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a b s t r a c t

Late Holocene flood frequencies on the lower Ohio River were investigated using 14C-based sedimen-
tation rates from three floodplain lakes located in Illinois (Avery Lake), Kentucky (Grassy Pond), and
Indiana (Goose Pond). Changes in sediment accumulation rates were attributed to variability in the
delivery of overbank sediment to each site as controlled by the frequency of Ohio River flooding. Sedi-
mentation rates reached their lowest values in all three lakes between 400 and 1230 CE, indicating a
regional reduction in flood frequencies on the lower Ohio River during a period that included the Me-
dieval Climate Anomaly (MCA; ca. 950e1250 CE). Sedimentation rates increased after ca. 1230 CE and
remained moderately high through the Little Ice Age (LIA; 1350e1820 CE) until the onset of extensive
land clearance during the early 1800s CE. After 1820 CE, sedimentation rates increased further and were
higher than any other time during the late Holocene. A comparison of regional paleoclimatic proxies with
the above floodplain sedimentation records shows that Ohio River flooding during the late Holocene was
responsive to mean-state changes in atmospheric circulation. During the MCA, when clockwise mean-
state atmospheric circulation advected southerly moisture from the Gulf of Mexico into the Ohio River
Valley primarily in the form of convective rainstorms, flooding on the Ohio River was least frequent.
During the LIA, meridional mean-state atmospheric circulation increased the proportion of mid-
continental moisture that was sourced from the northern Pacific and Arctic and delivered as snowfall,
hence increasing flooding on the Ohio River. We attribute the increase in Ohio River flooding during the
LIA to an increase in snowpack volume across the Ohio River Valley and the watershed-scale integration
of runoff during spring snowmelt. Following Euro-American land clearance in the early 1800s, flood
frequencies decoupled from this relationship and the lower Ohio River became susceptible to frequent
flooding, despite a return to southerly and clockwise synoptic atmospheric conditions. These modern
climate-flood dynamics are fundamentally different than those of the paleo-record and suggest that
land-use changes e such as deforestation, tile draining, and landscape conversion to intensive row crop
agriculture e have fundamentally altered the modern Midwestern hydrologic cycle.

© 2022 Elsevier Ltd. All rights reserved.
1. Introduction

The frequency of flood events in the Midwestern United States
ciences, Indiana University-

rvey, Ohio-Kentucky-Indiana
has increased in recent decades (Mallakpour and Villarini, 2015) in
response to a 15% increase in annual precipitation since 1980 and a
40% increase in extreme precipitation events since the late 1950s
(Easterling et al., 2017). One consequence of this trend is that fluvial
erosion and channel mobility have accelerated, impacting infra-
structure, agricultural operations, and communities in proximity to
fluvial systems, and, in many cases, resulting in damages that have
ranged from millions to billions of dollars (Smith and Katz, 2013).
Because the Midwest is one of the world's largest agricultural
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exporters and a global leader in corn, wheat, and soybean pro-
duction and exportation, fluvial hazards in this region can addi-
tionally impact global food supply chains with severe economic
consequences (Hatfield et al., 2012; Xiao et al., 2013; Mallakpour
and Villarini, 2015). Future hydrologic outlooks for the Midwest
suggest that annual precipitationmay increase by an additional 20%
by 2070, due primarily to wetter spring and winter seasons
(Easterling et al., 2017), which is likely to further exacerbate fluvial
hazards. To develop strategies for fluvial hazard mitigation and
flood resilience, it is important to better understand how modern
land-use has impacted the relationships between synoptic-scale
climate dynamics and flood recurrence. To accomplish this task, it
is first necessary to determine “natural,” pre-industrial, climate-
flood relationships. However, long records that reflect linkages
between natural mean-state atmospheric circulation, precipitation
seasonality, and flood recurrence in the Midwest are sparse (Bird
et al., 2019).

At present, the most destructive Midwestern flood events
generally occur during the mid-to-late spring when precipitation is
heaviest and watershed soils are saturated due to spring snowmelt
(Kunkel et al., 1994; Andresen et al., 2012). Based on these obser-
vations, it has been hypothesized that pre-industrial flood recur-
rence during the late Holocene would have been most common
when zonal mean-state atmospheric circulation over the Midwest
produced clockwise atmospheric flow that advected warm, moist
vapor masses from the Gulf of Mexico and increased spring and
summer precipitation (Knox, 2000). However, a recent investiga-
tion of the long-term relationship between Midwestern climate
and flooding suggested that flood recurrence on the lower Ohio
River was most frequent during the Little Ice Age (LIA; 1350e1820
CE) e a period dominated by Pacific-sourced cold-season precipi-
tation delivered by northerly atmospheric circulation e and
comparatively infrequent during the Medieval Climate Anomaly
(MCA; 950e1250 CE), when clockwise atmospheric circulation over
the Midwest directed moisture from the Gulf of Mexico deep into
the midcontinent (Bird et al., 2019).

One explanation for the differences between modern and pre-
industrial flood regimes may be that current fluvial dynamics are
occurringwithin the context of a highly altered landscape. Since the
early 1800s, widespread deforestation and the installation of tile
drainage systems for agricultural operations have fundamentally
altered theMidwestern hydrologic cycle by decreasing interception
and infiltration and increasing runoff (Bonan, 1999; Greeley, 1925;
King et al., 2014; Schilling and Helmers, 2008). As a result, the Ohio
River may be more susceptible to flooding at present, despite
southerly dominated atmospheric circulation and a predominance
of spring and summer precipitation e conditions that were shown
to reduce flooding during the pre-industrial past (Bird et al., 2019).
However, because very few instrumental records exist prior to the
1800s and regional paleoclimate proxies that represent climate-
flood relationships are sparse, it is difficult to establish how large
fluvial systems like the Ohio River responded in the past to mean-
state hydroclimatic changes. Despite these challenges, determining
how the frequency of flood events has varied through time in
response to changing climatic and land use conditions has impor-
tant implications for models of flood recurrence and landscape
evolution over a range of timescales.

To examine climate-flood relationships prior to instrumental
record-keeping and test the hypothesis that modern land use has
impacted flood patterns on the Ohio River, long proxy records of
climate and fluvial responses are needed. Sediments preserved in
floodplain lakes provide one such archive of paleo-fluvial pro-
cesses, including flood frequency and floodplain development (e.g.,
Munoz et al., 2015; Lintern et al., 2016; Bird et al., 2019). Oxbow
lakes and other paleochannels situated in floodplains adjacent to
2

modern fluvial systems are inundated with sediment-laden flood-
waters during high-discharge events (Constantine et al., 2010).
Constraining variability in sediment accumulation rates at these
sites can therefore be used to reconstruct changes in frequencies of
discharges capable of inundating these sites through time. Such
records can provide a unique perspective of how fluvial systems
and their floodplains functioned under pre-industrial conditions
and capture the consequences of modern land use and climate
change on fluvial dynamics (e.g., Bird et al., 2019).

Here, we present new sediment accumulation rate records from
two floodplain lakes located along the lower Ohio River in northern
Kentucky and southern Indiana and synthesize these results with
the only presently published Ohio River paleo-flood record from
Avery Lake, Illinois (Bird et al., 2019). Variability in sediment
accumulation rates, chronologically constrained by 14C and indus-
trial Pb pollution, are used as a proxy for flood frequency over the
past ca. 1900 years and compared to high resolution, multi-proxy
climate records from the Midwest that span the same period to
investigate the pre-industrial relationships between Midwestern
climate (e.g., temperature, precipitation source, and atmospheric
circulation) and flood recurrence on the Ohio River.

2. Regional setting

2.1. Floodplain sedimentation and morphometry in the lower Ohio
River Valley

The formation and evolution of floodplains and floodplain lakes
are related to fluvial (in channel) and alluvial (out of channel)
processes, which drive lateral and vertical floodplain dynamics.
Overland runoff and bank erosion by meandering rivers provide
suspended and bedload sediment, most of which is carried a short
distance downstream and deposited as point, lateral, or mid-
channel bars (Lauer and Parker, 2008). When overbank flows occur,
sediments are transported from the river channel onto the adjacent
floodplain (Alexander and Prior, 1971; Wolman and Leopold, 1957),
with coarse grained sediments deposited in close proximity to the
main fluvial channel and fines (e.g., clays and silts) distributedmore
broadly across the floodplain. Significant accumulations of alluvial
sediment can occur in closed depressions, i.e., floodplain lakes and
swales created by abandoned stream channels, resulting in sub-
stantially higher sedimentation rates in these depositional envi-
ronments compared to the floodplain at large (Asselman and
Middelkoop, 1995; Lauer and Parker, 2008; Wolman and Leopold,
1957). Floodplain lakes typically have small, low-gradient, local
watersheds, with limited or no permanent inflows. These charac-
teristics limit the potential volume and mechanisms of sediment
transport to these lakes when the adjacent river is below overbank
discharge. At flood stage, however, the watersheds of floodplain
lakes effectively become that of the adjacent river, providing a
mechanism for sediment delivery and increasing the volume of
sediment available (Toonen et al., 2012). As a result, alluvial sedi-
ments deposited during flood events often represent the vast ma-
jority, if not all, of the preserved sedimentary record in floodplain
lakes (Citterio and Pi�egay, 2009; Fisk, 1947; Toonen et al., 2012).
Consequently, variability in sediment accumulation rates in flood-
plain lakes are primarily driven by changes in the frequency of
overbank flood events. Constraining sedimentation rates with
high-resolution age modeling therefore provides estimates of the
frequency of flood-related overbank sedimentation over time.
Specifically, periods of high sedimentation rates in floodplain lakes
can be interpreted to reflect greater overbank sedimentation as a
result of more frequent flood events and vice versa for low sedi-
mentation rates (e.g., Bird et al., 2019; Pollard, 2020; Wright, 2022).

The floodplain lakes used in this study to reconstruct Ohio River
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flooding are located in the lower Ohio River watershed, in a
~2000 km2 alluvial valley spanning southwestern Indiana, north-
western Kentucky, and southern Illinois (Fig. 1). The Ohio River is
less bedrock constricted along this reach compared to other sec-
tions further upstream, which has allowed greater stream channel
mobility in response to changes in discharge and sediment load
during the late Glacial and Holocene (Counts et al., 2015). As a
result, geomorphic features typical of a meandering stream system
have formed along many reaches of the lower Ohio River, including
terraces and point bars with ridge and swale topography
(Alexander and Prior, 1971; Counts et al., 2015). All three lakes used
in this study occupy the youngest of these terraces, which began
forming approximately 4000 years ago (Counts et al., 2015).

2.2. Goose Pond, Indiana, and Grassy Pond, Kentucky

Goose Pond (37.9068� N, 87.8384� W; 105.7 m above sea level) is
a small (0.05 km2) swale lake located on the southern tip of a
moderately sized point bar (approx. 18.4 km2) along the lower Ohio
River in southwestern Indiana, about 20 km upstream of its
confluence with the Wabash River (Fig. 1). The floodplain is char-
acterized by ridge and swale topography, with the topographic
lows, or swales (including Goose Pond), interpreted as paleo-
channels and the topographic highs as natural levees left behind
by the ancestral Ohio River as it built out to the southwest
Fig. 1. Left:Maps of the study sites used for this project showing the locations of A. Avery La
River and its watershed (highlighted in blue). Isotope data and other paleoclimate proxies us
and Hole Bogs, MI (MB & HB; Booth et al., 2006), and Horseshoe Lake, IL (HL; Pompeani et al
Avery Lake, B. Goose Pond, and C. Grassy Pond and the modern Ohio River.
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(Alexander and Prior, 1971). Goose Pond is situated only 1.5 m
above the main channel of the adjacent Ohio River (104.2 m above
sea level) and is thus regularly inundated with water and sediment
from the river during even low magnitude flood events (Fig. 1;
Pollard, 2020).

Grassy Pond (37.8915� N, 87.9037� W; 105.3m above sea level) is
a small (0.25 km2 e approximately 1.7 km � 0.18 km) swale lake
located on the northern tip of a point bar on the Kentucky side of
the lower Ohio River, 14 km upstream of its confluence with the
Wabash River (Fig. 1). Similar to the floodplain at Goose Pond, the
~35 km2 Grassy Pond point bar is characterized by ridge and swale
topography that was created as the Ohio River migrated westward.
Grassy Pond is < 1 m above the main Ohio River channel (104.5 m
above sea level), and so is regularly inundated during even low
magnitude flood events, similar to Goose Pond.

At present, floodwaters from the Ohio River submerge Goose
and Grassy ponds when discharges recorded at the Uniontown, KY
stream gage exceed 11,215 cubic meters per second (cms), which
corresponds to a water height of approximately 106 m above sea
level (U.S. Geological Survey, 2020).

2.3. Avery Lake, Illinois

Avery Lake (37.0788 N, 88.4906 W; 96 m above sea level) is a
small (0.13 km2) swale lake located on an 80 km2

floodplain on the
ke, Illinois, B. Goose Pond, Indiana, and C. Grassy Pond, Kentucky in relation to the Ohio
ed for this study were sourced fromMartin Lake, Indiana (ML; Bird et al., 2017), Minden
., 2021). Right: Elevation profiles show floodplain topography and distances between A.
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lower Ohio River in southeastern Illinois (Fig. 1 A). The Avery Lake
floodplain is ameander loop-point bar system, which formed as the
Ohio River migrated to the south over the past 10,000 to 20,000
years (Alexander and Nunnally, 1972; Alexander and Prior, 1968).
Similar to the Goose and Grassy pond floodplains, the topography
surrounding Avery Lake is characterized by ridges and swales
created by themeander scars left behind as the Ohio River migrated
(Alexander and Nunnally, 1972). The Avery Lake floodplain has an
airfoil-like morphometry, with high elevations to the south and
east (upstream) and lower elevations to the west and north. Avery
Lake is situated on the elevated southern portion of the point bar ca.
3 m above the modern Ohio River. These topographic features
result in a specific pattern of flooding that differs from flooding at
Goose and Grassy ponds, whereby floodwaters inundate the Avery
Lake floodplain first from the western, downstream, side of the
point bar and slowly backfill, eventually overtopping the floodplain
if discharges are sufficiently high (Alexander and Prior, 1971). The
occurrence of low elevations on the northern portion of the
floodplain further directs the highest velocity discharges away from
the southern portion of the point bar where Avery Lake is located,
resulting in low energy slack water deposits on the southern,
higher-elevation portion of the point bar and at Avery Lake
(Alexander and Prior, 1971).

The soil orders present across the Avery Lake point bar suggest
that the aforementioned pattern of flooding was the long-term
mean state at Avery Lake. High discharge velocities during flood
events regularly scour and erode the soils to the north and west of
Avery Lake, resulting in a predominance of immature inceptisols
and entisols across this section of the floodplain. On the high
elevation southern and eastern sections of the point bar, mature
mollisols have developed, indicating that low energy slack water
flooding, which lacks the necessary energy to regularly erode the
soil, is common on the portion of the floodplain surrounding Avery
Lake (ISEE Network, 2022).

In addition to differences in floodplain morphometry between
Goose and Grassy ponds and Avery Lake, Avery Lake also has a long
history of human occupation and land use, which impacted local
erosion and runoff (and thus possibly influenced sedimentation
rates in Avery Lake). Three major periods of pre-European occu-
pation at Avery Lake have been identified in the archaeological
record: The Baumer (600 BCE e 400 CE; Lapham, 2010), Lewis
(600e900 CE; Pursell, 2016), and Mississippian phases. Of those,
the Mississippian phase is the most recent (1000e1600 CE; Kessler
et al., 2022) and is associated with large earthwork mounds, the
adoption of maize agriculture, and the construction of extensive
fortifications (Butler et al., 2011). In contrast, there is no evidence
for large-scale pre-European occupation at either Goose or Grassy
ponds during the periods represented by their sedimentary
archives.

2.4. Modern climatology and streamflow in the Ohio River
watershed

The modern climate of the Ohio River Valley is temperate, with
minimum average temperatures (�13 �C) recorded in the Appala-
chian Plateau in January and maximum average temperatures
(31 �C) occurring in southern Illinois and Indiana in July. Average
annual precipitation across the Ohio River Valley ranges from85 cm
yr�1 in the west to 150 cm yr�1in the east, with heavy and frequent
precipitation events between April and June (Huang et al., 2021)
from southerly- and southwesterly-sourced convective rainstorms
(Dirmeyer and Kinter, 2010). Between December and February,
precipitation is reduced and generally delivered as snow from cool,
high-latitude frontal systems sourced from the northern Pacific and
Arctic (Serreze et al., 1998).
4

The Pacific-North American teleconnection (PNA) is the main
determinant of climatic conditions affecting the seasonal distribu-
tion and phase of precipitation across most of the midwestern and
eastern United States e especially in the Ohio River Valley, where
the correlation between PNA mode and precipitation is strongest
for the continental US (Coleman and Rogers, 2003; Leathers et al.,
1991; Liu et al., 2014). Positive phases of the PNA (þPNA) are
associatedwith enhanced ridge and trough atmospheric circulation
at the 500 hPa level that increases the frequency of mid-
tropospheric air mass incursions from the Pacific Northwest. This
pattern blocks moisture delivery from the Gulf of Mexico to the
Midwestern United States, reducing overall precipitation in the
Ohio and Mississippi River valleys (Archambault et al., 2008).
Despite reduced precipitation duringþPNA phases, the strong 500-
hPa trough and lower temperatures during precipitation events
increases snowfall delivery to the Midwest and eastern United
States such that the highest snowfall totals are often associated
with þPNA phases (Serreze et al., 1998). Negative PNA phases
(-PNA) are associated with more zonal midlatitude 500-hPa at-
mospheric flowpaths and a general increase in Midwestern pre-
cipitation, especially rainfall (Coleman and Rogers, 2003). This is
due in part to a semi-stationary low-amplitude ridge situated over
the US East Coast that steers Atlantic moisture and converges it into
the Ohio River Valley (Nakamura et al., 2013). These conditions
increase moisture advection from the Gulf of Mexico into the
midcontinental US, which fuels convective rain events during the
boreal summer (Leathers et al., 1991; Zhang and Villarini, 2019).
While southerly and clockwise atmospheric circulation is more
common during the summer, the occurrence of more extreme
precipitation events related to atmospheric rivers, and other
anomalous circulation events sourced from the Gulf of Mexico in-
crease during all seasons under -PNA conditions (Lavers and
Villarini, 2013; Nakamura et al., 2013). For example, zonal atmo-
spheric flow, similar to -PNA conditions, are associated with
increased average boreal winter discharge in the Ohio River and its
tributaries (Rogers and Coleman, 2003).

Interannual temperature and precipitation fluctuations across
the Ohio River Valley are strongly influenced by Pacific sea-surface
temperature (SST) variability associated with the El Ni~no-Southern
Oscillation (ENSO) (Hu and Feng, 2001; Birk et al., 2010). In the
Midwest, warm ENSO phases (positive; þENSO; El Ni~no events) are
associated with warmer average temperatures and an overall
decrease in precipitation and subsequent stream discharge across
the region (Gershunov and Barnett, 1998; Rogers and Coleman,
2003). Conversely, cool (negative; -ENSO; La Ni~na) phases are
associated with increased variability in near-surface temperature,
an overall increase in precipitation (Andresen et al., 2012), and
generally higher discharge in low-order tributaries (Singh et al.,
2021). ENSO influences the phase of the PNA pattern such that
they often occur in the same sign (i.e., both positive or both nega-
tive), which intensifies their hydroclimatic impacts (Yu and Zwiers,
2007; Henderson et al., 2020). When both teleconnections are in
their positive mode, winter precipitation is considerably enhanced
and the Ohio River Valley experiences a deep snowpack (Kluver and
Leathers, 2015). When both teleconnections are in their negative
mode, Midwestern precipitation and streamflow in Ohio River
tributaries increase (Rogers and Coleman, 2003).

On decadal and longer timescales, precipitation across the Ohio
River Valley is influenced by North Pacific SST variability associated
with the Pacific Decadal Oscillation (PDO) (Mantua et al., 1997; Birk
et al., 2010). Resembling þ ENSO conditions, positive PDO phases
(þPDO) are associated with warmer temperatures, less precipita-
tion, and reduced stream discharge over the Ohio River Valley
(Singh et al., 2021). Atmospheric circulation under these conditions
resembles the þPNA, with a predominance of northwesterly
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atmospheric flow from the northern Pacific and Arctic (Yu et al.,
2007; Yu and Zwiers, 2007). Negative PDO (-PDO) phases are
conversely similar to -ESNO conditions, with generally wetter
conditions over the Ohio River Valley (Singh et al., 2021), though
the relationship between the PDO, precipitation, and streamflow is
generally weaker (Dai, 2013). Under -PDO conditions, mean-state
atmospheric flow is more zonal and sourced from southerly sour-
ces (i.e., the Gulf of Mexico). While precipitation in the Ohio River
Valley generally responds less strongly to PDO variability alone, the
combined effects of ENSO and PDO can result in significant
amplificationwhen the mechanisms are in phase with one another,
particularly when both are in their warm mode (Birk et al., 2010).

2.5. Modern hydrology and flood patterns of the Ohio River

The Ohio River is a large 8th-order stream (Horton, 1945;
Strahler, 1957) with a watershed that encompasses approximately
420,000 km2 (Schilling et al., 2015). This includes portions of 7
states across the eastern US (Pennsylvania, West Virginia, North
Carolina, Ohio, Kentucky, Indiana, and Illinois) that are home to
more than 25 million people (Fig. 1).

Stream gage data from four USGSmonitoring stations (located at
Sewickley, PA; Louisville, KY; Evansville, IN; andMetropolis, IL) that
span the upper and lower Ohio River show that high discharge
events (i.e., � the 1.5-year recurrence interval (RI) discharge) occur
across the Ohio River Valley with similar seasonal timing. These
gages were chosen due to their proximity to Avery Lake (Metrop-
olis) and Goose and Grassy ponds (Evansville), and their distribu-
tion across the middle and upper Ohio River (Louisville and
Sewickley, respectively). High and statistically signficant correla-
tions between the number of high discharge events per month
recorded at the Metropolis monitoring station and at the gages
located at Evansville, Louisville, and Sewickley (r2 ¼ 0.97, 0.97, and
0.88, respectively; p < 0.001) illustrate that high discharge events
on the upper and lower Ohio River laregly occur during the early
spring between March and April (Fig. 2; Table 1). This is consistent
with large river systems in temperate climates where snowmelt
and/or rain on snow events during the early spring are the primary
driver of high discharge events rather than rainfall alone (Knox,
2000). This is because water from multiple precipitation events is
stored as snowpack across the entire watershed and released
essentially simultaneously during the spring melt. While locally
important, rainstorms are simply not large enough to encompass a
watershed the size of the Ohio River Valley and they deliver far less
water per event relative to a winter's worth of snowpack. Conse-
quently, variations in winter snowpack volumes are the primary
driver of high discharge events on large rivers like the Ohio River
(e.g., Graybeal and Leathers, 2006).

Due to the relationships between synoptic-scale atmospheric
circulation and Ohio River Valley snowpack described above, mean-
state conditions characterized by strong ridge and trough structure
at the 500 hPa level and northerly atmospheric flow over the
Midwest (i.e., þPNA) can increase winter snowpack and subse-
quent flood frequency, especially when amplified through
constructive ENSO feedbacks (Birk et al., 2010; Singh et al., 2021).
These modern relationships therefore provide a framework for
better understanding past relationships between atmospheric cir-
culation and Ohio River flood frequencies through time.

3. Methods

3.1. Sediment core retrieval

Sediment cores from Goose and Grassy Pond were collected
using a modified Livingstone piston corer (Livingstone, 1955;
5

Wright et al., 1984) driven by a solar-powered electric winch
mounted on a floating platform during the summer and fall of 2019.
The cores were retrieved in sequential 1-m sections from adjacent
holes with starting depths staggered by 50 cm to ensure that any
sediment lost between core sections in one set of cores was
captured in the other. Coring continued until refusal, which
occurred after the sediments transitioned to coarse sand deposits
that are consistent with modern lower Ohio River fluvial sediments
(Alexander and Prior, 1971). The uppermost ~80 cm of each sedi-
ment core was captured using a modified piston corer with a ca.
7 cm diameter polycarbonate core barrel specifically designed to
retrieve the undisturbed sediment-water interface (Fisher et al.,
1992).

At Goose Pond, a composite 994 cm core was constructed from
the Livingstone and surface cores by visually matching strati-
graphic units and comparing magnetic susceptibility trends.
Similar methods were used to retrieve and construct a 960 cm
composite core from Grassy Pond.

3.2. X-ray fluorescence spectroscopy

X-ray fluorescence spectroscopy (XRF) is a quantitative analyt-
ical technique useful for estimating the elemental composition and
abundance of geologic material, including sediments (Jenkins,
1999; de Vries and Vrebos, 2002). An Olympus Innov-X Delta Pro
(DPO-6000-C) XRF spectrometer was used to quantify stratigraphic
changes in the elemental composition of the sediments in the
Goose Pond, Grassy Pond, and Avery Lake sediment cores (at 1 cm
resolution for the Avery record and at 2-cm resolution for Goose
and Grassy ponds). Two energy beams (40 kV and 10 kV; 30 s
measurements for each beam) were used to measure the elemental
composition of the lacustrine sediments, including sedimentary
metal concentrations of Al, Si, Pb, and Zr. Elemental values were
converted from counts per second to percent abundance using an
Olympus calibration standard and proprietary software.

3.3. Age control

Age control for the sediment cores was provided primarily by
radiocarbon accelerator mass spectroscopy (AMS 14C) of organic
material preserved in the lake sediments. Organic samples were
removed from the sediment cores, disaggregatedwith 7% H2O2, and
sieved at 63 mm. Terrestrial organics e primarily charcoal, sticks,
and leaves ewere isolated and removed from the >63 mm fraction.
All samples were physically cleaned and chemically pre-treated
following the University of California Irvine's Acid-Base-Acid pro-
tocol with 1 N HCl (at 70 �C) to remove any carbonate material, 1 N
NaOH (at 70 �C) to remove organic acids, and a final 1 N HCl rinse
(at 70 �C) to remove atmospheric carbon that may have accumu-
lated during the alkaline wash (Olsson, 1986; Abbott and Stafford,
1996). All samples were then rinsed with 18-mU deionized water
until they registered a neutral pH. The pretreated samples were
sent to the University of California-Irvine, where they were com-
busted into CO2 gas, reduced to solid graphite, and analyzed for
14C/13C/12C via AMS at the Keck-CCAMS facility.

An age model was created using the RStudio Bchron package,
which calibrated the radiocarbon ages using the IntCal-20 calibra-
tion curve (Reimer et al., 2020), assigned error estimates and 1-s
confidence intervals, and plotted the calibrated age-depth re-
lationships. Sedimentation rates for each lakewere calculated using
the Bchron acc_rate function, which provided minimum (25th
percentile), maximum (75th percentile), and median (50th
percentile) accumulation rate estimates based on the Bchron age
models (Haslett and Parnell, 2008).

At Grassy Pond, the modern peak in anthropogenic Pb pollution



Fig. 2. Modern stream gage data showing the monthly distribution of flood events on the Ohio River from monitoring stations on the lower (A & B), middle (C), and upper (D) Ohio
River. At present, flooding on the lower and upper Ohio River occurs in phase during the early spring (E) due to the watershed-scale integration of snowmelt. Panel F shows the
locations of the monitoring stations in relation to the Ohio River watershed.

Table 1
Regression of high discharge events (�1.5-year recurrence interval) from USGS monitoring stations upstream of Avery Lake against discharge data from the Metropolis, IL
stream gage station show that the timing of bankfull-or-greater discharge events occur across the upper and lower Ohio River with similar timing.

Gage Station Latitude N Longitude W Coeff. Determ. Corr. Coeff. P Value
Sewickley, PA 40.549167 80.205833 0.8846 0.9405 <0.00001
Louisville, KY 38.280278 85.799167 0.974 0.9869 <0.00001
Evansville, IN 37.972222 87.576389 0.9708 0.9853 <0.00001
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was determined by normalizing XRF Pb abundances to the con-
servative terrestrial element Zr (e.g., (Bo€es et al., 2011). The
resulting Pb/Zr peak that occurred at a depth of 170 cmwas used as
an additional age control anchor point for the year 1850 (±20
years). This date corresponds with the timing of European settle-
ment and industrialization of nearby Evansville, Indiana. European
urbanization of the region began in the 1830s CE, and extensive coal
mining operations and manufactured gas production were under-
way by the 1850s CE (Higgins and Higgins, 2019). Therefore, dating
the anthropogenic Pb peak at 1850 CE and assigning a potential 40-
year range (from 1830 to 1870 CE) reasonably accounts for potential
Pb pollution during the early settlement of the region during the
1830s CE, Pb pollution that was introduced due to the initial
industrialization of Evansville during the 1850s CE, and a potential
temporal lag between when the anthropogenic Pb was produced
and when it entered the stream systems due to the time required
for soil erosion and sediment transport to occur.
3.4. Grain size

Variability in the relative fractions of clay, silt, and sand in the
Goose and Grassy pond cores was determined at 10-cm intervals to
6

investigate changes in depositional energy that occurred at each
site as the distance and angle between the lakes and the main
channel of the Ohio River changed through the late Holocene. For
each sample, approximately 1 cm3 of sediment was oxidized with
concentrated (35%) H2O2 to remove organics. The samples
remained in the H2O2 until the reaction ceased, then the H2O2 was
evaporated at 70 �C. The dried samples were then reconstituted
with deionized water and mixed with 2 mL of dispersant (sodium
metaphosphate; NaO3P). After this pretreatment, the samples were
analyzed for grain size via laser diffraction at IUPUI using a Malvern
Mastersizer 2000.

In addition to direct grain size measurements, granulometric
proxies were used to infer stratigraphic changes in depositional
energy represented in the sediment cores. A Geotek multi-sensor
core logger was used to measure magnetic susceptibility on the
Goose and Grassy pond cores at a 0.5 cm resolution after the cores
had been left at room temperature for 24 h. In lacustrine sediments,
magnetic minerals are primarily allochthonous and transported to
the lake from the surrounding watershed and, in general, magnetic
susceptibility has been demonstrated in various environmental
settings to vary in-phase with grain size (Yim et al., 2004; Ghilardi
et al., 2008). At Goose and Grassy ponds, we interpret increases in



Fig. 3. A (C). Simplified lithological diagram of the Goose Pond (Grassy Pond) sedi-
ments. B (D).Core photos of the Goose Pond (Grassy Pond) sediment core.
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magnetic susceptibility to reflect increases in the amount of coarse-
grained terrestrial material delivered to the lake during flood
events of the Ohio River. Similarly, variability in the ratio of Si to Al
in the Goose and Grassy pond sediment cores was interpreted to
reflect changes in the sand fraction of the sediments, delivered to
the floodplain lakes by the Ohio River during flood events (e.g.,
Bouchez et al., 2011; Jonathan et al., 2004; Leigh, 2018).

3.5. Elemental abundance and isotopic composition of organic
carbon and total nitrogen

The elemental abundance and isotopic composition of organic
carbon (C) and total nitrogen (N) were determined at a 10-cm
resolution from the Goose and Grassy pond cores at the Univer-
sity of Florida via a Carlo Erba NA 1500 CNS elemental analyzer
connected to a Thermo Electron Delta V Advantage isotope ratio
mass spectrometer with a ConFlo II interface. Approximately 10 mg
of unacidified freeze-dried sample was weighed into tin capsules
prior to isotopic analysis. Isotopic data are presented in terms of
delta notation per mil (‰), normalized to USGS 40 and USGS 41 A
standard reference materials. Analytical precision for isotopic
analysis was ±0.10% for C and ±0.12% for N. After processing, these
results were compared to previously published nitrogen isotope
data from Avery Lake (Bird et al., 2019) in order to examine dif-
ferences in pre-European anthropogenic impacts between Avery
Lake, which supported a large pre-European population, and Goose
and Grassy ponds, which did not.

3.6. Modern stream gage data

Annual peak-flow discharge data that spanned the period from
1940 to 2019 were compiled from monitoring stations located on
the lower and upper Ohio River at Metropolis, IL; Evansville, IN;
Louisville, KY; and Sewickley, PA. These discharge data were
recorded in cubic feet per second (f3/s) by the USGS and converted
to cubic meters per second (m3/s) for the consistent presentation of
units in this study. To calculate discharge recurrence intervals,
annual peak flow data from each gage was sorted in descending
order and ranked from highest discharge to lowest. Recurrence
intervals were then calculated using the formula

RI ¼ (Ny þ 1)/Nr

where RI is the discharge recurrence interval, Ny is the number of
years of recorded data, and Nr is the rank of each event. For this
study, the 1.5-year recurrence interval was used as an estimation
for bankfull discharge because it has been shown that this
approximately corresponds to the lowest flood stagewhen effective
discharge is highest in the Midwestern US (Leopold, 1994; Dunne
and Leopold, 1978; Robinson, 2013).

4. Results

4.1. Sediment core stratigraphy

The bottom 24 cm of the Goose Pond core were characterized by
medium-to-coarse grained sands that are consistent with the
fluvial sedimentology of the modern and late Holocene Ohio River
channel deposits (Alexander and Prior, 1971; Stafford and
Creasman, 2002; Bird et al., 2019). From 970 to 810 cm, the sedi-
ments were homogenous, buff-to-tan colored (10 YR 8/8 to 10 YR 6/
8), silt-to-clay sized (0.06e62 mm; Wentworth, 1922), and con-
tained very little macroscopic plant material. Between 810 and
560 cm, laminations, alternating dark and light colorations, and a
slight increase in plantmaterial characterized the sediments, which
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were primarily silt-sized. Macroscopic organics continued to in-
crease between 560 cm and 270 cm, including the presence of
charcoal and terrestrial plant material. In this section, the sedi-
ments remained silt-to-clay sized and the color transitioned to
brown (10 YR 4/6). The upper 270 cm of sediments were charac-
terized by homogenous, tan (10 YR 6/8), silt-to-clay sized sediment
that contained little macroscopic organic debris (Fig. 3).

The 960-cm-long Grassy Pond sediment core (Fig. 3 C & D) was
divided into three sections based on visual stratigraphy. Between
960 and 900 cm, the core consisted of sand intermixed with woody
plant debris, consistent with fluvial sediments deposited when the
Grassy Pond swale was the active channel of the Ohio River. Be-
tween 874 and 792.5 cm, the sediments were predominantly silt-
sized and contained large amounts of organic material, including
terrestrial leaves and sticks. The uppermost and longest section,
between 792 and 0 cm, consisted primarily of silts and clays
consistent with low energy deposition characteristic of a lacustrine
environment or overbank, slack water alluvial deposits (Fig. 3) (see
Fig. 8).

4.2. Geochronology and sedimentation rates

20 AMS 14C dates that span the last ~1900 years were used to
construct the Goose Pond age model (Fig. 4 A; Table 2). High
sedimentation rates (1.4 cm yr�1) occurred immediately after the
formation of Goose Pond at ca. 100 CE and remained high until ca.



Fig. 4. Age models for (A) Goose and (B) Grassy ponds, constructed via 14C accelerator mass spectroscopy of terrestrially sourced macroscopic carbon (leaves, sticks, and charcoal).
For Grassy Pond, the peak in modern Pb pollution was used as an additional geochronological anchor point at 1850 CE. Shaded blue area represents the 1-s confidence intervals for
each model.

Table 2
Geochronology data used to constrain age-depth relationships at Goose and Grassy ponds.

Core Depth Fraction
Modern

14C Age þ/¡ Cal Yrs before present Year CE

Goose Pond 1 N/A �69 0 �69 2019
Goose Pond 118 1.0555 0 20 0 1950
Goose Pond 282 0.9801 160 15 150 1800
Goose Pond 286 0.9748 205 40 155 1795
Goose Pond 297 0.9772 185 15 185 1765
Goose Pond 306 0.9817 150 15 220 1730
Goose Pond 353 0.9787 175 15 285 1665
Goose Pond 428 0.9468 440 15 500 1450
Goose Pond 461 0.9247 630 15 595 1355
Goose Pond 528 0.9033 815 15 715 1235
Goose Pond 568 0.8356 1445 15 1280 670
Goose Pond 594 0.8283 1515 15 1360 590
Goose Pond 621 0.8295 1500 15 1380 570
Goose Pond 661 0.8238 1555 15 1410 540
Goose Pond 698 0.8205 1590 15 1460 490
Goose Pond 725 0.8214 1580 15 1490 460
Goose Pond 819 0.8102 1690 35 1550 400
Goose Pond 844 0.8095 1700 15 1580 370
Goose Pond 886 0.8071 1720 15 1610 340
Goose Pond 961 0.8049 1745 15 1690 260
Goose Pond 979 0.7821 1975 15 1880 70
Grassy Pond 1 N/A �69 0 �69 2019
Grassy Pond 170 N/A 100 20 90 1860
Grassy Pond 207.5 0.9843 125 15 140 1810
Grassy Pond 312.5 0.9777 180 15 270 1680
Grassy Pond 367 0.9631 300 15 400 1550
Grassy Pond 454 0.9039 810 15 705 1245
Grassy Pond 509.5 0.8718 1100 20 990 960
Grassy Pond 561.5 0.8565 1245 15 1160 790
Grassy Pond 706 0.833 1470 15 1320 630
Grassy Pond 864.5 0.8318 1480 20 1365 585
Grassy Pond 943 0.8256 1540 15 1410 540
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600 CE. Sedimentation rates then decreased to 0.1 cm yr�1 and
remained comparatively low until 1220 CE. Between 1220 and 1260
CE, sedimentation rates increased to 1 cm yr�1 and remained
elevated until ca. 1820 CE. Sedimentation rates briefly declined
between ca. 1820 and 1850 CE, after which sedimentation rates
increased even further and reached 3 cm yr�1 by 1940 CE. Between
1940 and 1980 CE, sedimentation rates decreased to 2.5 cm yr�1

(Fig. 9 C.)
The Grassy Pond age model was developed using 9 AMS 14C-

dated pieces of detrital terrestrial organics, the beginning of
8

anthropogenic Pb pollution at ~1850 CE (Fig. 5 A), and the modern
sediment-water interface at 2019 CE (Fig. 4 B; Table 2). A14C date
from 26 cm above the basal sand unit indicated that the full sedi-
mentary record of Grassy Pond spans approximately the last 1500
years.

Mean sedimentation rates at Grassy were high during the early
section of the record, reaching a peak of 3 cm yr�1 at approximately
600 CE. Sedimentation rates began to decline after 700 CE and
reached their lowest point in the record (0.2 cm yr�1) by approxi-
mately 1000 CE. Between 1000 and 1230 CE, sedimentation rates



Fig. 5. X-Ray fluorescence data from Grassy Pond (A), Goose Pond (B), and Avery Lake
(C; Bird et al., 2019). Zr-normalized Pb values were used as an indicator of excess Pb
pollution. In particular, the large Pb/Zr peaks observed at all three lakes between 1800
and 1850 CE were interpreted as an indicator of Euro-American settlement and
industrialization.

Fig. 6. The sand fraction of the (A) Goose Pond, (B) Grassy Pond, and (C) Avery Lake
sediment cores, compared with the sedimentation rates at each site (D-F, respectively).
At Goose and Grassy ponds, the period of high sedimentation rates during the early
section of each record corresponded with large sand fractions e consistent with high
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remained low. After 1230 CE, sedimentation rates increased to
0.25 cm yr�1. Between 1230 and 1750 CE, sedimentation rates
continued to increase e to 0.3 cm yr�1 ca. 1540 CE e and 0.5 cm yr
�1 ca. 1750. Ca. 1850 CE, sedimentation rates increased again and
reached 1 cm yr�1. Sedimentation rates at Grassy Pond subse-
quently remained high until the present (Fig. 9 B).
energy, direct fluvial input during those times. At Avery Lake, the oldest section of
lacustrine sediments did not show the same high levels of sand, suggesting that lower
energy, overbank sedimentation occurred during flood events at Avery Lake even
immediately after its formation.
4.3. Sediment grain size

The distribution of grain sizes at Goose and Grassy ponds were
characterized by a general predominance of silt throughout each
record, punctuated by intervals of sand-sized grains. At Goose
Pond, high sand abundances were present during the time interval
between ca. 300 and 650 CE. During this time, %sand ranged from
0 to 60%, with an average of 16%. This interval coincided with the
period of early high sedimentation rates at Goose Pond. Between
650 and 1500 CE, sand decreased and silt-sized particles domi-
nated. After ca. 1500 CE, silt decreased while sand and clay
increased. Sand remained generally elevated throughout the rest of
the record and reached its highest values between 1800 and 1850
CE (with an average of 37% sand during that interval). Between
1850 CE and the present, %sand declined, but remained relatively
high compared to the rest of the record (Fig. 6 D). Proxies of grain
size - magnetic susceptibility and Si/Al ratios - generally tracked
grain size measurements at Goose Pond. Si/Al values at Goose Pond
were high between 300 and 620 CE, lowest between 620 and 1250
CE, variable but generally elevated between 1250 and 1830 CE, and
high between 1830 CE and the present (Fig. 6 B). Similarly, mag-
netic susceptibility was high between 300 and 600 CE (ranging
9

from 9 to 79 SI x 10�5), low between 600 and 1430 CE (ranging from
1 to 12 SI x 10�5), high between 1430 and 1850 CE (3e60 SI x 10�5),
and highest between 1850 and the present (20e84 SI x 10�5) (Fig. 6
C).

At Grassy Pond, relatively high sand abundances characterized
the period spanning ca. 500 to 750 CE. During this period, %sand
ranged from 0 to 31%, with an average of 10%. Similar to Goose
Pond, the timing of the high sand abundances coincided with the
period of early high sedimentation at Grassy Pond. Between 750
and 1540 CE, %sand decreased and the Grassy Pond core became
dominated by silt-sized particles, with silt comprising between 60
and 80% of the sediments during this span. Between 1540 and 1800
CE, the Grassy Pond sediments were generally silt-dominated,
punctuated by sandy intervals at 1570 and 1670 CE. After 1830
CE, %sand increased and remained relatively high until the present;
however, silt remained the dominant grain size (Fig. 6 H). As with
Goose Pond, the Grassy Pond Si/Al ratios and magnetic suscepti-
bility were in-phase with grain size measurements (Fig. 6 F & G).
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4.4. Isotopic composition of total nitrogen

Between ca. 300 and 600 CE, d15N values at Goose Pond were
moderately high, with an average of 4.05‰. d15N values subse-
quently gradually decreased until reaching their lowest point
(2.33‰) ca. 1520 CE. d15N remained low until ca. 1670 CE, at which
point d15N increased abruptly and reached their highest values
(6.82‰) ca. 1880. d15N decreased slightly after 1880 CE, but
remained comparatively high until the present.

At Grassy Pond, d15N ranged between 1.78 and 6.79‰ (Fig. 7).
Between ca. 430e940 CE, d15N averaged 3.71‰. d15N values were
low between ca. 1100 CE and ca. 1600 CE, including the lowest d15N
value of the record (1.78‰) at ca. 1300 CE. After ca. 1600 CE, d15N
increased to 5.64‰ and remained high (averaging 5.46‰ and
reaching as high as 6.07‰) until ca. 1800. Between ca. 1800 and
1850, d15N values decreased slightly to 5.55‰, then rose again to
their highest point (6.79‰) in 1910 CE. Between 1910 CE and the
present, d15N values decreased slightly, but remained as high or
higher than any other point in the Grassy Pond record (Fig. 7).
Fig. 7. Sedimentation rates and d15N from Avery Lake (A and B; Bird et al., 2019),
Grassy Pond (C and D), and Goose Pond (E and F). At Avery Lake, an abrupt and
substantial increase in d15N coincided with the increase in sedimentation that was
observed to have occurred ca. 1100 CE, suggesting that Mississippian occupation and
land-use at the Avery site may have been responsible for increased sedimentation
during this time.
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5. Discussion

5.1. Floodplain lake sedimentation rates on the lower Ohio River

Records of fluvial processes, especially flooding, are difficult to
produce without stream gage data, and long paleo-records of flood
frequencies are rare. Since sediment accumulation in floodplain
lakes is driven largely by flooding of the adjacent river, these
sedimentary records provide an important archive of past flood
events and can be used to reconstruct the recurrence of flooding
over millennial-scale timescales (Munoz et al., 2014; Oliva et al.,
2016; Toonen et al., 2016; Bird et al., 2019). In addition, stream
gage data mostly record fluvial dynamics that are occurring in an
anthropogenically-altered landscape, so flood reconstructions
based on sedimentation rates on floodplains and in floodplain lakes
are especially useful for understanding preindustrial linkages be-
tween natural climatic variability and fluvial responses.

Late Holocene sedimentation rates at Goose and Grassy ponds
show good general agreement, but with important differences
during the early portion of each record. While both lakes experi-
enced exceptionally high sedimentation rates for approximately
200e250 years after their formation, the timing of these high
sedimentation rate periods was different between the sites. As the
older of the two swale lakes, Goose Pond experienced high sedi-
mentation rates from 300 to 550 CE with subsequently low sedi-
mentation rates thereafter until 1250 CE. Grassy pond similarly
experienced high sedimentation rates for approximately 200 years
after its formation (between 500 and 750 CE), but this period
occurred when sedimentation rates at Goose Pond had already
decreased. The difference in the timing of these high sedimentation
rate periods could suggest that each site experienced different flood
inundation histories; however, both sites are located within 6 km of
each other on the same reach of the Ohio River and are situated at
similar elevations on their respective floodplains. It is therefore
improbable that flooding histories at these sites would have sub-
stantially differed. Instead, it is more likely that geomorphic pro-
cesses related to swale lake formation were responsible for the
accumulation rate differences.

One possibility is that the periods of high sedimentation rates
immediately following the formation of the respective swale lakes
reflects direct fluvial input of sediment-ladenwaters from the main
channel of the Ohio River. This is likely to have occurred during the
first few hundred years after each lake formed given the proximity
and orientation of the Ohio River to the swale lakes immediately
after their formation. Meander scars visible in high resolution
LiDAR data between the Ohio River and the floodplain lakes show
that the Ohio River was initially nearly parallel to the newly formed
swales, which would have allowed it to transport large amounts of
sediment directly into the swales, as has been observed in other
fluvial systems (Fig. 1) (Constantine et al., 2010). In this model,
Goose and Grassy ponds would have been directly in the path of
high-energy discharge during Ohio River flood events for 200
(Grassy Pond) to 250 (Goose Pond) years following each lake's
respective formation. During these events, the Ohio River would
have been in extremely close proximity and in a similar orientation
to the newly formed swale lakes, thereby directing high-energy,
sediment-laden discharge through these systems. As the Ohio
River continued to migrate and build out the local floodplains, the
distance and angle between the main Ohio River channel and
Goose and Grassy ponds changed such that the Ohio River was both
further away and directing high energy flow away from the swale
lakes during overbank discharge events. This would have ulti-
mately directed the highest energy, most sediment-laden discharge
away from Goose and Grassy ponds during flood events. Instead,
the swale lakes would have been inundated with lower energy
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overbank flows during floods that lack the competence to transport
the coarser grained sediments characteristic of the higher energy
main fluvial channel. Since Goose Pond is approximately 200 years
older than Grassy Pond, the Ohio River would have begun and
finished transmitting fluvial sediments directly into the Goose
Pond swale during flood events earlier than Grassy Pond, which is
consistent with the difference in timing of the early high-
sedimentation rate periods at both lakes (Fig. 9 B & C).

This model of early swale lake formation and evolution is in
agreement with grain size records from Goose and Grassy ponds
(Fig. 6). For both lakes, sand abundances (averaging 15% at Goose
Pond and 10% Grassy Pond) were high during the first 200e250
years of each recordwhen sedimentation rates were highest. This is
consistent with high energy deposition as a result of direct fluvial
input immediately after the lakes formed, when the Ohio River was
both immediately adjacent and oriented in line with the newly
formed swale lakes. Sedimentation rates and %sand both decreased
at Goose and Grassy ponds after their respective early high sedi-
mentation rate phases. Notably, when sedimentation rates at Goose
and Grassy ponds increased again ca. 1250 CE, %sand at both sites
remained lower than the periods immediately after the formation
of each lake. This indicates that sand abundances during the first
200e250 years of each record were not linked to sediment accu-
mulation rates alone and suggests that the combination of high
sedimentation rates and high sand abundances early in the Goose
and Grassy pond sediment archives were a result of direct, higher-
energy, fluvial input from the adjacent and nearly parallel Ohio
River for approximately 200e250 years after the swale lakes
formed. Once enough floodplain had been constructed between the
swale lakes and the Ohio River and the angle of the Ohio River
relative to the swale lakes had changed, sedimentation rates were
controlled by lower-energy overbank deposition and both lakes
became silt-dominated systems, even during periods when flood-
ing was frequent (Fig. 8).

In contrast with Goose and Grassy ponds, the Avery Lake record
did not experience a period of high sedimentation rates immedi-
ately following the lake's formation at 1150 BCE. The bottom 7 cm of
the Avery Lake sediment corewas characterized by sand and gravel,
which were interpreted to represent bedload sediments of the
active Ohio River, deposited prior to the formation of Avery Lake
(Bird et al., 2019). Above this section, sedimentation rates at Avery
Lake were comparatively consistent for ca. 1500 years after the
lake's formation and grain sizes were consistently dominated by silt
and claywith little to no sand. This difference in the early portion of
the Avery Lake record relative to Goose and Grassy ponds is
consistent with the different nature of flooding that occurs at Avery
Lake as compared to the other two sites as a result of different point
bar morphometries (Alexander and Prior, 1971; see also section
2.3).

Taken together, the combination of the Goose Pond, Grassy
Pond, and Avery Lake sedimentation and grain size records sug-
gests that fluvial geomorphic processes resulted in high sedimen-
tation rates at Goose and Grassy ponds immediately after their
respective formations and that overbank deposition became
dominant once the floodplain had built out enough that the
orientation of the Ohio River no longer directed high-energy,
sediment-laden discharge directly into the newly formed swales.
Once overbank sedimentation was established at each site, sedi-
mentation rates show good agreement, suggesting they reflect
changes in the frequency of overbank deposition events driven by
Ohio River flooding.

5.2. Late Holocene flooding on the lower Ohio River

Overbank sedimentation rates on the lower Ohio River prior to
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the onset of Euro-American deforestation and industrialization in
the Midwest during the 1800s and 1900s (Greeley, 1925; Page and
Walker, 1991) are divided into two distinct phases. The first phase
was characterized by low sedimentation rates between 400 and
1100 CE at Avery Lake, 600 to 1230 CE at Goose Pond, and 750 to
1230 CE at Grassy Pond. This period includes the MCA, during
which time sedimentation rates at all three sites reached their
lowest values (Fig. 9AeC). Concomitant with the reduced sedi-
mentation rates, sedimentological and geochemical proxies (i.e., Si/
Al ratios, and magnetic susceptibility) from Goose and Grassy
ponds indicate reduced local erosion and/or low depositional en-
ergy (Fig. 6), supporting the hypothesis that overbank sediment
delivery to these sites was low due to a prolonged reduction in
regional flood frequencies between 400 and 1200 CE. Sedimenta-
tion rates at Avery Lake increased abruptly near the end of the MCA
between 1100 and 1150 CE and remained moderately high for the
next 800 years throughout the LIA (Bird et al., 2019), while sedi-
mentation rates at Goose and Grassy ponds did not increase until
the end of the MCA at ca. 1250 CE.

The earlier increase in sedimentation rates at Avery Lake at ca.
1100 CE relative to Goose and Grassy ponds could suggest an in-
crease in flood frequency on the Avery Lake point bar that did not
impact the Ohio River by Goose or Grassy ponds. However, Avery
Lake is situated at a higher elevation relative to the Ohio River than
Goose and Grassy ponds. Therefore, a similar increase in sedi-
mentation rates at all three sites would be expected if increased
sedimentation rates at Avery Lake between 1100 and 1150 CE were
due to an increase in floods with discharges capable of inundating
the site. The difference between the Avery Lake record and the
Goose and Grassy pond records therefore suggests that Avery Lake's
sedimentation rate increase at ca. 1100 CEmay have been related to
a different, perhaps local, mechanism.

The sedimentation rate increase at Avery Lake at ca. 1100 CE
notably occurred during the establishment of the Mississippian
settlement at Kincaid Mounds. Between 1100 and 1150 CE, exten-
sive maize agriculture was established (Bird et al., 2019;
Commerford et al., 2022) and the monumental earth works were
constructed (Muller, 2016). At the same time, d15N values and
Ambrosia (ragweed) pollen e an indicator of deforestation e

increased markedly in the Avery Lake sediments, indicating that
the floodplain surrounding Avery Lake supported a dense human
population that impacted the landscape in ways that were com-
parable to the industrial era (Bird et al., 2019; Commerford et al.,
2022). Although a small Native American settlement existed near
Goose Pond during Middle Woodland era (between 200 and 500
CE) (Doperalski, 2017), d15N data from both Goose and Grassy
ponds show no evidence for significant pre-European human
impact and both sites lack any adjacent monumental earth works.
We therefore suggest that the early increase in sedimentation rates
at Avery Lake relative to Goose and Grassy ponds during the tran-
sition from the MCA to the LIA reflects anthropogenic activity at
Kincaid Mounds, and that the continued low sedimentation rates at
Goose and Grassy ponds reflects infrequent overbank discharges on
the Ohio River during the late MCA in response to reduced snow-
packs and infrequent flooding in the Ohio River Valley.

Circa 1230 CE, overbank sedimentation at Goose and Grassy
ponds began to increase rapidly, achieving sustained high rates by
1250 CE, which corresponds with transition from the MCA to the
LIA in the Midwest (Bird et al., 2017). Due to the lack of significant
human landscape disturbances at these sites, the good temporal
correspondence of increasing sedimentation rates at Goose and
Grassy ponds likely provides a more robust estimate for the Ohio
River's response to regional climatic changes that occurred during
the LIA. Specifically, the increase in sedimentation rates between
1230 and 1250 suggests that flooding on the Ohio River increased



Fig. 8. Conceptual schematic of the different flooding styles that impacted Avery Lake and Goose and Grassy ponds. (A) Ca. 100 CE, soon after the formation of Goose Pond and
before the formation of Grassy Pond, Goose Pond received primarily high energy floodwaters directly from the Ohio River during flood events. (B) By ca. 500 CE, migration of the
Ohio River resulted in low energy overbank sedimentation at Goose Pond, while high energy deposits impacted the newly formed Grassy Pond. (C) As the meandering Ohio River
continued to build the floodplains around Goose and Grassy ponds, the distance and angle between the main river channel and the floodplains lakes increased such that low energy,
overbank sedimentation eventually dominated at both sites. (D, E) At Avery Lake, however, overbank sedimentation dominated throughout the record, due to the morphometry of
the Black Bottom floodplain.
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during this time in response to increases in regional snowpack
during the LIA.

From 1250 CE until the onset of industrialization at ca. 1800 CE,
sedimentation rates were consistently high at all three floodplain
lakes. Clastic input and magnetic susceptibility also increased
during this time, indicating that erosion and runoff were enhanced
and further supporting that flooding became more frequent during
this period. Importantly, by the 1400s CE, Ambrosia and arboreal
pollen in the Avery Lake core returned to pre-Mississippian levels,
but sedimentation rates remained high, indicating that sediment
delivery to Avery Lake remained high even after the local water-
shed became reforested and the impacts of Mississippian land use
were diminished (Bird et al., 2019). These characteristics suggest
that, while the early sedimentation rate increase (i.e., from 1100 to
1150 CE) at Avery Lake may have been due to local Mississippian
12
landscape disturbance, sedimentation rates remained high through
the LIA due to an increase in overbank alluvial sedimentation
during Ohio River flood events, like Goose and Grassy ponds.

Aside from the anthropogenic influences at Avery Lake during
the Early Mississippian Period (1050e1150 CE), the overbank
sedimentation rates at Avery Lake, Goose Pond, and Grassy Pond
were generally in-phase over the past ca. 1300 years. These results
indicate that flood frequency on the lower Ohio River was region-
ally coherent during the late Holocene and suggests that flooding of
the Ohio River at large was responsive to a common climatic driver
(Fig. 9). In addition to the floodplain records from the Ohio River
presented here, previously published flood recurrence records from
the upper Mississippi Valley further suggest reduced flood fre-
quencies on large rivers in the Midwestern US during the MCA and
increased flooding during the LIA (Munoz et al., 2015; Lombardi



Fig. 9. Late Holocene proxies for paleoclimatic conditions and flood recurrence in the
midcontinental US. Median sedimentation rates at A. Avery Lake (Bird et al., 2019), B.
Grassy Pond, and C. Goose Pond are represented by bold black lines, with 1-s confi-
dence intervals represented by the shaded gray areas. These results are compared with
E. Martin Lake d18O and F. d13C, which were used as proxies for precipitation source
and warm-season length (thermal stratification), respectively, and Martin Lake % lithic
abundances, G., which were interpreted as a proxy for watershed erosion and trans-
port, driven primarily by convective rainstorms (Bird et al., 2017). Continental average
surface temperatures during the late Holocene, H., were determined by fossil pollen
assemblages (Viau et al., 2006), while late Holocene northern Pacific SSTs, I., were
constrained using a multi-proxy dataset (Mann et al., 2009). Effective moisture in the
midcontinental United States, J., was determined by the relative enrichment or
depletion of calcite d18O from Horseshoe Lake, IL (Pompeani et al., 2021).

D.K. Gibson, B.W. Bird, H.J. Pollard et al. Quaternary Science Reviews 298 (2022) 107852

13
et al., 2021).

5.3. Ohio River flooding and regional climate

Coherent sedimentation rates at the three floodplain lakes
presented here indicate similar flood histories on the lower Ohio
River. This is consistent with modern patterns of flooding in the
Ohio River Valley, across which flooding occurs at approximately
the same time during the spring months (Fig. 2). Given the similar
timing of flooding across the Ohio River Valley today and that
flooding on large fluvial systems like the Ohio River is primarily
driven by watershed-scale snowmelt (Knox, 1988, 2000), we
interpret the sedimentation rate records presented here to largely
reflect variability in flooding of the Ohio River at large due to var-
iations in snowpack. Previous work at Avery Lake suggested that
the occurrence of flooding on the lower Ohio River was linked to
mean state changes in synoptic-scale atmospheric circulation that
either enhanced or diminished winter snowpack, which corre-
spondingly increased or decreased flood frequency (Bird et al.,
2019). Together, the Avery Lake and Goose and Grassy pond re-
cords provide a coherent and consistent picture of lower Ohio River
flooding that, when compared with Midwest paleoclimate records,
allows the previously suggested Ohio River climate-flood re-
lationships to be tested. These new records support the contention
that Ohio River flood frequencies were low prior to and during the
MCA (from ca. 400 to the early 1200s CE), when paleoclimate data
indicate diminished winter-like and extended wet warm-season
atmospheric conditions with ample rainfall sourced predomi-
nantly from the Gulf of Mexico (Fig. 9, E, H, & I; Bird et al., 2017).
Infrequent flooding on the Ohio River under wet warm-season
conditions is consistent with the response of high-order streams
with large watersheds to rainstorms versus snowpack melt (Knox,
2000). Specifically, prior to modern land use practices, large
streams like the Ohio River (ca. 420,000 km2 watershed; Schilling
et al., 2015) were unlikely to flood as a result of individual warm-
season rainstorm events because their watersheds are simply too
large for any one precipitation event to completely envelop it.
Therefore, while convective storms likely had the potential to cause
flooding at the local scale along the smaller tributaries of the Ohio
River (Lavers and Villarini, 2013; Bird et al., 2017; Wright, 2022),
they were unlikely to have produced runoff magnitudes sufficient
to drive large-scale flooding along the lower Ohio River (Knox,
2000; Bird et al., 2019). Additionally, the warm-season-like condi-
tions before 1250 CE (Fig. 9 F) likely increased the duration and
extent of evapotranspiration while reducing the amount of time
that the landscape was frozen, thereby increasing infiltration and
reducing runoff (e.g., Bosch and Hewlett, 1982).

Between 1220 and 1250 CE, increased sediment delivery to
Goose and Grassy ponds coincided with a regional shift toward
winter-like conditions across the midcontinental United States
during the transition to the LIA (Bird et al., 2017). Increased Ohio
River flooding during the LIA occurred as near-surface air temper-
atures in themidcontinental United States cooled (Viau et al., 2006)
(Fig. 9 H), meridional mean-state atmospheric circulation increased
the incursion of airmasses from the northern Pacific, and precipi-
tation seasonality shifted to winter-dominated (Bird et al., 2017)
(Fig. 9EeG). Resembling a þPNA-like mean state (Bird et al., 2017),
it is likely that greater amounts of snow accumulated across the
eastern United States each year due to the prolonged cold season
and predominance of northerly-sourced winter precipitation (e.g.,
Serreze et al., 1998). During this time, increased snowpack melt in
the Ohio River Valley during the spring would have released mul-
tiple precipitation events worth of water over a short period of time
(likely weeks), which would have been integrated into the Ohio
River and resulted in the regular occurrence of high discharge
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events. Additionally, cooler temperatures during the LIA may have
contributed to enhanced runoff as a result of more deeply frozen
ground, reduced vegetation, and diminished evapotranspiration.
We hypothesize that these conditions were enough to increase
Ohio River flooding even though overall precipitation during this
time was diminished (BoothNotaro et al., 2006; Pompeani et al.,
2021, Fig. 9 J).

In summary, the paleoclimate-flood relationships detailed
above show good correspondence with reconstructions of ocean-
atmosphere teleconnections that are known to affect Midwestern
stream flow through their influence on precipitation today. During
the late Holocene, mean-state atmospheric circulation across the
United States fluctuated in ways that resembled variability associ-
ated with the PNA (Bird et al., 2017). These changes were generally
in-phase with, and likely driven by, sea surface temperature (SST)
variability in the northern Pacific Ocean (Fig. 9 J; Yu and Zwiers,
2007; Mann et al., 2009). Specifically, SSTs in the northern Pacific
were anomalously warm during the MCA (i.e., -PDO conditions)
(Mann et al., 2009), which has been shown to create a mid-
tropospheric trough in the western US and a sustained ridge over
the northeastern US today (Yu et al., 2007). This in turn likely
promoted mean-state conditions that resembled the -PNA mode
(i.e., a more zonal jet stream that enhanced clockwise atmospheric
circulation over the eastern half of the US), which would have
increased Ohio River Valley summer rainfall sourced from the Gulf
of Mexico, decreased snowpack volume across the Ohio River
Valley, and ultimately decreased the frequency of Ohio River
flooding. During the LIA, northern Pacific SSTs were anomalously
cool (i.e., þPDO conditions), which promoted þ PNA-like mean-
state atmospheric conditions over the United States. These condi-
tions were characterized by a broad mid-tropospheric trough
across most of the eastern United States during the winter months
(Coleman and Rogers, 2003). Consequently, summer precipitation
(rainfall) was likely diminished, while winter precipitation
(snowfall/snowpack) was likely increased across the Ohio River
Valley (Serreze et al., 1998), resulting in an increase in flood fre-
quency on the Ohio River during the LIA.

5.4. Ohio River flood recurrence post 1800 CE

After ca. 1800 CE, Midwestern isotope records (Fig. 9 E, F, & I)
indicate a return to southerly atmospheric circulation, an increase
in warm-season precipitation, and a reduction in cold-season pre-
cipitation (i.e., snowpack). Overbank sedimentation rates in the
Ohio River floodplain lakes, however, increased to their highest
values instead of decreasing as they did between 500 and 1250 CE
when atmospheric conditions similar to today prevailed. It is
possible that the observed modern increase in sediment accumu-
lation, and thus, flood recurrence, recorded in the floodplain lakes
is due solely to modern climate dynamics. Extreme (99th percen-
tile) precipitation events have increased bymore than 40% since the
mid 1900's (Easterling et al., 2017). These precipitation events are
also ocurring earlier in the spring and later in the fall than any other
time in instrumental history, partially as a result of lengthening
summer-like conditions driven by modern climate change (Pryor
et al., 2014). However, the modern increase in flooding on the
Ohio River occurred prior to the observed increase in precipitation
and individual precipitation events are generally not capable of
producing watershed-scale flood events across large basins like the
Ohio River Valley (Knox, 2000; Bird et al., 2019). It is therefore likely
that additional factors are responsible for the increase in flood
frequency observed after 1800 CE.

Superimposed on the transition to conditions dominated by
warm season precipitation during the current warm period (CWP;
last ca. 150 years) is the occurrence of widespread deforestation for
14
row crop agriculture and urbanization across much of the eastern
United States that began in the early 1800s CE (Greeley, 1925).
These land use changes intensified after 1850 CE such that by 1920
nearly 100% of old-growth forest had been removed from the Ohio
River watershed (Greeley, 1925). As result, interception and
evapotranspiration of precipitation has likely been significantly
reduced, allowing a greater percentage of precipitation to directly
enter the Ohio River and its tributaries, and thereby increasing the
responsiveness of the Ohio River to discrete warm-season rain-
storms. In addition to deforestation, wetland removal and tile
drainage for agriculture that began in the mid-1800s has further
impacted Midwestern hydrology (Beauchamp, 1987) by reducing
the flood-buffering capability of the landscape and increasing the
rate and amount of runoff that enters the Ohio River and its trib-
utaries (Smith et al., 2015).

We therefore attribute the observed recent decoupling from
preindustrial flood-climate relationships to increased runoff caused
by a combination of modern climate change and the large-scale
Euro-American land clearance that occurred across the Ohio River
Valley during the CWP. The increase in modern precipitation,
combined with deforestation, has likely created a new hydrologic
regime across the Ohio River Valley in which flood events are more
common than any other time during the past ca. 3000 years and are
likely to further increase over the next several decades in response
to predicted precipitation increases by mid-century (Easterling
et al., 2017).

Since the observed increase in modern flooding appears to be
due, at least in part, to rapid runoff, methods that slow the return of
precipitation to the Ohio River and its tributaries have the potential
to mitigate modern flood hazards (e.g., van Noordwijk et al., 2017).
In the Midwest, one way of achieving this is through the preser-
vation of existing, and construction of new, riparian wetlands. Ri-
parian wetlands adjacent to fluvial systems intercept runoff before
it reaches the river channel, reducing the rate and volume of pre-
cipitation that enters streams after precipitation events (Schultz
et al., 2004). New wetlands, created to act as diversions from the
streams themselves during high discharge events, can also be used
to remove excess water from tributaries during high discharge
events, ultimately reducing the amount of dischage that enters
higher-order streams in the watershed and reducing the risk for
catastrophic flooding (e.g., Mitsch and Day Jr., 2006). Given that
precipitation e and particularly extreme precipitation events e are
projected to increase over the next few decades, the preservation
and creation of riparian wetland buffer zones is an important flood
mitigation strategy that should be implemented across the Ohio
River Valley.

6. Conclusions

Late Holocene meandering of the Ohio River created numerous
point bars and floodplains across the lower Ohio River Valley. These
landscapes retain geomorphic evidence of past Ohio River mobility,
including the terraces of paleo-floodplains and depressions left
behind by past fluvial channels. Of the latter, paleochannel lakes are
shown here to be valuable recorders of past fluvial dynamics, such
as floodplain development and flood recurrence.

Sedimentation rates from two swale lakes located in Kentucky
and Indiana were used as proxies for Ohio River flood recurrence
through time and synthesized with the only other currently pub-
lished sedimentation-based Ohio River flood record. Good general
agreement between the three records over the past 1900 years
indicates that late Holocene flooding on the lower Ohio River was
regionally coherent. Furthermore, the synoptic-scale atmospheric
conditions associated with the PNA and PDO impact much of the
eastern United States and influence the seasonality, amount, and
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phase of precipitation across the entirety of the Ohio River Valley
(Coleman and Rogers, 2003; Goodrich and Walker, 2011; Mills and
Walsh, 2013). As a result, the timing and magnitude of basin-scale
changes in discharge across the Ohio River Valley are similar on
seasonal and annual time scales (Fig. 2& Table 1). The flood records
presented here from the lower Ohio River are therefore likely
regional-scale recorders of the impact of these synoptic-scale cli-
matic processes and likely reflect flood recurrence along the entire
Ohio River, although similar upstream paleo-flood records would
be necessary to confirm this hypothesis.

The sedimentation rate records presented here indicate that
Ohio River flooding was least frequent between ca. 400 and 1200
CE. When combined with regional paleoclimate data, these records
suggest that persistently warm conditions and mean-state atmo-
spheric circulation that resembled the -PNA mode prior to and
during the MCA decreased winter precipitation and snowpack,
resulting in a regional reduction of flood events. During the tran-
sition to the LIA, atmospheric circulation over the Ohio River Valley
switched to mean-state conditions resembling the þPNA, with
meridional atmospheric flow and an increase in winter precipita-
tion/snowpack, which consequently increased the frequency of
Ohio River flood events. The predominance of winter precipitation
and frequent flooding continued through the LIA until the onset of
the CWP, ca. 150 years ago. Circa 1800 CE, the seasonality of pre-
cipitation returned to summer-dominated, and atmospheric cir-
culation over the Ohio River Valley returned to clockwise, zonal
flow e conditions associated with reduced flood frequency in the
paleo-record. However, floodplain sedimentation rates indicate
that flooding increased even further and became more frequent
than any other time of the past 1600 years. This decoupling from
the relationships observed in the paleo-record suggest that modern
anthropogenic land use and climate change has altered the Mid-
western hydrologic cycle such that the Ohio River is now suscep-
tible to flood events driven by both snowmelt and discrete warm-
season precipitation events.
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