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ABSTRACT

Long-term relationships between mean-state climatic conditions and flood frequencies in the mid-
continental United States (US) are not well established because instrumental records of fluvial processes
are limited to the current warm period (CWP; the last ca. 150 years) and continuous paleo-flood records
are exceedingly rare. Here, we investigate climate-flood relationships in the midcontinental US by
reconstructing flood frequencies at Half Moon Pond, a 1600-year-old oxbow lake on the lower White
River, Indiana (watershed = ca, 29,000 kmz). We used sediment accumulation rates and clastic fluxes
constrained by high-resolution radiocarbon ('4C) dating. Frequent flooding, as indicated by high sedi-
mentation rates and clastic fluxes to Half Moon Pond, occurred leading up to and during the Medieval
Climate Anomaly (MCA; 950—1250 CE) when paleoclimate records suggest the predominance of ocean-
atmosphere mean states resembling the negative phases of the Pacific Decadal Oscillation (-PDO-like)
and Pacific North American Mode (-PNA-like). Reductions in sedimentation rates and clastic fluxes,
indicating reduced flooding, subsequently occurred during the transition out of the MCA and into the
Little Ice Age (LIA; 1250—1830 CE) as ocean-atmosphere conditions shifted to + PDO-like and +PNA-like
mean states. Sedimentation rates and clastic fluxes increased again after ca. 1800 CE, indicating increased
flooding during the CWP as ocean-atmosphere conditions returned to -PDO-like and -PNA-like mean
states. The White River trends were notably antiphased with sedimentation-rate-based flood frequencies
for the lower Ohio River (500,000 km? watershed) prior to 1830 CE. This antiphased relationship is
consistent with flooding in moderate to small watersheds in the Midwest being sensitive to the occur-
rence of rainstorm events, which were more frequent leading up to and during the MCA, and flooding in
large watersheds being more sensitive to large spring melts associated with extensive snowpacks, which
characterized the LIA. That both the White and Ohio rivers experienced their most frequent flooding
during the CWP suggests deforestation and changing land use practices increased flooding on Mid-
western watersheds across scales despite a current climatic mean state that in the past only resulted in
increased flooding on moderate to small watersheds. Continued increased in midcontinental rainfall are
therefore likely to enhance the occurrence of floods in Midwestern watersheds across different
geographic scales.

© 2022 Elsevier Ltd. All rights reserved.

1. Introduction

cases, magnitude in the Midwestern United States (US) has spurred
interest in climate-fluvial relationships and their response to

Recent increases in flood frequency, duration, and, in some changing climatic conditions (e.g., Mallakpour and Villarini, 2015;
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Xiao et al., 2013). Determining climate-flood relationships requires
long, continuous discharge records from natural streams to ensure
that their discharge variations reflect natural climatic and not
anthropogenic signals. But even the longest instrumental records
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from US streams determined to be the least impacted by human
activities are restricted to the last ca. 100 years (Lins, 2012; Slack
et al., 1993). From a paleoclimatic perspective, the last 100 years
is part of the current warm period (CWP; last ca. 150 years), which
has been characterized by generally consistent climate with mild
winters and extended warm seasons with ample rainfall in the
Midwestern US (Bird et al., 2017). It is therefore not possible to
evaluate the role of mean state climate shifts on fluvial dynamics.
Additionally, extensive land clearance during the last 150 years
(Greeley, 1925) additionally means that even streams considered
natural today exist within a fundamentally altered landscape.
Climate-fluvial relationships under “natural” conditions and the
impact of anthropogenic activities on climate-fluvial dynamics
therefore remains uncertain.

Natural archives that preserve proxy records of climatic condi-
tions and fluvial processes are required because instrumental re-
cords lack the temporal length to investigate long-term climate-
fluvial relationships. An increasing number of paleoclimate records
from the North American midcontinent document significant mean
state climate changes during the last 2 millennia (2 ka) that lasted
from decades to centuries. Prominent among these climatic events
were the Medieval Climate Anomaly (MCA; 950—1250 CE) and
Little Ice Age (LIA; 1350—1850 CE) (Bird et al., 2017; Mann et al.,
2009). Similar to today, the MCA in the Midwest was character-
ized by extended warm-season (April—October) conditions with
ample rainfall from the Gulf of Mexico and mild winters with
limited moisture from the North Pacific and Arctic (Bird et al., 2017;
Pompeani et al., 2021). The LIA was conversely characterized by
cool conditions in the Midwest with decreased warm-season and
increased cold-season (November—March) precipitation (i.e.,
snowfall) sourced from the North Pacific and/or Arctic (Bird et al.,
2017; Pompeani et al., 2021).

Fluvial responses to seasonal precipitation shifts during the
MCA and LIA are not well known because records documenting
these processes are limited. Determining fluvial responses during
the MCA and LIA is important because they offer a natural test of
how fluvial systems responded to seasonal changes in precipitation
prior to the extensive Euro-American deforestation and land use
changes starting in the 1700s (Greeley, 1925). A 3000-year-long
flood frequency reconstruction from Avery Lake on the lower Ohio
River (Fig. 1) suggests that flood frequencies on the Ohio River were
reduced during the MCA and increased during the LIA in response
to respective decreases and increases in midcontinental snowpack
during these events (Bird et al., 2019). The rationale for these trends
was that large fluvial systems like the Ohio River are sensitive to
spring snowmelt rather than warm-season rainstorms because
only spring snowmelt provides sufficient runoff over a short
enough period of time across the entire watershed to generate
significant flood discharges (Knox and Daniels, 2002). Warm-
season rainstorms, on the other hand, while intense over discrete
portions of large watersheds, do not span the entire watershed and
hence do not deliver enough precipitation to generate large flood
discharges (Knox and Daniels, 2002). Smaller watersheds, however,
can be affected by individual rainstorm systems and hence may be
susceptible to flooding as a result of discrete rainstorm events
(Knox and Daniels, 2002). Previous investigations of watershed
responses to precipitation seasonality focused on very small (100s
of km?) or very large (>100,000 km?) watersheds (Knox and
Daniels, 2002). The ways in which intermediate sized watersheds
(e.g., 10,000—100,000 km?) responded to changes in precipitation
seasonality, therefore, remains uncertain. Determine the response
of intermediately sized fluvial systems to precipitation seasonality
and the type of climatic conditions that promote flooding is critical
in order to provide a baseline of natural variability against which
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Fig. 1. Digital elevation map of the study area (represented by gray box in the inset
map of the United States) showing the watersheds for the Ohio River (light gray
shading) and the White River, IN (dark gray shading). Half Moon Pond (HMP) is
indicated with a white circle. Black circles indicate published paleoclimate records
discussed in the text (HSL = Horseshoe Lake; AVL = Avery Lake; Goose and Grassy
ponds = GP & GP; ML = Martin Lake; MB = Minden Bog). Inset map shows an
expanded view of Half Moon Pond and its position in the surrounding floodplain (black
box in inset map of the United States). Core locations are indicated with white circles.

current fluvial responses to changing precipitation patterns can be
gauged.

Here, climate-flood relationships in medium-sized watershed
(ca. 29,000 km?) in the Midwestern United States are investigated
using a ca. 1600-year-long lake sediment archive from Half Moon
Pond, IN, a small oxbow lake in the lower White River floodplain
(Fig. 1). Instrumental stream gauge data demonstrates that flooding
on the White River system is sensitive to the occurrence of pre-
cipitation events derived from the Gulf of Mexico today, but the
long-term stability of this relationship is unknown. To investigate
long-term flood frequencies we used sediment accumulation rates
and variations in sedimentological and geochemical proxies of
clastic flux (i.e., magnetic susceptibility; MS, percent titanium; %Ti,
and percent zirconium; %Zr, and grain size analysis) constrained by
high-resolution radiocarbon dating. Comparison of these results
with regional records for flooding dynamics and climate variability
(including atmospheric circulation and precipitation seasonality)
illustrates how climate and land-use changes have influenced the
flooding regimes of the White River during the last 1600 years and
contributes to our understanding of how fluvial systems in the
midcontinental US may evolve in response to rapidly changing
hydroclimatic conditions.

2. Study area
2.1. Half Moon Pond

Half Moon Pond (N 38.55691, W 87.41694; 124.5 m above sea
level) is a 1.25-m-deep oxbow lake on the lower White River in
Knox County, IN, approximately 15 km downstream of the conflu-
ence of the river's east and west forks near Petersburg, IN (Fig. 1).
Half Moon Pond resides on the northern most extent of the
approximately 15 km long and 7.5 km wide valley (ca. 2 km wide)
(Fig. S1). Combined with the increased flow due to the confluence
of the two forks, this geomorphic setting provides ample floodplain
within which the White River migrates, as evidenced by the pres-
ence of numerous oxbow lakes and paleochannels. The West Fork
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has a length of 582 km while the East Fork has a length of 305 km
for a total stream length of approximately 887 km (Lane et al.,
2017). After the convergence of the two forks, the White River
becomes a 7th order stream (McMurray, 2020; Strahler, 1957) with
a mean annual discharge of 12,991 ft3/s at Petersburg, IN (USGS,
2021). The White River subsequently joins the Wabash River at
Mt Carmel, IL, which then joins the lower Ohio River near Mt.
Vernon, IN.

2.1.1. Regional climate

Like much of the Midwest, the White River valley experiences a
humid to humid-subtropical midcontinental climate (Widhalm and
Dukes, 2020). Based on 1981—2010 climate norms, average annual
temperatures range between 10 and 13 °C with mean maximum
temperatures occurring in late July or early August (28—31 °C) and
mean minimum temperature in late January or early February (-7
to —4 °C) (Andresen et al., 2012; MRCC, 2021). Precipitation max-
ima occur in the spring/summer (MAM/JJA) while minima occur in
the fall/winter (SON/DJF), with total annual precipitation ranging
from 101 to 127 cm (Andresen et al., 2012).

Precipitation is primarily derived from three main sources: the
Gulf of Mexico, the Pacific, and the Arctic (Andresen et al., 2012;
Bird et al., 2017; Liu et al., 2014). Moisture from the Gulf of Mexico is
the greatest contributor to precipitation, with the majority occur-
ring during the warm season when clockwise atmospheric circu-
lation dominates over the eastern United States and draws Gulf
moisture deep into the midcontinent (Algarra et al, 2019;
Nakamura et al., 2013; Zhang and Villarini, 2019). Advection of
moisture from the Gulf of Mexico stimulates mesoscale (ten to
several hundred kilometers wide) convective systems, which
contribute 30%—70% of warm season precipitation and are
responsible for some of the largest floods in the Midwest (Branick
et al., 1988; Fritsch et al., 1986; Nakamura et al., 2013). This is in
part because warm-season convective storms are frequently
comprised of southwest to northeast trending squall lines that can
span the width of moderately sized watersheds, like the White
River Valley (WRV), thus delivering heavy precipitation across
entire watersheds in as little as a few hours.

Extreme precipitation events in the WRV and much of the
Midwest are often associated with atmospheric rivers, which are
characterized by anomalously strong southwesterly atmospheric
flow from Central America and southern Mexico that propagates
through the Gulf of Mexico and into the midcontinental US in
narrow (~400 km to >1000 km wide) bands (Dirmeyer and Kinter,
2010). Atmospheric rivers are most common in the winter and
spring, though they can occur in any season, and are associated
with basin-wide flooding in the midcontinental US during any
season (Dirmeyer and Kinter, 2010; Lavers and Villarini, 2013;
Zhang and Villarini, 2019).

Moisture derived from the North Pacific and Arctic typically falls
as snow during the winter, which accounts for ~25% of total annual
precipitation (Bird et al., 2017). These polar air masses are trans-
ported to the midcontinent by high-amplitude upper tropospheric
flow (Andresen et al., 2012). As a result, daily and weekly weather
patterns in the winter are mostly influenced by the orientation of
the polar jet stream, which drives large-scale midlatitude systems
that deliver snow and rain across the region (Andresen et al., 2012;
Widhalm and Dukes, 2020).

The proportion of moisture derived from the Gulf of Mexico and
the Pacific/Arctic is modulated by variations in large-scale ocean-
atmosphere dynamics that are captured by pressure gradients be-
tween 1000 and 500 mb levels in the North Pacific that define the
Pacific North American Mode (Leathers et al., 1991; Wallace and
Gutzler, 1981). During negative Pacific North America (PNA)
modes (-PNA), zonal middle tropospheric flow over North America
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strengthens clockwise air circulation over the eastern half of the US,
which advects moisture from the Gulf of Mexico into the mid-
continent and generally increases midcontinental rainfall (Coleman
and Rogers, 2003; Leathers et al., 1991). Conversely, positive PNA
modes (+PNA) feature meridional middle tropospheric flow with a
high-pressure atmospheric ridge present over the western US and a
low-pressure trough over the eastern US, thereby transporting
colder, drier air masses from the northwest and suppressing
warmer, wetter air masses from the south, ultimately resulting in a
general reduction in midcontinental precipitation. Snowfall, how-
ever, is more common during +PNA modes (Serreze et al., 1998).

The PNA is sensitive to conditions in the equatorial Pacific
associated with the El Nino-Southern Oscillation (ENSO) such
that + ENSO (i.e., El Nino events) is associated with +PNA condi-
tions and -ENSO (i.e., La Nina events) and -PNA modes likewise co-
occur (Li et al., 2019; Yu and Zwiers, 2007). On decadal and longer
timescales, the PNA is modulated by the Pacific Decadal Oscillation
(PDO), which resembles ENSO-like patterns in the North Pacific
(Mantua and Hare, 2002). A deepened Aleutian Low over the North
Pacific during +PDO phases reinforces + PNA-like atmospheric
circulation and hydroclimatic condition whereas a weakened
Aleutian Low during -PDO phases contributes to more zonal at-
mospheric circulation characteristic of -PNA modes (Mantua and
Hare, 2002; Rodionov and Assel, 2001).

3. Methods
3.1. Sediment core collection

Two continuous, 5.5-m-long sediment cores (A-19 and B-19)
were collected at Half Moon Pond in March 2019 (Fig. 1c; Appx. A).
Sediment cores were collected using a modified Livingstone piston
corer (Wright et al., 1984) driven by an electric winch coring tower
system mounted on a floating raft. To ensure complete recovery,
sequential drives were overlapped by 50 cm. The sediment-water
interface was captured in an additional 84-cm-long surface core
(C-19; Appx. A) using a hand-driven modified piston corer at the B-
19 core site. All samples were wrapped in plastic and stored in
sealed plastic sleeves at 4 °C at the IUPUI Paleoclimatology and
Sedimentology Laboratory prior to analysis.

3.2. Initial sediment characterization and loss on ignition

All cores were split into work and archive halves that were left
to equilibrate to room temperature before measuring their mag-
netic susceptibility (MS; SI x10~°) using a Bartington MS2 mag-
netic susceptibility meter powered by a Geotek Multi-Sensor Core
Logger. Measurements were made on the split core surface
(covered with plastic wrap) at 0.5 cm increments with 2 s per
measurement. Due to similarities in stratigraphy and MS trends
between cores A-19 and B-19, further analyses were performed
solely on a composite core consisting of cores B-19 and C-19.

Following MS analysis, the cores were digitally imaged on the
Geotek and then volumetrically subsampled (1 cm?) at 2-cm in-
tervals for dry bulk density (BD; g cm~>) and loss-on-ignition (LOI)
analysis. Samples were dried for 24 h at 60 °C and reweighed for
dry BD. Total organic matter (¥TOM) and carbonate (%TC) abun-
dances were measured by LOI after sample combustion at 550 °C
(4 h)and 1000 °C (2 h), respectively (Boyle, 2000; Heiri et al., 2001).
Residual matter (lithics + diatom opal) abundance was calculated
by subtracting ¥TOM and %TC from 100%. Smear slides revealed
that diatoms comprised less than 1% of the sediment fraction;
therefore, residual matter abundance is effectively percent lithics
and may potentially be used as an erosional indicator.
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3.3. Age control and accumulation rates

The Half Moon Pond age model is based on 10 radiocarbon (14C)
dates of charcoal that were picked from a 63 um wet sieve after
disaggregation in 7% hydrogen peroxide solution for one to 2 min
(Fig. 2; Table 1). The samples were physically cleaned and chemi-
cally pre-treated following acid-base-acid protocols after Abbott
and Stafford (1996) before measurement by accelerator mass
spectrometry (AMS) at the Keck AMS Laboratory, University of
California, Irvine (UCI). Radiocarbon ages were calibrated to cal-
endar years before present (cal. yr BP; where present = 1950 of the
Common Era) using the IntCal20 calibration curve (Reimer et al.,
2020). Dates are referred to as being Common Era (CE), unless
otherwise stated. The age-depth model and sediment accumulation
rates with 2-sigma uncertainties were generated using the
Bayesian age modeling software package Bchron (Parnell et al.,
2008). Lacustrine sediment accumulation rates were calculated
using the Bchron acc_rate function, which returns the mean (50%),
minimum (2.5%) and maximum (97.5%) accumulation rate esti-
mates for the Bchron age model.

3.4. Grain size analysis

Approximately 1 g of wet sediment was reacted with 35% H,0;
(24 h at room temperature followed by 2—3 25 ml aliquots at 70 °C)
to remove organic matter and then rinsed with DI water (Gray et al.,
2010). Since diatoms were <1% of samples when examined under
microscope; the samples were not treated with NaOH. Samples
from depths with greater than approximately 4% TC (determined by
LOI analysis) were treated with HCI. Grain size measurements were
performed using a Malvern Mastersizer 2000 with reported values
as the average of three replicate measurements and output parsed
into 49 particle size diameter bins between 0.1 and 2000 um.

3.5. X-ray fluorescence geochemistry

X-ray fluorescence (XRF) analyses provide quick, non-
destructive measurements of the total elemental composition of
sediments (Boyle, 2000). Using a handheld Olympus Innov-X Delta
Pro (DPO-6000-C) XRF analyzer, two energy beams, with a 30 s
exposure each, measured the quantity (counts per second) of tita-
nium (Ti) and zirconium (Zr). The results were converted to percent
abundance (%) through the XRF system's proprietary software and
manufacturer's calibration standard.

3.6. Flux calculations

To express changes in the delivery of clastic material to the lake
as a result of inundation, clastic flux was calculated using the bulk
density, mean accumulation rates, and %residual as determined by
LOL The flux of clastic material (residual matter) to the lake was
derived from:

FluXciastic = BD X AR x % Residual

where BD is the dry bulk density (g/cm?) and AR is the mean
accumulation rate (cm/yr). Similarly, flux for the sediment con-
stituents Ti and Zr were derived from:

Flux(ti, zr) = BD X AR x percent residual matter x [(%Ti, %Zr)/100]

where BD is the dry bulk density (g/cm?) and AR is the mean
accumulation rate (cm/yr).
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4. Results
4.1. Half Moon Pond core stratigraphy

The 545-cm composite Half Moon Pond core was developed by
matching visual stratigraphy between overlapping drives. A basal
section composed of very fine to coarse sand was visually identified
from 545 to 542 cm. This sandy unit is consistent with the
composition of modern and paleo-White River channel deposits in
this portion of the White River (Herrmann, 2016) and likely reflects
White River channel alluvium prior to Half Moon Pond's formation.
Above these sands, a sandy silt unit with centimeter-scale layering
occurred between 542 and 522 cm. From 522 cm to the top, the
core is comprised of brown, fine-grained sediments with little
distinct stratigraphy.

4.2. Chronology and sediment accumulation rates

All radiocarbon dates were in stratigraphic order, constraining
age-depth relationships. Sediment accumulation rates show three
distinct phases (Fig. 2b). Despite large analytical uncertainties
( + 190 and 130 years) for two small samples between ca. 330 and
390 cm (UCI #s 245905 and 222133, respectively), bounding C
ages with small analytical uncertainties ( + 15 to 20 years) pro-
duced narrow age model uncertainties, increasing the confidence
in the age model and subsequent sediment accumulation rate and
flux calculations. Accumulation rates increased after the formation
of the lake and were generally high to 1100 CE, averaging 0.25 cm/
yr, with two distinct peaks from 650 to 830 CE and 1000—1100 CE.
Sedimentation rates then decreased from 1100 to 1750 CE, with two
minimums from 1150 to 1250 CE and 1500—1660 CE. After 1750 CE,
sedimentation rates rebounded dramatically, reaching 1.0 cm/yr by
1930 CE and remaining at record highs to the present.

4.3. Dry bulk density and loss-on-ignition

From 475 to 510 CE, dry BD sharply fell from 1.62 g/cm® to
0.83 g/cm® (Fig. 2¢) as fluvial sands transitioned to lacustrine
sediment. Between 510 and 990 CE, dry BD averaged 0.82 g/cm?,
peaking at 1.32 g/cm? at 830 CE and decreasing to 0.56 g/cm® by
980 CE. Dry BD rose sharply after 1000 CE to 1.28 g/cm® by 1150 CE
before abruptly decreasing to 0.25 g/cm® by 1365 CE. Dry BD
recovered to 0.87 g/cm® by 1415 CE before decreasing again,
reaching 0.26 g/cm? at 1760 CE. From 1760 to 1950 CE, dry BD rose
to 0.86 g/cm> before decreasing to present levels (0.19 g/cm® in
2018 CE). Overall, %TOM was antiphased and %residual was in phase
with dry BD (Fig. 2d and e). %TC was initially high, reaching a
maximum of 11.2% at 465 CE and then decreasing to 2.1% by 1000
CE (Fig. 2f). From 1000 to 1625 CE, ¥TC remained above 2.1% and
below 3.7%. For the remainder of the record (1625 CE to present), %
TC varied slightly about a mean of 3.6%.

4.4. Magnetic susceptibility

MS varied considerably throughout the 1600-year Half Moon
Pond record (Fig. 3a) From 495 CE to 850 CE, MS fluctuated about a
mean of 11.1, reaching 27.3 at 500 CE and 4.3 in 630 CE. By 1045 CE,
MS dropped to just 0.1 before gradually increasing to 19.0 in 1390
CE. MS then quickly dropped again to 4.4 by 1420 CE and showed a
decreasing trend until 1780 CE. From 1780 CE to the present, MS
showed a particularly steep increase that was not featured else-
where in the record, reaching a maximum of 71.5 in 1950 CE.
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4.5. Grain size

Silt and clay dominated the grain size distribution, respectively
averaging 68.4% and 26.5%, through the record (Fig. 3c and d). Silt
abundances were initially low, but quickly rose to 70.3% by 515 CE.
Between 515 and 1630 CE, variations in silt were relatively minor,
fluctuating by approximately 5.0%. After 1630 CE, silt abundance
dropped nearly 24%, falling to 47.4% by 1660 CE. Silt then rose to
65.3% by 1680 CE and showed a decreasing trend from 1680 CE to
the present, varying about a mean of 59.0%. Clay abundance
generally mirrored that of silt.

Sand was a minor constituent in grain size composition with a
mean total abundance of 5.1% (Fig. 3b). Sand was abundant during
the fluvial (basal) portion of the core, with a peak of 53.1% at 500 CE.
However, sand content dropped considerably after the establish-
ment of a lacustrine environment (ca. 520 CE). Sand content aver-
aged less than 1% until 1650 CE, after which point to the present it
averaged 9.0% with several discrete peaks.

4.6. XRF geochemistry

Titanium and Zr abundances showed a strong exponential
relationship (r> = 0.83 p < 0.001). Abundances of Ti and Zr were
high at the base of the core where fluvial sands dominated and then
decreased to minimums at 590 CE (Fig. 4b). For the next ~465 years,
Ti and Zr gradually increased to maximums by 975 CE. From 975 to
1370 CE, Ti and Zr remained high before decreases stepwise to lows
1370 CE. A secondary prolonged peak occurred from 1400 to 1580
CE, which was followed by a long decline to minimums in Ti and Zr
by 1750 CE. After 1750 CE, Ti and Zr quickly increased again,
peaking in 1930 CE.

4.7. Sediment flux

Clastic flux was generally high from 500 to 1120 CE, reaching a
maximum of 38.8 g cm~2 yr~! at 730 CE (Fig. 4a and c). Clastic flux
then remained low (below 15.1 g cm~2 yr~!) from 1120 to 1875 CE.
From 1875 CE to present, clastic flux quickly increased, reaching a
record maximum of 58.6 g cm~2 yr~! by 1960 CE. Trends in Ti and
Zr fluxes closely tracked changes in clastic flux (Fig. 4c and d).

5. Discussion
5.1. Modern climate-flood relationships at Half Moon Pond

Stream gauge data from Petersburg, IN (USGS station 03374000)
that spans 1925—2020 CE indicates that Half Moon Pond is con-
nected to the White River at a stage height of 4.9 m (126.50 m above
NAVDS8S), or a discharge of 29,900 ft3/s or higher, which has a 1.07-
year recurrence interval (USGS, 2021). A more common discharge
metric used to assess flood discharges with sufficient magnitude
and frequency to conduct geomorphic work is the 1.5-year recur-
rence interval (RI) discharge (Leopold, 1994). At Petersburg, IN, the
1.5 RI discharge is ca. 60,000 ft3/s and reaches an elevation of ca.
128.5 m (Fig. S1). The greatest number of days at or above the1.5 RI
discharge occurred in January (184), followed by April (154), March
(149), May (142), and February (91) (Fig. S1). NCEP-NCAR reanalysis
data show that months with the most high discharge days were
associated with anomalously strong -PNA-like clockwise atmo-
spheric circulation over the eastern US that advected tropical
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moisture from the Gulf of Mexico deep into the midcontinent
(Figs.S2 and S3) (Kalnay et al., 1996). The nature and timing of these
circulation anomalies, i.e., northward advection of Gulf moisture
during the winter and spring, are consistent with the occurrence of
extreme precipitation events associated atmospheric rivers and
other synoptic to mesoscale precipitation bearing systems that are
capable of spanning the entirety of the White River watershed
(Lavers and Villarini, 2013; Nakamura et al.,, 2013). In contrast,
winter and spring months lacking discharges equal to or greater
than the 1.5 RI discharge were characterized by + PNA-like
northwesterly atmospheric circulation that suppresses the north-
ward advection of Gulf moisture (Figs. S2 and S3).

Although suspended sediment concentrations were not
measured at the Petersburg stream gauge site, a strong positive
relationship between stream discharge and suspended sediment in
fluvial systems has long been observed (Crawford, 1991; Ferguson,
1986; Toonen et al., 2012). More frequent discharges equal to or
greater than the 1.5 RI discharge would therefore be associated
with increased sediment delivery to floodplain lakes, like Half
Moon Pond, and vice versa for reductions in flood frequency. Given
the association between atmospheric circulation that advects
moisture from the Gulf and high discharge events on the White
River, we suggest that long-term variability in sediment delivery
and accumulation at Half Moon Pond reflects the frequency with
which Gulf moisture was advected into the Midwest under -PNA-
like atmospheric circulation. Snowmelt is still acknowledged as a
contributor to high discharges, but these events would occur on
average once in the spring whereas Gulf-fed rainstorm events can
occur several times a year. More frequent Gulf-fed rainstorms are
additionally noted to occur during the winter under -PNA condi-
tions (Coleman and Rogers, 2003), increasing the likelihood of rain-
on-snow events that can drive large discharges. The January peak in
discharges likely reflects such a response during the instrumental
record (Fig. S1). Changes in the frequency of Gulf-fed rainstorm
events (during any season) are therefore hypothesized as the pri-
mary driver of high discharge events and changes in sediment
accumulation over time.

5.2. Late holocene White River flood frequencies

Flood frequencies on the lower White River are inferred from
sediment accumulation rates and the flux of clastic material (lithics,
Ti, and Zr) to Half Moon Pond (Fig. 4). Generally high sedimentation
rates from 500 to 1100 CE (0.20—0.50 cm/yr) with peaks between
520 and 545, 660—750, 830—850, and 990—1100 CE indicates
especially pronounced flooding during these times. Clastic, Ti, and
Zr fluxes track sedimentation rate trends, supporting greater
transport of clastic material to Half Moon Pond as a result of
frequent flooding (Fig. 4c and d). Generally decreased sedimenta-
tion rates (below 0.25 cm/yr) and clastic flux indicators after 1100
CE suggest less frequent flooding on the White River that persisted
until 1790 CE (Fig. 4c and d). Within this timeframe, sedimentation
rates increased slightly between 1300 and 1500 CE and 1640—1660
CE, suggesting a slight increase in flooding within this period of
overall low flood frequencies. A sharp decrease in clastic, Ti, and Zr
fluxes between 1330 and 1390 CE suggests an especially pro-
nounced reduction in White River flooding during this brief inter-
val. Increased sedimentation rates and clastic flux indicators after
1790 CE, and especially after 1860 CE, suggest a return of frequent
flooding on the White River. Deforestation and land use changes in

Fig. 2. Plots of (a) age model results with radiocarbon age probability distributions shown in green and the 1-sigma error range indicated by the gray shading, (b) Accumulation rare
changes with the 2-sigma eror shown in gray, (c) dry bulk density in g/cc, (d) percent organic matter, (e) percent residual (lithics + biogenic opal), and (f) percent carbonate versus
age. Red vertical shading indicates periods of high accumulation rates while blue shading indicates low sedimentation rates.
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Table 1
Half Moon Pond radiocarbon age data.
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UCI # Material Composite depth (cm) Fraction Modern

Fraction Modern + A'C (%o) Conventionall4c 30 (BP) Error +

222128
222129
222131
250374
222132
245905
250375
222133
245906
222123

Charcoal 143.5
Charcoal 195
Charcoal 217.75
Charcoal 2725
Charcoal 287.5
Charcoal 328.75
Charcoal 353.5
Charcoal 387.5
Charcoal 439
Charcoal 467.5

0.9841
0.9737
0.9565
0.9106
0.8908
0.8690
0.8637
0.8496
0.8437
0.8256

0.0017 -15.9 130 15
0.0017 —26.3 215 15
0.0015 —43.5 355 15
0.0023 —-89.4 750 25
0.0015 —109.2 930 15
0.0199 -131.0 1130 190
0.0014 —136.3 1175 15
0.0133 -150.4 1310 130
0.0019 -156.3 1365 20
0.0014 -174.4 1540 15
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Fig. 3. Plots of (a) magnetic susceptibility in SI x10~>, (b) percent sand, (c) percent silt,
and (d) percent clay versus age. Vertical shading same as in Fig. 2.

1800s and 1900s (Greeley, 1925), however, may have contributed to
this signal. Increased % sand after 1700 CE and increased MS after
ca. 1800 CE (Fig. 3) may reflect Euro-American landscape impacts

given that similar increases in these indicators didn't occur during
the MCA when sedimentation rates were elevated, but the land-
scape was forested. Decreases in clastic, Ti, and Zr fluxes in the
upper few centimeters of the Half Moon Pond sediment archive are
interpreted to reflect decreases in sediment compaction and high
water content, which is common in recently deposited lacustrine
sediment that has not undergone natural compaction as a result of
subsequent sediment accumulation. As such, decreases in clastic,
Ti, and Zr fluxes in the upper few cm of the sediment archive are not
interpreted to indicate reduced flooding, but merely to reflect
sediment depositional processes.

5.3. Late holocene climate-flood frequency relationships

To evaluate the connections between White River flood fre-
quencies and paleoclimatic conditions, we compared the Half
Moon Pond data with a suite of high-resolution paleoclimate
proxies from Martin Lake, IN (Fig. 5a—d) (Bird et al., 2017). The
oxygen isotopic composition of authigenic calcite (3'80,) at Martin
Lake has been shown to reflect the annual average 3'30 of precip-
itation (3'80pyecip), which in turn is controlled by the advection of
moisture from two primary sources via PNA-like synoptic-scale
atmospheric circulation (Fig. 5d) (Bird et al., 2017; Liu et al., 2014).
High 3'80cy values are associated with moisture originating from
the Gulf of Mexico (ca. —5.5%o), typically during the warm season,
that is advected into the North American midcontinent by -PNA-
like atmospheric circulation. Conversely, low §'%0.y values
(ca. —16.5%o) reflect moisture sourced from the North Pacific/Arctic
that is advected into the North American midcontinent by + PNA-
like conditions, most commonly during the cold season (Bird et al.,
2017; Liu et al.,, 2014). Watershed-scale runoff and erosion due to
warm-season rainstorm events were reconstructed at Martin Lake
using % lithics, whereby elevated %lithics reflects increased warm-
season rainstorm events and water shed erosion and vice versa for
decreases (Fig. 5¢).

When compared with the Half Moon Pond sedimentation rates
and clastic flux indicators, the Martin Lake data shows that flood
frequencies increased when 5180, and %lithics were elevated and
decreased when 880, and %lithics were low (Fig. 5). The agree-
ment between these records is best between 500 and 1350 CE and
after 1820 CE with subtle offsets between 1350 and 1820 CE. These
offsets however occur within the portion of the Half Moon Pond
record that has limited age control, and hence greater age range
uncertainty, because of a paucity of charcoal for dating. Low char-
coal abundances may reflect less landscape burning because of
cooler and shorter warm seasons during the LIA, but it is also
possible that decreasing indigenous populations in Indiana during
the LIA (Milner et al., 2001; Monaghan et al., 2013) resulted in
reduced landscape burning and hence lower charcoal fluxes during
this time. Taking age model uncertainty into account and the
otherwise good inter-record agreement, it is possible that maxima
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and minima in the Half Moon Pond clastic flux records and Martin
Lake 5'80¢y1 and %lithics records between 1350 and 1820 CE were
contemporaneous. However, other climatic possibilities are also
considered below. Regardless, the generally in-phase relationship
between the Half Moon Pond clastic flux indicators and Martin Lake
3180 and %lithics hydroclimate proxies supports our contention
that White River flood frequencies increased at times in the past
when -PNA-like atmospheric circulation advected moisture from
the Gulf of Mexico during extended warm-season conditions and
decreased when + PNA-like ridge and trough atmospheric circu-
lation blocked Gulf moisture and enhanced moisture delivery from
the Pacific/Arctic, most likely in the form of snow (Serreze et al.,
1998), during extended cold seasons.

The relationship between White River flood frequencies and
PNA-like synoptic-scale atmospheric circulation is consistent with

1 2

, (d) and Zr and Ti fluxes in g cm™

records of ocean-atmosphere processes spanning the last 1600
years. Specifically, the concurrence of -PNA-like atmospheric cir-
culation and increased White River flood frequencies between 500
and 1100 CE occurred when the North Pacific was in a predomi-
nantly -PDO-like mean state and -ENSO-like (La Nina-like) condi-
tions prevailed in the tropical Pacific (Fig. 5) (Mann et al., 2009;
Seager et al., 2007). Especially pronounced -PDO and -PNA condi-
tions and increased White River flood frequencies occurred during
the MCA (Mann et al., 2009; Seager et al., 2007), a period that has
been noted as a time of increased warm-season precipitation and
effective moisture across the Midwest east of ca. 96° W (Bird et al.,
2017; Booth et al., 2006; Pompeani et al., 2021; Tian et al., 2006)
when regional and Northern Hemisphere temperatures were also
warm (Fig. 5) (Mann et al., 2009; Viau et al., 2006).

The transition to reduced White River flooding and +PNA-like
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atmospheric circulation between 1100 and 1130 CE coincided with
the transition to + PDO and +ENSO conditions during the transition
to the LIA (Bird et al., 2017) as regional and Northern Hemisphere
temperatures also cooled (Mann et al., 2009; Viau et al., 2006)
(Fig. 5). Generally reduced White River flooding during the LIA is
consistent with +PNA, +PDO and +ENSO-like conditions that tend
to reduce precipitation overall in midcontinental North America
and the Ohio River Valley in particular (Coleman and Rogers, 2003).
Within the LIA, increased White River flooding between ca.
1380—1515 CE when 80, and %lithics at Martin Lake were low
(strong + PNA-like conditions) and the PDO was in a strong positive
phase contrasts with the otherwise in-phase climate flood re-
lationships during the last ca. 1600 years. Although age model
uncertainties may contribute to this apparent misalignment be-
tween White River flood frequencies and PNA and PDO variability
between 1380 and 1515 CE, it is also possible that these trends
reflect a slight increase in flooding due to greater snowpack during
the LIA. Given that strong + PNA phases increase snowfall in the
Midwest today (Serreze et al., 1998), it is possible that exceptionally
heavy snowfall between 1380 and 1515 CE (minima 5'®0¢y at
Martin Lake) resulted in large spring snowmelt events. That
increased runoff is not indicated by the Martin Lake %lithics record
is in line with observational studies that found fluvial systems in
small watersheds are not particularly sensitive to spring snow
melt-driven flooding (Knox and Daniels, 2002). With a watershed
area of 125 km?, runoff to Martin Lake is therefore unlikely to be
affected by snowmelt runoff even under heavy snowpack condi-
tions. With a watershed size of ~29,000 km?, however, the White
River is likely to be influenced by both rainstorm and snowmelt
runoff, though, as discussed above, the frequency of rainstorm
events is likely the primary driver. In the absence of significant
warm-season rainstorm precipitation and during a time of
enhanced snowpack, such as between 1380 and 1515 CE, it is
possible that spring snow melt was sufficient to generate flooding
during this interval. Another possibility is that strong cold-season-
like conditions during this time, as indicated by minimum §'®0, at
Martin Lake, resulted in more frequent ice jams. Large modern
floods in the Midwest have been linked to ice jams (Carr and
Vuyovich, 2014), and while their long-term occurrence is not
known and difficult to constrain, it is possible that they may have
contributed to the slightly increased flood frequencies between
1380 and 1515 CE. Regardless, sediment accumulation rates and
clastic flux indicators show that White River flood frequencies
during this period were lower than during the MCA.

Increased White River flooding after 1790 CE coincided with the
transition to the CWP when the Martin Lake record indicates that
-PNA-like atmospheric circulation again predominated (Fig. 5).
Sedimentation rates at Half Moon Pond, however, increased by ca.
400% to levels not achieved in the last 1600 years. While increased
White River flood frequencies during the CWP are consistent with
climate-flood relationships during the MCA, the magnitude of the
sedimentation rate increase suggests that additional factors may be
at play. Deforestation and the conversion of forest to agricultural
and pastureland in the White River drainage basin during the 1800s
and 1900s are likely contributors because they serve to reduce
infiltration and evapotranspiration, thereby increasing runoff and
stream discharge. Additional factors that contribute to increased
discharge are agricultural tiling, which is pervasive throughout
Indiana, and the construction of levees that disconnect streams
from their floodplains, which increases peak storm discharge. It is

Quaternary Science Reviews 301 (2023) 107939

possible that the onset of high %sand at Half Moon Pond at 1650 CE
and intensification after 1800 CE reflects the influence of defores-
tation and land use change on the intensity of floods occurring on
the White River. Therefore, while the current state of frequent
White River flooding is consistent with paleo climate-flood re-
lationships, it is likely that anthropogenic activities have contrib-
uted to the unprecedented nature of current flood frequencies and
possibility intensities.

5.4. Regional climate-flood relationships and watershed scale

Modern observations of fluvial systems indicate flooding on
streams with large watersheds (>100,000 km?; e.g., the Missouri,
Mississippi, Ohio Rivers) is controlled by the spring snowmelt
whereas flooding on streams with small watersheds (100's km? or
less) is sensitive to the occurrence of rainstorm events (Knox and
Daniels, 2002). This is because meteorological systems that pro-
duce intense rainfall events are not large enough to cover the entire
watershed of large streams and thus do not result in sufficient
basin-wide runoff to regularly generate flood events. In contrast,
the spring snowpack melt, which can represent the accumulation
of several months' worth of precipitation events, produces suffi-
cient basin-wide runoff to generate flooding on large streams.
Meteorological systems that produce extreme rainfall, however, are
of sufficient size to cover small watersheds, and hence are capable
of driving rainstorm-driven flooding. Whether or not these re-
lationships were similar in the past and at what size watersheds
transition from being rainstorm-sensitive to snowmelt-sensitive
with respect to flooding remains unknown.

The similarities between the Half Moon Pond clastic flux in-
dicators and Martin Lake %lithics indicates that the lower White
River with a watershed size of ca. 29,000 km? (represented by Half
Moon Pond) and the headwaters of the East Fork Elkhart River with
a watershed size of 125 km? (represented by Martin Lake) were
both sensitive to the frequency and occurrence of rainfall events
during at least the last 1600 years. Although the White River was
also potentially influenced by snowpack melt during the height of
the LIA between 1380 and 1515 CE, flood frequencies were on
average reduced during the LIA because of less frequent incursions
of moisture from the Gulf of Mexico. The Martin Lake and Half
Moon Pond records are additionally consistent with other regional
hydroclimate records from Minden Bog, MI (Booth et al., 2006), and
Horseshoe Lake, IL (Pompeani et al., 2021). These records respec-
tively indicate elevated water tables (Fig. 5e) and increased effec-
tive during the MCA when flood frequencies at Half Moon Pond and
runoff from warm-season rainstorm events at Martin Lake were
increased. Together, these data indicate a consistent regional
response to hydroclimate conditions during the Common Era.

At the other end of the watershed size spectrum are
sedimentation-rate-based records of lower Ohio River flood fre-
quencies from Avery Lake, IL, Goose Pond, IN, and Grassy Pond, IN,
which reflect climate-flood dynamics for a ca. 530,000 km?
watershed (Fig. 5b) (Bird et al., 2019; Gibson et al., 2022 In Review).
Comparison of the longest continuous record of lower Ohio River
flooding from Avery Lake with the Half Moon Pond sediment
accumulation record shows they were anti-phased during the LIA,
MCA, and before, but in-phase during the CWP. Anti-phasing dur-
ing and prior to the MCA is consistent with a reduced cold-season
snowpack and increased warm-season rainfall that would respec-
tively reduce flooding on the large river systems like the Ohio River

Fig. 5. Comparison of (a) Avery Lake (green line; error shading not included for clarity) and Half Moon Pond (black line) accumulation rates with (b) Half Moon Pond clastic flux
rates, (c) Martin Lake percent lithics, (d) Martin Lake 8'0,;, (¢) Minden Bog depth to water table, (f) North Pacific sea surface temperature anomalies, and (g) Northern Hemisphere
surface temperature anomalies. Vertical shading same as in previous figures. The local timing of the MCA (red line) and LIA (blue line) are additionally indicated.
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and increase it in smaller watersheds, like the White River and at
Martin Lake (Fig. 5). The shift to increased flooding on the Ohio
River and decreased flooding in the White River and Martin Lake
(i.e., upper Elkhart River) watersheds during the LIA is consistent
with the impact that increased snowpack and reduced warm-
season rainfall during the LIA would have on flooding and erosion
in respectively large and “small” watersheds.

Increased sedimentation rates on the White River during the
CWP are consistent with its response leading up to and during the
MCA, albeit at a much higher magnitude because of anthropogenic
factors. Increased sedimentation rates at Avery Lake, however,
reflect more frequent flooding during climatic conditions that in
the past (i.e., the MCA) reduced flooding (Bird et al., 2017, 2019).
This departure from “natural” climate-flood relations has been
attributed to increases in runoff and erosion because of extensive,
large-scale deforestation and land use changes that occurred in the
Ohio River watershed and across the eastern US during the Euro-
American periods from the 1700s—1900s (Bird et al., 2019;
Commerford et al., 2022; Greeley, 1925). Given that the majority of
Ohio River flood events over the last ca. 100 years still occurred
during the winter/spring months, the increase in CWP flood fre-
quencies suggests that anthropogenic land use modifications have
expedited the transit of snowmelt through its watershed, making it
more sensitive to snowmelt and winter/spring rain on snow events
that are associated with many high discharge events during the
instrumental period (Schlef et al, 2018). Were the Ohio River
watershed landscape in its pre-Euro-American state today, it is
unlikely that CWP climatic conditions would result in the present
degree of flooding.

Similar increases in flood indicators at Avery Lake, Half Moon
Pond, and Martin Lake demonstrates that fluvial geomorphic re-
sponses to Euro-American land use were consistent across water-
shed scales. Although additional work is needed to determine if
flood frequencies in other moderately sized Midwestern water-
sheds (100,000 > 10,000 km?) tracked those of the White River,
coherent increases in the duration and frequency of Midwestern
floods during recent decades suggests that midcontinental streams
are similarly sensitive to mean annual precipitation and the fre-
quency of heavy rainstorm events. With predicted to increases in
midcontinental precipitation and extreme events (Easterling et al.,
2017), flooding and geomorphic adjustments are likely to follow.

6. Conclusions

Half Moon Pond sedimentation rates and clastic flux indicators
reflect the frequency of flooding on the White River, IN. Frequent
flooding leading up to and during the MCA and CWP were the result
of -PNA-like atmospheric circulation that advected moisture from
the Gulf of Mexico deep into midcontinental North America, pro-
ducing substantial rainfall (likely during all seasons) that drove
increased runoff and stream discharge. Deforestation and land use
in addition to a return to -PNA/-PDO-like conditions during the
CWP increased the fluvial geomorphic response to rainstorm
events, leading to greater flooding and landscape erosion than any
other time in the last 1600 yeas. Reductions in White River flood
frequencies during the LIA reflect + PNA/+PDO-like conditions that
decreased rainfall and increase in snowfall, which reduced runoff
and stream discharge. White River flood frequencies during the
MCA and LIA were anti-phased with those of the Ohio River. This is
consistent with their respective watershed-scale responses to
-PNA/-PDO-like conditions during the MCA, i.e., increased warm-
season-like conditions with ample rainfall and reduced snowfall,
and +PNA/+PDO-like conditions during the LIA, i.e., cold-season-
like conditions with increased snowfall and reduced rainfall. The
shift to increased sedimentation rates on the White and Ohio rivers

1
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during the CWP reflects an amplification of expected conditions on
the White River under -PNA-like conditions, but a departure from
“natural” climate-flood relationships for the Ohio River. Increased
Ohio River flooding during the CWP is consistent with the more
rapid transport of runoff through its drainage system due to
deforestation, urbanization, agriculturalization, and flood plain
disconnectivity and subsequent increase in peak flood stage
discharge. Given generally -PNA-like conditions today, it is unlikely
that the Ohio River would exhibit it current flood frequency were
its watershed in a “natural” state. Within the context of our pres-
ently altered landscape and projected increases in mean annual
precipitation and heavy rainfall events, it is likely that fluvial sys-
tem spanning all spatial scales will experience increased flooding in
coming decades.
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