




of native domesticates in the central Mississippi River valley
began during the early Late Woodland period, around A.D. 400–
650 (11, 12, 35), when known settlements were concentrated on
higher-elevation alluvial fans and terraces along the edge of the
floodplain (16, 36). The absence of large floods from A.D. 600 to
A.D. 1200 corresponds to the expansion of settlements to lower-
elevation floodplain ridges that are separated by swales, sloughs,
and old meander scars (14, 24, 36, 37), an increase in settlement
numbers (6, 36), and continued intensification in the cultivation
of native domesticates, and, after ca. A.D. 900, maize (11, 12). At
A.D. 1050, toward the end of this multicentennial period of
midcontinental aridity and infrequent large floods, Cahokia
emerged as a hierarchically organized regional center that drew
thousands of people from across the midcontinent (6, 38).
At the height of Cahokia’s size and cultural prominence, flood

event V (ca. A.D. 1200)—the first large flood event in over
500 y—was of a magnitude sufficient to inundate croplands, food
caches, and settlements across most of the floodplain, and would
have forced residents to temporarily relocate to the higher ele-
vations available along the edge of the floodplain and adjacent

uplands. Floods in the central Mississippi River valley typically
occur during the growing season (17, 29); unexpectedly high
water levels at this time would have made most of the floodplain
uninhabitable, and created serious and persistent agricultural
shortfalls for Cahokia’s residents by destroying both crops and
the agricultural surpluses from previous years stored in un-
derground pits. After floodwaters receded, considerable effort
would be required by the region’s residents to rebuild in place,
clear fields of the sediment and debris that overbank floods
deposit unevenly across the floodplain (21–23), and restore food
production to preflood levels. Neighboring communities at
higher elevations were not directly affected by flooding, but they
likely played an important role during the flood by absorbing
refugees from Cahokia and other settlements inundated by
floodwaters, and providing labor, materials, and food in the
flood’s aftermath. Maintaining political authority over this dis-
persed and fragmented population would have posed a signifi-
cant challenge to a complex nonstate society like Cahokia, as
similar societies around the world are typically limited in their
ability to exert a strong and persistent hegemony over areas >40 km
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Fig. 2. Median particle size and PC1 scores for Horseshoe Lake (Left) and Grassy Lake (Right) alongside composite core photographs by depth from surface–
water interface. Depths of chronological controls used in age–depth model are marked with black boxes. Flood events (numbered I–VIII) are denoted with
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in diameter (39, 40). Through its direct and indirect impacts
on the stability of the Cahokia region’s economy and the welfare
of its inhabitants, this large and unprecedented flood held the
potential to reshape the region’s sociopolitical dynamics long
after the floodwaters receded.

Environmental perturbations often trigger a societal reorga-
nization that either initiates societal breakdown or fosters resilience,
with the outcome mediated by the preparedness and response of
established social, political, and ideological institutions (4, 5, 41).
Extensive inundation of the floodplain was unprecedented for the
sociopolitical system established at Cahokia, and the return of large
floods at ca. A.D. 1200 at the onset of regional depopulation (6),
agricultural contraction (12), political decentralization (15), the
construction of defensive palisades (42), destruction of outlying
population centers (9, 43), and decline of monumental construction
at Cahokia (9) implicate flooding as a factor in the reorganization of
Cahokia’s sociopolitical structure that initiated its decline. In con-
trast to the large Mississippi River floods of the 19th century that
fostered resilience and motivated legislation aimed at preventing
damage from flooding (17), Cahokia’s leaders appear to have been
unable to maintain the impression of security and stability following
the economic upheaval created by the return of large floods. So-
ciopolitical disintegration progressed over the following century
as the residents of the Cahokia area continued to relocate to
other regions; by A.D. 1350, the sociopolitical system centered on
Cahokia had completely dissolved (6, 10).
The declines of many early agricultural societies in the tropics

and subtropics, including those of the ancient Puebloans, Classic
Maya, Akkadians, and Harappans, are often attributed to drought
and water limitation (1–3). In contrast, our work indicates that
Cahokia, a sociopolitical system established in a moist and tem-
perate region, emerged and flourished during a period of
heightened midcontinental aridity and was instead vulnerable to
flooding mediated by subcontinental-scale shifts in moisture
availability. These findings do not preclude the role of additional
factors in Cahokia’s decline, including more localized high-fre-
quency hydroclimatic variability recorded by dendroclimatological
data (7). Instead, our work emphasizes the sensitivity of fluvial
systems to climatic variability (28, 29, 44) and shows that variation
in flood frequency and magnitude may be an underappreciated
but key factor in the development and disintegration of early ag-
ricultural societies, even in temperate regions (e.g., refs. 45 and
46). Floodwater deposits may be absent or obscured by post-
depositional processes in archaeological contexts (18, 46), but, as
demonstrated by this study, can be well preserved in lacustrine
sedimentary records. Hydrological variability—both droughts and
floods—appears to have profoundly shaped late Holocene eco-
systems and societies (1, 3, 7, 33, 47), and, given the increase in the
frequency of extreme hydroclimatic events projected for the 21st
century (48), more work is needed to understand the coupled
responses of sociocultural and hydrological systems to present and
past climatic variability.

Methods
Sediment Core Extraction and Sampling. Sediment cores with overlapping 0.5-m
offsets were extracted from the in-filled thalwegs of Horseshoe Lake and Grassy
Lake in May 2012 and June 2013, respectively, using a modified Livingstone
piston corer with a Bolivia adapter for surface sediments. All cores were
described, wrapped, and labeled in the field, then taken to the National
Lacustrine Core Facility at the University of Minnesota, where they were
longitudinally split, scanned formagnetic susceptibility, and photographed at
high resolution. Primary core sections, overlapping core sections, and surface
sediment sections were used to create continuous composite cores based on
stratigraphy and magnetic susceptibility. These composite cores measured
5.5 m and 2.2 m for Horseshoe Lake and Grassy Lake, respectively. Only the
top 4.4 m from Horseshoe Lake were used in the present study, because the
bottom section of core is characterized by interbedded sands and clays that
were deposited before the main channel of the Mississippi River migrated to
the low-sinuosity meander belt along the western edge of the floodplain (12,
24). Sediment cores were sampled at 1-cm intervals and refrigerated in la-
beled Whirl-pak bags for future subsampling.

Radiocarbon Dates. Seventeen wood and charcoal samples from terrestrial
plant macrofossils extracted from the Horseshoe and Grassy Lake cores
were collected and submitted for Accelerator Mass Spectrometry (AMS)

0 N
on

-a
rb

or
ea

l
po

lle
n 

(%
)

0 500 1000 1500 2000
Calendar Years AD

V IV III II I

Fi
rs

t P
rin

ci
pa

l C
om

po
ne

nt
(P

ar
tic

le
 s

iz
e)

Flooding 

Major flood 
events

Agricultural
 intensification

A
rc

ha
eo

lo
gi

ca
l

pe
rio

ds

Cahokia as regional center

Regional abandonment

Cultural events
Anglo-American settlement

Levees constructed

Cahokia population decline

Te
m

pe
ra

tu
re

an
om

al
y 

(°
C

)

A  Upper Mississippi River large floods

 Temperature (North America)

 Drought
    (Central North America)

0
5

10
15

N
um

be
r o

f s
tu

di
es

 
re

po
rti

ng
 d

ro
ug

ht
M

ai
ze

 a
bu

nd
an

ce
 

(c
ou

nt
/1

0L
)

Calendar Years Before Present (BP)
0500100015002000

0
-0

.5
0.

5

VIVIIVIII

-2
7

-2
3

13 δ
C

(‰
)

or
g

Agricultural land use

0
S

ee
d 

ab
un

da
nc

e 
(c

ou
nt

/1
0L

)

Ethnobotanical 
     remains

Miss
iss

ip

    
-pi

an

O
ne

ot
a

Historic
Middle

Woodland
Late

Woodland hi
at

us

hi
at

us

Maize

Seed crops

0
20

40

R
eg

io
na

l
po

pu
la

tio
n

(th
ou

sa
nd

s) Human population

40

0
5

10
-5

20

0
20

-2
5

B

C

D

E

F

G

H

Fig. 3. Record of major flood events from Horseshoe Lake (H, this study)
plotted against paleoclimatological (A–C), archaeological (D–F), and paleo-
ecological records (G) from Cahokia and midcontinental North America.
Proxy evidence of large floods on the upper Mississippi River reconstructed
from overbank deposits (A, ref. 29), North American temperature (B, ref. 34),
and histogram of proxy record (n = 21) evidence for aridity in central North
America (C, ref. 31) track environmental changes over midcontinental North
America. Archaeological periods and cultural events (D, refs. 6 and 35),
ethnobotanical data (median abundance of indigenous seed crops and
maize by archaeological period; F, ref. 11), regional population size (E, ref.
6), and nonarboreal pollen and organic carbon isotopic data (δ13Corg) from
Horseshoe Lake (G, ref. 12) track agricultural intensification/contraction and
population growth/decline in the central Mississippi River valley.
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radiocarbon dating (Table S1). Plant macrofossils were rinsed with
deionized water obtained from an Academic Milli-Q water purifier with
filter for organic carbon, and then dried for 24 h at 60 °C before sub-
mission to the Center for Applied Isotope Studies at the University of
Georgia, or DirectAMS, for AMS dating.

Particle Size Analysis. Sediment subsamples of 0.5 cm3 from the Horseshoe
Lake and Grassy Lake cores were pretreated with 1 M HCl, to remove car-
bonates (i.e., gastropod shells), and rinsed with deionized water. Laser dif-
fraction particle size analysis cannot distinguish coarse organic particles
(e.g., roots, wood fragments) from coarse mineral grains, so these organics
were removed by ignition at 360 °C for 2 h in a muffle furnace. Pretreated
samples were then homogenized with mortar and pestle before their par-
ticle size distributions were measured on a Malvern Mastersizer 2000MU
laser diffraction particle size analyzer after being dispersed with 10 mL of
dispersant (0.5% sodium hexametaphosphate) and sonication for 5–15 min
(midrange power, 10-μ tip displacement). To ensure disaggregation and full
dispersion, samples were repeatedly sonicated and remeasured until a re-
producible grain size distribution was observed. A base sampling resolution
of 5–6 cm was initially used, with a higher sampling resolution (1–2 cm) used
around core depths with lighter sediment color and/or low organic content
that represented potential floodwater deposits. In total, 156 and 87 samples
were measured at Horseshoe Lake and Grassy Lake, respectively, for a
combined mean sampling resolution of 2.7 cm. A principal components
analysis was performed on the full particle size distribution for all samples in
each lake in R v. 2.15.1 using the princomp() function; PC1 explains >55% of
grain size variance at both sites.

Age–Depth Modeling. Age models were produced for Horseshoe Lake and
Grassy Lake (Fig. S3) using bacon v.2.2 (27), calibrating all radiocarbon dates
using IntCal13 (26). Additional chronological controls included the core tops

(A.D. 2012 and A.D. 2013 for Horseshoe Lake and Grassy Lake, respectively)
and the Euro-American settlement horizon (A.D. 1800 ± 25 y) identified
from the abrupt increase in Ambrosia pollen (12) at 44 cm in Horseshoe Lake
and 36 cm at Grassy Lake. To model the variable sedimentation rate in these
floodplain lakes caused by flood events, we set section thickness to 2 cm,
then imposed a high sedimentation rate (0.5 y/cm) on floodwater deposits >
5 cm in thickness identified from the particle size analyses, and imposed
slower sedimentation rates (10 y/cm) on nonfloodwater sediments. Imposing
the Bacon default sedimentation rate of 20 y/cm on nonfloodwater sedi-
ments resulted in age models that failed to pass through many calibrated
chronological controls, probably because this default sedimentation rate is
based primarily on small upland lakes whose geomorphic setting differs
substantially from the floodplain lakes used in this study (49). Probability
density functions (PDF) were obtained for each floodwater deposit using the
Bacon.Age.d() function in bacon, which outputs all ages for a given depth.
To develop joint PDFs and more tightly constrained age estimates for flood
events I–V, the individual PDFs from Horseshoe and Grassy Lakes were
multiplied together and rescaled to sum to a probability of 1 (Table S2).
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