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ABSTRACT
Lowland river systems (with channel slopes of 10−5 to 10−4) inevitably shift away (retreat 

upstream) from the receiving basin under a sustained rate of base-level rise, even if the system 
can maintain a period of advance at the onset of rise. This autogenic pattern of transition 
from progradation to retrogradation through steady base-level rise and sediment supply is 
termed “autoretreat.” Using a morphodynamic model of autoretreat, this study explored 
the varying channel hydrodynamics of lowland fluvial systems and associated stratigraphic 
record under sustained base-level rise and constant sediment supply. Results from the numeri-
cal simulations show that a fluvial system will reach a state of dynamic equilibrium during 
autoretreat where both the backwater length and the morphodynamic adjustment of the 
downdip channel profile become steady. Moreover, when this dynamic equilibrium state is 
realized, simulated systems display a persistent twofold downstream deepening of flow depth 
across the backwater zone, a pattern that is also present in many natural systems. In general, 
backwater effects play a key role in the morphodynamics of a lowland fluvial-deltaic system 
during autoretreat, and this hydrodynamic condition is therefore critical for predicting river 
responses to sea-level change.

INTRODUCTION
The morphodynamics of lowland rivers are 

sensitive to the downstream boundary condition 
of base-level rise (Blum and Törnqvist, 2000; 
Parker et al., 2008a, 2008b; Wu and Nittrouer, 
2020). It is of value to understand decadal- to 
millennial-scale morphodynamic responses of 
rivers to such a forcing mechanism in order 
to evaluate the economic, ecological, and en-
vironmental impacts on human society (Best, 
2019) given the current condition of sea-level 
rise (Wallace and Anderson, 2013). Moreover, 
this represents a knowledge gap in terms of the 
linkages between short-term autogenic process-
es and long-term external forcing mechanisms, 
and evolving impacts on stratigraphy (Hajek and 
Straub, 2017; Wu and Nittrouer, 2020).

Current theory has shown that a fluvial-
deltaic system progrades and then retrogrades 
with shoreline retreat under steady external 

forcing (i.e., constant base-level rise and sedi-
ment supply) due to a progressive increase of 
the surface area of the fluvial-deltaic clinoform 
(Muto, 2001; Muto et al., 2007, 2016). This 
autogenic response arises under steady external 
forcing and is termed “shoreline autoretreat.” If 
the rise of base level persists, a deltaic foreset 
can be completely abandoned during autore-
treat, forming a distinct break (autobreak) in 
the geometry of a clinoform with an abrupt-
ly increasing rate of shoreline retreat (Muto 
et al., 2007; Parker et al., 2008a). This process 
is known as sediment-starved (i.e., nondeltaic) 
autoretreat. During autoretreat, stratal stacking 
patterns evolve under steady external forcing 
(i.e., nonequilibrium response), which violates 
conventional sequence stratigraphic concepts, 
i.e., that the alluvial profile adjusts only with 
unsteady external forcing (i.e., equilibrium 
response; as advocated by Posamentier et al., 

1988; Posamentier and Vail, 1988). While ex-
isting autoretreat theory clearly demonstrates 
that a fluvial-deltaic system cannot reach an 
equilibrium state whereby the alluvial profile 
becomes steady and fixed, the fact that the 
evolving alluvial profile becomes steady in its 
dimension during sediment-starved autoretreat 
suggests a state of dynamic equilibrium that 
still is yet to be understood (Muto, 2001; Parker 
et al., 2008a).

In this study, we sought to understand how 
the hydraulic conditions, influenced by both au-
togenic processes and external forcing mech-
anisms, lead to autoretreat of lowland fluvial 
systems. We did this by leveraging a fluvial 
morphodynamic model to simulate this auto-
genic process and associated patterns of sedi-
ment deposition to evaluate the stratigraphic im-
plications. The simulated hydraulic conditions 
associated with autoretreat were compared with 
an ensemble of natural rivers.

NUMERICAL MODELING AND 
RESULTS

We used the numerical methods from Wu and 
Nittrouer (2020) in this study. These combine the 
fluvial-deltaic morphodynamic model of Parker 
et al. (2008a, 2008b) and the grain-size–specific 
sediment transport relation of Naito et al. (2019) 
to simulate the impacts to river hydraulics under 
the condition of constant base-level rise. The 
ensuing impacts on the autostratigraphic devel-
opment as a result of the evolving downdip allu-
vial and deltaic profiles are determined (see the 
Supplemental Material1). We performed 1000 
model runs for a range of initial conditions of 
channel bed slope S (i.e., 4 × 10−4 to 6 × 10−5) 

1Supplemental Material. Additional details on the numerical model, code availability, and data from natural examples. Please visit https://doi .org/10.1130/
GEOL.S.12501923 to access the supplemental material, and contact editing@geosociety.org with any questions.
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and basement slope Sb (i.e., 10−5 to 10−3), as are 
typical of lowland rivers, with values generated 
by Monte Carlo sampling (see the Supplemental 
Material). Boundary conditions, including sedi-
ment  supply (sediment flux qs of 0.05 m2/s) and 
the rate of base-level rise Rbl (10 mm/yr), were 
fixed for the model runs, which were run for a 
duration of 5000 yr. The first-order estimates 
of the time and longitudinal alluvial length as-
sociated with onset of autoretreat (Muto et al., 

2007), which are typically calculated as the au-
tostratigraphic length scale La (La = qs/Rbl) and 
time scale Ta (Ta = Sqs/Rbl

2), were used to nondi-
mensionalize the model results. All model runs 
showed the development of autoretreat, and 837 
runs reached sediment-starved autoretreat.

Key findings from the numerical model are 
illustrated with the results of one model run 
(S = 2 × 10−4, Sb = 10−3). Stratigraphic devel-
opment shows initial progradation/aggradation 

(shoreline advance) and subsequent retrogra-
dation/aggradation (shoreline retreat; Figs. 1A 
and 1B). The depositional system reaches au-
tobreak, upon which time sediment-starved 
autoretreat accelerates (Figs. 1C and 1D). This 
is a well-known shoreline trajectory pattern 
(Fig. 1D) that characterizes autoretreat (Muto, 
2001; Muto et al., 2007). Median grain size of 
the channel bed fines up-section in the stratig-
raphy associated with sediment accumulation 
(Fig. 1E). Flow depth increases downstream, 
which is a condition characteristic of backwater 
hydrodynamics (Fig. 1F). The degree of deep-
ening increases through the model run until 
autobreak, after which flow depth at the river 
mouth maintains a constant value. Across the 
time-transgressive flooding surface, grain size 
fines upstream (Fig. 1E), and flow depth is con-
stant (Fig. 1F). The rate of shoreline migration 
mostly decreases during the shoreline advance 
phase and becomes negative at the onset of the 
shoreline retreat phase (Fig. 2A). The rate of 
retreat shows an instant eighteen-fold increase 
(from 2 to 36 m/yr) as sediment-starved autore-
treat initiates; it then increases linearly to the end 
of the simulation. The depositional front (i.e., 
maximum channel bed aggradation rate) coin-
cides with the shoreline location during the early 
phase. It then diverges from the shoreline during 
the retreat phase and eventually migrates up-
stream simultaneously with the shoreline during 
sediment-starved autoretreat (Fig. 2B). The cal-
culated backwater length Lb (see the Supplemen-
tal Material) of the system increases throughout 
the simulation, but it plateaus after autobreak 
(Fig. 2C), when most sediment is sequestered 
within the alluvial reach (Fig. 2D).

Although the backwater length typically in-
creases in response to sustained base-level rise 
(Parker et al., 2008b; Moran et al., 2017; Wu and 
Nittrouer, 2020), herein it is shown for the first 
time that the increase is not indefinite. The back-
water length becomes constant during the sed-
iment-starved autoretreat phase. Together with 
a steadily retreating shoreline and depositional 
front (Figs. 2A and 2B), the system evolves into 
a dynamic equilibrium state during sediment-
starved autoretreat. Another line of evidence for 
a dynamic equilibrium state comes from the flu-
vial profile. Previous studies have shown that the 
morphodynamically active reach (i.e., backwater 
reach in this study) of the fluvial profile becomes 
similar over time during sediment-starved au-
toretreat (Parker et al., 2008a), but this effect has 
rarely been quantified in terms of the degree of 
similarity. Several statistical methods were run 
to test this similarity using the detrended channel 
bed profile (Fig. 3; see the Supplemental Mate-
rial). First, the root mean square (RMS) of the 
overall channel bed profile reaches a constant 
value, suggesting that the total variability (ag-
gradation rate) in overall channel bed profile 
becomes steady. This result agrees well with the 
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Figure 1. (A) Initial alluvial and deltaic foreset profiles. La—autostratigraphic length scale 
(La = qs/Rbl [sediment flux / rate of base-level rise]). (B) Cross-sectional view of the modeled 
stratigraphy illustrated with downdip profiles of channel bed (alluvial) and deltaic foresets, 
shown for 500 yr increments before autobreak (alluvial profile marked in gray). (C) Strati-
graphic development through sediment-starved autoretreat (alluvial profiles marked in black). 
(D) Shoreline trajectory. (E) Median grain size (D*, normalized by initial grain size) of fluvial 
stratigraphy. Red line marks flooding surface. Inset shows median grain size across flooding 
surface. (F) Spatial-temporal variability in flow depth (H*, normalized by uniform flow depth). 
White solid line marks backwater transition, and red line marks flooding surface. t—time; 
Ta—autostratigraphic time scale.
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fact that nearly 100% of the sediment supply 
is consumed within the fluvial reach after the 
autobreak. Therefore, the average channel bed 
aggradation at each time step becomes constant 
because the sediment supply is fixed. Second, 
the statistical significance of the dynamic equi-
librium can be further explored by treating the 
detrended alluvial profile as a time series, where 
the cross-correlation between profiles at differ-
ent time steps can be calculated. The value of 

peak correlation converges to a constant, also in-
dicating that the changes between profiles at suc-
cessive time steps become steady. A correlation 
lag represents the displacement of peak correla-
tion (i.e., depositional front) for the detrended 
channel bed profile at successive time steps. A 
convergence of the correlation lag to a constant 
value indicates that the displacement between 
successive channel profiles becomes steady. 
This agrees well with the steady upstream shift 
in the depositional front and shoreline during 
sediment-starved autoretreat (Figs. 2A and 2B). 
Therefore, the channel bed becomes steady in 
profile so that the system can be considered to 
be in a dynamic equilibrium state, even though 
the channel bed migrates through time (migrat-
ing morphology of permanent form).

DISCUSSION
Previous investigations of autoretreat empha-

sized the development of the alluvial and deltaic 
profiles as a function of subaerial and subaque-
ous bed basement slopes, fluvial slope, and delta 
foreset slope, where the alluvial/basement tran-
sition sets the upstream boundary of the fluvial 
system (Muto 2001; Muto et al., 2007; Parker 
et al., 2008a). For lowland systems, the alluvial/
basement transition is less likely to show sig-
nificant adjustment to base-level change, and 
the upstream boundary of the actively evolving 
(morphodynamically active) reach of the fluvial 
system, in the two-dimensional modeling space, 
is defined by the backwater transition (Wu and 
Nittrouer, 2020). In lowland systems, the de-
velopment of different phases in autoretreat 

is the result of the evolving backwater profile. 
For example, (1) an increase in the backwater 
length and an upstream shift in the deposition-
al front cause increased sediment sequestration 
in the fluvial reach, leading to a retreat phase 
(Figs. 2B–2D), and (2) as the backwater length 
establishes a steady value, most of the sediment 
is trapped in the fluvial reach, and sediment-
starved autoretreat is triggered as the delta fore-
set is abandoned.

In general, the time it takes for a system 
to reach sediment-starved autoretreat (tssa) is a 
function of backwater length and basin slope 
(Fig. 4A). For a system with a lower channel 
bed slope (hence, longer backwater length Lb), 
or a steeper basin floor, more time is required to 
reach the state of sediment-starved autoretreat 
compared to the associated autostratigraphic 
time scale (Ta). Variation of the slope of the basin 
floor has a similar effect on the morphodynamics 
of the system to variation in downstream basin 
depth (Carlson et al., 2018; Wu and Nittrouer, 
2020). For example, a system with a steep basin 
slope requires more time to develop a backwater 
profile in response to sea-level (base-level) rise, 
and so the onset of sediment-starved autoretreat 
is delayed. Moreover, the cases where sediment-
starved autoretreat is not achieved during the 
simulation time frame were all associated with 
relatively high fluvial slopes (S of 2.6 × 10−4 
to 4 × 10−4, with a mean of 3.4 × 10−4). This is 
also the result of a shorter backwater length in 
systems with steep channel slopes, whereby the 
sediment supply cannot be completely seques-
tered within the alluvial reach, and thus progra-
dation of the delta foreset is sustained. This is 
similar to the effect of a reduced alluvial length 
during retreat when sediment-starved autoretreat 
is not realized (Muto et al., 2007).

The hydraulic condition that characterizes 
the onset of autoretreat can be further evaluated 
by the degree of backwater-induced downstream 
deepening of flow depth. Interestingly, the onset 
of autoretreat corresponds to a downstream flow 
depth at the river mouth that is about twice the 
normal flow depth for a given system (Fig. 4B). 
The degree of downstream deepening of the flow 
depth associated with autoretreat is consistent 
across simulated systems with a range of chan-
nel beds and basin slopes (Fig. 4B). Flow depth 
at the river mouth ceases to increase at the auto-
break point (Fig. 1F), and the backwater length 
becomes dynamically invariant (Figs. 2B and 
2C). Based on these simulation results, we pos-
tulate that a dynamic equilibrium state will be 
attained if a twofold downstream increase in 
flow depth across the backwater zone persists. 
This relation seems to hold for natural systems 
as well (Fig. 4B). For example, the flow depths 
of the Mississippi (Nittrouer et al., 2012), Trin-
ity (Smith et al., 2020), Yangtze (Huang et al., 
2014), Tombigbee (Dykstra and Dzwonkowski, 
2020), middle Fly (Day et al., 2008), and Brazos 
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Figure 2. Temporal vari-
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migration rates (positive 
values indicate basinward 
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retreat), (B) locations of 
shoreline and deposi-
tional fronts (maximum 
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(Carlin et al., 2015) Rivers during low-stage (dis-
charge) conditions show a twofold  downstream 
increase across the respective backwater regions 
(see the Supplemental Material). These systems 
have experienced significant base-level rise 
through the Holocene (Törnqvist et al., 2004; 
Milliken et al., 2008), and thus they are likely 
to be close to a state of dynamic equilibrium and 
thus susceptible to rapid sediment-starved au-
toretreat under potentially accelerated sea-level 
rise conditions (Wallace and Anderson, 2013; 
DeConto and Pollard, 2016).

CONCLUSION
It is critical to understand the morphody-

namic responses of fluvial systems during base-
level rise in order to evaluate the susceptibility 
of deltaic retreat under future sea-level rise sce-
narios. This study shows that under sustained 
rate of base-level rise, lowland fluvial-deltaic 
system will retreat, become nondeltaic, and 
reach a morphodynamic equilibrium state due 
to a backwater flow condition that is character-
ized by a twofold downstream increase in reach-
averaged flow depth. Besides predicting fluvial 
response to sea-level rise, the methods presented 
herein provide a quantitative framework with 
which to evaluate the impact of environmen-
tal boundary conditions (i.e., rate of base-level 
rise, basin slope, and sediment supply) on strati-
graphic patterns, especially for fluvial systems 
that have experienced retrogradation with the 
development of flooding surfaces. The methods 
of this study could potentially be used to better 
constrain the ancient environmental boundary 
conditions, which are typically difficult to re-
solve from the geological record, by minimizing 
the misfit between model results and field mea-
surements of stratigraphic patterns. This process 
can provide a basis for understanding deep-time 

depositional processes and associated geological 
forcing mechanisms.
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Mississippi and Alabama, USA; Brazos—Texas, USA; Trinity—Texas, USA.
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