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• 34major flood events are recorded over
the last 5000 years in Weeks Bay.

• Stable isotopes and diatoms record ma-
rine to brackish transition ~2000 yrs
ago.
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blooms.

• Paleorecords help assess recent change
and improve estuary conservation.
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Climate change, sea-level rise, and human activities present major concerns for coastal environments.
Paleoenvironmental records allow us to extend the instrumented record and study recent environmental
impacts in a long-term context with natural pre-industrial conditions. Here, we investigate grain size, stable
carbon (δ13C) and nitrogen (δ15N) isotopes, elemental composition, and diatom abundance in sediments to
construct a 7000-year paleoenvironmental history of Weeks Bay, Alabama, a NOAA National Estuarine Re-
search Reserve.
Four major floods of the Fish River since 1986 CE are independently identified in the Weeks Bay sediment
record, validating the bay setting as an archive of flood events. Thirty-four flood events were identified
over the last 5000 years, with two periods of intense flood activity coinciding with the Medieval Climate
Anomaly and the Little Ice Age, indicating association of relatively short-term climate events and enhanced
storm activity. Further, multiple paleoenvironmental proxies indicate marine conditions during formation
of the bay ~6600 calendar years Before Present (cal yr BP) and a brackish transition as the estuary became
restricted ~2000 cal yr BP.
High total organic carbon/nitrogen values indicate nitrogen limitation inWeeks Bay. Increase in organic content,
diatoms, and redox- and nutrient-associated elemental proxies over the last 300 years, with dramatic increase in
algal abundance since the 1980s, strongly suggest that human activities (i.e. land clearing, agriculture) increased
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ecological feedbacks in the bay. Comparing past and present environmental conditions of coastal estuaries ad-
vances our understanding of estuarine response to climate change and sea level, floods, and human activities,
which is important for environmental management and wetland conservation policy.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

The Intergovernmental Panel on Climate Change projects sea-level
rise from 4 to 15 mm/yr, based on modeled intervention, within this
century (IPCC, 2019; Hoegh-Guldberg et al., 2018). While the majority
of the global population lives and relies upon the coast, impacts of and
preparedness for sea-level rise and climate change in coastal environ-
ments remain uncertain (e.g. Lam et al., 2009; Barbier, 2015). Eutrophi-
cation – nutrient enrichment in aquatic systems – and related harmful
algal blooms (HABs) pose substantial water quality issues in coastal es-
tuaries, often creating hypoxic conditions, ecosystem shifts, and fish
kills leading to diminished fishery production (Anderson et al., 2008).
Coastal estuaries in the Gulf of Mexico are at high risk for increased fre-
quency of eutrophication events due to the increased impact of agricul-
tural land use change and industrialization, with major hypoxic zones
along the Louisiana coast (e.g. Rabalais et al., 2007). With predictions
of intensifying tropical cyclones in the future (IPCC, 2019; Hoegh-
Guldberg et al., 2018), coastal communities are also at risk for increased
extremeweather events that causeflooding, another source of nutrients
for estuaries that can lead to HABs and negative consequences for
human health (e.g. Paerl et al., 2019; Wells et al., 2019).

Multiple studies have indicated the usefulness of multiproxy sedi-
ment core analysis to determine long-term trends in environmental
change. For example, to study the historical influences of land use
change and industrialization around Lake Macatawa, Michigan,
Anderson et al. (1978) conducted multiproxy analysis of sediment
cores, dating to the first major settlement and industrialization around
1850, and developed a natural baseline for pre-settlement conditions.
Since then, multiproxy sedimentary records focusing on recent eutro-
phication in the past 100 to 200 years have been conducted in Ireland
(Battarbee, 1986), Scotland (Bennion et al., 2004), the Mississippi
River Delta (Turner et al., 2004; Rabalais et al., 2007), and other regions
(Gooday et al., 2009). In the Mississippi River Delta, deforestation, agri-
cultural development, wetland drainage, and artificial waterflow con-
trol systems have been linked to alteration of the natural nutrient
system, leading to hypoxia and accelerating eutrophication in the Gulf
of Mexico (e.g. Rabalais et al., 2007; Liu et al., 2010; Osterman et al.,
2009; Rabotyagov et al., 2014). While these studies link human activity
to HABs and hypoxia in recent history (e.g. Rabalais et al., 2007 and sev-
eral others), the drivers of eutrophication in estuaries have not yet been
holistically considered in a long-term pre-industrial context, spanning
thousands of years. HABs and hypoxia can have extreme consequences
on local fisheries and the economy. Recent storms and floods are
characterized as 500- to 1000-year events (which can be converted to
annual probabilities) that can occur within the same year. Since infor-
mation on recurrence interval is lacking, it is imperative to investigate
longer time spans to evaluate whether the recently observed extreme
weather events are more frequent or intense relative to the pre-
industrial, natural record.

In an effort to improve coastal resiliency of the southeastern US, we
extend the instrumental and historic recordwithHolocene sediment ar-
chives from Weeks Bay, AL. The ~7000-year long record of change pro-
vides data to test the sensitivity of the estuary system to sea-level rise,
changing climate, floods and storms, and human activity during the Ho-
locene. The chemical and physical proxies within these archives record
evidence of floods and changes in nutrient loading through time. The
frequency and intensity of these events is predicted to vary in response
to changes in sea-level rise rates and climate through time (IPCC, 2019).
Comparison of the long-term natural estuarine history to modern
storms, floods, and eutrophic events will improve understanding of
the impacts of agricultural, industrial, and infrastructure factors on
coastal environments and ecosystems. Weeks Bay has been a
protected National Oceanic and Atmospheric Administration Na-
tional Research Reserve (NOAA NERR) for over 30 years, and the
long paleoenvironmental record in this study provides data to test
the effectiveness of enforced environmental legislation in reducing
anthropogenic impacts on estuaries.

1.1. Geologic and hydrographic setting

Weeks Bay is a small tributary estuary on the eastern side of Mobile
Bay, which is the fourth largest estuary in the US, connected to the
northern Gulf of Mexico (Miller-Way et al., 1996). Weeks Bay is
~8.0 km2 and has an average water depth of 1.25 m (Fig. 1; Miller-
Way et al., 1996; Rodriguez et al., 2008a). The watershed surrounding
Weeks Bay covers approximately 526 km2 of land, with ~584 km of
streams (Thompson Engineering, Inc., 2017). Two main rivers drain
into Weeks Bay: Fish River from the north, and Magnolia River from
the east. Saltwater is exchanged with Mobile Bay through the
~150 meter-wide tidal inlet of Weeks Bay (Miller-Way et al., 1996).
Weeks Bay is considered brackish, though salinity varies spatially and
temporally, ranging from 0 to 20 PSU (Schroeder et al., 1992). The Fish
River contributes ~75% of the freshwater input, while the Magnolia
River contributes ~25% (Singh, 2010). The mean combined freshwater
discharge is estimated to be 9 m3/s (Miller-Way et al., 1996).

In a study comparingWeeks Bay and two nearbyNERR estuaries, ni-
trogen (N) input into Weeks Bay was reported as 10 mol N/m2 yr, or
N140,400 kg N/km2 yr, which is one of the highest rates of N loading
among Northern Gulf of Mexico estuaries; measurements of dissolved
inorganic nitrogen (DIN) in Weeks Bay were highest at the mouths of
the Fish and Magnolia rivers, attributed to urban and agricultural run-
off, averaging 41.1 μM and 31.9 μM respectively over a multiyear
water quality record (Caffrey et al., 2014). Chlorophyll-a (Chla), gross
primary productivity (GPP), and ecosystem respiration (ER) measure-
ments were also higher than those of the nearby NERR estuaries: Chla
averaging 16 μg/L at themouth of the Fish River to 28.6 μg/L in themid-
dle of the bay, GPP summer values of 200 to 400 mmol O2/m2day (or
825 gC/m2yr), and ER summer values of −300 to −450 mmol O2/
m2day (Caffrey et al., 2014). These are large numbers compared to
other Mobile Bay sub-estuaries, and even compared to larger estuaries
along the Gulf of Mexico, such as Pensacola Bay or Mobile Bay itself
(Mortazavi et al., 2012; Caffrey et al., 2014).

The Fish and Magnolia rivers supply freshwater and carry sediment
into Weeks Bay. Weeks Bay falls within the Coastal Lowlands subdivi-
sion of the Eastern Gulf Coastal Plain physiographic province, while
the watersheds that feed into Weeks Bay fall within the Southern Pine
Hills subdivision, which is primarily made up of quartz-rich sands lay-
ered with clays and silts of Miocene to Holocene age (Miller-Way
et al., 1996). The center of Weeks Bay is primarily clayey silt, while the
inlets and edges of the bay are composed of fine to medium quartz
sand (Haywick et al., 1994).

The stratigraphy underlying Weeks Bay includes Pleistocene allu-
vium and marsh sediments covered by estuarine silt and bayhead
delta sands (Fig. 2, Rodriguez et al., 2008a). Studies of sediment accom-
modation through time inWeeks Bay have placed the initial flooding of
the estuary between 7800 and 7500 cal yr BP, with initial estuarine sed-
iment deposits dated at 7200 cal yr BP (Rodriguez et al., 2008a). During
this time, the rate of sea-level rise was ~3.2mm/yr and slowing, and the



Fig. 1.Map of Weeks Bay, AL and core locations. This study investigates cores WB-18-01 and WB-18-02, and compares with legacy cores WB-01-1 from Rodriguez et al., 2008a, Core IX
from the University of South AlabamaWeeks Bay Research Project (Haywick, 2004), and seismic transect A–A′ (Fig. 2). Upper inset map shows the location of Mobile andWeeks bays in
the southeastern US. Lower inset highlights the Fish River (1) and Magnolia River (2) watersheds, as well as the USGS Stream Gage on the Fish River (*).
(Modified from Rodriguez et al., 2008a and Google Earth.)

Fig. 2. Stratigraphy ofWeeks Bay. Cross-section along transect A–A′ (Fig. 1), as interpreted by Rodriguez et al., 2008a from seismic, with sediment coresmarked in black rectangles. Piston
coreWB-18-02 was collected nearWB-01-1 (Rodriguez et al., 2008a) and Core IX (Stapleton III, 2005), and samples most of the estuarine stratigraphy. Radiocarbon ages are reported in
Table 1.
(Modified from Rodriguez et al., 2008a.)
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Fish and Magnolia bayhead deltas backstepped while sediment accom-
modation rates increased (Rodriguez et al., 2008a).

While other watersheds can be impacted by precipitation events
hundreds of kilometers north of the basin (e.g. the Mobile watershed
or the Mississippi River Basin), the relatively small size of the Weeks
Bay watershed is impacted by nearby coastal precipitation, making it
an ideal setting for studying coastal storm andflood eventswithout con-
cern for ambiguous distant upstream precipitation histories.
1.2. Flood and storm history

In this study, we compare the Weeks Bay sedimentary record with
both the instrumented flood and hurricane history, as well as the sedi-
mentary record of landfalling tropical storms and hurricanes to investi-
gate the events recorded in the WB-18-02 archive.

The USGS streammonitoring station #02378500 located on the Fish
River near Silverhill, AL (~14.5 km northeast from themouth of the Fish
River into Weeks Bay) has tracked daily average gage heights and peak
flood stages since November 11, 1986 (Fig. 3). According to reports
compiled by USGS Water Watch, there have been 4 major flood events
in the past 30 years, in 1989, 1997, 2005, and 2014 CE (Fig. 3). The prox-
imity of the USGS stream gage to the study site allows validation of the
Weeks Bay sediment archive and the sedimentological methods for
identifying extreme flood events. Another USGS streammonitoring sta-
tion on the Magnolia River (#02378300) spans far less time, from
2000 CE to present, but two notable floods in the Magnolia River gage
(years 2005 and 2014 CE) correspond to the floods in the Fish River
gage record (USGS, 2019b).

Three hurricanes have passed within 10 km of Weeks Bay, with 9
more within 50 km of Mobile Bay, since 1859 CE (NOAA, 2019). The
strongest of these 12 storms was Hurricane Fredrick, a Category 4 hur-
ricane that made landfall in 1979 CE, while the strongest to hit Weeks
Bay directly was Hurricane Ivan, a Category 3 hurricane that struck in
2004 CE. Major storms like these can generate storm surge, high precip-
itation, and floods, transporting and mixing nutrients in estuaries.

Limited studies have attempted to reconstruct storms in Weeks Bay
and the southeastern region. Sediment cores collected from themarshes
at the bay mouth betweenWeeks Bay and Mobile Bay revealed distinct
sand layers that were interpreted to represent storm surge material
from Hurricane Ivan in 2004 CE (Huang, 2009). There was uneven dis-
tribution of storm-transported sand across the area, however, and the
Fig. 3. Stream gage data from USGS Stream Monitoring Station 02378500 from 1986 to 2018
2019a, modified from USGS, 2019b). (For interpretation of the references to color in this figure
storm deposits could not be found in marshland around Weeks Bay.
Huang could not account for prehistoric floods and concluded that
therewere no records ofmajor floods inWeeks Bay in themarsh setting
(2009). Another recent study of sediment cores from the surrounding
marshes and forests of Weeks Bay identified an 8-cm thick sand layer
thatwas interpreted as a stormdeposit froma historic hurricane, poten-
tially the 1772 CE Bernard Romans' Gulf Coast Hurricane, using LOI, sed-
imentology, and diatom assemblages (Wang et al., 2019). They did not
find the storm deposits associated with Hurricanes Ivan or Frederick,
however.

Regionally, there is limited spatial coverage of Holocene storm re-
cords for the southeastern US, with only three sites from Florida toMis-
sissippi, each chosen for their enclosed nature and studied for evidence
of storm surge and associated overwash deposits to identify intense
hurricane impacts:

1) Eleven severe hurricane impacts were recorded between ~3500 and
700 cal yr BP at Lake Shelby, AL, ~23 km southeast of Weeks Bay,
using sand layers as proxies for storm intensity and frequency (Liu
and Fearn, 1993, 2000a, 2000b; Elsner et al., 2008). Lambert et al.
(2003, 2008) expanded upon these studies in Lake Shelby by analyz-
ingwater chemistry profiles, sediment cores, radiocarbon dates, and
geochemical measurements. Separating geochemical readings into
“isolated” and “flooded” states, Lambert and colleagues reported
that 11 catastrophic hurricanes hit the Alabama coast in the past
682 years (2008), including “Penicaut's Storm,” an officially un-
named historical hurricane that hit Dauphin Island and Mobile Bay
to the west of Lake Shelby in 1717 CE (e.g. McWilliams, 1953). It
should be noted that it is challenging to directly compare different
hurricane reconstruction records that use different proxies
(i.e., sand layers versus geochemical proxies), due to uncertainty
about the types of storms recorded.

2) Lane et al. (2011) present a 4500-year sedimentary record of intense
storms from Mullet Pond, a coastal sink hole near Apalachee Bay
Florida, with periods of frequent intense hurricane strikes occurring
between 3950 and 3650 cal yr BP, 3600 and 3500 cal yr BP, 3350 and
3250 cal yr BP, 2800 and 2300 cal yr BP, 1250 and 1150 cal yr BP, 925
and 875 cal yr BP, and 750 and 650 cal yr BP. Another study of a
coastal sink hole in Spring Creek Pond, Florida utilized data on
windspeeds necessary to transport the maximum grain size within
storm deposits to identify potential storm events and developed a
storm frequency record. This study documented a period of intense
CE. Highest recorded peak stages identified by the USGS labeled with dates in red (USGS,
legend, the reader is referred to the web version of this article.)
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storm activity occurred between ~1700 and 600 cal yr BP, with de-
creases from ~2500 to ~1700 and ~600 cal yr BP to the present
(Brandon et al., 2013).

3) Sediment cores from Silver SlipperWest, a large coastal pond on the
Mississippi coast, were collected following two intense hurricanes
that directly passed through the site, Camille in 1969 CE and Katrina
in 2005 CE (Bregy et al., 2018). Using sedimentary, geochemical, and
microfossil proxies and relating to Hurricane Camille as a ground
truth for the record, Bregy et al. (2018) identified a minimum of 12
intense storm events over the last 2500 years, with intense activity
between 900 to 600 and 2200 to 1900 cal yr BP and a quiescent pe-
riod between 1900 and 900 cal yr BP. Around 600 cal yr BP, a de-
crease in intense hurricane impacts along the northern Gulf of
Mexico is attributed to the Loop Current migrating south (Poore
et al., 2004; Bregy et al., 2018), also supported by previous studies
(Lane andDonnelly, 2012; Brandon et al., 2013). Speculation of sed-
imentation rates and percent coarse in the Silver Slipper West
pond being related to surface runoff and/or upstream sediment
loading–and not representing hurricanes (Smith et al., 2020)–
ignores the significant multiproxy evidence for hurricane deposi-
tion (Bregy et al., 2018).

1.3. Development of the Weeks Bay Watershed

In this study, we also compare the timeline of human activity with
the sedimentary record of environmental change to evaluate human
impacts on the estuary.

Native Americans inhabited the southeastern US 12000 or more
years ago, over three millennia prior to the marine flooding of Mobile
Bay and Weeks Bay due to post-glacial sea-level rise (Miller-Way
et al., 1996; Rodriguez et al., 2008a, 2008b). When the bays flooded
and created more natural resources, the area likely became more regu-
larly populated (Anderson, 2001). After several successive Native
American settlements around Mobile Bay and other estuaries (Holmes
and Trickey, 1974; Miller-Way et al., 1996; Mikell and Saunders, 2007;
Thompson andWorth, 2011), the Spanish began the first European set-
tlement of the area in the1500s. TheMobile Bay region and surrounding
Baldwin County underwent intensive silvicultural and agricultural de-
velopment, especially in the distillation of pine resin for ship building,
which led to extensive commercial and residential development over
the past 100 years (Thompson Engineering, Inc., 2017). Current land
use of the Weeks Bay Watershed, including both the Fish and Magnolia
watersheds (Fig. 1) is 49% agriculture, 21.6% forest, 13.5% urban, and
15.8% wetland (Thompson Engineering, Inc., 2017). Baldwin County is
one of the fastest growing counties in the state of Alabama, with the
population doubling between 1990 and 2014 CE and predicted to
reach over 227,000 by 2020 CE (WBNERR, 2017). Agricultural develop-
ment can lead to increase sediment and nutrient loading downstream,
and urban development creates impermeable land surfaces that in-
crease the rate, magnitude, and temperature of runoff (Constantin,
2015), compounding nutrient loading effects for the estuary. Further,
Alabama was ranked #2 in the nation for reported mercury emissions
due to coal-fired power plants and steel production activities in 2014,
and the Fish and Magnolia rivers are included on the Alabama Depart-
ment of Environmental Management 303(d) list (per the Clean
Water Act), specifically for mercury contamination (Thompson
Engineering, Inc., 2017), which results in bioaccumulation in
Weeks Bay (Monrreal, 2007).

The Weeks Bay National Estuary Research Reserve (WBNERR) was
established in 1986 CE and is one of five in the Gulf of Mexico region
and the only NERR in Alabama. Even with protection of N36 km2 of
the watershed, the WBNERR has identified multiple stressors to the
ecology and environment of Weeks Bay: change in land use, polluted
storm water run-off, coastal development, climate change and sea-
level rise, dredging, energy development, and pollution from major in-
dustrial andmunicipal sources (WBNERR, 2017).Most of these stressors
can lead to eutrophic conditions inWeeks Bay and are directly related to
anthropogenic sources or influences. We hypothesize that ecological
feedbacks, resulting from high nutrient flux, have increased in the last
100 years as a result of agricultural and urban development.

Weeks Bay is a nursery for commercially important shellfish and fin-
fish, as well as a habitat for rare, threatened, and endangered animals
and plants. Unlike most estuaries in the Northern Gulf of Mexico,
Weeks Bay is protected as a NERR and still relatively undeveloped de-
spite recent population growth. Nutrient flux from development within
thewatershed remains amajor cause for concern, however. To optimize
conservation efforts, we characterize how the Weeks Bay ecosystem
responded to environmental changes in the past, before and after
human development, in order to test whether the current nutrient con-
ditions are unique and may be human-induced, and/or are related to
other controls like storms, floods, and climate.

2. Material and methods

2.1. Core collection

Subsurface seismic and sedimentary data collected by Rodriguez
et al., 2008a and the University of South Alabama (Haywick, 2004)
were used to select the site for two piston cores in the center of
Weeks Bay (Figs. 1, 2). Cores WB-18-01 and WB-18-02 were taken
from the same location (N 30.39522°,W 87.83191°) (Fig. 1). The central
bay location is distal to the Fish River and outside of delta lobe sands, yet
sufficiently proximal to the sediment source to record major flood
events. Weeks Bay is connected to Mobile Bay through a small inlet
and protected from wave energy. Weeks Bay experiences limited tidal
influence within the microtidal northern Gulf of Mexico, averaging
0.4m (1.3 ft) daily (Miller-Way et al., 1996). Therefore, preservation po-
tential of sediment is high, especially in the central bay.

2.2. Geochronology

Sediment cores were dated using twomethods: short-lived radio iso-
topes (137C) and radiocarbon (14C) Accelerated Mass Spectrometry
(AMS). 137Cs analysis followed the methods of Kirchner and Ehlers
(1998) and Osterman and Smith (2012). Subsamples (n = 25) of core
WB-18-01 were taken at 2-cm intervals down to a depth of 50 cm
below the seafloor (cmbsf). The samples were oven dried at 60 °C over-
night. Samples were homogenized with a mortar and pestle, and placed
in sealed plastic containers for at least 20 days to ensure equilibrium be-
tween 226Ra and 222Rn. Samples were placed in a lead shield connected
to a Canberra Germanium Well gamma spectrometer and counted for
72 h. Sample counts of γ peaks at 662 keV (total 137Cs) were corrected
for detector efficiency by referencing standard IAEA-315 and IAEA-375.
Peaks in 137Cs values were used to refine the chronology of the core age
model by correlating these peakswith atmospheric nuclear testing during
1963 CE, which produced the 137Cs peak (Supplementary material).

Shells (n = 3) and wood (n = 2) were collected from WB-18-02,
cleaned and dried, then sent to the University of California Irvine for
AMS 14C radiocarbon dating. Raw 14C dates were entered into Bacon
in R Studio to produce a calibrated age-depth model (Fig. 4; Blaauw
and Christen, 2011, R Development Core Team, 2013). The three
upper shell-based ages from WB-18-02 are classified as “MODERN,”
meaning the samples were alive on or after the period of atmospheric
weapons testing in the late 1950's and early 1960's (Reimer et al.,
2004). The two lower wood-based ages are classified as “pre-bomb”
(or before atmospheric weapons testing) and were calibrated using
Intcal13 (Reimer et al., 2013).

The ages calculated from these two data sets (Table 1, Fig. 4) were
used to refine the chronology of eventswithin the core and complement
the age-depth models of nearby cores from Rodriguez et al., 2008b and
Stapleton III (2005), which were recalibrated and modeled using the
same methodology.



Fig. 4.WB-18-02 core lithology, grain size by volume percentage, and the age-depthmodel. The age-depthmodel is generated by Bacon program in R Studio based on calibrated 14C dates
(horizontal blue), extraction year of the core, and 137Cs peak (vertical light blue lines, Table 1). Gray stippled lines indicate the 95% confidence intervals; the red curve in center is the bestfit
based on theweightedmean age for each depth (cmbsf= cmbelow seafloor; cal yr BP= calendar years Before Present; Blaauw and Christen, 2011). (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)
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Table 1
Table of radiocarbon and Cesium-137 ages fromWeeks Bay, including published sediment coresWB-01-1,WB-01-2 (Rodriguez et al., 2008a), andCore IX (Stapleton III, 2005),with depths
reported in cm below the seafloor (cmbsf). Samples were processed at the accelerator mass spectrometry labs of UC Irvine (UCI, this study), University of Arizona (OS), and Beta Analytic
(Beta). The BACON software was used to model ages forWB-18-02, as well as recalibrate andmodel published core ages (Blaauw and Christen, 2011). Italicized ages are points that were
not included in the age-depth model by BACON. Minimum year for each core is based on the year the core was collected (2018, 2001, and 1999 CE, respectively).

Core Sample Depth
(cmbsf)

Lab number Fraction modern 14C age (yr BP) Modeled avg age
(cal yr BP)

Modeled avg age
(cal yr CE)

Age model error

WB-18-01 Surface 0 −68 2018
WB-18-01 Cs-137 15 USM-SOSE −13 1963 +6/−6
WB-18-02 Shell 19 UCI-217966 1.0131 ± 0.0025 Modern
WB-18-02 Shell 52 UCI-217967 1.0175 ± 0.0022 Modern
WB-18-02 Shell 68 UCI-217968 1.1485 ± 0.0026 Modern
WB-18-02 Wood 352 UCI-217978 0.5715 ± 0.0012 4495 ± 20 5012 −3062 +456/−167
WB-18-02 Wood 564 UCI-217979 0.4861 ± 0.0010 5795 ± 20 6620 −4670 +94/−102
WB-01-1 Shell 290 OS-32699 Not reported 2840 ± 40
WB-01-1 Wood 468 OS-32701 Not reported 7080 ± 35 7904 −5954 +115/−143
WB-01-2 Wood 229 OS-32702 Not reported 2710 ± 45
WB-01-2 Wood 281 Beta-207,539 Not reported 4100 ± 40 4710 −2760 +121/−197
WB-01-2 Wood 349 OS-32703 Not reported 5240 ± 35 5870 −3920 +148/−262
WB-01-2 Wood 484 Beta-207,541 Not reported 6010 ± 40 7006 −5056 +163/−183
WB-01-2 Peat 498 OS-32704 Not reported 6310 ± 40 7179 −5229 +136/−185
Core IX Sediment 55 Beta (not reported) Not reported 890 ± 40 871 1079 +225/−131
Core IX Sediment 135 Beta (not reported) Not reported 2250 ± 50 2202 −252 +147/−199
Core IX Sediment 460 Beta (not reported) Not reported 6090 ± 110 6522 −4572 +495/−887
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2.3. Grain size distribution

Piston core WB-18-02 was analyzed continuously for particle size,
with each sample spanning 1 cm of core depth (n = 570). Sediment
samples were deflocculated using a detergent (Na6P6O18) overnight.
Particle size distribution was measured with a Malvern Mastersizer
3000, using laser diffraction to measure volume % of clay (≤3.9 μm),
silt (3.9 μm ≤ 63 μm), and sand (63 μm ≤ 2000 μm) (Folk and Ward,
1957; McCave et al., 1986). Coarse sand-rich intervals were determined
using the D90 percentile, meaning 90% of the sample is smaller than that
value, following Bregy et al. (2018). A cutoff of 104.5 μm (average D90

over the upper three units plus standard deviation over the upper
three sediment core units) was used to isolate sand intervals with the
coarsest grains,whichwould only be transported by high energy events,
interpreted to be major floods on the Fish and Magnolia rivers.
2.4. Elemental analysis

Element abundances were measured using a SciAps X-200 hand-
held/portable X-Ray Fluorescence (pXRF) analyzer. WB-18-02 was
scanned every centimeter by pressing the device directly to the top of
the cleaned surface of the halved, wet sediment core to produce a nearly
continuous record of elemental composition, which is used to extract
meaningful trends in elemental composition with depth. The pXRF
was calibrated using siliciclastic standards AGV-1, BHVO-1, BIR-1,
RGM-1 and SCo-1 from the United States Geological Survey and lime-
stone standards DC71306, DC28009a, DC70302, DC 73306, DC70308
from the China National Analysis Center for Iron and Steel. Detection
limits are provided in the Supplementary material (aluminum, often
used to normalize elemental concentrations (Thomson et al., 2006), is
below detection limit in WB-18-02). Elemental percentages from the
pXRF are related to the chronology of the core over the Holocene and
are further utilized to correlate with land use change and increased ur-
banization, following the approach of several environmental forensic
studies (e.g. Anderson et al., 1978, and several examples within
Rothwell, 2015). The suite of elements analyzed includes As, Ca, Cl, Co,
Cr, Cu, Fe, Hg, K, Mn, Mo, Nb, Rb, S, Sr, Ti, V, Y, Zn, and Zr, however
only elements that are utilized as environmental proxies are presented
(i.e., Ca, Sr, Ti, Zr, Fe, V, and Mn).

With an understanding that Calcium (Ca) and Strontium (Sr) are
abundant in marine sediments and carbonate minerals, we interpret
concentrations of Ca and Sr in the core sediment samples to be
indicative of marine influx and influence (Łącka et al., 2015). Titanium
(Ti) and zirconium (Zr), by contrast, are common in terrestrial rocks
and sediments (Ti: Łącka et al., 2015; Zr: Ratcliffe et al., 2017) and are
interpreted to be indicative of terrestrial input in theWeeks Bay estuary
from the Fish River (Fig. 1). Some redox-sensitive elements, such as va-
nadium (V), molybdenum (Mo), and low manganese/iron (Mn/Fe)
have been established in organic-rich marine deposits as being associ-
ated with oxygen-poor to anoxic conditions (Calvert and Pedersen,
1993; Morford and Emerson, 1999; Tribovillard et al., 2006).

2.5. Stable isotope analysis

Stable carbon (δ13C) and nitrogen (δ 15N) isotope ratios, along with
total organic carbon (TOC) and total nitrogen (TN), were measured
from bulk sediment every 5 cm throughout the core, starting at 5
cmbsf (n = 113). Samples were dried and homogenized, then ~20 mg
was weighed into 5 × 9 mm silver capsules and placed in a chamber
with 40 mL of HCl (25% solution) for 17 h to remove inorganic carbon,
following the vaporous HCl digestion method of Komada et al. (2008).
Samples were analyzed in random order to ensure trend accuracy
with a Costech Elemental Analyzer and Thermo Delta V Plus isotope
ratio mass spectrometer in the Alabama Stable Isotope Laboratory at
the University of Alabama. Acetanilide standard was used to create
reference calibration curves, and the reference standard for carbon
and nitrogen was Low Organic Content Soil B2153, chosen because
it closely mimics the physical and chemical properties of the core
sediment (although low nitrogen concentration introduces some ad-
ditional uncertainty; Supplementary material). δ13C and δ15N are
presented as ‰ difference relative to the reference standards V-
PDB (Vienna-PeeDee Belemnite) and Air, respectively. The total or-
ganic carbon to total nitrogen ratio (TOC/TN)was calculated by dividing
the total organic carbon values by the total nitrogen values within each
sample (analytical uncertainty reported in Supplementary material).

2.6. Diatoms

Diatom slide preparation every 10 cm (n=58) and calculation of Ab-
solute Diatom Abundance (ADA) followed Scherer (1994) andWarnock
and Scherer (2015). Diatomswere counted using a transmitted light mi-
croscope at 1000× magnification to identify taxa to at least genus level.
Counts included 400 diatom valves or 5 transects (~20 mm each) per
slide, whichever condition was reached first. Only the samples in the
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upper 200 cm of WB-18-01 contained sufficient diatoms to quantify
ADA.While assemblages ofWeeks Bay include a diversity of over 70 gen-
era and 175 species of fresh, brackish, andmarine diatoms, we do not re-
port taxonomic counts and refer the reader to Stapleton III (2005) for
assemblage information from nearby Core IX (Figs. 1 and 2).

3. Results

All proxy data from WB-18-02 are plotted vs core depth (re-
ported in cm below the seafloor, or cmbsf) and age (Table 1;
Fig. 4). Units are distinguished based on changes in sedimentary
properties, elemental trends, and geochemical composition (Figs. 4
and 5). The upper sediment is dated with high confidence by a
clear Cs-137 peak at 14-16 cmbsf (1963 CE). Radiocarbon AMS ages
were obtained from three shells in WB18–02 at 19, 52, and 68
cmbsf, but these were all “MODERN” (post-bomb) and could not be
fully incorporated into the Bayesian BACON age-depth model
(Table 1). However, these modern marine dates do broadly confirm
relatively young ages and no major hiatus in the upper section of
the core. Two wood fragments at 352 and 564 cmbsf were modeled
along with the Cs-137 date (using the midpoint depth of 15 cmbsf)
in the BACON software, producing an age-depth model and calibrat-
ing the wood ages to 5012 (+456/−167) and 6620 (+94/−102) cal
yr BP, respectively (Table 1; Fig. 4). The age-depth model results in
calculated sedimentation rates for WB-18-02 of 1.4 mm/yr at the
base (Unit 1), 0.64 and 0.67 mm/yr in the middle (Units 2 and 3),
and 1.3 mm/yr for the upper Unit 4 (Table 2). Each unit was de-
scribed and analyzed for multiple proxies.

3.1. Unit 1 (6620 to 5023 cal yr BP)

Unit 1 is a medium sandy silt (Mz= 19.5 μm) that grades upward to
a fine silt (Mz = 14.1 μm), transitioning from black (5Y, 2.5/2) to dark
olive gray (5Y 3/2) up-section (Fig. 4). The base of Unit 1 contains
large wood fragments from 570 to 555 cmbsf (6620 to 6552 cal yr
BP), with small fragments found between 486 and 420 cmbsf (6032
and 5534 cal yr BP). The terrestrial proxy Zr decreases from the base
to the top of Unit 1. Fe is low and increases from the base to the top of
Unit 1. The Mn/Fe is low and increases slightly from base to top of
Unit 1. TOC and TNweight percent increase at the top of Unit 1. No dia-
toms or shells are present in this basal unit.

Subunit 1a (570–450 cmbsf; 6620–5760 cal yr BP) is character-
ized by a decrease in sand content from ~57% at the bottom to ~13%
at the top with an average D90 of 129 μm (fine sand). The Subunit
1a is also characterized by an increase in marine proxies Ca and Sr,
and an increase in terrestrial proxies Zr and Ti from base to the top
of this subunit. Isotopic composition is characterized by increasing
δ15N from the base to the top, while δ13C increases to 490 cmbsf
(6063 cal yr BP) then decreases. TOC/TN decreases from the base to
the top of Subunit 1a.

Subunit 1b (450–353 cmbsf; 5760–5023 cal yr BP) is characterized
by a further decrease in sand content from ~13% to ~8% from the base
to the top of the unit with an average D90 of 81 μm (very fine sand).
δ15N continues to increase, while δ13C increases at 445 cm (5722 cal yr
BP) then decreases towards the top of the unit. TOC/TN increases from
the base to the top of Subunit 1b. Elements that showed increasing
trends in Subunit 1a normalize and remain relatively constant through-
out Subunit 1b.

3.2. Unit 2 (5023 to 1978 cal yr BP)

Unit 2 is afine silt (Mz=13.9 μm)unitwithminor shell fragments at
225, 208, and 181 cmbsf (3030, 2765, and 2339 cal yr BP) and a large
wood fragment at 352 cmbsf (5012 cal yr BP) with small wood frag-
ments scattered throughout (Fig. 4). Sediment color transitions from
olive gray (5Y, 4/2) to very dark grayish brown (2.5Y, 3/2) to olive
gray (5Y, 4/2) from bottom to top of the unit. Increased sand content
(D90 N 104.5 μm) in Unit 2 occurs at 352, 350, 346, 343, 329, 297, and
164 cmbsf (5012, 4992, 4929, 4883, 4664, 4158, and 2074 cal yr BP). Re-
duced concentrations of Ca, Sr, Ti, and Fe values correspond with in-
creased sand and Zr content (Fig. 5). Outside of these sandy intervals,
these elemental concentrations remain relatively constant. There are
two V peaks at 290 and 219 cmbsf (4048 and 2939 cal yr BP); Mn/Fe
values are generally low but increase with V at the peaks and increases
significantly at the top of the unit (Fig. 5). Isotopic composition is char-
acterized by increasing δ15N and decreasing δ13C from the base to the
top of Unit 2. TOC and TN weight percent increase from the base to
the top of Unit 2. The TOC/TN peaks at the base of Unit 2, then decreases
towards the top of the unit. Diatoms appear in very low abundance
~200 cm (2639 cal yr BP; Fig. 5).

3.3. Unit 3 (1978 to 275 cal yr BP)

Unit 3 is composed of sandy silt (Mz= 18.3 μm), characterized by in-
creasing sand content anddecreasing clay content and transitions in color
from an olive gray (5Y, 4/2) to very dark grayish brown (2.5Y, 3/2) to
dark grayish brown (2.5Y, 4/2) from the bottom to the top of the unit
(Fig. 4). Unit 3 contains abundant small pelecypod shells and fragments
in the interval from 69 to 46 cmbsf (585 to 295 cal yr BP). Wood frag-
ments appear at 93–106 and 87 cmbsf (959–1162 and 866 cal yr BP).
Coarse sand concentrations (D90 N 104.5 μm) occur at 150, 146, 132,
123, 118, 101, 96, 92, 89, 76, 67, 65, 61, 56, 51, 47, and 45 cmbsf (1853,
1790, 1570, 1429, 1351, 1085, 1006, 943, 897, 695, 555, 526, 473, 407,
346, 305 and 286 cal yr BP; Fig. 7). Ca and Sr decrease from the base to
the top of Unit 3,while Zr remains relatively constant (Fig. 5). Ti increases
to 70 cmbsf (599 cal yr BP) and decreases to the top of Unit 3 (275 cal yr
BP). Mn/Fe values increase to a maximum ~100 to 50 cmbsf (~1069 to
335 cal yr BP), then decrease at the top of the unit. The δ13C decreases
while δ15N and TOC and TN weight percent increase from the base to
the top of Unit 3. TOC/TN decreases from the base to the top of Unit 3,
with a sharp peak at 55 cmbsf (393 cal yr BP). Diatom abundance is var-
iable in Unit 3, with high abundance at 120 and 80 cmbsf (1382 and
758 cal yr BP) and lows at 140, 110, and 70 cmbsf (1695, 1227, and
599 cal yr BP), while generally increasing.

3.4. Unit 4 (275 to−68 cal yr BP or 1675 to 2018 CE)

Unit 4 is a dark grayish brown (2.5Y, 4/2) sandy silt (Mz= 21.0 μm),
with low clay content, ~5–7% (Fig. 4). The sediment-water interface is
well preserved at the top of Unit 4. Peaks in coarse sand
(D90 N 104.5 μm) occur at 37, 34, 28, 25, 21, 19, 9, 7, 4, and 1 cmbsf
(206, 176, 115, 85, 45, 25, −35, −42, −53, and − 64 cal yr BP; Fig. 7).
A small articulated pelecypod shell was found in a layer at 20 to 18
cmbsf (35 to 16 cal yr BP), along with many shell fragments. Unit 4 is
characterized by Ca, Ti, V, and Mn decreasing from the base to the top
of the unit. Zr remains relatively constant throughout Unit 4 (Fig. 5).
Fe and Sr are relatively constant to 10 cmbsf (−31 cal yr BP or 1981
CE), where they increase to the core top (−68 cal yr BP or 2018 CE).
Mn/Fe ratio values decrease from the base to the top of the unit. δ15N
and TOC/TN values remain relatively constant while δ13C decreases.
TOC and TN increase up-section in Unit 4. The TOC/TN of the sediment
in Unit 4 plot above the Redfield Ratio (Redfield, 1958; Fig. 7). Diatom
abundances remain relatively constant from 40 to 20 cmbsf (226 to
35 cal yr BP; ~4.5 million valves/gsed), increasing to 5.6 million valves/
gsed at 10 cmbsf (−31 cal yr BP or 1981 CE), and a reaching peak abun-
dance of ~23 million valves/gsed at the core top (−68 cal yr BP or
2018 CE; Fig. 5).

4. Discussion

Preservation of sediments and structures is good in piston coresWB-
18-01 andWB-18-02. There is no evidence of reworking and onlyminor



Fig. 5. WB-18-02 grain size, pXRF elemental percentages, stable organic isotopes, and Absolute Diatom Abundance (ADA) vs depth (cm below the seafloor, cmbsf) and modeled age (calendar years Before Present, cal yr BP). Interpreted units are
separated using horizontal dashed lines. Ca and Sr are interpreted as marine proxies, Zr, Ti, and Fe as terrestrial proxies, and V and Mn/Fe as proxies for redox conditions. Errors for each measurement shaded in gray.
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Table 2
Calculated sedimentation rates based on the BACON age model (Blaauw and Christen,
2011).

Core WB-18-02
unit

Depth
(cmbsf)

Age range
(cal yr BP)

Calculated sedimentation
rate (mm/yr)

4 0–44 −68–275 1.3
3 44–158 275–1978 0.67
2 158–351 1978–5000 0.64
1b 351–450 5000–5760 1.3
1a 450–570 5760–6620 1.4
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bioturbation in Unit 3 of the core; the sediment record is assumed to be
relatively continuous based on the presence of a strong 137Cs peak and
linear age model from 14C ages (Fig. 4). Therefore, the proxy record of
floods and environmental change inWeeks Bay is interpreted to be rel-
atively continuous and unaltered.

Perhaps the most compelling evidence for sediment preservation in
central Weeks Bay is the identification of four flood events since
1986 CE (USGS Fish River stream gage, Figs. 3 and 6, USGS, 2019b)
that were captured in the sediment record. This study is the first to an-
alyze grain size and elemental composition continuously throughout
the Weeks Bay sediment record; the use of sensitive laser particle size
measurements allow identification of subtle sand layers thatmight oth-
erwise be overlooked in the bay facies (Fig. 4). Here we identify floods
from the D90 percentile (capturing coarse sand concentration; see
Section 2.3) and are able to ground truth the paleorecord of floods
with known, instrumented recent events on the Fish River from 1989,
1997, 2005, and 2014 CE (Fig. 3). The paleoenvironmental analysis of
WB-18-02 records floods at 1985 ± 20, 1992 ± 19, 2003 ± 17, and
2014 ± 5 CE—a compelling match of the instrumented and proxy re-
cords—suggesting that the criterion for identifying floods in the sedi-
ment record indeed captures extreme flood events.

By contrast, there is no direct sedimentary evidence from Frederick
(1979 CE) or Ivan (2004 CE), which were the most intense storms to
pass through the Weeks Bay area in modern times. We cannot rule
out landfalling tropical storms and hurricanes that may have carried
storm surge and precipitation to Weeks Bay and its watersheds over
the Holocene, but the instrumented record and the modern sediment
record suggest that central Weeks Bay is an archive of precipitation
events, not storm surge events, likely due to its inland, protected posi-
tion within Mobile Bay (Fig. 1).

Incorporating the age model developed in this study (Fig. 4), units
are discussed from oldest to youngest, comparing observed trends in
Piston Core WB-18-02 with known storm, climate, and sea-level
changes and nearby published records to create a holistic environmen-
tal history of Weeks Bay, AL and the surrounding region.
4.1. Bay flooding

Unit 1 represents the end of the transgressive phase that formed
Weeks Bay from 6620 to 5023 cal yr BP (Fig. 5). During the Pleistocene,
the Weeks Bay area was primarily sandy alluvium covered in a coastal
marshlandwith the Fish andMagnolia rivers cutting small beds through
the marsh (Rodriguez et al., 2008a). The rivers flooded and Weeks Bay
formed ~7800 cal yr BP during a period of marine transgression
(Rodriguez et al., 2008a), when the rate of sea-level rise was approxi-
mately 4.2 mm/yr (Milliken et al., 2008). The global climate was gener-
ally warmer than present conditions at the end of the paleoclimate
period known as the Mid Holocene Atlantic or Hypsithermal, though
similar to present conditions locally based on pollen records (Delcourt,
1980; Anderson, 2001; Fearn, 2004). Records of dune activity from
5000 to 7000 cal yr BP across coastal Alabama have been interpreted
as a sign of arid conditions (Poore, 2008). A study using ground-
penetrating radar and seismic on and around nearbyMorgan Peninsula,
AL determined that the peninsula enclosing Mobile Bay prograded
~5400 cal yr BP due to slowing sea-level rise and abundant sediment
supply (Rodriguez and Meyer, 2006).

Piston Core WB-18-02 penetrated ~5.7 m in the central bay and,
based on nearby cores from previous studies (Rodriguez et al., 2008a),
the base of the core is close to the Pleistocene alluvium, and therefore
captures almost the entire Holocene sedimentary sequence (Fig. 2).
Rapid marine transgression and dry conditions can explain the rela-
tively high volume of coarser sand at the base of Unit 1 and rapid sedi-
ment accumulation rates of ~1.4 mm/yr in Subunit 1. Positive trends in
both terrestrial (Ti, Zr) andmarine elemental proxies (Ca, Sr) at the start
of Subunit 1a indicates both terrestrial and marine inputs during the
marine transgression (Fig. 5). Elemental levels and grain size distribu-
tions stabilize in Subunit 1b, representing a steadying of the system,
though sediment accumulation is still high (~1.3 mm/yr, Table 2).
These observations corroborate studies that have interpreted the Fish
River bayhead delta beginning to prograde ~5600 cal yr BP after a period
of initial backstepping (Rodriguez et al., 2008a).

Pollen records show that much of the same wetland vegetation has
existed around the bay for the past 6000 years, primarily C3 and CAM
plants (Fearn, 2004). The sediment δ13C vs δ15N (Fig. 8) values fall
within ranges typically associated with marine phytoplankton, C3
plants, and CAM plants (e.g. Szostek, 2009). The TOC/TN vs δ13C
(Fig. 9) range in Weeks Bay sediment is associated with marine DOC
and C3 plants from the period of ~6600 to 5000 cal yr BP, which is con-
sistent with deposition of a marine-flooded marshland environment.
While high TOC/TN indicates high decomposition rates during this
time, wood is abundant and preserved in Unit 1, which suggests rapid
burial, likely due to high terrestrial flux. The ratio of Mn/Fe is generally
considered an indicator of redox conditions, with lower values indicat-
ing suboxia or anoxia as Mn is reduced (Tostevin et al., 2016 and refer-
ences therein). Low Mn/Fe values at the base of the core were likely
caused by the increased sand content and sedimentation flux, however,
and stabilized at the top of Unit 1 as sand concentration decreased. The
absence of diatoms inUnit 1 likely results frompoor preservation of del-
icate diatom frustules during marine transgression, which is also noted
and extensively discussed by Stapleton III (2005). Sparse diatoms
allowed taxonomic analysis in only two intervals at 390 and 285
cmbsf in Core IX by Stapleton III (2005), which were characterized as
a dominantly marine assemblage with some brackish diatoms present.
We associate the marine to brackish assemblage with marine flooding
in the lower stratigraphy of Weeks Bay. As the bay was still forming
and overall grain size is coarse in this interval, we donot expect clear in-
dicators of flood events to be preserved and/or recognizable in Unit 1.

4.2. The dynamic period of the Mid Holocene

Unit 2 represents a dynamic period for the Weeks Bay estuary from
5023 to 1978 cal yr BP (Fig. 5). Sea-level rise slowed to ~1.4 mm/yr in
the northern Gulf of Mexico at this time (e.g. summary in Milliken
et al., 2008). Sediment accumulation rates are lower in Unit 2 than
Unit 1, ~0.64mm/yr. The Subboreal climate period commenced, includ-
ing a transition from the warm Atlantic period into the cool Subatlantic
period (Anderson, 2001). Within the broader context of Holocene cli-
mate, Unit 2 was deposited during a dynamic period that represents a
transition from the warm and arid Mid Holocene Hypsithermal to the
Late Holocene Neoglacial, characterized by a cooling of ~2 °C in coastal
Alabama (e.g. Delcourt, 1980; Aharon and Dhungana, 2017). In Bon
Secour Bay, the southeastern arm of Mobile Bay, marine influence re-
lated to storms is interpreted ~3500 to 2300 cal yr BP (Smith et al.,
2020). This is a time interval with no recorded sand peaks in WB-18-
02, likely a function of the isolated nature of Weeks Bay relative to Mo-
bile Bay. From ~2300 to 1930 cal yr BP, decreasedmarine influence, less
storminess and more estuarine/riverine conditions are intepreted in
Bon Secour (Smith et al., 2020). This time period coincides with sand
peaks that correspond to terrestrial floods in theWeeks Bay record. Iso-
tope records from DeSoto Caverns in northeast AL indicate a dynamic



Fig. 6. Interpreted flood events in theWB-18-02 record. Vertical dashed gray line represents 104.5 μm threshold, based on 1 σ over theD90 average of Units 1, 2, and 3, and used to identify
major floodswith ages labeled to the right. Zirconium (Zr) is given in percent concentration and is a proxy for terrestrial source of the sand, correlating well with the D90. The small inset
labeled “Gage Floods” lists the USGS StreamGage record of floods, which is shown in greater detail in Fig. 3. Diatom abundance is reported inmillions of valves per gram of dried sediment
(million v/gds). The age model is produced by BACON software (see Fig. 4; Blaauw and Christen, 2011).
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period of severe droughts and precipitation from ~4600 to 1100 cal yr
BP (Aharon and Dhungana, 2017), and while the speleothem precipita-
tion record is not directly in the Fish River/Weeks Baywatershed, it also
suggests these extremes in the climate system of the southeastern US.
Floods are responsible for the sand peaks recorded inWeeks Bay during
this time. Further study is needed to elucidate the connections of flood
frequency with climate variability.

Pollen assemblages further indicate a humid climate, similar tomod-
ern climate conditions in the southeastern US, represented by abundant
precipitation during the growing season and the establishment of the
current Alabama coastalfloral assemblage: upland pine forests, bottom-
land swamps, andmarshes (Delcourt, 1980). There isminimal change in
the stable carbon and nitrogen isotope values related to source of or-
ganics, meaning the wetland foliage and marine phytoplankton assem-
blages did not change fromUnit 1 to Unit 2 (Figs. 5, 7, and 8). Therefore,
the geochemical values recorded in Unit 2 represent baseline carbon
and nitrogen isotopic levels for the natural environment of Weeks Bay
and its watershed, which can be compared to modern levels.

While the baseline for the climate and terrestrial biosphere in the
area likely settled at the start of this period, Weeks Bay was still



Fig. 8. Sources of organic sediments in Weeks Bay. Top: Stable carbon and nitrogen
geochemical data fromWB-18-02, showing change in source of organics through depth/
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transforming. The bay was characterized by changing redox conditions,
with lowMn/Fe at the base of Unit 2, ~5023 cal yr BP (Fig. 5), indicating
low oxygenation of the water bottom (Tostevin et al., 2016 and refer-
ences therein). Decreasing V and increasing Mn/Fe to the top of Unit 2
suggest gradual oxygenation of the water column (Tostevin et al.,
2016; Tribovillard et al., 2006), with elevated V at 340–251 cmbsf and
243–203 cmbsf (dating to 4837 to 3433 cal yr BP and 3311 to 2686 cal yr
BP, respectively) overlying thick sandy layers, which suggests brief pe-
riods of lowered oxygenation (Fig. 5).

The timing of these redox changes inWeeks Bay coincides with ero-
sion on the Morgan Peninsula to the south from 4200 to 3000 cal yr BP
and with the start of the Subatlantic climate period ~2500 cal yr BP
(Rodriguez andMeyer, 2006; Anderson, 2001). Erosion of Morgan Pen-
insula has been attributed to change in the wave or current regime
around Morgan Peninsula, potentially related to changes in storm fre-
quency/intensity or changes in the Mobile Bay tidal delta complex
(Smith et al., 2020; Rodriguez and Meyer, 2006). Liu and Fearn (1993)
also reported indicators of abrupt environmental changes ~3500 cal yr
BP due to drier climates impacting multiple basins (Lake Shelby, AL;
Western Lake, FL; Lake Miragoane, Haiti; Pecos River basin, Texas).
Unit 2 is capped by an interval of coarser grain size, indicating more
floods ~2000 cal yr BP that may be associated with the dynamic precip-
itation patterns of that period (Aharon and Dhungana, 2017).

While this study did not analyze diatom abundance in Unit 1 or the
lower half of Unit 2, the diatom assemblages analyzed by Stapleton III
(2005) in the upper part of this interval (coinciding with the slight
increase in diatom abundance noted in WB-18-02 at 200 cmbsf,
~2639 cal yr BP) indicates that Weeks Bay was dominated by Paralia
sulcata, a robust coastal marine diatom, andmarine taxa were generally
high, with low percentages of brackish taxa until ~2200 cal yr BP (see
modeled ages of Stapleton III, 2005 in Table 1). Therefore, Weeks Bay
was still open to marine influence in the Mid Holocene.

A total of 7 coarse sand peaks (D90 over 104.5 μm) in Unit 2 are
interpreted as terrestrial flood events (Fig. 7, Supplementary mate-
rial), dating to 5012 (+456/−167), 4992 (+460/−171), 4929
(+472/−190), 4883 (+473/−202), 4664 (+482/−276), 4158
(+533/−388), and 2074 (+478/−506) cal yr BP. The thicker layers
of coarse sand found at the base of Unit 2 are likely the result of flood
events when the core location was more proximal to the bayhead
delta after its progradation ~5600 cal yr BP (Rodriguez et al., 2008a).
Fig. 7. Total organic carbon (TOC) and total organic nitrogen (TN) from WB-18-02. The
TOC/TN of the estuarine core sediments is higher than the Redfield Ratio for marine
environments (Redfield, 1958).

time (blue to green represents bottom to top of core, depths of select data points
labeled for reference, vertical and horizontal lines represent analytical errors). Bottom:
Comparison to typical carbon and nitrogen isotope values of typical organic sources.
(For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
(Re-digitized from Szostek (2009).)
4.3. Freshening of Weeks Bay in the Late Holocene

Unit 3 represents shifts in the environment from 1978 to 275 cal yr
BP, coinciding withmultiple Northern Hemisphere climatic oscillations,
including the Medieval Climate Anomaly and the Little Ice Age (Little,
2003). The rate of sea-level rise slowed to modern rates in the northern
Gulf of Mexico, averaging between 0.4 and 0.6 mm/yr (see compilation
by Milliken et al., 2008). Reduced variability in trends of detrital ele-
mental proxies (Ti, Zr) inWeeks Bay (Fig. 5) may indicate reduced sed-
imentation related to reduction in the hydrologic cycle and cooling
climate during this period.

The δ13C of the organic sediment decreases in Unit 3, characterized
by values associated with freshwater DOC (Figs. 6 and 9). Freshwater
DOC indicates a key transition of Weeks Bay to a restricted aquatic sys-
temwith less marine influence. Both Ca and Sr, marine elemental prox-
ies, decrease over this interval, adding confidence to the interpretation
of freshening in Weeks Bay during the Late Holocene. This is consistent
with diatom assemblage changes in adjacent Core IX (Figs. 1 and 2),
which are characterized by a steady decrease in marine taxa and in-
crease in brackish taxa from 2200 cal yr BP to present (Stapleton III,
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2005; modeled ages in Table 1). Freshwater taxa are consistently pres-
ent and increase in abundance after 870 cal yr BP, as the overall diversity
of the diatoms dramatically increase (Stapleton III, 2005). Diatoms first
appear with significant abundance (N500,000 valves/gdry) in Unit 3 at
120 cmbsf (1382 cal yr BP), and increase up-section. At the same time,
Mn/Fe values increase in this unit and V decreases, indicating an oxy-
genated water column in the bay (Tostevin et al., 2016 and references
therein; Tribovillard et al., 2006). Moreover, Bon Secour Bay, the south-
eastern arm of Mobile Bay, was characterized by episodic marine influ-
ence from 1930 to 1160 cal yr BP, and more terrestrial influence from
1160 to 400 cal yr BP (Smith et al., 2020). Weeks Bay may not have di-
rectly mirrored the environmental conditions in Bon Secour Bay, how-
ever, because it is partially isolated from the Mobile Bay estuary
complex by a small inlet (Fig. 1).

There are 17 intervalswith coarse sand (D90 over 104.5 μm) inUnit 3
which are interpreted as terrestrial flood events (Fig. 7, Supplementary
material), dating to 1853 (+471/−499), 1790 (+469/−495), 1570
(+431/−466), 1429 (+418/−461), 1351 (+405/−450), 1085
(+365/−419), 1006 (+354/−398), 943 (+341/−398), 897 (+328/
Fig. 9. Productivity Trends in Weeks Bay sediments. Top: Stable carbon isotope and TOC/
TN geochemical data from WB-18-02, showing change in source of organics through
depth/time (blue to green represents bottom to top of core, depths of select data points
labeled for reference, vertical and horizontal lines represent analytical errors). Bottom:
Comparison to typical carbon isotope and TOC/TN values of typical organic sources. (For
interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
(Re-digitized from Lamb et al. (2006).)
−391), 695 (+282/−350), 555 (+238/−317), 526 (+235/−313),
473 (+214/−290), 407 (+193/−260), 346 (+174/−243), 305
(+163/−222), and 286 (+161/−217) cal yr BP. High concentration
of Zr at these intervals indicate a terrestrial source for the sand to
Weeks Bay, indicating high flux of sediment from the Fish River during
major floods. The shell fragments found in Unit 3 were located among
sand layers at the top of this unit and may have been transported into
the basin during flood events.

4.4. Coupled human impacts

The uppermost record in Unit 4 spans 275 to−68 cal yr BP, or 1675
to 2018 CE and includes modern human activity after European settle-
ment (Fig. 5). The Subatlantic climate period began generally cool, but
the climate has warmed rapidly over the past 100 years, and global
sea-level rise has increased from 0.4 mm/yr to 3.2 mm/yr at present
(Milliken et al., 2008; IPCC, 2013). The mean sea-level data recorded
at Dauphin Island, ~30 km southwest of Weeks Bay, shows an average
sea-level rise rate of 3.74 ± 0.58 mm/yr based on monthly mean sea-
level data since installation of the NOAA long-term monitoring gage
(#8735180) in 1966 CE (NOAA, 2019). Bon Secour Bay shows evidence
of anthropogenic impacts beginning ~400 cal yr BP (Smith et al., 2020).

Accumulation rates of 1.3 mm/yr in Unit 4 are high, similar to those
in Unit 1 (Table 2). Gradual decline in Ti concentration throughout Unit
4 is likely related to reduced sedimentation from rivers due to increased
area development over time (WBNERR, 2017). Ca and Sr, marine ele-
mental proxies, also gradually decrease over time, potentially due to
human development at the mouth of both Weeks Bay and Mobile Bay
that would reduce seawater exchange with the Gulf of Mexico. In eval-
uating TOC/TN vs δ13C within Unit 4 (Figs. 5 and 9), the δ13C values de-
crease to the range expected for freshwater DOC, further corroborating
the transition from marine to freshwater sources of organics in this
interval.

While V slightly decreases, the Mn/Fe dramatically decreases in the
upper 9 cmof the core (−35 cal yr BP), indicating suboxic to anoxic con-
ditions (Tostevin et al., 2016 and references therein) (Fig. 5). TOC and
TN weight percent values increase sharply from 20 to 5 cmbsf, which
coincides with the 1900s when agriculture was becoming a prominent
industry, reducing tree cover in the area in favor of more grass and
marshland (Fig. 5, Fearn, 2004). Land clearing increases influx of organic
material into the bay due to erosion and runoff within the watershed.
The absolute diatom abundance (this study) and the diatom assem-
blages from Stapleton III (2005) show highest phytoplankton produc-
tivity in the recent record when compared to the last several
millennia, and indicate that anthropogenic activities, namely land clear-
ing and agriculture, caused eutrophication and algal blooms. Pollen re-
cords are further characterized by an increase in upland herbs
(e.g. grasses and ragweeds) over the Late Holocene (~2200 cal yr
BP to present), which has been linked to land clearance in the
Weeks Bay region (Fearn, 2004).

Unit 4 includes 10 intervals of coarse sand content (D90 over
104.5 μm) that are interpreted as flood events, dated to 206 (+130/
−184), 176 (+120/−174), 115 (+88/−138), 85 (+77/−130), 45
(+48/−92), 25 (+32/−73), −35 (+23/−17),−42 (+19/−20), −53
(+14/−20), −64 (+5/−5) cal yr BP (Fig. 6, Supplementary material).
These flood events correspond to the years 1744, 1774, 1835, 1865,
1905, 1925, 1985, 1992, 2003, and 2014 CE based on the age-depth
model (Fig. 4).

The USGS recorded peakflood stages over the past 30 years from the
stream monitoring station #02378500 located on the Fish River, with
four major flood events: 1989, 1997, 2005, and 2014 CE (Fig. 3; USGS,
2019b). The Magnolia River monitoring station (installed in 1999 CE)
also recorded higher than average stream gage heights in 2005 and
2014 CE (USGS, 2019b). When comparing the last 30 years of paleo-
flood data from the sediment core proxies, we also find four major
flood events: 1985, 1992, 2003, and 2014 CE, all within the modeled
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margin of error to correspond to the same flood events observed by
real-time monitoring with the Fish River stream gage. These four flood
events in Weeks Bay lend confidence that the sedimentary record of
floods in Weeks Bay is grounded with directly observed events. From
this ground-truthing, we are confident that: 1. There is negligible
reworking or disturbance of the sedimentary record, and 2. The D90
limit of 104.5 μm for sand layers from the laser particle size analysis is
sufficient to capture major floods in the system (Fig. 7).

Hurricanes have also passed through Mobile Bay and Weeks Bay.
Two interpreted flood events are close to the timeframe of known
storm events: Ivan (2004), which potentially coincides with the sand
layer at 4 cmbsf; and the unnamed hurricane of 1926 which potentially
coincides with the sand layer at 19 cmbsf. These were two of the stron-
gest storms (category 3) to pass through the area in the past 100 years.
The recent USGS stream gage record does not show significant stream
response during Ivan, however (Fig. 3). This indicates that while Ivan
may have left a large impact on the area socially and economically, it
may not have provided sufficient precipitation to theWeeks Baywater-
shed to cause a flood on the Fish River. Therefore, we are confident that
theWeeks Bay sedimentary archive recordsmajor floods, but not storm
surge from tropical storms and hurricanes.

4.5. Flood and storm record comparisons

By comparing the Weeks Bay paleoflood record with published re-
gional storm records from coarse-grained sediment transport associ-
ated with intense hurricanes, we can further investigate the nature of
the extreme events preserved in Weeks Bay. Eleven severe hurricane
impacts were recorded between ~3500 and 700 cal yr BP at Lake Shelby,
AL, ~23 km southeast of Weeks Bay, based on using sand layers as prox-
ies for storm intensity and frequency (Liu and Fearn, 1993, 2000a,
2000b; Elsner et al., 2008). Lane et al. (2011) present an intense storm
record fromMullet Pond, Florida, with periods of frequent intense hur-
ricane strikes occurring between 3950 and 3650 cal yr BP, 3600 and
3500 cal yr BP, 3350 and 3250 cal yr BP, 2800 and 2300 cal yr BP,
1250 and 1150 cal yr BP, 925 and 875 cal yr BP, and 750 and 650 cal yr
BP. In Spring Creek, Florida, a period of intense storm activity occurred
between ~1700 and 600 cal yr BP (Brandon et al., 2013). A study along
coastal Mississippi identified periods of intense storm activity between
900 to 600 and 2200 to 1900 cal yr BP and a quiescent period from 1900
to 900 cal yr BP (Bregy et al., 2018).

TheWeeks Bay paleoflood record consists of 4 coarse-grained events
from 1050 to 1700 cal yr BP (3 of these within a period of ~100 years),
11 events from 650 to 80 cal yr BP, and 10 events occurring within the
last ~250 years (Fig. 6). Importantly, Weeks Bay has a high frequency
of events (18) in the past ~700 years. Therefore, Fish River flood fre-
quency was higher in the past 1000 years, and lower in the 1000 years
prior, and many of the river floods coincide with major storm events
interpreted from overwash deposits in the region. For example, Weeks
Bay has ~4 coarse-grained events occurring around the same time as
coastal Mississippi and Florida (~1050–700 cal yr BP). Additionally,
the hurricane of 1717 (informally known as Pénicaut's Storm, which
passed through Dauphin Island) and 2 hurricanes occurring in 1740
(which impacted the City of Mobile) coincide with flood events re-
corded in Weeks Bay (at 45 and 47.5 cmbsf) (Lambert et al., 2003;
Wang et al., 2019). The vast majority of the recorded events in Weeks
Bay do not coincide with previously estimated intense storm intervals
from other records, however, underscoring the interpretation that
Weeks Bay records major floods and not marine storms.

In the context of global climate events, out of 34 interpretedfloods, 4
occurred during the Medieval Climate Anomaly (900–1250 CE, three of
which occurred within a period of ~100 years), and 10 occurred during
the Little Ice Age (1300–1870 CE, five of which occurredwithin a period
of ~200 years; Fig. 6). While the changes in storm frequency may be at-
tributed to these global climate events, themore isolatedperiods of high
flood and stormactivity in theWeeks Bay recordmay also be influenced
bymore isolated climate patterns, such as the Atlantic Multidecadal Os-
cillation (AMO), El Niño-Southern Oscillation (ENSO), or Loop Current
referenced by other storm studies in the Gulf of Mexico (e.g. Poore,
2008). Further study of long paleorecords is needed across theNorthern
Gulf of Mexico to better understand the dynamics between climate and
storms, and to characterize impacts across the Gulf Coast through time.

The IPCC (2013, 2019) states that while there is not much evidence
for increasing frequency of major storm events, the intensity of storms
will likely increase as climate warms. We have limited understanding
of the frequency of intense precipitation events, by contrast, especially
since there are virtually no paleorecords of floods to evaluate long-
term frequency changes and associations with climate events for the
southeastern US, apart from tree-ring records which are limited in age
and are not clear in their response to floods or storms (which was ex-
plored in the Weeks Bay NERR by Rodgers III et al., 2006). The new
paleoflood history from Weeks Bay demonstrates that flood frequency
changed with climate in the past, emphasizing the need for paleoflood
records from other drainage basins across the Northern Gulf of
Mexico. The flood record in Weeks Bay, which spans 5000 cal yr BP to
the modern era, is constrained by matching instrumented stream gage
data with proxy data, and further suggests that estuaries can be well-
preserved archives of past flooding and environmental change.

4.6. Nutrients and algal blooms

Abundance of diatoms generally increases with occurrence of storm
events in Unit 3 (e.g. 120 and 60 cmbsf or 1382 and 460 cal yr BP; Figs. 5
and 6). While this supports the interpretation that algal blooms were
triggered by nutrient influx during storm events, the low temporal res-
olution of the diatom abundance measurements makes the linkage of
these two trends tenuous. The abundance of diatoms increases up-
section, but the sample resolution is not sufficient to capture event-
scale changes at sandy intervals interpreted as flood events (Fig. 6).
Increase in diatom abundance alone may illustrate an overall increase
in nutrients available for algal blooms in the bay or a general increase
in frequency of events through time, as external nutrients entered the
system more readily due to farming and silviculture after the 1700s.
Future study of high-resolution diatom abundance and assemblages
may elucidate the relationship between discrete floods and ecological
feedbacks.

Based upon diatom abundance and TOC and TN in sediments,Weeks
Bay is characterized by higher nutrient conditions in modern times as
compared to previous centuries and millennia (Figs. 5 and 6), although
without phosphorus measurements it is difficult to fully assess nutrient
conditions. Concentrations of redox-related elements (V, Mn/Fe) indi-
cate mesotrophic, oxygenated natural state conditions for Weeks Bay
prior to human influence (Fig. 5); dramatic decrease of Mn/Fe in Unit
4 indicates increasingly anoxic conditions due to anthropogenic influ-
ence when major settlement in the area began ~1700 CE (~44 cmbsf
in WB-18-02), and agricultural development intensified in the 1900s
(~22 cmbsf in WB-18-02).

In modern ocean environments, DIC/DIN (Dissolved Inorganic
Carbon: Dissolved Inorganic Nitrogen) of the water or C/N of phyto-
plankton that is above the Redfield Ratio (106:16, the standard atomic
ratio of carbon and nitrogen found in phytoplankton and within the
deep ocean; Redfield, 1958) indicates that nitrogen is a limiting element
inmarine systems, meaning growth in the ecosystem depends on avail-
ability of nitrogen. In these conditions, introduction of nitrogen can
cause increased biological response, typically in the form of algal
blooms, whichmay lead to hypoxia (e.g. Rabalais et al., 2007). Nitrogen
limitation makes estuaries prone to algal blooms, especially with influx
of nutrient-rich agricultural run-off. TOC and TN in the sediment of
Weeks Bay are greater than balanced growth, or equilibrium, conditions
according to the Redfield Ratio of modern oceans (Fig. 7), although the
comparison with the Redfield Ratio is complicated, since Weeks Bay is
an estuary, and herewe comparewith sediments that include terrestrial
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plant matter and have undergone burial, compaction, and various met-
abolic pathways in the sediment column. Therefore, we only consider
the modern sediment, as the equilibrium between organic carbon and
nitrogen in the ocean changes through time (Pahlow and Riebesell,
2000), and interpret trends in TOC and TN in the sediment record.
TOC and TN are highest in the most recently deposited sediment at
the top of the core.

While the impact of nitrogen influx is important, it is also necessary
to understand how estuarine sediment can naturally assimilate and re-
move nutrients; inWeeks Bay, dissimilatory nitrate reduction to ammo-
nium (DNRA) is a major factor in nitrogen removal and retention
(Domangue and Mortazavi, 2018). Through DNRA, NO3 is reduced to
NH4

+, which is retained in the system and contributes to primary pro-
duction (Domangue andMortazavi, 2018). Additional natural retention
of nitrogen in a system that already experiences high nutrient influx fur-
ther contributes to initiation and persistence of algal blooms, leading to
more hypoxic events and fish kills (Domangue and Mortazavi, 2018).
The dramatic increase in diatom abundance and TN since the 1980s
(−30 cal yr BP; 10 cmbsf) in the Weeks Bay sediment record reflects
this process (Fig. 5), and is clear evidence of anthropogenic influence
on the system.

4.7. Future implications for Weeks Bay

Weeks Bay, AL has been a National Estuary Research Reserve (NERR)
since 1986 and is actively monitored for long term scientific research,
education, and resource protection (Miller-Way et al., 1996). The two
biggest environmental stressors concerning Weeks Bay are land use
change and climate change, manifesting as habitat destruction, habitat
fragmentation, spread of invasive species, and water quality degrada-
tion (WBNERR, 2017). The current Weeks Bay NERR management
plan includes: expansion of the reserve via land acquisition; protection
of current reserve land via training on sediment and erosion control
techniques, low impact development and alternative shorelines, and
methods to reduce effects offlooding; and supporting research, focusing
on land use effects on nutrient loading and watershed hydrology and
the effects ofwetland loss on the economyand public health, via reserve
resources, including implementation of a Climate Change Sentinel Site
and 18+ years of continuous System-wide Monitoring Program data
(WBNERR, 2017). Based on the paleoenvironmental record presented
here, priority should be placed on reducing nitrogen-rich run-off from
the watershed that drives eutrophic conditions in Weeks Bay, leading
to algal blooms and hypoxia. Further study is needed to quantify phos-
phorus as another limiting nutrient inWeeks Bay, as we could notmea-
sure or account for phosphorus in the WB-18-02 sediment core record.

Estuaries are vulnerable to climate change and sea-level rise. In
fact, Rodriguez et al. (2010) found that five bays across the Northern
Gulf of Mexico simultaneously flooded during the rapid sea-level rise
caused by the 8.2 kyr Cooling Event, and the estuary with greatest
landward retreat was Mobile Bay (Rodriguez et al., 2008b), which
eventually led to the formation of Weeks Bay ~400 years later
(Rodriguez et al., 2008a).

Sea level is predicted to rise asmuch as 0.6m (~2 ft) along the south-
eastern United States by 2050 (Ingramet al., 2013). Subsidence is an ad-
ditional issue along the Gulf Coast, especially in areas with flooded or
developed marshland. Predictions suggest that while the overall num-
ber of tropical storms will decrease, the frequency of high intensity
storms (category 3–5) will increase (IPCC, 2013), with increasing de-
structiveness already being seen over the last 30 years (Emanuel,
2005; Paerl et al., 2019).With thepopulation growth in Baldwin County,
Alabama, the impact of sea-level rise will be amplified, potentially in-
creasing the impact of storm surge and resulting in inundation of coastal
areas. Inundation brings saltwater intrusion, increased erosion, and
wetland loss, all of which can increase eutrophic conditions and mag-
nify the effects of climate change. This will cause dramatic salinity
and nutrient disturbances in the Weeks Bay estuary, stressing the
ecosystem that serves as a nursery to commercially important shell-
fish and finfish today.

Factors that cannot be properly accounted for can cause systems
to respond differently than predicted, as was the case for three
NERR estuaries on the Northern Gulf of Mexico, which included
Weeks Bay (Caffrey et al., 2014). Weeks Bay is an important link in
the Northern Gulf of Mexico estuary “chain” as it has already been
placed under stricter monitoring programs, providing public access
to ecosystem monitoring data. The System Wide Monitoring Pro-
gram has been recording water quality and weather conditions in
some parts of Weeks Bay for over 18 years, and utilizing these data
can enable better predictions of conditions in other estuaries that
are not as closely monitored (Caffrey et al., 2014). The open-source
continuous monitoring systems enable more scientists to evaluate
the magnitude and direction of environmental response to climate
change and sea-level rise and convey necessary concerns to manage-
ment efforts and policy makers. Full understanding of these
ecosystems is not possible without long-term context, before
instrumental records like these monitoring systems. Therefore,
paleoenvironmental analysis of well-preserved sedimentary ar-
chives such as that of Weeks Bay are essential to evaluating the
long-term stability of estuarine ecosystems and prediction of re-
sponse to triggers such as floods, storms, and sea-level rise.

5. Conclusions

Multi-proxy analysis of Piston Core WB-18-02 reveals the following
history of Weeks Bay, AL:

1. Four major floods are recorded in the instrumented stream gage
record and are expressed as sand peaks in the Weeks Bay sediment
record, lending high confidence that Weeks Bay provides a high-
resolution, undisturbed record of terrestrial flooding and ecological
feedbacks in the Weeks Bay.

2. A total record of 34 flood events were recorded over the past
5000 years. Two periods of high flood activity coincide with the Me-
dieval Climate Anomaly and the Little Ice Age, suggesting links be-
tween relatively short-term climate events and the hydrologic cycle.

3. The δ13C and δ15N, grain size, and terrestrial and marine elemental
proxies (Ti, Zr, Fe and Ca, Sr) all record a transition frommarine influ-
ence following initial flooding of the bay ~7000 cal yr BP to a brack-
ish/freshwater influenced system ~2000 cal yr BP.

4. Anthropogenic influence in Weeks Bay is evident after settlement of
the area in the 1700s, as evidenced by enrichment in redox- and
nutrient-related elements (Mn/Fe, V) and TOC and TN weight
percent.

5. Nitrogen is a limiting nutrient in Weeks Bay, and abundance of dia-
tom algae has steadily increased over the last 300 years, with a dra-
matic increase since the 1980s, indicating that land clearance and
agricultural land use change increased ecological feedback, resulting
in algal blooms.

Paleoenvironmental studies across the Northern Gulf of Mexico are
needed to compare natural baseline conditions with recent timeframes
of human activity to improve our understanding of how coastal estuar-
ies respond to floods, storms, climate, sea level, and coupled human im-
pacts. This should improve prediction of future ecological response and
conservation efforts.
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