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G E O L O G Y

High variability in flood discharge and stage accelerates 
river mobility
Chenliang Wu1,2*, Wonsuck Kim2*, Shuo Yang3,4, Frank T.-C. Tsai3, Jeffrey A. Nittrouer5,  
Tian Y. Dong6, Duhwan Keum2,7, Kyle M. Straub1*

Lateral channel migration is a fundamental process in natural alluvial rivers; however, the factors that control the 
rate of migration remain unclear. Despite its importance in shaping river morphology, the impact of water dis-
charge on river mobility is still largely unexplored. Here, we leverage a dataset of 64 rivers across the globe to show 
that higher variability in river discharge and stage promotes higher rates of river migration. To reveal the physical 
processes behind this relationship, we focused analyses on the lowermost 500 kilometers of the Mississippi River, 
where a pronounced gradient in water stage variability and migration rate exists. We demonstrate that stage vari-
ability affects channel mobility by influencing the sediment size of riverbanks and thereby controlling riverbank 
erodibility. These results can be used to predict river responses to climate change and decipher past hydroclimates 
using stratigraphy from Earth and Mars.

INTRODUCTION
Meandering rivers and associated floodplain environments provide 
important ecological habitats and agricultural and municipal land 
to billions of people around the world (1). Water discharge, a funda-
mental forcing that shapes river morphology (2–5), is subject to 
changes arising from both anthropogenic and environmental im-
pacts. Water stage is a measure of river-water elevation referenced to 
a datum and typically adjusts with water discharge (Fig. 1A) (6). Both 
discharge and stage are affected by ongoing climate change that is 
driving extreme precipitation events, as well as droughts (Fig. 1, B to 
D). Collectively, these conditions result in amplified variability in 
river discharge and stage (7). Despite previous studies examining the 
controls of water discharge on channel morphology, the question of 
how increased variability in flood discharge and stage affects channel 
mobility, in terms of both channel lateral migration rate and river-
bank erodibility (Fig. 1, E and F), remains unconstrained. This pres-
ents a challenge for infrastructure design (8), river restoration efforts 
(9), and land management practices (10).

Environmental changes that alter hydrologic regimes (11–13) and 
anthropogenic factors [e.g., damming (14)] affect stage and discharge 
conditions, and these influences have been linked to river mobility. 
Research using physical experiments have shown that higher dis-
charge variability raises channel migration rates (15, 16). In addition, 
during periods of the geological record that include climate pertur-
bations (e.g., Paleocene-Eocene thermal maximum), fluvial stratig-
raphy indicates widespread enhancement of channel movement, 
consistent with higher frequency and magnitude of river flood events 
(17). More recently, a study has shown demonstrable correlation be-
tween discharge variability and floodplain reworking timescales on 
a global scale (18). The floodplain reworking timescale describes 

the minimum time required for the channel to rework a floodplain 
area that is equivalent to the channel area. This metric scales with 
the lateral migration rate and thus can be used to describe channel 
mobility (18, 19). However, a physical explanation of the correla-
tion is still lacking. Moreover, the metrics used to characterize dis-
charge variability are not linked to the physical processes associated 
with overbank flooding (20, 21). This limits our ability to: (i) link dis-
charge and stage variability and fluvial depositional patterns, (ii) pre-
dict river behaviors under future environmental conditions, and (iii) 
reconstruct a hydroclimate record from fluvial stratigraphy.

In this study, we first introduce a metric of flood discharge vari-
ability that focuses on overbank flood discharge and then show the 
linkage between flood discharge variability and river migration rate 
using a dataset of globally distributed meandering rivers (Fig. 2A). 
Second, we provide a physical explanation of how flood stage vari-
ability and river channel mobility are coupled, by focusing on spatial 
trends in the sediment sizes that comprise the margins of channels, 
and the corresponding erodibility of riverbanks using a unique and 
extensive dataset of riverbank material spanning the lowermost 500 
km of the Mississippi River. We focus on the variability of the daily 
overbank flood discharge and stage rather than the whole range of 
these metrics because overbank flow affects sediment dispersal over 
the floodplain environment and therefore patterns of sediment accu-
mulation that build natural levees and floodplain strata (Fig.  1A) 
(22, 23). Moreover, the results of this study lend support to the hy-
pothesis that riverbank material grain size sets riverbank strength 
(24–26): Fine-grain (clay) deposits form cohesive riverbanks (27–30), 
strengthening them and decreasing erodibility (25), which in turn 
reduces channel mobility (31, 32).

RESULTS
Flood discharge variability and river migration rate
To demonstrate the impact of overbank floods on river mobility, we 
quantify the flood discharge variability DV of a river as

DV =
1

n

n
∑

i=1

σQ(i)∕μQ(i) (1)
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where n is the number of years of discharge record, σQ(i) and μQ(i) are 
the SD and mean of the daily flood discharge Qw∣Qw>Qbf

 (m3/s) for a 
given year i. Bankfull discharge Qbf is approximated as the 1.5-year 
returning flood discharge (2, 4, 5). Years without discharge greater 
than bankfull discharge are ignored for the calculation as no sedi-
ments were transported to floodplain. Therefore, DV is essentially 
the mean annual coefficient of variation of overbank flood discharge, 
which is a statistical measure of the SD as a percentage of its mean.

River lateral migration rates are compiled from previous work 
(33, 34). The migration rate is calculated on the basis of the move-
ment of a river centerline and normalized by the width of the channel 
B (meters) (34). River centerlines are first generated from historical 
maps, aerial photos, and satellite images. Lateral migration rates r 
(meters per year) can then be calculated on the basis of centerline 
locations at two different times using two methods: (1) dynamic time 
warping (DTW) (35) or (2) the ratio between the area swept by a 
channel and the channel length, divided by the time duration (33). 
The DTW method correlates discretized points on river centerlines 

from different times so that local migration rates can be calculated 
(Fig. 1E). It provides comparable estimates as method 2 when local 
migration rates are averaged over bend scales. Both methods are ap-
plied over different time periods and river reaches to provide reach-
 and time-averaged lateral migration rates r* (r/B). We also compiled 
a dataset of daily discharge records for 64 globally distributed rivers 
of various sizes where the mean discharge of the rivers spans four 
orders of magnitude (Fig. 2B). The gauging stations selected are in 
proximity to where the lateral migration rate measurements were 
made (33, 34).

This dataset reveals a positive relation between DV and width-
normalized river migration r* (Fig. 2B). The relation is not obvious 
for rivers in tropical zones, likely due to the low number of samples 
(N = 7) and the limited ranges of DV and r* for the tropical rivers 
documented (Fig. 2C). However, this positive relation is pronounced 
for rivers within other climatic zones (36), including arid (N = 8), 
temperate (N = 26), and cold regions (N = 22) (Fig. 2, D to F). This 
statistically significant correlation provides evidence to support the 
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Fig. 1. River discharge, stage, and mobility. (A) Conceptual diagram illustrating variability in river discharge and water stage. Bankfull discharge Qbf is the discharge at 
which the water surface reaches the levee crest elevation. Bankfull stage (T) is the water surface elevation measured from a datum at bankfull discharge. Sediment con-
centration, a measure of the amount of sediment in a given volume of water, will increase as water stage increases. The levee and floodplain are inundated during flood 
(high stage) and receive sediments from the channel. Noncohesive sediments (e.g., sand and silt) typically settle near the levee, whereas cohesive sediment (clay) can be 
transported farther towards the floodplain. (B to D) satellite images of the Indus River during bankfull, low and high stages. The insert in (B) shows river migration delin-
eated by the 2015 and 2016 channel centerlines. Channel and flood extents are typically shown in blue. Average daily water discharge can differ by orders of magnitude. 
(E) Conceptual diagram showing the influence of curvature on the channel migration rate. Arrows are schematic migration vectors indicating the local direction and 
magnitude of channel migration. (F) Conceptual illustration of the effect of riverbank material properties on channel migration: Noncohesive (sandy) riverbanks are gen-
erally more erodible than cohesive (muddy) riverbanks, producing higher migration rates.
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hypothesis that discharge variability is a key control on the river 
migration rate (15, 33). Although there is substantial variability in 
this relationship, DV presents a controlling factor that explains al-
most 30% of the total variance in r*, which is higher than or at least 
comparable to other factors, including sediment supply (34). Simi-
lar hypotheses have been proposed by previous research (16–18), 
but we still lack a physics-based explanation. Since the metric DV 
describes the variability of overbank floods, which are responsible 
for transporting sediment to build riverbanks and floodplains, we 
further hypothesize that variability of discharge and stage could af-
fect river mobility by setting the composition and thus the erod-
ibility of riverbanks.

Flood stage variability and migration rate of the lowermost 
Mississippi River
We test this hypothesis using a single river—the lowermost Mississippi 
River (LMR). The LMR is the section that extends from Head of 
Passes at the outlet located at river kilometer (RK) 0 to approxi-
mately RK 500. Previous work showed that the channel lateral mi-
gration rate of the LMR increases from the outlet moving upstream 
(Fig. 3A) (37, 38). This reach of the Mississippi River also naturally 
develops a condition of spatially varying flow stage, which is a com-
mon hydraulic condition for the terminal reach of lowland rivers 
called the “backwater effect” (37, 39, 40). Stage varies more in the 
upstream compared to the downstream section as stage equilibrates 
to the sea level toward the outlet (Fig. 3, B and C). The backwater 
condition also causes a systematic gradient in channel hydraulics (e.g., 
flow velocity and flow depth) during low stages (37, 41). However, 
the channel develops normal flow conditions with quasi-uniform 
reach-scale hydraulics during flood stages when the channel is 

considered morphodynamically active. For example, levee develop-
ment and riverbank retreat typically take place during overbank 
flooding (42, 43). This condition makes the LMR an ideal place to 
test the control of stage variability on river mobility, as other param-
eters that might influence river mobility during flood [e.g., flow ve-
locity, sediment supply (34, 44), vegetation type, density (45, 46), 
etc.] of the LMR are approximately uniform. The only major excep-
tion is the presence of partially exposed and compacted Pleistocene 
and late Holocene mud in the channel sidewalls in the lower 300 km 
of the LMR (47, 48) (Supplementary Materials). The substratum is 
more erosion resistant compared to riverbank materials deposited 
from recent alluvial processes, so that the presence of substratum 
can lower the lateral migration rate. Therefore, we will distinguish 
the impact of sidewall substratum from the control of stage variabil-
ity on channel mobility in the following analysis.

We compiled daily stage records from 17 gauging stations along 
the LMR (Fig. 3, A and B). There is a systematic increase in stage 
variability with distance upstream (Fig. 3B). For example, the range 
of stages, defined as the difference between maximum and minimum 
annual stages (Tmax and Tmin), increases upstream. The range of flood 
stages, defined as the difference between the maximum annual stage 
and bankfull stage (Tbf), also increases upstream (Fig. 3C). This sug-
gests increased variability in water stage as the SDs of the stage rang-
es (Tmax − Tmin) and flood stages (Tmax − Tbf) also increase upstream 
(Fig. 3C). To quantitatively evaluate the stage variability of the LMR, 
we introduce a metric, stage variability (SV)

SV =
1

n

n
∑

i=1

σT(i)∕Hbf (2)
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where n is the number of years of stage record, σT(i) is the SD of stage 
for the overbank flow T ∣

T>Tbf
 for a given year i, and Hbf is the reach-

averaged bankfull flow depth. The structure of the metric SV is sim-
ilar to that of DV, as both quantify the variability of their associated 
physical quantities. SV is similar to the coefficient of variation but 
slightly different, as it measures the SD of overbank flood stage as a 
percentage of reach-averaged bankfull flow depth at each gauging 
station instead of the average of stage. This parametrization approach 
accounts for the fact that the flow depth is absolute, regardless of the 
choice of datum for stage measurements. Since stage measurements 
are relative to a datum and can even be negative, average stage values 
are not suitable for calculating the coefficient of variation, especially 
when comparing stage records from different stations.

We calculated stage variability for all 17 gauging stations. The cal-
culated SV values were evaluated against RKs and fit with a linear re-
gression function to estimate the moving average of stage variability 
SV for each channel bend (Fig. 3C). There is a positive relation be-
tween SV and the moving averaged annual migration rate r∗ (Fig. 3D), 
supporting the hypothesis that high stage variability enhances river 
mobility in terms of lateral migration rate. This relation is pronounced 
for both upstream (RK 290 to 500) and downstream sections (RK 0 
to 100). The difference in regression trends between the two sections 
is attributed to the presence of sidewall substratum in the down-
stream section, where substratum consistently comprises 9% of the 
channel sidewall (47). The spatially consistent proportion of substra-
tum in the channel sidewalls suggests that the gradient of stage vari-
ability is the dominant control on spatial variations in the channel 
migration rate. The river section from RK 100 to 290 is excluded 

from this analysis because the percentage of sidewall substratum in 
this reach is spatially variable, making it difficult to isolate the im-
pact of stage variability on river mobility.

Riverbank material, depositional pattern, and erodibility
To provide a mechanism behind the control of stage variability on 
channel mobility (i.e., channel migration rate and riverbank erod-
ibility), we document grain-size distributions for the riverbank ma-
terials along the LMR using 1656 geotechnical borings and calculate 
riverbank erodibility of the LMR using a meandering river model that 
accounts for the influence of the spatially variable channel curvature 
on the migration rate (fig. S1; see the Supplementary Materials for 
details). Spatial changes in riverbank material size and sediment ac-
cumulation patterns are measured for both outerbanks and inner-
banks (fig. S3), whereby the latter is typically associated with point 
bars. We only focus on outerbanks (i.e., cut banks) in this study 
(Fig. 4). In this study, sand and silt are categorized as noncohesive 
material, and clay is categorized as cohesive material, based on their 
mechanical property (Supplementary Materials). Cohesive material 
percentage averaged over a channel bend ranges from 92% (at RK 
170) to 37% (at RK 418) for the studied river reach (Fig.  4A and 
fig. S3). A moving average of the cohesive material percentage shows 
an overall upstream decrease particularly in the upper section (RK 
327 to RK440) from 79 to 51%.

The riverbank consists of alternating layers of both cohesive and 
noncohesive sediments (Fig. 2, D and E). The moving average layer 
thickness for noncohesive sediments increases by 100% upstream, 
from 1.5 to 3 m (Fig. 4B). Therefore, noncohesive sediment layers 
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thicken moving upstream. The moving average layer thickness for 
cohesive sediment layers is more spatially variable: It decreases up-
stream from 2.8 m (RK 103) to 1.5 m (RK 145) and then increases 
upstream to 2.4 m at RK 366.

Layer frequency represents the number of sediment layers per 
unit riverbank height. It is calculated as the ratio between the num-
ber of sediment layers in a riverbank and the riverbank thickness, 
from the depth of the local thalweg to the adjacent levee crest. The 
moving average layer frequency for cohesive material shows an over-
all 40% upstream decrease from 0.243 (RK145) to 0.146 (RK 469) 
(Fig. 4C). The moving average layer frequency for noncohesive sedi-
ments also shows an overall upstream decrease from 0.328 (RK145) 
to 0.233 (RK 379). There are more sediment layers in the riverbank 
per unit riverbank height in the downstream reach compared to the 
upstream reach, especially for cohesive material.

The riverbank erosion coefficient, E, is a scaling term that mea-
sures how easily the riverbank is eroded (see Materials and Methods 
for details), so that the higher the E value, the more erodible the riv-
erbank. This coefficient shows a factor of 40 differences (0.16 × 10−6 
to 7.1 × 10−6) between individual channel bend values. The upstream 
section of the studied river reach (RK 250 to RK 500) (Fig. 4D) shows 
a threefold increase in the moving average riverbank erosion coeffi-
cient (from 0.84 × 10−6 to 3.18 × 10−6). The downstream section RK 
0 to RK 250 shows relatively low riverbank erosion coefficients, rang-
ing from 0.25 × 10−6 to 2.25 × 10−6.

Stage variability regulates sediment supply to levee
To elucidate the relationship between stage variability and riverbank 
properties (i.e., material size, depositional pattern, and erodibility), 
we calculate flood intermittency If and frequency f and estimate the 
sediment sizes supplied to levees using the Rouse model (49). Flood 
intermittency measures the fraction of time that flow stage is higher 
than the natural bankfull stage (50), and flood frequency measures 
the average annual count of overbank flood events. In our analysis, a 
flood event is defined by a stage peak that exceeds the natural bank-
full stage on the time series of daily stage record (Figs. 3B and 5, A 
and B). These metrics set limits on the duration and frequency of 
overbank flow that transports sediments, particularly clay, to build 
riverbanks. This is because clay tends to be uniformly suspended 
throughout the flow column and is therefore supplied to the levees 
during all overbank flow conditions (51, 52).

Stage records from 17 gauging stations along the LMR are used 
to calculate flood stage, assuming that the records are representative 
for the period when the river established its current course around 
2800 years ago (53). Because of the construction of engineered le-
vees, the river stage above natural bankfull stage was artificially 
raised (50); therefore, our calculation of flood characteristics pres-
ents the upper limit of the estimate. The natural bankfull stage is 
determined by considering the geometry of the rating curve (daily 
discharge versus stage), which yields comparable results as a previ-
ous study (fig. S2) (54). Stage records reveal that overbank floods 
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shorten in duration and become less frequent with distance up-
stream as flood intermittency and flood frequency decreases (Fig. 5, 
C and D). Therefore, the spatial trends in flood intermittency and 
flood frequency suggest that less clay was supplied to the levees, and 
there was less frequent deposition of clay layers with upstream dis-
tance (Figs. 4, A to C, and 6).

To estimate sand supply to levees, we performed Rouse model-
ing at an upstream [Baton Rouge (BR), RK 388] and a downstream 
[Venice (VE), RK 16] gauging station, treating them as end-member 
cases representing high and low stage variability scenarios, respec-
tively (see Materials and Methods for details). The BR station is the 
only station with a daily discharge record that is required for the 
Rouse model, and the discharge at the VE gauging station is as-
sumed to be the same as BR for simplicity. Channel hydraulics in-
duced by backwater effects, such as spatial and temporal variations 
in flow velocity, are compiled from a previous study (37) and are 
incorporated in the Rouse model to simulate sediment concentra-
tion profiles given different stage heights at each station.

Results from the Rouse sediment concentration model are first 
used to calculate intermittency (Ifs) of overbank flood events that 
transport quantifiable suspended sand loads to the levees. Sand supply 
to levees is only quantified when the modeled volumetric sediment 
concentration (dimensionless) in the overbank flow exceeds a mini-
mum value based on an instrumental detection limit (1.89 × 10−6). 
Notably, this intermittency value (Ifs) is the same at both BR (0.04) and 
VE (0.04) (Fig. 5C) (see Materials and Methods for details). However, 
the VE stage record shows a flood intermittency If (0.31) of about 34% 
higher than BR (0.23). While clay can be transported to levees when-
ever overbank flow occurs, sand is only transported above certain 
stages (Fig. 5, A and B). Therefore, the percentage of sand supply com-
pared to total sediment supply should be higher at BR. This likely 

resulted in the development of much sandier riverbanks in BR than 
VE (Figs. 4A and 6A). This is also supported by the modeled average 
suspended sand concentration of the overbank flow, which is 70% 
higher for BR (1.08 × 10−5) compared to VE (6.32 × 10−6). The differ-
ence in sand supply to levees likely also resulted in the difference in 
transverse levee geometry at BR and VE (Fig. 6B): The sandier BR le-
vee is four times steeper than the muddier VE levee.

The flood stage frequency f is 2.27 at BR and 5.08 at VE (Fig. 5D). 
Flood events, which could supply sand to the preartificially leveed 
overbank, occur at a lower frequency (fs) at BR (0.41) compared to 
VE (1.38) (Fig. 5D). Therefore, depositional events for sediment lay-
ers of both sand and clay will reduce with distance upstream be-
tween VE and BR. This agrees with the observations of more frequent 
sand and clay layers from the boring record with distance upstream 
(Figs. 4C and 6).

DISCUSSION
The extensive riverbank material dataset taken together with the 
overbank sediment supply analysis demonstrates a linkage between 
flow-stage variability and material composition of the riverbank and 
its erodibility. When overbank flood events occur with high stage 
variability, a relatively greater proportion of sand is transported from 
the channel to the riverbank (Fig. 5A). This facilitates deposition of 
thick layers of noncohesive materials on the riverbanks (Figs. 4, A to 
C, and 6A). The upstream reach of the LMR that is susceptible to 
relatively high stage variability is also associated with less frequent 
flooding of the riverbank (40). In contrast, the water level shows low 
variability and fluctuates around bankfull stage for the downstream 
reach of the LMR, resulting in more frequent floods (Fig. 5B) and 
relatively finer sediment layers in the riverbank (Fig. 4C). These 
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assessments suggest that stage variability can affect both the supply 
and frequency of cohesive and noncohesive materials delivered to 
the riverbank. The supply of sediment, in particular its size, also de-
termines the depositional pattern and transverse geometry of the 
levees (Fig. 6B) (23). The key characteristics of riverbanks, especially 
cohesiveness and heterogeneity, present important controls on riv-
erbank erodibility and associated channel mobility.

First, we determine negative correlations between the moving 
averages (over a spatial scale of 10 channel bend segments) in the 
percentage of cohesive material in the riverbanks and the riverbank 
erosion coefficient E(Fig. 7A). These correlations demonstrate that 
the riverbank erosion coefficient increases as cohesive material build-
ing the riverbank decreases, as is found from downstream to up-
stream in the LMR. Complementing previous physical experiments 
(31, 32), this study lends support to the hypothesis that, in a alluvial 
river system, riverbanks are strengthened and erosion is reduced 
(25–27) as the fraction of cohesive material comprising the river-
bank increases, due to the associated higher shear stress required for 
sediment entrainment (29, 30).

The downstream (RK 0 to 100) and the upstream (RK 293 to 469) 
sections follow two separate trends (Fig. 7A). This reflects the influ-
ence of the partially exposed and compacted Pleistocene and late 
Holocene mud in the channel sidewalls for the downstream section 
RK 0 to 100 (fig. S1) (47). The presence of sidewall substratum in the 
riverbank could lower the overall riverbank erosion coefficient in 
addition to the control of riverbank material deposited by alluvial 
process (i.e., natural levee). For example, at the same percentage of 
cohesive materials, the downstream section shows lower erosion coef-
ficients, demonstrating that the presence of sidewall substratum is 
lowering the riverbank erodibility. Since the distribution of sidewall 
substratum in riverbanks is spatially uniform over RK 0 to 100 (47), 
the spatial variations in riverbank erosion coefficient for the down-
stream section can partly be attributed to the variations in riverbank 
materials including both compacted and unconsolidated sediments.

Second, there is a negative correlation between the moving aver-
ages (over a spatial scale of 10 channel bend segments) in the layer 
frequency of cohesive material and the riverbank erosion coefficient 

E (Fig. 7B), especially for the section that spans RK 293 to 469, 
where the riverbank erosion coefficient also shows the greatest change 
(Fig.  4D). Higher layer frequency of cohesive material suggests a 
heterogeneous riverbank structure. This could lower riverbank ero-
sion due to cantilever failures, slumps, and seepage erosion, which 
typically develop through overhanging levee tops or oversteepened 
riverbank walls (43, 55, 56). Previous experiments have demonstrat-
ed that levees with more cohesive material are not as susceptible to 
failures (55). Moreover, previous studies have suggested that slump 
blocks could cover riverbank toes and defer riverbank erosion (56, 57). 
Therefore, slump blocks with more cohesive or heterogeneous mate-
rials will also likely slow riverbank erosion furthermore.

Last, there is a positive correlation between the moving averages 
in stage variability SV and riverbank erosion coefficient E (Fig. 7C), 
supporting the hypothesis that variability of stage enhances river 
mobility by setting the composition and thus the erodibility of river-
banks. Because of the influence of sidewall substratum, the riverbank 
erosion coefficient is less sensitive to changes in stage variability in 
the downstream section (RK 0 to 100) compared to the upstream 
section (RK 293 to 469).

Implications
It has been widely recognized that ongoing climate change is result-
ing in more extreme droughts and precipitation events (7, 58, 59), 
thus shifting the hydrological regime of river systems globally (60, 61). 
These conditions will result in greater variability in river discharge 
and stage that, as shown in the analysis presented herein, favors 
transport of noncohesive material to river levees and adjacent flood-
plain environments. As a consequence, channel mobility will increase 
as the concentration of this material decreases riverbank sediment 
strength (33). To assess how changing stage conditions affect chan-
nel mobility, we estimate a timescale for riverbank material replace-
ment. This is assumed to be set by the characteristic time for the 
channel to migrate laterally one channel width (lower bound) and 
one channel-belt width (upper bound). For the Mississippi River, 
the average channel width is 1000 m (37), and the migration rate 
varies spatially, averaging ~50 m/year (between RK 500 and 1700) 
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and <~ 5 m/year (RK 0 and 500) (38). Therefore, estimates for the 
minimum (lower) timescale of riverbank material replacement range 
20 to 200 years. Using a ratio of 20 for channel-belt width to channel 
width (62), the maximum (upper) estimate for riverbank material 
replacement is 400 to 4000 years. This exercise is applied to a global 
dataset of 139 rivers (34). It is determined that the 90th percentile 
for lower and upper ages ranges 6 to 192 and 120 to 3840 years, 
respectively. This provides an order-of-magnitude estimation for 
riverbank material replacement and indicates that adjustments to 
channel mobility for most river systems in response to changing 
stage variability could arise over decades to millennia. These times-
cales are consistent with estimates of other metrics for characterizing 
rates for floodplain turnover and sediment age (63–65). Although 
portions of the Mississippi and many other meandering rivers are 
typically modified by engineering practices to restrict lateral move-
ment, many rivers, particularly in the global south, remain unen-
cumbered. In addition, because rivers tend to preferentially erode 
younger deposits (66, 67), we argue that the pace of sediment re-
placement to coarser, unconsolidated channel and riverbank mate-
rial could be faster than estimated.

The results of this study are consistent with recent work that show 
how a change in hydrological regime results in a fundamental shift 
in fluvial stratigraphy, from a floodplain dominated by mudstone to an 
architecture where channel-belt sandstones are pervasive (16, 68, 69). 
This arises as the material size and layer frequency of ancient fluvial 
deposits represent a feedback between stage variability and riverbank 
development. For example, older riverbank sediments are removed 
when a channel moves laterally. If stage variability increases, then 
the overbank flow supplies more noncohesive materials to the river-
bank. As a result, the percentage of cohesive material and sediment 
layer frequency in the riverbank reduces; as a consequence, there is 
an increase in riverbank erodibility and channel mobility. More sand 
supply to the riverbank will generate higher and steeper levee slopes 
as sand readily settles compared to mud (23). For example, the trans-
verse levee slope at BR is about four times steeper compared to VE 
(Fig. 6B). This results in a positive feedback: Taller levees require 
higher stage to inundate; thus, the channel transports a higher per-
centage of sand to levees. This implicates variable stratigraphy as a 
possible way to assess stage variability and associated hydrological 
regimes for ancient systems (17), without necessitating adjustments 

in other external forcings such as sediment supply and/or tectonics 
(70, 71). The spatial pattern of the LMR channel sinuosity and channel-
belt width near coasts are not unique and are also found on Mars 
(33, 72–75). These geomorphic and sedimentological features pro-
vide evidence for the presence of ancient martian ocean and fluvial 
deltaic systems. Moreover, these features could provide insights into 
the channel and riverbank dynamics of ancient martian river sys-
tems and are thus useful for linking the stratigraphic records to the 
past hydrological regimes (76).

MATERIALS AND METHODS
Historical channel paths and channel migration rate
Historical channel paths from 1883 and 1913 were reconstructed to 
calculate the channel lateral migration rate during this 30-year in-
terval. The Mississippi River Commission Comprehensive Mississippi 
River Surveys of 1913 and 1883 (scale 1:20,000) were accessed from 
US Army Corps of Engineers site (https://www.mvn.usace.army.mil/
Missions/Engineering/Geospatial-Section/MRHB_Historic/). These 
surveys document channel morphology before major human mod-
ifications (50). The maps from each survey were georeferenced in 
QGIS. Banklines from both surveys were traced manually. Center-
lines were then found using Voronoi polygons. The centerlines were 
smoothed in MATLAB using the smooth function with the Savitzky-
Golay method.

Individual channel bends were constrained by identifying the suc-
ceeding inflection points, where centerline curvature becomes zero, in 
the along-stream direction. Centerlines were discretized over 100-m 
intervals. We first use a DTW method (35) to calculate the migra-
tion rate for each discretized point along the centerline. The bend 
migration rate was then calculated by averaging the migration rates 
of all the points within the bend.

Rouse modeling
Volumetric sediment concentration εs in the flow column at the BR 
and VE gauging stations is calculated using the Rouse model (49)
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=
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where a is the elevation of the top of the saltating bedload layer, H is 
the flow depth, Z is a depth of interest within the flow column where 
the sediment concentration is calculated, and za is the thickness of 
the bedload layer, calculated by (77)

where D50 is the median grain diameter, τb is the boundary shear 
stress, τcr is the critical shear stress for D50, A1 = 0.68, and A2 is 
calculated by

The sediment concentration at the top of the bedload layer is cal-
culated as (78)

where λ is the bed sediment concentration set at 0.65, Et is the trans-
port stage calculated as Et =

(

τb

τcr
−1

)

.

The Rouse number p in Eq. 1 is calculated by

where ωs is the settling velocity of grain size determined by the method 
of Dietrich (79), κ is the clear water von Karman constant (0.41), u∗

sf
 

is the skin friction shear velocity, and α is the density stratification 
adjustment, assumed to be 0.8 for simplicity (80).

To calculate the daily sediment concentration using Eqs. 1 to 5, 
skin friction shear velocity and boundary shear stress need to be 
specified. For BR, daily depth-averaged flow velocity (u) was calcu-
lated by interpolation using the stage and velocity relation from US 
Army Corps of Engineers (USACE) (https://rivergages.mvr.usace.
army.mil/WaterControl/Districts/MVN/velo_br.htm). Skin friction 
shear velocity is calculated as u∗

sf
= u

√

Cf , where Cf is the friction co-
efficient. Empirical relation between discharge (Qw) and skin friction 
was constructed on the basis of published records (37). Then, daily 
skin friction for both BR and VE was calculated on the basis of the 
empirical relation and daily discharge record at BR. Bed shear stress 
is calculated as τb = ρCfu

2 , where ρ is the water density (1000 kg/m3). 
Since there is no daily discharge record at VE, we first constructed 
the rating curve for VE, assuming that VE shares the same daily dis-
charge as BR. An exponential relation was fitted for the rating curve. 
Then, daily discharge for VE was recalculated on the basis of the re-
gression fit and daily stage record. Daily depth-averaged flow veloc-
ity was reconstructed using regression fit based on published data 
(37). Then, daily reach-averaged flow depth for VE is calculated as 
H =

Qw

uB
 , where B is the channel width set at 827 m (37). Median 

grain diameters at BR and VE are set at 300 and 250 μm, respec-
tively (37).

Bankfull stages for BR and VE were set at 30 and 1.5 ft, correspond-
ing to flow depths of 15.5 and 17.2 m, respectively. These represent 
the natural bankfull stages before engineered levee enhancement 
(height increase), which raises bankfull stages (50, 54). Then, aver-
age sediment concentration in the overbank flow (flow above bank-
full stage) is calculated. If the average sediment concentration is greater 
than the instrumental detection limit for sand (εs = 1.89 × 10−6) 
(22), then the flow is considered to be sand-transporting flood. The 

average sediment concentration in the overbank flow sets the upper 
limit for sediment supply to the levee (23).

Bank erosion coefficient
In this study, we use the HIPS model (56) to reconstruct riverbank 
erodibility. In the HIPS model, dimensionless riverbank erosion co-
efficient E is used to characterize riverbank erodibility (81, 82). Lat-
eral migration is considered as a result of cut riverbank erosion and 
calculated as

where ζ is the lateral migration rate, h is the reach-averaged flow 
depth, and ub is the excess flow velocity near riverbank. The excess 
flow velocity ub can be calculated by

where u0 is the reach-averaged flow velocity, s is the streamwise dis-
tance, b is the reach-averaged half bankfull flow width, Cf is the fric-
tion coefficient, ξ is the local curvature of channel centerline, and A 
is a constant slope factor. We followed the HIPS model implemen-
tation method (83) to calculate ub at points discretized from the 
Mississippi River centerline. The lateral migration rate at each point 
can then be calculated using Eq. 1. Reach-averaged flow depth and 
channel width at each point are calculated on the basis of local depth 
and width measurements. Bend migration rate ζc is calculated as the 
average of lateral migration rate of all the points within the bend. A 
grid search method for E was performed over the range of 1 × 10−7 
to 1 × 10−6, and corresponding bend migration rates were calculated 
accordingly. Measured bend migration rate ζm from historical maps 
and calculated bend migration rate ζc using the HIPS model are 
later compared. When the differences between measured and calcu-
lated bend migration rates are less than the threshold value of 0.1 m/
year, the corresponding E value is accepted as the calibrated riverbank 
erosion coefficient. Reach-averaged values of flow velocity, bankfull 
depth, and bankfull half channel width are calculated by fitting polyno-
mial regressions to the measured local values (37, 50).

Supplementary Materials
This PDF file includes:
Supplementary Text
Figs. S1 to S3
References

REFERENCES AND NOTES
	 1.	 J. Best, Anthropogenic stresses on the world’s big rivers. Nat. Geosci. 12, 7–21 (2019).
	 2.	 K. Naito, G. Parker, Can bankfull discharge and bankfull channel characteristics of an 

alluvial meandering River be cospecified from a flow duration curve? J. Geophys. Res. 
Earth 124, 2381–2401 (2019).

	 3.	T . Y. Dong, J. A. Nittrouer, E. Il’icheva, M. Pavlov, B. McElroy, M. J. Czapiga, H. Ma, G. Parker, 
Controls on gravel termination in seven distributary channels of the Selenga River Delta, 
Baikal Rift basin, Russia. Geol. Soc. Am. Bull. 128, 1297–1312 (2016).

	 4.	L . B. Leopold, M. G. Wolman, J. P. Miller, Fluvial Processes in Geomorphology (Dover 
Publications Inc., 1964; https://pubs.usgs.gov/publication/70185663).

	 5.	T . Dunne, L. B. Leopold, Water in Environmental Planning (Macmillan, 1978).
	 6.	E . M. Lindroth, B. L. Rhoads, C. R. Castillo, J. A. Czuba, İ. Güneralp, D. Edmonds, Spatial 

variability in bankfull stage and riverbank elevations of lowland meandering rivers: 
Relation to rating curves and channel planform characteristics. Water Resour. Res. 56, 
e2020WR027477 (2020).

	 7.	I PCC, “Climate Change 2023: Synthesis Report. Contribution of Working Groups I, II and III 
to the Sixth Assessment Report of the Intergovernmental Panel on Climate Change [Core 

za
D50

=
A1

τb

τcr

1 + A2

τb

τcr

(4)

A2 = 0.0204
(

lnD50

)

+ 0.0709 (5)

εs(Z=a) =
0.004λEt

1 + 0.004Et
(6)

p =
ωs

ακu∗
sf

(7)

ζ = Eub (8)

u0
�ub

�s
+2

u0
h
Cfub=b

[

−u2
0

�ξ

�s
+Cf ξ

(

u4
0

gh2
+A

u2
0

h

)]

(9)

D
ow

nloaded from
 https://w

w
w

.science.org on N
ovem

ber 28, 2025

https://rivergages.mvr.usace.army.mil/WaterControl/Districts/MVN/velo_br.htm
https://rivergages.mvr.usace.army.mil/WaterControl/Districts/MVN/velo_br.htm
https://pubs.usgs.gov/publication/70185663


Wu et al., Sci. Adv. 11, eadv7637 (2025)     28 November 2025

S c i e n c e  A d v an  c e s  |  R e s e ar  c h  A r t i c l e

10 of 11

Writing Team, H. Lee and J. Romero (Eds.)]” (Geneva, Switzerland, 2023); https://doi.
org/10.59327/IPCC/AR6-9789291691647.

	 8.	 J. Horacio, A. Ollero, I. Noguera, V. Fernández-Pasquier, Flooding, channel dynamics and 
transverse infrastructure: A challenge for Middle Ebro river management. J. Maps 15, 
310–319 (2019).

	 9.	E . Wohl, S. N. Lane, A. C. Wilcox, The science and practice of river restoration. Water Resour. 
Res. 51, 5974–5997 (2015).

	 10.	 S. E. Greco, A. K. Fremier, E. W. Larsen, R. E. Plant, A tool for tracking floodplain age land 
surface patterns on a large meandering river with applications for ecological planning 
and restoration design. Landsc. Urban Plann. 81, 354–373 (2007).

	 11.	 K. Naito, G. Parker, Adjustment of self-formed bankfull channel geometry of meandering 
rivers: Modelling study. Earth Surf. Process. Landf. 45, 3313–3322 (2020).

	 12.	E . Eke, G. Parker, Y. Shimizu, Numerical modeling of erosional and depositional 
riverbankprocesses in migrating river bends with self-formed width: Morphodynamics of 
bar push and riverbankpull. J. Geophys. Res. Earth 119, 1455–1483 (2014).

	 13.	 K. Asahi, Y. Shimizu, J. Nelson, G. Parker, Numerical simulation of river meandering with 
self-evolving banks. Case Rep. Med. 118, 2208–2229 (2013).

	 14.	 J. M. Swartz, T. A. Goudge, D. C. Mohrig, Quantifying coastal fluvial morphodynamics over 
the last 100 years on the Lower Rio Grande, USA and Mexico. J. Geophys. Res. Earth 125, 
e2019JF005443 (2020).

	 15.	E . A. Barefoot, J. A. Nittrouer, K. M. Straub, Non-monotonic floodplain responses to 
changes in flooding intensity. J. Geophys. Res. Earth 126, e2021JF006310 (2021).

	 16.	C . R. Esposito, D. Di Leonardo, M. Harlan, K. M. Straub, Sediment storage partitioning in 
alluvial stratigraphy: The influence of discharge Variability. J. Sediment. Res. 88, 717–726 
(2018).

	 17.	E . A. Barefoot, J. A. Nittrouer, B. Z. Foreman, E. A. Hajek, G. R. Dickens, T. Baisden, L. Toms, 
Evidence for enhanced fluvial channel mobility and fine sediment export due to 
precipitation seasonality during the Paleocene-Eocene thermal maximum. Geology 50, 
116–120 (2022).

	 18.	 A. Leenman, E. Greenberg, S. Moulds, M. Wortmann, L. Slater, V. Ganti, Accelerated river 
mobility linked to water discharge variability. Geophys. Res. Lett. 52, e2024GL112899 
(2025).

	 19.	E . Greenberg, A. J. Chadwick, V. Ganti, A generalized area-based framework to quantify 
river mobility from remotely sensed imagery. J. Geophys. Res. Earth 128, e2023JF007189 
(2023).

	 20.	 M. R. Hansford, P. Plink-Björklund, E. R. Jones, Global quantitative analyses of river 
discharge variability and hydrograph shape with respect to climate types. Earth Sci. Rev. 
200, 102977 (2020).

	 21.	C . R. Fielding, J. Alexander, J. P. Allen, The role of discharge variability in the formation and 
preservation of alluvial sediment bodies. Sediment. Geol. 365, 1–20 (2018).

	 22.	 J. A. Nittrouer, D. Mohrig, M. Allison, Punctuated sand transport in the lowermost 
Mississippi River. J. Geophys. Res. Earth 116, doi.org/10.1029/2011JF002026 (2011).

	 23.	 J. Han, W. Kim, Linking levee-building processes with channel avulsion: Geomorphic 
analysis for assessing avulsion frequency and channel reoccupation. Earth Surf. Dynam. 
10, 743–759 (2022).

	 24.	 K. B. J. Dunne, D. J. Jerolmack, What sets river width? Sci. Adv. 6, eabc1505 (2020).
	 25.	C . R. Constantine, T. Dunne, G. J. Hanson, Examining the physical meaning of the 

riverbankerosion coefficient used in meander migration modeling. Geomorphology 106, 
242–252 (2009).

	 26.	 J. E. Pizzuto, Bank erodibility of shallow sandbed streams. Earth Surf. Process. Landf. 9, 
113–124 (1984).

	 27.	 K. M. Konsoer, B. L. Rhoads, E. J. Langendoen, J. L. Best, M. E. Ursic, J. D. Abad, M. H. Garcia, 
Spatial variability in riverbankresistance to erosion on a large meandering, mixed 
bedrock-alluvial river. Geomorphology 252, 80–97 (2016).

	 28.	C . Parker, A. Simon, C. R. Thorne, The effects of variability in riverbankmaterial properties 
on riverbank stability: Goodwin Creek, Mississippi. Geomorphology 101, 533–543 (2008).

	 29.	 J. P. Julian, R. Torres, Hydraulic erosion of cohesive riverbanks. Geomorphology 76, 
193–206 (2006).

	 30.	 K. B. J. Dunne, P. E. Arratia, D. J. Jerolmack, A new method for in situ measurement of the 
erosion threshold of river channels. Water Resour. Res. 58, e2022WR032407 (2022).

	 31.	 W. M. van Dijk, W. I. van de Lageweg, M. G. Kleinhans, Formation of a cohesive floodplain in 
a dynamic experimental meandering river. Earth Surf. Process. Landf. 38, 1550–1565 (2013).

	 32.	 J. Peakall, P. J. Ashworth, J. L. Best, Meander-bend evolution, alluvial architecture, and the 
role of cohesion in sinuous river channels: A flume study. J. Sediment. Res. 77, 197–212 
(2007).

	 33.	C . Wu, W. Kim, R. Herring, B. T. Cardenas, T. Y. Dong, H. Ma, A. Moodie, J. A. Nittrouer, F. Tsai, 
A. Li, Lowland river sinuosity on Earth and Mars set by the pace of meandering and 
avulsion. Nat. Geosci. 16, 747–753 (2023).

	 34.	E . Greenberg, V. Ganti, The pace of global river meandering influenced by fluvial 
sediment supply. Earth Planet. Sci. Lett. 634, 118674 (2024).

	 35.	 Z. Sylvester, P. Durkin, J. A. Covault, High curvatures drive river meandering. Geology 47, 
263–266 (2019).

	 36.	H . E. Beck, N. E. Zimmermann, T. R. McVicar, N. Vergopolan, A. Berg, E. F. Wood, Present 
and future Köppen-Geiger climate classification maps at 1-km resolution. Sci Data 5, 
180214 (2018).

	 37.	 J. A. Nittrouer, J. Shaw, M. P. Lamb, D. Mohrig, Spatial and temporal trends for water-flow 
velocity and bed-material sediment transport in the lower Mississippi River. Geol. Soc. 
Am. Bull. 124, 400–414 (2012).

	 38.	 P. F. Hudson, R. H. Kesel, Channel migration and meander-bend curvature in the lower 
Mississippi River prior to major human modification. Geology 28, 531–534 (2000).

	 39.	V . Smith, J. Mason, D. Mohrig, Reach-scale changes in channel geometry and dynamics 
due to the coastal backwater effect: The lower Trinity River, Texas. Earth Surf. Process. 
Landf. 45, 565–573 (2020).

	 40.	H . J. Hassenruck-Gudipati, P. Passalacqua, D. Mohrig, Natural levees increase in 
prevalence in the backwater zone: Coastal Trinity River, Texas, USA. Geology 50, 
1068–1072 (2022).

	 41.	 M. P. Lamb, J. A. Nittrouer, D. Mohrig, J. Shaw, Backwater and river plume controls on 
scour upstream of river mouths: Implications for fluvio-deltaic morphodynamics. J. 
Geophys. Res. 117, doi.org/10.1029/2011JF002079 (2012).

	 42.	 Z. Shen, T. E. Törnqvist, B. Mauz, E. L. Chamberlain, A. G. Nijhuis, L. Sandoval, Episodic 
overbank deposition as a dominant mechanism of floodplain and delta-plain 
aggradation. Geology 43, 875–878 (2015).

	 43.	 K. Zhao, G. Coco, Z. Gong, S. E. Darby, S. Lanzoni, F. Xu, K. Zhang, I. Townend, A. Review, A 
review on bank retreat: Mechanisms, observations, and modeling. Rev. Geophys. 60, 
e2021RG000761 (2022).

	 44.	 J. A. Constantine, T. Dunne, J. Ahmed, C. Legleiter, E. D. Lazarus, Sediment supply as a 
driver of river meandering and floodplain evolution in the Amazon Basin. Nat. Geosci. 7, 
899–903 (2014).

	 45.	 A. Ielpi, M. G. A. Lapôtre, A tenfold slowdown in river meander migration driven by plant 
life. Nat. Geosci. 13, 82–86 (2020).

	 46.	 A. Finotello, A. Ielpi, M. G. A. Lapôtre, E. D. Lazarus, M. Ghinassi, L. Carniello, S. Favaro,  
D. Tognin, A. D’Alpaos, Vegetation enhances curvature-driven dynamics in meandering 
rivers. Nat. Commun. 15, 1968 (2024).

	 47.	 J. A. Nittrouer, D. Mohrig, M. A. Allison, A.-P. B. Peyret, The lowermost Mississippi River: A 
mixed bedrock-alluvial channel. Sedimentology 58, 1914–1934 (2011).

	 48.	E . Viparelli, J. A. Nittrouer, G. Parker, Modeling flow and sediment transport dynamics in 
the lowermost Mississippi River, Louisiana, USA, with an upstream alluvial-bedrock 
transition and a downstream bedrock-alluvial transition: Implications for land building 
using engineered diversions. J. Geophys. Res. Earth 120, 534–563 (2015).

	 49.	H . Rouse, Modern conceptions of the mechanics of fluid turbulence. Trans. Am. Soc. Civil 
Eng. 102, 463–505 (1937).

	 50.	 O. P. Harmar, “Morphological and process dynamics of the Lower Mississippi River,” thesis, 
University of Nottingham (2004).

	 51.	H . Ma, J. A. Nittrouer, K. Naito, X. Fu, Y. Zhang, A. J. Moodie, Y. Wang, B. Wu, G. Parker, The 
exceptional sediment load of fine-grained dispersal systems: Example of the Yellow River, 
China. Sci. Adv. 3, e1603114 (2017).

	 52.	 R. Osborn, K. B. J. Dunne, T. Ashley, J. A. Nittrouer, K. Strom, The flocculation state of mud 
in the lowermost freshwater reaches of the Mississippi River: Spatial distribution of sizes, 
seasonal changes, and their impact on vertical concentration profiles. J. Geophys. Res. 
Earth 128, e2022JF006975 (2023).

	 53.	 J. W. Day, D. F. Boesch, E. J. Clairain, G. P. Kemp, S. B. Laska, W. J. Mitsch, K. Orth,  
H. Mashriqui, D. J. Reed, L. Shabman, C. A. Simenstad, B. J. Streever, R. R. Twilley,  
C. C. Watson, J. T. Wells, D. F. Whigham, Restoration of the Mississippi Delta: Lessons from 
hurricanes Katrina and Rita. Science 315, 1679–1684 (2007).

	 54.	D . A. Edmonds, S. C. Toby, C. G. Siverd, R. Twilley, S. J. Bentley, S. Hagen, K. Xu, Land loss 
due to human-altered sediment budget in the Mississippi River Delta. Nat. Sustain. 6, 
644–651 (2023).

	 55.	 S. Patsinghasanee, I. Kimura, Y. Shimizu, M. Nabi, Experiments and modelling of cantilever 
failures for cohesive riverbanks. J. Hydraul. Res. 56, 76–95 (2016).

	 56.	 G. Parker, Y. Shimizu, G. V. Wilkerson, E. C. Eke, J. D. Abad, J. W. Lauer, C. Paola,  
W. E. Dietrich, V. R. Voller, A new framework for modeling the migration of meandering 
rivers. Earth Surf. Process. Landf. 36, 70–86 (2011).

	 57.	 M. M. Douglas, K. B. J. Dunne, M. P. Lamb, Sediment entrainment and slump blocks limit 
permafrost riverbank erosion. Geophys. Res. Lett. 50, e2023GL102974 (2023).

	 58.	 M. G. Donat, A. L. Lowry, L. V. Alexander, P. A. O’Gorman, N. Maher, More extreme 
precipitation in the world’s dry and wet regions. Nat. Clim. Chang. 6, 508–513 (2016).

	 59.	L . M. Bouwer, J. E. Vermaat, J. C. J. H. Aerts, Regional sensitivities of mean and peak river 
discharge to climate variability in Europe. J. Geophys. Res. Atmos. 113, (2008).

	 60.	 N. W. Arnell, S. N. Gosling, The impacts of climate change on river flow regimes at the 
global scale. J. Hydrol. 486, 351–364 (2013).

	 61.	 N. Wanders, Y. Wada, H. a. J. Van Lanen, Global hydrological droughts in the 21st century 
under a changing hydrological regime. Earth Syst. Dyn. 6, 1–15 (2015).

	 62.	T . Y. Dong, T. A. Goudge, Quantitative relationships between river and channel-belt 
planform patterns. Geology 50, 1053–1057 (2022).

D
ow

nloaded from
 https://w

w
w

.science.org on N
ovem

ber 28, 2025

http://dx.doi.org/10.59327/IPCC/AR6-9789291691647
http://dx.doi.org/10.59327/IPCC/AR6-9789291691647
https://doi.org/10.1029/2011JF002026
https://doi.org/10.1029/2011JF002079


Wu et al., Sci. Adv. 11, eadv7637 (2025)     28 November 2025

S c i e n c e  A d v an  c e s  |  R e s e ar  c h  A r t i c l e

11 of 11

	 63.	C . J. Feeney, R. C. Chiverrell, H. G. Smith, J. M. Hooke, J. R. Cooper, Modelling the decadal 
dynamics of reach-scale river channel evolution and floodplain turnover in CAESAR-
Lisflood. Earth Surf. Process. Landf. 45, 1273–1291 (2020).

	 64.	 J. M. Hooke, Magnitude and distribution of rates of river riverbankerosion. Earth Surf. 
Process. 5, 143–157 (1980).

	 65.	E . C. Geyman, Y. Ke, J. S. Magyar, J. N. Reahl, V. Soldano, N. D. Brown, A. J. West,  
W. W. Fischer, M. P. Lamb, Scaling laws for sediment storage and turnover in river 
floodplains. Sci. Adv. 11, DOI: 10.1126/sciadv.adu8574 (2025).

	 66.	 M. A. Torres, A. B. Limaye, V. Ganti, M. P. Lamb, A. J. West, W. W. Fischer, Model predictions 
of long-lived storage of organic carbon in river deposits. Earth Surf. Dyn. 5, 711–730 (2017).

	 67.	 M. E. Huffman, J. E. Pizzuto, S. M. Trampush, J. A. Moody, D. M. Schook, H. J. Gray,  
S. A. Mahan, Floodplain sediment storage timescales of the laterally confined 
meandering Powder River, USA. J. Geophys. Res. Earth 127, e2021JF006313 (2022).

	 68.	 P. L. Heller, D. Ratigan, S. Trampush, A. Noda, B. McElroy, J. Drever, S. Huzurbazar, Origins 
of bimodal stratigraphy in fluvial deposits: An example from the Morrison Formation 
(Upper Jurassic), Western U.S.A. J. Sediment. Res. 85, 1466–1477 (2015).

	 69.	E . P. Chamberlin, E. A. Hajek, Fine-sediment supply can control fluvial deposit 
architecture: An example from the Blackhawk Formation-Castlegate Sandstone 
Transition, Upper Cretaceous, Utah, USA. Depos. Record 20, doi.org/10.2110/001c.36334 
(2022).

	 70.	 J. Zhang, P. M. Burgess, D. Granjeon, R. Steel, Can sediment supply variations create 
sequences? Insights from stratigraphic forward modelling. Basin Res. 31, 274–289 (2019).

	 71.	H . Wu, Y. Ji, C. Wu, G. Duclaux, H. Wu, C. Gao, L. Li, L. Chang, Stratigraphic response to 
spatiotemporally varying tectonic forcing in rifted continental basin: Insight from a 
coupled tectonic-stratigraphic numerical model. Basin Res. 31, 311–336 (2019).

	 72.	C . M. Hughes, B. T. Cardenas, T. A. Goudge, D. Mohrig, Deltaic deposits indicative of a 
paleo-coastline at Aeolis Dorsa, Mars. Icarus 317, 442–453 (2019).

	 73.	 A. M. Fernandes, T. E. Törnqvist, K. M. Straub, D. Mohrig, Connecting the backwater 
hydraulics of coastal rivers to fluvio-deltaic sedimentology and stratigraphy. Geology 44, 
979–982 (2016).

	 74.	C . Wu, M. Kim, W. Kim, Natural levees increase in prevalence in the backwater zone: 
Coastal Trinity River, Texas, USA: COMMENT. Geology 51, e564 (2023).

	 75.	C . M. Hughes, J. B. Shaw, A. M. Fernandes, T. E. Swanson, Stratigraphic evidence of 
backwater morphodynamics and lowland river deltas in the Northern Hemisphere of 
Mars. Geophys. Res. Lett. 52, e2024GL112957 (2025).

	 76.	 G. Stucky de Quay, T. A. Goudge, E. S. Kite, C. I. Fassett, S. D. Guzewich, Limits on runoff 
episode duration for early Mars: Integrating lake hydrology and climate models. Geophys. 
Res. Lett. 48, e2021GL093523 (2021).

	 77.	 P. L. Wiberg, D. M. Rubin, Bed roughness produced by saltating sediment. J. Geophys. Res. 
Oceans 94, 5011–5016 (1989).

	 78.	 J. D. Smith, S. R. McLean, Spatially averaged flow over a wavy surface. J. Geophys. Res. 82, 
1735–1746 (1977).

	 79.	 W. E. Dietrich, Settling velocity of natural particles. Water Resour. Res. 18, 1615–1626 (1982).
	 80.	 A. J. Moodie, J. A. Nittrouer, H. Ma, B. N. Carlson, Y. Wang, M. P. Lamb, G. Parker, Suspended 

sediment-induced stratification inferred from concentration and velocity profile 
measurements in the Lower Yellow River, China. Water Resour. Res. 58, e2020WR027192 
(2022).

	 81.	 K. Hasegawa, “Computer simulation of the gradual migration of meandering channels” in 
Proceedings of the Hokkaido Branch, Japan Society of Civil Engineering (Japan Society of 
Civil Engineering, Tokyo, Japan, 1977), pp. 197–202.

	 82.	 S. Ikeda, G. Parker, K. Sawai, Bend theory of river meanders. Part 1. Linear development. J. 
Fluid Mech. 112, 363–377 (1981).

	 83.	T . Sun, P. Meakin, T. Jøssang, K. Schwarz, A simulation model for meandering rivers. Water 
Resour. Res. 32, 2937–2954 (1996).

	 84.	 J. A. Nittrouer, Backwater hydrodynamics and sediment transport in the lowermost 
Mississippi River Delta: Implications for the development of fluvial-deltaic landforms in a 
large lowland river. IAHS-AISH Publication 358, 48–61 (2013).

	 85.	 G. Li, T. E. Törnqvist, S. Dangendorf, Real-world time-travel experiment shows ecosystem 
collapse due to anthropogenic climate change. Nat. Commun. 15, 1226 (2024).

	 86.	 J. B. Anderson, D. J. Wallace, A. B. Rodriguez, A. R. Simms, K. T. Milliken, “Holocene 
evolution of the Western Louisiana–Texas Coast, USA: Response to sea-level rise and 
climate change” in Geological Society of America Memoir 221 (Geological Society of 
America, 2022; https://pubs.geoscienceworld.org/gsa/books/book/2361/
chapter/133567225/Holocene-Evolution-of-the-Western-Louisiana-Texas), pp. 1–81.

	 87.	 K. L. Jankowski, T. E. Törnqvist, A. M. Fernandes, Vulnerability of Louisiana’s coastal 
wetlands to present-day rates of relative sea-level rise. Nat. Commun. 8, 14792 (2017).

	 88.	E . L. Chamberlain, Z. Shen, W. Kim, S. McKinley, S. Anderson, T. E. Törnqvist, Does 
load-induced shallow subsidence inhibit delta growth? J. Geophys. Res. Earth 126, 
e2021JF006153 (2021).

	 89.	 A. Li, F. T.-C. Tsai, B. T. Yuill, C. Wu, A three-dimensional stratigraphic model of the 
Mississippi River Delta, USA: Implications for river deltaic hydrogeology. Hydrgeol. J. 28, 
2341–2358 (2020).

	 90.	 Y. Song, F. T.-C. Tsai, B. J. Minsley, C. Wu, E. Heggy, Quantitative subsurface 
characterization illuminates the origin of the Mississippi River Valley alluvial aquifer. 
Commun. Earth Environ. 6, 646 (2025).

	 91.	 ASTM, Standard Practice for Classification of Soils for Engineering Purposes (Unified Soil 
Classification System) (2018). https://doi.org/10.1520/D2487-17.

	 92.	 S. Wang, R. Luna, J. Yang, Effect of plasticity on shear behavior of low-plasticity 
fine-grained soil. J. Mater. Civ. Eng. 29, 04016228 (2017).

Acknowledgments: We thank the reviewers for constructive comments and the editors for 
handling the manuscript. Funding: This work was supported by the Yonsei University Research 
Fund, Post-Doctoral Researcher Supporting Program, #202112-0018 (C.W.); National Science 
Foundation of Korea, NRF- 2023R1A2C100763111 (W.K.); US Geological Survey under grant/
cooperative agreement no. G21AC10765 (F.T.-C.T.); US National Science Foundation award no. 
2019561 (F.T.-C.T.); and US National Science Foundation award no. 1952814 (T.Y.D.). Author 
contributions: Conceptualization: C.W., W.K., F.T.-C.T., J.A.N., and K.M.S. Methodology: C.W. and 
S.Y. Investigation: C.W., S.Y., F.T.-C.T., J.A.N., T.Y.D., D.K., and K.M.S. Visualization: C.W. and S.Y. 
Supervision: W.K., F.T.-C.T., and K.M.S. Writing—original draft: C.W. and S.Y. Writing—review and 
editing: C.W., S.Y., F.T.-C.T., J.A.N., T.Y.D., D.K., and K.M.S. Competing interests: The authors 
declare that they have no competing interests. Data and materials availability: Shape files of 
the channel centerlines and banklines of the LMR from 1883 and 1913 can be accessed at 
https://doi.org/10.6084/m9.figshare.27040699.v1. Code used to plot the figures in this study can 
be accessed at https://doi.org/10.5281/zenodo.15984205. All other data needed to evaluate the 
conclusions in the paper are present in the paper and/or the Supplementary Materials.

Submitted 7 January 2025 
Accepted 28 October 2025 
Published 28 November 2025 
10.1126/sciadv.adv7637

D
ow

nloaded from
 https://w

w
w

.science.org on N
ovem

ber 28, 2025

https://10.1126/sciadv.adu8574
https://doi.org/10.2110/001c.36334
https://pubs.geoscienceworld.org/gsa/books/book/2361/chapter/133567225/Holocene-Evolution-of-the-Western-Louisiana-Texas
https://pubs.geoscienceworld.org/gsa/books/book/2361/chapter/133567225/Holocene-Evolution-of-the-Western-Louisiana-Texas
https://doi.org/10.1520/D2487-17
https://doi.org/10.6084/m9.figshare.27040699.v1
https://doi.org/10.5281/zenodo.15984205

	High variability in flood discharge and stage accelerates river mobility
	INTRODUCTION
	RESULTS
	Flood discharge variability and river migration rate
	Flood stage variability and migration rate of the lowermost Mississippi River
	Riverbank material, depositional pattern, and erodibility
	Stage variability regulates sediment supply to levee

	DISCUSSION
	Implications

	MATERIALS AND METHODS
	Historical channel paths and channel migration rate
	Rouse modeling
	Bank erosion coefficient

	Supplementary Materials
	This PDF file includes:

	REFERENCES AND NOTES
	Acknowledgments


