully crossdated a total of ten samples against each
other to develop a tree-ring chronology that was not anchored in time (e.g.
“floating”; Table S1). The SFC spanned 489 years in length with series inter-
correlation of 0.61 (p < 0.001), RBAR of 0.42, and mean tree age of 312 years
(Fig. S2; Tables S1 and S2).

Mapping the Gini coefficients for the 39 T. distichum time series dis-
tributed throughout its modern geographic range revealed noteworthy
patterns of growth trend diversity compared to the SFC (Fig. 3). When
comparing the SFC to the closest modern analog, the SFC (Gini = 0.24)
growth trend was the most similar to a modern T. distichum chronology
from the Pascagoula River, Alabama, USA (PASC; Gini=0.23), with a
difference in Gini of 0.016 (Table S2). Further, T. distichum individuals
located at the southwestern range limit in Texas, the southern range limit in

Fig. 2 | Representative T. distichum cross section
from the submerged forest, northern Gulf of
Mexico. Scanned image of submerged forest mac-
rofossil specimen A shown with bark, pith, and
galleries caused by shipworms burrowing into the
wood after exposure to the marine environment.
Inset images show B a microanatomy thin section
with earlywood and latewood tracheids of the T.
distichum specimen and photographs showing the
C in situ stumps and the various methods used by
divers to collect specimens via D hand-held incre-
ment borers and E lift bags.
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Fig. 3 | Inequality of SFC growth trends compared to modern analogs. Map
showing the distributions of Gini coefficients of the publicly available T. distichum
chronologies throughout the species geographic range (n = 39) and locations relative

to the SFC in the northern Gulf of Mexico. All publicly available records accessed at
the NOAA International Tree Ring Data Bank.

Florida, along the Mississippi River Valley, and the northern latitudinal
range limit in North Carolina and Virginia were characterized by the most
dissimilarity to the SFC. Although separated in time, trees that exhibited the
highest similarity (smallest difference in Gini) are located in close proximity
to SFC along the Gulf and Atlantic Coastal Plains, including PASC. This
suggests that similar climatic limiting factors on tree growth characterize the
SFC as with PASC and other coastal chronologies™*”. Spectral analysis of the
SEC time series (Fig. 4) over the period relative years (RY) 100-489 iden-
tified periodicities in the time series that are significantly different from a
red-noise assumption in the interannual (2-3 yr; p <0.05-0.01) and at
centennial to multidecadal periodicities (p <0.01) (Fig. 4B). The same
analysis revealed similar frequency patterns for the PASC chronology
(Fig. 4E) spanning the period 1466-1992 CE for interannual and centennial
to multidecadal periodicities (p < 0.01) (Fig. 4F). Mortlet wavelet analysis
indicated that the interannual frequency in the SFC was present throughout
most of the time series, from RY 100 to RY 350 (Fig. 4C, G). Yet, after RY
350, the interannual frequency fades contemporaneously with the gradual
decline in growth, a pattern which is most likely associated with growth
conditions that were slowly becoming more adverse. The derivative of
Gaussian wavelet, which is more appropriate for capturing events (but not
oscillations) reveals events that span 16-yr, 60-yr, and 250-yr exist
throughout most of the SFC record, with more events during the terminal
100 years of the lifespan of the trees compared to the previous ca. 350 years
(Fig. 3D, H).

After comparing the growth trends between the SFC and PASC, a
notable difference between the two records was the rapid decline in growth
at the end of the SFC that is absent in the PASC record. To investigate the
temporal variability of ring-width diversity among measured series in the
SEC record, we calculated the Gini coefficient in 100-yr intervals and

assessed the rolling variance (Fig. S3A, B). Tree-ring diversity (i.e. sensi-
tivity) steadily decreased from 0.23 to 0.14 during the first 400 years of the
record, then increased sharply to 0.36 from year 400 to the end of the record
at RY 489. We also note a substantial increase in variance in growth between
SEC trees during the last ca. 100 years of the record (Fig. S3B). We interpret
this change in temporal ring-width diversity and increased variance to be
representative of a series of events that likely caused physiological stress to
individual trees and eventually led to the rapid decline of multiple indivi-
duals at the site. This sudden change from more stabilized growth variability
to a period of erratic growth, not only within individual trees but also
between them, can also be seen in the plot of ten raw ring-width mea-
surements that make up the SFC (Fig. $4).

Discussion

T. distichum is an iconic tree of the humid subtropical southeastern USA
and is an indicator species for coastal wetlands and swamps at elevations
<120 m, but most individuals growing under the current climate regime are
found at <50 m**. As the longest-lived tree species in the southeastern
USA”, T. distichum has been widely used for climate reconstruction by
using dendrochronology* . Given the species occupies rivers, floodplains,
and swamps, individuals are able to withstand flooding events and moderate
amounts of salt intrusion but do not grow in brackish or saline waters***.
Though at such low elevations (<50m), T. distichum can occur close to
coastlines and their mild salt tolerance—compared to other species—allows
them to survive modest pulses of saltwater such as storm events***. On
longer time scales, T. distichum is impacted by sea level rise as coastlines shift
with marine transgressions and regressions especially on glacial-interglacial
time scales when global sea levels fluctuated by ~125 m**. Swamps occur in
depressions that provide accommodation space for sediments to bury the
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Fig. 4 | Times series comparisons of the submerged forest chronology (SFC) and
modern T. distichum chronology from the Pascagoula River, Alabama, USA
(PASC). Plotted for the SFC (A) and PASC (E), respectively, are MTM spectra (B, F),
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Mortlet wavelets (C, G) and derivative of Gaussian wavelets (D, H). The SFC is
truncated at relative year (cambial age) 100 due to EPS < 0.85 (Table S2). The full
record can be viewed in Fig. S2.

forest with enough sediment to preserve the deposits even during lowstand
erosional processes. Previous studies suggest rapid sea level rise occurring
~40 or ~60 ka provided opportunities for local floodplain aggradation to
bury the forest thus preserving the wood*.

We were unable to return a confident radiocarbon date for any of the
wood specimens collected from the in situ stumps. However, findings
from Delong et al.® suggest the forest existed between ca. 74 and 61 ka. In
addition to the in situ stumps, sediment cores collected within the trough
where stumps were exposed were radiocarbon dated using samples of
woody debris extracted from nine intervals within the Pleistocene facies;
all but two suggested ages of >43.5 ka®***. Given the age constraints and
limitations of "C dating, we therefore consider the radiocarbon results
from this study as a minimum age estimate for the submerged forest site”.
To help constrain the chronology of the site, sediments extracted from the
study area were dated using optically stimulated luminescence (OSL; c.f.
Rittenour”) to the period ca. 74-61 ka’. In combination with the OSL date
range of the site presented by Delong et al.’, other lines of evidence for this
age range are based on (1) past relative sea level change in the Gulf of
Mexico within the context of the site depth below current sea level (e.g.
Waelbroeck et al.** (Fig. 1)), and (2) the modern biogeography of T.
distichum placing the species generally within 0-50 m above sea level****".
We infer that this is consistent with the forest having grown during a shift
from the last interglacial (MIS 5)—during which sea levels dropped
exposing the continental shelf and allowing vegetation to expand south-
ward—into the MIS 4-MIS 3 transition, during which the Laurentide Ice
Sheet advanced southward and climate shifted to colder and drier con-
ditions of the LGM™.

During the approximate period of widespread forest mortality at the
submerged forest site (74-61 ka), a shift occurred from the last interglacial
(MIS 5) into the MIS4-MIS 3 transition. At this time, as the Laurentide Ice
Sheet advanced southward and climate shifted to colder and drier
conditions®, which could have stressed the trees, receding sea levels exposed
portions of the continental shelf, which in turn would have facilitated species
migration and range expansion to lower coastlines of what now is the USA
Gulf Coast and where the trees of the SFC were found. We found no
evidence of charcoal or fire scars in the wood and sediments that could have
led to mortality. Furthermore, we found no evidence of disease (e.g. wood
decay, spalding) or widespread insect infestation (e.g. insect galleries) in
the wood.

Previous pollen studies suggest that the coastal plains region of the
southeastern USA was dry during glacial intervals’~**, yet a pollen
assemblage profile from the terrestrial sediments extracted from the sub-
merged forest indicates that robust coastal wetlands were present during the
early period of the last glacial interval (MIS 3-4)*’. The uppermost Pleis-
tocene terrestrial sediments presented by Reese et al.”’ are dominated by
grasses (Poaceae) and sedges (Cyperaceae) indicating a more open envir-
onment. These pollen assemblages suggest that early glacial forests along the
Gulf Coast were similar to what exists currently. Interpreting higher-
resolution vegetation dynamics (e.g. annual growth variability) from such
environments is scarce. Yet, successful crossdating and chronology devel-
opment from the submerged forest enables a rare chance to obtain infor-
mation about vegetation responses to environmental changes.

Growth trends at the beginning of the SFC exhibited a high level of
variability, but this is common in many tree-ring time series and is attributed
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to alow number of samples (Figs. 4A and S2). Sample depth was low (n=1)
during the first 76 relative years (RY) of the chronology but increases to n = 4
at RY 98 (Fig. S2). This low sample depth precluded growth trend inter-
pretations until RY ca. 100, at which time the expressed population signal of
the record was >0.85"". The period RY 100-350 was characterized by high-
frequency growth variability until after which trees demonstrated a gradual
decline in growth trend and year-to-year variability to RY 430. An increase
in tree growth occurred between RY 430-482, which is followed by a marked
decline in growth. RY 489, the last complete ring in the chronology, is
characterized by the narrowest growth ring in the entire time series. Further,
eight of the ten samples contained the same outermost growth ring as
revealed by the crossdating process, which was characterized by a partial
growth ring during RY 490 of 4-10 rows of earlywood tracheids, indicating
that mortality occurred early in the growing season (e.g. spring). Bark was
not present on two of the samples, and this is evident in the drop in sampled
depth ca. RY 450 toward the end of the chronology. Yet, we posit that the
rapid decline in growth toward the end of the chronology combined with the
finding that eight of ten samples contained the same outermost partial
growth ring inside bark suggests that some early-season event resulted in
synchronous tree mortality, at least for most of the individuals included in
the submerged forest chronology.

Given the proximity of the SFC site to the mouth of the Mississippi
River (~100 km from the current mouth), changes in Mississippi fluvial
dynamics may have influenced the growth displayed in the SFC, especially
toward the last ca. 140 years of growth. Yet, the site is located to the east of,
and within closer proximity to, the Mobile-Tensaw River system, which
could have had a more direct influence”. Along the middle and lower
Mississippi Valley regions, buried slackwater deposits suggest the Mis-
sissippi was flowing below the present position during the last interglacial,
with initial slackwater deposition occurring ca. 77 ka at the MIS 5a-4
transition’ ™. Then toward the end of MIS 4, the Mississippi aggraded
rapidly and transitioned to a braided regime to form the highest and oldest
braid belt, the Dudley, by the period 64 + 5-50 + 4 ka. Reese et al.”’ hypo-
thesize that the present-day Mobile-Tensaw River system also became
braided during this time, as evident in a coeval surge in Alnus spp. pollen
associated with the Blackwater Levee/Bar forest assemblage discovered in a
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Fig. 5 | Coupled climate model simulations of storm activity freshwater forcing.
iTrace model simulations of the last glaciations—from the Last Glacial Maximum
(21 ka) to the end of glaciation (12 ka)—that demonstrate the isolated climate system

sediment core from the SFC site. We posit that based on (1) the previously
established relationship between increased salinity and T. distichum radial
growth and (2) the growth trends during the last ca. 140 years of the SFC
chronology that trees were responding negatively to gradual increases in
saltwater intrusion, or variations in Mississippi River meltwater during the
early growing season, which ultimately led to the rapid decline in growth
and mortality of the trees before eventual burial.

The most notable aspect of the SFC record is the changing growth
trends from RY 350 to the end of the chronology at RY 489 marked by
synchronous mortality in RY 490. T. distichum is known to have the ability
to survive prolonged periods of freshwater flooding. In addition, previous
research has found the establishment and survival of seedlings to be mod-
erately salt tolerant (e.g. Chabreck™). In a controlled experiment, T. dis-
tichum seedlings treated with a 3 g/l saltwater solution for 60 days displayed
no significant effects on height growth, stomatal conductance, or net pho-
tosynthetic rate compared to seedlings treated with freshwater™. However,
Conner”’ found 100% mortality of seedlings subjected to treatments of
regular saltwater (10 g/l) flooding. Hence, the combined disturbance of
saltwater and flooding (e.g. saltwater inundation) is considered to be det-
rimental to the survival of T. distichum (e.g. refs. 56-58). Coastal wetland
areas along the southeastern US Coastal Plain and, more specifically, the
Gulf Coast have been subjected recently to increases in flooding and salt-
water intrusion due to the combined effect of land subsidence and human-
induced climate change and subsequent sea level rise” . Krauss et al.”’
found a strong negative relationship between site salinity and tree height,
basal area (m*ha™), and individual tree basal area increment (BAI;
cm’yr ') within T. distichum forests in South Carolina, Georgia, and
Louisiana.

The age of the submerged forest site precludes us from invoking
coupled climate models to suggest possible causal mechanisms responsible
for such a widespread mortality event. Despite this challenge, we use the
most recent analog of the last glaciation (ca. 21-12 ka) for which we have
transient simulations with a coupled Earth system model. As is shown in
Fig. 5A-D, changes in ice sheet forcing, orbital variations, and greenhouse
gases all have a relatively small effect on the kinetic energy associated with
storms along the USA Gulf Coast. On the other hand, freshwater fluxes
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response to changes in D ice sheets alone, C ice sheets + orbital patterns, B ice
sheets + orbital patterns + greenhouse gas forcings, and A combined affect of ice
sheet fluctuations, orbital patterns, greenhouse gases, and freshwater melt fluxes.
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associated with Heinrich events have a large control on the strength of
storms in the study area, including both tropical storms at the end of
summer and winter storm tracks’**’. While this is not evidence that the trees
were killed and/or buried by a large storm, an abrupt increase in the size of
storms making landfall along the US Gulf Coast during Heinrich events is at
least a plausible hypothesis for a stressor such as a flood event, prolonged
saltwater inundation from storm surge, and ultimately burial of the trees, as
Heinrich events were likely related to freshwater pulses causing rapid,
regional flooding™.

The North American Ice Sheet complex experienced large changes in
size over the time period from ca. 72-52ka. A recent reconstruction by
Dalton et al.*® suggests that the Laurentide Ice Sheet expanded from a
spatially confined northerly state in the early MIS 4 (ca. 70 ka) to a much
more spatially extensive state ca. 60 ka, followed by a partial retreat from 60
to 50 ka, coinciding with Heinrich Stadial 6 (ca. 60 ka). This Heinrich event
is noteworthy as it marks an abrupt event (typical timescale of 500 + 250
years) with a global climate signature® in the middle of the interval when the
trees were alive. Our climate model simulations suggest that the storm
activity along the US Gulf Coast increased substantially—including tropical
cyclones—during Heinrich events (Fig. 5), supporting the hypothesis that
the trees may have been buried by the surge or flood waters from an
exceptionally large storm. An abrupt increase in the size of storms (and
presumably saltwater inundation) could also help explain the stress the trees
experienced for several decades before they abruptly died and were buried.
In support of this theory, palynological, geochemical, and micro-fossil
analyses from Reese et al.”” and Fontenot et al.'’ show a clear transition from
the Levee/Bar/Cypress Forest to open salt marsh.

Swamp environments, where T. distichum currently inhabits along the
southeastern coastal plains of the USA, are characterized largely by stagnant
waters with low oxygen content that provide favorable conditions for wood
preservation®®. Although with this study we were unable to provide an
exact causal mechanism for the synchronous mortality and rapid growth
variability at the end of the SFC record, we speculate that the most likely
causes were either singular or combined events of drought, flood, and storm
damage, which is consistent with model simulations of increased storm
activity during Heinrich events. Another possibility for promoting wood
preservation is rapid burial by a large volume of sediment from storm-
induced river overbank flooding or marine transgression”*. Heinrich”
reported that two sites recently uncovered in situ along the lower Mississippi
River in Louisiana, USA contained buried T. distichum stumps of 1.5m
height—similar characteristics to the submerged forest stumps—that would
have required burial rates of 1.5-2 m in 100 years for preservation. Further,
bark is generally shed first along with finer branches within the first few
years following mortality of a standing tree”, suggesting rapid burial of the
submerged forest occurred, as suggested elsewhere in the region by
Middleton™”". The 489-year SFC record presented here provides a baseline
on which to build future research at the site. Future work and subsequent
sampling trips will be focused on (1) extending the length of the SFC
chronology, and (2) investigating additional sites with preserved macrofossil
wood that were recently discovered. These paleoenvironmental records will
provide a better understanding of the dynamics of rapid sea level rise that
occurred in the past, which can be used to inform coastal communities
during this time of current and impending climate-induced sea level
changes.

Methods

Field methods

During field campaigns in 2013, three teams of divers (two divers per team)
worked in stages to acquire increment cores from the stumps using a hand-
held increment borer (Fig. 2D, E). To ensure the acquisition of intact seg-
ments, the divers gave selection preference to specimens that exhibited the
least amount of visible degradation”. Once samples were collected, they
were sent to the surface in buckets with air-lift bags and floated to the
research vessel. Samples were immediately tagged with a unique identifi-
cation number and submerged in deionized water to prohibit desiccation

and subsequent degradation. A total of 23 wood specimens were brought to
the surface and transported back to the laboratory for analysis.

Species identification

Histological analysis of woody plants by observing their structural char-
acteristics at the cellular level can identify wood to genus or species level in
cases where macro-morphological assessment is not possible or is con-
troversial (e.g. multiple species with identical transverse anatomical
features™). Moreover, few woody plant species can be precisely classified
solely on surface appearance; identification often entails examination of
individual cells and cell walls across the different stem planes (i.e. transverse,
radial, tangential; Fig. S5).

Certain microanatomical features are of particular diagnostic impor-
tance to distinguish between species and genera™’>”. Alongside the qualities
of latewood-earlywood cell transition in annual growth rings viewed along
the transverse plane, features such as resin canals, longitudinal parenchyma,
and subdividing end walls of tangentially viewed parenchyma cells can
provide critical indicators of the identity of a wood specimen®"”. Palyno-
logical records and tree stumps from the submerged forest site provide
critical baselines of the woody plant families, genera, and species. Namely,
regionally occurring TCT species (e.g. T. distichum; C. thyoides), both of
which are either noted in pollen records or identified by meter-scale
observations of in situ specimens, are of particular interest in precisely
identifying by their microanatomical features to confirm and/or qualify
their occurrence in the paleocoastal environment of the northern Gulf of
Mexico. The microanatomical features of T. distichum and C. thyoides are
distinct enough to identify to genus and, when possible, species level
(Table S3). Qualitative analysis of recovered woody plant material allows for
a deeper, more precise insight into the species assemblages and coastal
ecologies of the once-exposed portions of the outer-continental shelf that
existing multivariate analyses of its paleoenvironmental settings are unable
to distinguish.

For the anatomical assessment of the collected wood samples from the
submerged forest, saturated wood specimens were placed in a fume hood
and allowed to slowly dry to prevent cracking. Larger wood samples were cut
into smaller pieces for the collection of thin sections. Samples were then cut
to a thickness of 10-15 pum using a core microtome” from the transverse,
radial, and tangential planes. The wood microsections sections were stained
with a diluted safranin solution and mounted on glass slides following
standard procedures for microscopic analysis”. Thin sections were then
assessed with a Leica polarizing microscope at 4, 10, and 63x magnification
for microanatomical features and characteristics. Identification of each
wood specimen was made using diagnostic guidelines provided by
Hoadley’' and Esteban et al.”.

Submerged forest tree-ring chronology (SFC)

In the laboratory, wood specimens were first placed in a fume hood and
allowed to slowly dry to reduce cracking and checking. After drying, samples
were mounted, then sanded using progressively finer sand paper and pro-
cessed using standard dendrochronological methods”. Because exact
calendar years of growth rings within the wood specimens were unknown,
the innermost complete ring on each sample was assigned the relative year
“1” and each subsequent 10th ring was marked with a “X” under the
microscope. We then scanned each sample with an EPSON Expression
10000XL scanner and all tree-ring widths were measured to 0.001 mm
accuracy using coupled CooRecorded/CDendro” software. We first used
the computer program COFECHA” to help match and crossdate each
sample relative to one other. We tested 40-year time segments lagged by 20
years to suggest possible temporal placements of all samples and used a
minimum correlation value of 0.40 (typically p <0.001) as a statistical
standard of convincing agreement between measured series. After con-
sidering the suggested temporal placement made by COFECHA, we com-
pared each series visually. Internal crossdating (or crossmatching) resulted
in a set of measured series that were aligned temporally with each other
“floating” in time, but not absolutely dated in time. Given that most samples
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included pith and bark (Fig. 2), we then used ARSTAN to standardize each
tree-ring series with a smoothing spline with a 50% frequency response
cutoff equal to two-thirds the length of each series with variance
stabilization®. This level of detrending preserves low-frequency variance in
each series suitable for analysis of multidecadal growth trends.

Relative dating

Absolute dating of the submerged forest tree-ring chronology (SFC) is not
possible because no reference tree-ring chronology exists for the Gulf Coast
region that extends far enough back in time. Thus, we attempted to relatively
date the wood samples collected during diving expeditions using radio-
carbon dating techniques to better understand the temporal placement of the
tree-ring chronology Delong et al.’. A total of nine wood samples collected by
divers from in situ stumps were prepared and analyzed at the Center for
Accelerator Mass Spectrometry (CAMS) at Lawrence Livermore National
Laboratory. The radiocarbon dating results are reported in Delong et al.’
(Table 2) and all wood samples were either radiocarbon dead or radiocarbon
measurements were near the detection limits (i.e. older than 43,500 years).
Therefore, radiocarbon dating was not useful in establishing the age of each
wood piece. Therefore, a floating chronology is used, i.e. not fixed in time.

Paleo (SFC) vs modern (PASC) chronology comparison

We used a suite of techniques and analyses to compare the floating SFC with
mod- ern analogs. For this, we first located the T. distichum tree-ring
chronology that was the closest proximity to the SFC and publicly available
via the NOAA International Tree-Ring Data Bank (ITRDB), which was
from Pascagoula, Mississippi (PASC; 30.58° N, 88.02° W; Fig. 4E). The
Pascagoula River chronology has ITRDB identification MS002 and was
contributed by Stahle et al.*". The PASC T. distichum chronology spanned
484 calendar years from 1466 to 1992 CE. Second, to assess the inequality in
the paleo record (SFC) vs modern analogs, we calculated the Gini
coefficient™, an all-lag measure of ring-width variability within each time
series. We calculated Gini for the SFC, as well as all bald-cypress tree-ring
chronologies within the species geographic range available on the ITRDB
(n=39, including PASC). Further, we used the redfit function in dplR
package in R¥ to investigate the frequency domain and spectral aspects of
the SFC and PASC. We complemented the spectral analysis by constructing
wavelet spectra plots using Morlet (isolates low-frequency cycles with 1-3
cycles present) and derivative of Gaussian (DOG; isolates high-frequency
events and not cycles) mother wavelets to examine how the modes of
variability change with time within each time series*"*.

Coupled climate model simulations

To the best of our knowledge, there are no model simulations with a
comprehensive, coupled climate model of the 74-61 ka time period (when
the trees were alive at the submerged forest site). As the best-available
analog, we analyze the iTrace simulations, e.g.%, which is a set of transient,
fully coupled model simulations of the last deglaciation, from the LGM
(21 >ka) to the end of the deglaciation (12ka). iTrace consists of four
simulations with the Community Earth System Model, version 1 (CESM1)
that isolate the climate system response to changes in: ice sheets, orbital
parameters, greenhouse gases, and freshwater fluxes. While the last degla-
ciation is not a perfect analog for the MIS 5-MIS 3 time interval, it never-
theless shares several aspects that may be useful for understanding the role of
various climate-forcing agents. For example, the Laurentide Ice Sheet
receded from its largest extent in the last glacial period (around 21 ka) to a
comparatively small remnant ice sheet confined predominantly to north-
eastern Canada (broadly consistent with the interval from 60 to 50 ka**). The
8000-year interval simulated in iTrace covers about 1/3 of a precessional
cycle, as well as Heinrich event 1* and the Younger Dryas (13.5-11.9 ka),
both characterized by abundant freshwater fluxes into the North Atlantic
and a partial return to glacial conditions.

Data availability

No datasets were generated or analyzed during the current study.
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