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Abstract: Cutoffs, which include neck and chute cutoffs, are the results of the fluvial processes that fundamen-
tally influence evolution of meandering rivers. A neck cutoff happens when the two limbs of a highly sinuous
bend touch, whereas a chute cutoff refers to the formation of a shortcut channel passing through ameander bend.
In this review, we begin by distinguishing the morphological and hydrological conditions of the two cutoff
types. Mechanisms driving the development of a neck cutoff are embodied in a variety of kinematical and
hydrodynamic models simulating processes governing the long-term evolution of meandering rivers. These
models adopt a morphological threshold for judging the occurrence of a neck cutoff, b = αw, where α is a cons-
tant ranging between 0 and 1, b is the bend neck width and w is the mean channel width. The potential under-
estimation of the evolutionary period during the late stage of bend evolution toward a neck cutoff when using
this morphological threshold and the uncertainties in quantifying the migration–curvature relationship limit the
abilities of existing models to predict the occurrence of neck cutoffs. We then suggest three possible directions
for future research onmeander neck cutoffs.Mechanisms controlling chute cutoffs are relevant to six key factors
representing the meander hydrological regime, planform morphology, bed topography and floodplain charac-
teristics. The combination of these factors gives rise to four distinguishable triggering mechanisms: headward-
erosion, embayment, mid-channel bar and scroll–slough chute cutoffs, though the initiation of the chute cutoff
may be caused by some combination of these. However, the hydraulic and morphological characteristics of
meander bends under these triggering mechanisms are so complex that they are often site-specific, making it
extremely challenging to generalize the known morphodynamic and hydrodynamic processes driving the for-
mation of chute cutoffs in individual meander bends. We close the review by recommending three possible
research directions on chute cutoffs for tackling the existing challenges in the future.

Meander cutoff: concepts and importance

The term ‘meander cutoff’ refers to a fluvial phe-
nomenon wherein a meander bend in a single-thread
river is shortened by the connection of the two bend
limbs, creating a shorter route for the river to flow
through (Tower 1904). Cutoff plays a key role in
the complex dynamics of meandering river evolution
by geometrically constraining the complexity of
meander planform through episodic reduction of
river sinuosity, and dynamically interrupting mean-
dering river evolution by generating intermittent
sediment pulses that affect river migration and
dynamics both locally and at the reach scale (Howard
and Knutson 1984; Stolum 1996; Camporeale et al.
2008; Frascati and Lanzoni 2010; Micheli and
Larsen 2011; Schwenk and Foufoula-Georgiou
2016; Guo et al. 2019; Ielpi and Lapotre 2020).
These two processes collectively reduce the non-
linearities embedded in meandering river planforms
(Güneralp et al. 2012). Meander cutoffs also leave
behind oxbow lakes that serve as perifluvial habitats
with high ecological potential (Amoros 2001;

Amoros and Bornette 2002; Stella et al. 2011), pro-
viding homes to numerous plant and wildlife species
(Ward et al. 1999; Piegay et al. 2000). Additionally,
meander cutoffs affect subsequent river morphody-
namics by modifying floodplain sedimentology and
contributing to sediment connectivity between the
floodplain and the associated meandering river (Car-
son and Lapointe 1983; Erskine 1992; Aalto et al.
2008; Phillips 2013; Grenfell et al. 2014), ultimately
driving the formation of meander belts (Stolum and
Friend 1997; Durkin et al. 2018) that can be pre-
served in the rock record.

Meander cutoffs can sometimes lead to geopolit-
ical issues. Because international borders or territo-
rial boundaries may be defined by rivers, when a
meander cutoff significantly changes the course of
a river, it could potentially impact the delineation
of borders between countries or regions. Conse-
quently, disputes over river boundaries and the
resulting geopolitical implications may arise. Cut-
offs can also be used as a simple tool to artificially
create a short cut across the floodplain between a
bend for facilitating navigation (Pan et al. 1978;
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Winkely 1982; Coomes et al. 2009) or to relocate a
meander reach for a specific land use (Thompson
2003). At times, potential cutoffs could lead to unex-
pected flooding that may threaten buildings and the
lives of local residents in the floodplain along its
downstream reach. For example, in the middle
reach of the Yangtze River, 400 km below the well-
known Three Gorge Dam in China, a highly sinuous
bend was evolving toward cutoff (Fig. 1). If the cut-
off had happened, then the flow would have gained
power due to the enhanced bed slope, increasing
the risk of bank erosion and flooding in the nearby
city of Yueyang that is home to 1.3 million people.
To prevent the meander from cutting off, a series
of engineering measurements for bank reinforce-
ments (i.e. revetment) was put in place.

Types of cutoffs and their general
characteristics

Cutoff can generally be divided into two categories
(Lewis and Lewin 1983; Hooke 1984; Knighton
1998; Rhoads 2020). The first is a neck cutoff
(Fig. 2a–c), which occurs when the two limbs of a
highly sinuous bend intersect with each other (Mos-
ley 1975; Ratzlaff 1981; Howard and Knutson
1984). The second is a chute cutoff (Fig. 2d, e),
which involves the formation of a new, shorter

channel that bypasses a meander bend through its
point bar or floodplain, effectively ‘cutting off’ the
bend from the main flow path of the river (Friedkin
1945; Brierley 1991; Erskine et al. 1992; Hooke
1995a; Fuller et al. 2003; Viero et al. 2018). Neck
cutoffs tend to emerge in bends developed in low-
gradient reaches with high sinuosity and bend curva-
ture (Lewis and Lewin 1983; Micheli and Larsen
2011). Their development is mainly controlled by
spatially heterogeneous bank erosion and generally
takes a much longer time to form than chute cutoffs
(Friedkin 1945; Hooke 2004; Constantine et al.
2009; van Dijk et al. 2012). Chute cutoffs tend to
occur in bends with low and intermediate curvatures
(Howard 1996), though they could happen in highly
convoluted bends as well (Camporeale et al. 2008;
Ghinassi 2011; Grenfell et al. 2014). They are
often caused by high flows, coupled with appropriate
combinations of channel and floodplain geomor-
phology (Howard and Knutson 1984; Gilvear et al.
2000; Hooke 2004; Ghinassi 2011; Kleinhans and
van den Berg 2011). Some may also form under
moderate flow conditions (Thompson 2003; Hooke
2004; Gautier et al. 2007; van Dijk et al. 2014). In
nature, even within a short meandering segment
that has homogeneous physiographic conditions,
both types of cutoffs can form (Fig. 3; Ielpi et al.
2021), indicating that their initiation is essentially
controlled by local hydraulic and morphological
conditions of the meandering bends.

Mechanisms of neck cutoffs and challenges

Modelling neck cutoffs in the context of
meander evolution

Neck cutoffs can be found globally (Lewis and
Lewin 1983; Howard and Knutson 1984; Fares
2000; Das et al. 2007; Schwenk and Foufoula-
Georgiou 2016; Guo et al. 2019). Yet, the fluvial
processes of neck cutoffs are difficult to directly
observe in natural meandering rivers, as these pro-
cesses are more progressive, whereas the occurrence
of chute cutoffs is relatively swift (Hooke 1995b,
2013; Li and Gao 2019; Li et al. 2023). Because
neck cutoffs are viewed as a process ending the
cycle of meandering bend evolution, the mecha-
nisms driving the occurrence of neck cutoffs are
intrinsically rooted in the evolutionary processes of
meandering rivers, the latter being fundamentally
controlled by local channel curvature and bank erod-
ibility (Ikeda et al. 1981; Parker et al. 1982; Campor-
eale et al. 2007). The interaction between these
processes and the control factors can be character-
ized by bend theory (Parker et al. 1983; Parker and
Andrews 1986; Tubino et al. 1999), which states
that bend migration (or instability) is driven by the

Fig. 1. A highly sinuous bend (Qigongling) in the
middle reach of the Yangtze River with a very narrow
neck. The narrowest neck width, which is about 520 m,
is less than 50% of the mean channel width. Inset 1
shows an example of the protected bank section
(revetment), while inset 2 displays an example of the
unprotected bank section that has experienced erosion.
The tributary converging to the Middle Yangtze River
is from Dongting Lake, one of the two largest
freshwater lakes in China.
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interaction among local flow hydraulics, bend curva-
ture and bed topography (i.e. formation and develop-
ment of fluvial or forced bars; Blondeaux and
Seminara 1985; Seminara et al. 2001; Edwards and

Smith 2002; Frascati and Lanzoni 2009). Based on
this theory, two general mathematical frameworks
have been established to characterize meander evo-
lution: kinematic and hydrodynamic models. The

Fig. 2. Examples of the two types of cutoffs. (a) The Black River in the Upper Yellow River, China (33.155069°,
103.069794°). The image was taken on 12 April 2014. (b) The Napo River, Napo, Peru (−2.311260°, −74.151275°).
This image was taken on 8 February 2020. (c) The Itui River, Atalaia Do Norte, Brazil (−4.901217°, −70.424809°).
The image was taken on 26 September 2000. (d) The Ucayali River, Capelo, Peru (−5.325583°, −74.071979°). The
image was taken on 30 December 1985. (e) The Amazon River, Itacoatiara, Brazil (−3.154756°, −58.265286°). The
image was taken on 30 December 2015.

Fig. 3. Two examples showing the co-existence of neck and chute cutoffs within the same section of two meandering
rivers with different sizes and physiographic settings. (a) The Ucayali River (−5.211344°, −74.302247°). The image
was taken on 19 August 2012. The channel width in this segment is between 450 and 790 m. A neck cutoff occurred
in the upstream segment, followed by a few chute cutoffs. (b) The Black River, a tributary of the Upper Yellow
River, China (33.572522°, 102.941661°). The image was taken on 21 August 2021. The channel width in this
segment is between 40 and 50 m. A chute cutoff happened in the upstream segment, while a neck cutoff occurred in
the nearby downstream part.
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first framework specifies that the migration rate of a
point along a meander bend is a function of the
weighted curvatures of this point and other upstream
points along a bend (Howard and Knutson 1984;
Güneralp and Rhoads 2009):

R(s) = h(s)C(s). (1)

Here, R(s) is the dimensionless migration rate,
expressed as the ratio of the true migration rate (r)
to themean channel width (w),C(s) is the dimension-
less curvature of the point, defined as c/wwith c rep-
resenting the radius of curvature at the point, h(s) is
the weighted or transfer function (Güneralp and
Rhoads 2009) and s is the along-channel (i.e. the
Lagrangian) distance upstream from the point. In
somemodels, the effect of bank erosion on migration
is represented by a simple constant (Ferguson 1981;
Gilvear et al. 2000; Hooke 2003). In others, it is
incorporated into h(s) that has complex, non-linear
functions as one of many parameters (Güneralp
and Rhoads 2009; Sylvester et al. 2019).

The second framework states that bend migration
rate (R) is determined by the product of bank erod-
ibility coefficient (E) and the excess flow velocity
near the outer bank (ΔU ) (Howard 1992):

R = EΔU. (2)

The value of E is commonly determined using
field-measured data (Micheli and Kirchner 2002;
Wallick et al. 2006; Constantine et al. 2009), while
ΔU is determined using depth-averaged shallow-
water equations that account for curvature-driven
and topography-driven effects on flow and sediment
transport (Camporeale et al. 2008; Asahi et al. 2013;
Bogoni et al. 2017).

A common feature in these two types of models
lies in the fact that the planform of a meander bend
or reach is represented by the centreline of the asso-
ciated meandering river (Howard 1996; Stolum

1998; Schwenk and Foufoula-Georgiou 2016). By
definition, a neck cutoff occurs when two points on
the upstream and downstream limbs of a bend
contact each other. However, at this moment, the
equivalent two points along the centreline do not
physically touch. Therefore, the occurrence of a
neck cutoff means in theory that the distance
between these two points reaches a minimum
value. Although Bridge (1975) suggested that in nat-
ural rivers, this distance is variable and should be
characterized using a stochastic function in models,
Howard and Knutson (1984) first proposed to quan-
tify this minimum distance deterministically using a
predetermined critical value (PCV) that is about one
(mean) channel width (w). Following this idea, dif-
ferent PCVs ranging from 1.0 to 2.0w were adopted
in subsequent modelling analyses (Howard 1992,
1996; Sun et al. 1996; Stolum 1998; Camporeale
et al. 2005). In other words, a morphological thresh-
old is reached for the occurrence of a neck cutoff
when the narrowest neck width (b) is between 0
and 1.0w. Still, in some modelling studies, the
PCV was treated as an adjustable parameter that
was determined at the discretion of the modellers
(Camporeale et al. 2005; Sylvester and Covault
2016; Li and Garcia 2021). After the initiation of a
neck cutoff, the abandoned channel bend is removed
and the remaining segment is smoothed for subse-
quent simulation (Frascati and Lanzoni 2009;
Bogoni et al. 2017; see Fig. 4). Many of these mod-
els, simpler or more complex, have successfully
reproduced the planform shapes of the simulated
river reaches or bends that are statistically (or visu-
ally) similar to those of the real meandering rivers
(Gilvear et al. 2000; Güneralp and Rhoads 2009;
Motta et al. 2012; Schwendel et al. 2015; Schwenk
et al. 2015; Sylvester et al. 2021). The apparent
success implies that use of different PCVs for deter-
mining the occurrence of neck cutoffs does not affect
the overall characteristics of the simulated long-term

Fig. 4. Illustration of the treatment for a neck cutoff in numerical models. The solid curve is the channel centreline
used in models, while the two dashed curves are the actual inner and outer banks of a bend channel, b is the neck
width, w is the mean channel width and α is a constant ranging between 0 and 1.
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evolutionary outcomes of meandering rivers (Sun
et al. 1996).

However, these models essentially rely on two
implicit assumptions: (1) the channel width remains
constant during the entire simulation period (Fig. 4);
and (2) bank erosion is caused by fluvial processes
and hence occurs continuously (Zhao et al. 2021).
Studies have shown that though the meander channel
width actually changes from time to time, these
changes oscillate around a mean over time (Dubon
and Lanzoni 2019; Mason and Mohrig 2019), an
observation that apparently supports the first
assumption. Nonetheless, meander migration may
be independently controlled by either outer bank
erosion (Hooke 2007; Gautier et al. 2010; van de
Lageweg et al. 2014) or inner bank deposition (Con-
stantine et al. 2014; Schuurman et al. 2016), which
are commonly known as the bank pull and bar push
mechanisms (Dietrich and Smith 1983; Mason and
Mohrig 2018). Therefore, attempts to include these
two processes separately and explicitly have been
made in a few hydrodynamic models to allow the
channel width to vary (Zolezzi et al. 2012; Eke
et al. 2014; Dubon and Lanzoni 2019). The second
assumption ignores the episodic process of bank
collapse and the subsequent sheltering effect of the
slumped bank bodies on bank erosion (Parker et al.
2011; Engel and Rhoads 2012; Dubon and Lanzoni
2019; Gao et al. 2021), which may have a significant
effect on the migration rate. Models addressing these
effects have also been developed (Asahi et al. 2013;
Zhao et al. 2021).

Challenges in understanding processes
controlling neck cutoffs

In natural environments within different climate
zones of the world, many highly sinuous meander
bends do not exhibit a tendency to form neck cutoffs,
even if neck widths are close to or within the mor-
phological threshold (i.e. b = w). These bend necks
may remain close to (or below) the morphological
threshold for many years before a neck cutoff is
formed. For instance, the Sampaya 2 bend in the
Ucayali River, reported in Schwenk and Foufoula-
Georgiou (2016) remained stable for about two
years after b = w (Fig. 5). In contrast, a highly sinu-
ous bend near the outlet of the Black River in the
Zoige basin within the Upper Yellow River, located
in the northeastern Qinghai–Tibet Plateau has dis-
played a neck width b ≤ 0.5w since the 1970s,
with the current neck width being equal to about
0.1w (Fig. 6). Along the middle and lower reaches
of the Black River, a dozen highly sinuous bends
with b/w , 1 appear to be stable. Li et al. (2023)
predicted that it may take from 52 to 161 years for
these bends to initiate a neck cutoff. The implication

is that the use of the morphological threshold may
significantly underestimate the duration of the actual
evolutionary cycle of a meander bend, which could
change the subsequent evolutionary course of the
associated meandering reach. Although theoretical
analyses based on a kinematic model (Seminara
et al. 2001) revealed that the growth rate of a mean-
der bend decreases sharply in the late stage of mean-
der development, this finding relied on the simplified
meandering channel using its centreline and thus fell
short of explaining what may happen after the mor-
phological threshold is reached, but the neck cutoff
is not initiated yet.

The fact that bends within the same meander
reach have different evolutionary periods after reach-
ing the morphological threshold suggests that hydro-
dynamic controls of channel lateral migration along
each bend might be different. In a laboratory study
using a flume bend channel to mimic the channel
bed and planform morphology of a natural sharp
bend, Blanckaert (2011) demonstrated that the flow
structure within this bend can be decomposed into
three different hydrodynamic patterns: the saturation
of the secondary flow, the emergence of outer-bank
cells and the inner-bank flow separation. The first
two processes reduce the local stream power and
hence inhibit bend migration, whereas the last pro-
cess promotes migration. It follows that in a natural
meander bend, both bank erosion and neck reduction
rates are controlled by the combined effect of the
three hydrodynamic patterns, which depend largely
on local bed topography and bend planform mor-
phology (e.g. curvature), as well as magnitudes of
in-channel flows. This complexity is consistent
with field measurements carried out in highly sinu-
ous natural bends, which indicated that the flow
structure is highly variable both in time (Fares
2000) and space (Konsoer and Richards 2016).

Morphologically, highly convoluted bends often
develop multiple sub-bends within the original
bend, creating ‘compound’ loops (Brice 1984; Ebi-
semiju 1994; Guo et al. 2021). Therefore, flow struc-
tures in these bends may be too intricate (Ferguson
et al. 2003) to be appropriately captured using exist-
ing hydrodynamic models. The main challenge is
that it is hard to simplify these strongly localized
three-dimensional flow structures using depth-
averagedmodels (Bogoni et al. 2017). This hydrody-
namic challenge inherently leads to uncertainties in
characterizing spatial structure between bend curva-
tures and the associated migration rates. Many theo-
retical analyses have shown that high-order transfer
(or weighted) functions are capable of reproducing
planform geometries of highly sinuous (or com-
pound) bends (Zolezzi and Seminara 2001; Campor-
eale and Ridolfi 2006). However, it seems that the
spatial structure of compound bends, such as phase
lag, can be captured through the lens of long-term
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evolution of meandering reaches using different
transfer functions, such as a high-order weighted
function (Li and Garcia 2021) or an exponential
function (Sylvester et al. 2019). The conundrum is
how to parameterize these functions, such that the
models can reproduce the trajectories of highly
sinuous bends after reaching the morphological
threshold for neck cutoff. Achieving this is important
because successfully capturing the late-stage bend

evolutionary trajectories means that the models will
be able to accurately predict the time when a neck
cutoff could occur.

Future research directions for meander neck
cutoffs

Based on current knowledge of meandering rivers,
we propose three directions for future research.

Fig. 5. Time lapses of the Sampaya 2 bend in the Ucayali River (−9.546944°, −74.185278°) reported in Schwenk
and Foufoula-Georgiou (2016). This highly convoluted bend reached the morphological threshold (i.e. b = w) at the
time between 2000 and 2001. (a)–(e) are the same bend at five different times. The fitted curve in (f) is an empirical
equation developed in Li et al. (2019) for predicting the neck width of a meander bend after its neck reaches the
morphological threshold. In this case, the curve was generated based on the three points representing the neck widths
that were less than the mean channel width.
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The first is the development of new models for pre-
dicting the time when a neck cutoff is initiated.
The majority of the existing (kinematic and hydrody-
namic) models are generally used for describing
long-term evolutionary patterns of meandering
reaches that involve multiple bends with variable
patterns of planform morphology. In these models,
a neck cutoff is treated as an instantaneous process
that adjusts the reach-scale planform morphology
(see Fig. 4). The variable late-stage periods cannot
be reflected mainly because the detailed changes of
bed topography are simplified and bank erodibility
is assumed constant (e.g. Stolum 1998; Sun et al.
2001; Sylvester et al. 2019). Although developing

a two-dimensional model that directly simulates the
migration of the two bank lines (Asahi et al. 2013)
might be a solution, such a model requires more
detailed boundary conditions and involves more
parameters that need to be calibrated using field-
obtained data, which are often not available. The
alternative could be to develop quasi-one-
dimensional models (Dubon and Lanzoni 2019)
that combine bathymetry-generating models (Fras-
cati and Lanzoni 2013; Li and Garcia 2021) with
centreline-based models to reduce the degree of
complexity while simulating temporal changes of
the bed topography of highly sinuous bends. To cap-
ture the late-stage evolution of a highly sinuous bend

Fig. 6. Time lapses of a meander bend near the outlet of the Black River in the Zoige basin, located in the
northeastern Qinghai–Tibet Plateau (33.968889°, 102.212778°). (a)–(e) are the same bend at five different times. The
fitted curve in (f ) is also the empirical equation developed in Li et al. (2019). In this case, even the earliest available
image in 1985 has the neck width less than the mean channel width.
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toward a neck cutoff, bed topography of the bend,
either directly measured in the field or approximated
from high-resolution images, should be used to
determine the most appropriate transfer functions
in the model (e.g. Li and Garcia 2021). Also, bank
erodibility should be treated as a variable parameter
(Güneralp and Rhoads 2009; Parker et al. 2011;
Motta et al. 2014; Li and Garcia 2021; Zhao et al.
2021).

The second direction is to understand the trigger-
ing mechanisms of a neck cutoff after the neck of a
highly convoluted bend reaches the morphological
threshold. Bank erosion is well known as the domi-
nant mechanism that triggers a neck cutoff (Gagliano
and Howard 1984; Hooke 1995b; Stolum 1998;
Fares 2000; Edwards and Smith 2002; Constantine
et al. 2009). However, as the neck width becomes
narrow, the initiation of a neck cutoff could also be
accelerated by the percolation effect between the ver-
tical walls of the neck (Stolum and Friend 1997) dur-
ing low flows. Eekhout et al. (2013) revealed the
critical role of the seepage flow in promoting bank
erosion that leads to a (neck) cutoff in natural mean-
der bends. A similar bank-weakening seepage ero-
sion during a neck cutoff was later observed in a
laboratory sand table (Han and Endreny 2014).
Recently, a series of laboratory flume experiments
replicating highly sinuous meander bends with one
of them reaching the morphological threshold (i.e.
b ≍ 0.5w) reproduced meandering river evolution
at the late stages before neck cutoff (i.e. b/w,
0.1; Li et al. 2019, 2022). Neck cutoffs in these
experiments were initiated by seepage flow
(Fig. 7a), which ‘soaked’ the nearest neck, not only
weakening the flume channel banks, but also causing
a reduction in the neck height (Fig. 7b). Although the
role of seepage flows in initiating neck cutoff is
indisputable, their morphodynamic development is
still not clear. In particular, it remains unclear how

long it takes for the surface water gradient between
the two neck walls to develop the seepage flow,
though this time period may be related to the coupled
effect between the magnitude and frequency of dis-
charges, bank strength, bed topography (e.g. slope
and roughness) and bend planform morphology.
Because it is challenging to directly monitor seepage
development in natural meander bends, investigating
this mechanism in laboratory flumes is a practical
option. Thus far, flume experiments have been per-
formed to successfully maintain a sinuous meander-
ing channel and even achieve chute cutoff by
planting vegetation along the banks or using sedi-
ment with different mechanical properties (e.g. silica
flour; Braudrick et al. 2009; Tal and Paola 2010; van
Dijk et al. 2012). However, it is still impossible to
achieve a neck cutoff in flume experiments because
the migration rates of the channel banks protected
by vegetation are very slow, such that the time
required for the occurrence of a neck cutoff is
beyond what can be handled in laboratory flumes
(Howard 2009). Future efforts may focus on per-
forming flume experiments under variable dis-
charges in artificially vegetated meander bends that
have reached the morphological threshold.

The third direction is to develop empirical equa-
tions for estimating the lifetime durations of highly
sinuous meander bends from the time of reaching
the morphological threshold to the occurrence of a
neck cutoff. Li et al. (2023) demonstrated that linear
relationships accurately describe the reduction of
neck width in 14 highly sinuous and compound
meander bends once the morphological threshold
was reached. The key to developing these relation-
ships is the availability of a series of high-resolution
remotely sensed images that capture relevant mor-
phodynamic changes in meander bends. The
advance of new data acquisition technology, such
as unmanned aerial vehicles, has made it easier to

Fig. 7. The effect of the seepage flow on the neck cutoff captured in a flume experiment reported in Li et al. (2022).
(a) The concentrated dye along the downstream outer bank indicates the seepage flow passed through the walls of the
narrowest neck. (b) The weakened (thinning and lowering) walls of the narrowest neck just before the formation of
the neck cutoff.
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obtain images with very high spatial resolutions
(Westoby et al. 2012; Tamminga et al. 2015; Duffin
et al. 2021) and is likely to drive a significant step
forward in the near future. With the aid of these
images and other high-resolution images, such as
Planet and surface water and ocean topography
(SWOT), it will be possible to explore the temporal
trends of highly sinuous meander bends globally.

Mechanisms of chute cutoffs and challenges

Key factors controlling chute cutoffs

Chute cutoffs have also been widely observed as a
consequence of channel avulsion and/or overbank
flow (Kellerhals et al. 1976; Hooke 1995a; Gay
et al. 1998; Thompson 2003). The avulsion happens
in the aggradation-dominated meandering bends in
semi-arid fluvial systems (Donselaar et al. 2013;
Li et al. 2020) or temperate river valleys where
bed aggradation may cause increased local surface-
water elevation due to decreased local bed slope and
subsequent sediment deposition (Thompson 2003).
In relatively high-energy rivers, the chute cutoff is
an important process that could cause the transition
from single-thread meandering channels to a weakly
braided river (Ferguson 1990; Ashmore 1991;
Kleinhans and van den Berg 2011; Grenfell et al.
2012). Nonetheless, the formation of an avulsion
or high-magnitude floods, close to or exceeding
the bankfull threshold, in meandering rivers is
merely a necessary condition for the occurrence of
a chute cutoff. It also requires appropriate bend
planform morphology and physiographic conditions
of channel banks and the adjacent floodplains.
Therefore, the conditions in favour of chute cutoff
can be characterized by six key controlling factors
(Constantine et al. 2014; Harrison et al. 2015;
Viero et al. 2018):

(1) The flood magnitude and frequency (Ghinassi
2011; El Gammal 2017; Li et al. 2017). The
magnitude and frequency of overbank flows
determine not only whether the in-channel
water level is higher than the floodplain eleva-
tion or not (van Dijk et al. 2014), but also how
powerful it is with regard to scouring the flood-
plain and creating a new channel between the
two limbs of a bend (Gilvear et al. 2000; Fuller
et al. 2003).

(2) Sediment supply (Viero et al. 2018). A mean-
dering reach with high sediment loads tends to
have a high chance of experiencing a cutoff
(Zinger et al. 2011; Constantine et al. 2014).
However, this could be tied either to the sus-
pended load due to its function of limiting
the gravitational deflection of sediment in the
direction of the local bed slope (Nicholas

2013) or to the bed load that may facilitate
the growth/aggradation of inner point bars
and raise the water level (Zinger et al. 2011;
Constantine et al. 2014). The specific role of
sediment transport in a chute cutoff is often
affected by spatially and temporally variable
erosion and deposition in the neighbouring
floodplain, which are difficult to predict (Pie-
gay et al. 2008).

(3) Bend planform morphology (Lanzoni et al.
2006; Kleinhans et al. 2008). A bend with
high curvature, amplitude and divergence
angle at the entrance of the upstream limb
tends to reduce flow efficiency, which may
facilitate sediment deposition and overbank
flow (Micheli and Larsen 2011; van Dijk
et al. 2012; Li et al. 2020). The location
along the bend that lies close to the flow within
the high-velocity core is more subject to bank
erosion (Harrison et al. 2015) and hence
tends to initiate a chute cutoff. Nonetheless,
bend morphometry alone only provides neces-
sary conditions for triggering a chute cutoff
(Viero et al. 2018).

(4) The floodplain gradient (Constantine et al.
2010; van Dijk et al. 2014). A steeper flood-
plain between the upstream and downstream
limbs of a bend would promote floodplain ero-
sion by the overbank flow and facilitate the for-
mation of a chute channel. In particular, many
meander bends contain palaeochannels or
swales that serve as preferential paths on the
floodplain between the two limbs of the
bends (Viero et al. 2018) or develop gradient
advantage on point bars within the bend (Gren-
fell et al. 2012). These topographic structures
facilitate a chute cutoff.

(5) The erodibility of floodplain sediment (Brau-
drick et al. 2009; Dunne and Aalto 2013; van
Dijk et al. 2014). In the sense of flow compe-
tency, a floodplain with coarse particle sizes
(e.g. coarse sand and/or fine gravels) is harder
to be scoured than one with finer grains (e.g.
fine sand). However, the control of this factor
on a chute cutoff is often associated with the
next controlling factor.

(6) The flow resistance provided by vegetation on
bars, banks and floodplains (van Dijk et al.
2014; Zen et al. 2016; Vargas-Luna et al.
2019). Vegetation is widely recognized to aid
the reduction of bank erosion, especially at
high flow stages (Nicholas 2013; Horton
et al. 2017; Ielpi and Lapotre 2020; Kyuka
et al. 2021), thereby decreasing the possibility
of triggering a chute cutoff. A floodplain with
higher vegetation density is more resistant to
erosion and thus offers less chance to develop
a chute cutoff (Tal and Paola 2010).
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Different combinations of these controlling factors
lead to different fluvial processes that may induce
(or prevent) a chute cutoff. The complexity could
sometimes result in apparently contradicting obser-
vations. For instance, in lowlandmeandering reaches
within the Amazon basin, high sediment loads in riv-
ers were observed to enhance the formation of point
bars, which subsequently facilitated chute cutoffs
(Constantine et al. 2014), whereas in the Sacramento
River (USA) more cutoffs occurred in reaches with
lower sediment loads (Constantine et al. 2010).

Four mechanisms of chute cutoff

Thus far, four types of mechanisms have been iden-
tified to trigger chute cutoff by Grenfell et al. (2012).
They are described here in the context of different
combinations of the six controlling factors.

The first type is the headward-erosion chute cut-
off (Gay et al. 1998; Zinger et al. 2011; Li et al.
2020). It features an upstream overbank flow
(UOF) and the subsequent downstream bank erosion
processes (Fig. 8a–d; Ghinassi 2011). The UOF is
usually caused by (1) a natural in-channel blockage
(e.g. large woody debris, or ice; Gay et al. 1998;
Smith and Pearce 2002), or (2) high divergence
angles of the upstream bend or bed aggradation
(Hooke 1995a; Peakall et al. 2007; Li et al. 2020),
which may significantly raise water levels during

peak flows, inducing overbank flows. Once over-
bank flows pass through the floodplain and reach
the downstream limb of the bend, they are likely to
create a backward-migrating hydraulic jump, which
may initiate bank erosion due to flow impingement
(Alonso et al. 2002; Bennett and Alonso 2006) and
create a knickpoint (Fig. 8a). The overbank flows
in the following peak flows will reinforce headward
erosion (Fig. 8b), which extends the chute head
through the floodplain and finally connects to the
meander upstream limb, forming a chute channel
(Fig. 8c). In this mechanism, the chute channel is
formed by moving upslope from a position in the
bank of the downstream limb to that in the bank of
the upstream limb, which is similar to the process
of gully headward erosion (Gao 2013).

The second type is the embayment chute cutoff
(Constantine et al. 2010; see Fig. 9a–d). The embay-
ment is the location with less bank strength along the
outer bank of a bend upstream limb. This location is
typically marked by slumps due to local bank erosion
(Hackney et al. 2015), swale inherited from earlier
morphological depression of a river (McGowen
and Garner 1970) or gypsum sinkholes (Schwendel
and Cooper 2021; Fig. 9a). In this case, peak flows
have sufficiently high stream powers to excise the
embayment and extend it to the floodplain
(Fig. 9b). The subsequent floods will further incise
the initial slough, which will finally become

Fig. 8. The headward-erosion mechanism of a chute cutoff and an example. (a) Early stage of the meander bend with
a headward cut. (b) Initiation of a headward channel. (c) The formation of a chute channel. (d) A chute cutoff caused
by this mechanism (45.193285°, −105.752602°). The image was taken on 26 August 1996. This is the chute cutoff
reported in Gay et al. (1998).
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connected to the downstream limb of the bend, form-
ing a chute channel (Fig. 9c). The direction of the
chute-channel development in this mechanism is
from the upstream to downstream limbs, opposite
to that in the first mechanism (see Figs 8b and 9b).

The third type is the mid-channel bar chute cut-
off, through which the upstream flow is bifurcated
by the developed central bar due to rapid bend
expansion and translation in sand-bed meandering
rivers (Grenfell et al. 2012; van Dijk et al. 2012;
see Fig. 10a–d). van Dijk et al. (2014) further dem-
onstrated that this type of chute cutoff could also
happen in gravel-bed meandering rivers. In these
active rivers, an increased upstream bend curvature
facilitates the growth of point bars along the bend’s
inner bank (Bridge et al. 1986; Harrison et al.
2015), which may contain heterogeneous micro-
morphological units, such as chute, scroll and tail
bars (Kleinhans and van den Berg 2011; see
Fig. 10a). Peak flows arriving here may be bifurcated
between the main channel and the path along the bar
area of lower elevations (i.e. swales or sloughs),
dividing more sediment to the outer-bank side and
hence leading to the aggradation of the chute bar
and narrowing of the channel width (Fig. 10b). The
following floods may be diverted further to the
chute bar that is closer to the inner bank due to the
faster growth of its side near the outer bank. Because
the diverted flow has a potentially steeper bed

gradient than the outer-bank channel flow (i.e. gradi-
ent advantage; van Dijk et al. 2014), it has suffi-
ciently high shear stress to cut through the growing
point bar, forming a chute channel (Fig. 10c). This
mechanism happens in meandering rivers that have
relatively low bank height and active bar–channel–
floodplain dynamics (van Dijk et al. 2014). The
overbank (or over-bar) flows are caused by the bifur-
cation process due to the growth of point bars,
whereas in the second mechanism, the overbank
flow directly impinges on the ‘weak’ point (embay-
ment) of the channel bank.

The fourth type is the scroll–slough chute cutoff
(Fisk 1947; Grenfell et al. 2012; Viero et al. 2018;
see Fig. 11a–d). It typically happens in widening
sand-bed bends with point bars growing laterally
due to the formation of transverse sand bars or dep-
osition of suspended sediment (Nanson and Croke
1992; Fig. 11a). The additionally available in-
channel space further facilitates selective sediment
transport and deposition due to sediment heterogene-
ity (Nanson and Croke 1992; van de Lageweg et al.
2014), forming a series of scrolls and sloughs with
the latter serving as the preferential flow paths even
at moderate flow stages (Viero et al. 2018;
Fig. 11b). These preferential paths often become
chute channels (Fig. 11c). Development of the
chute channel is also driven by the bifurcation pro-
cesses. However, in this case, erosion of the outer

Fig. 9. The embayment mechanism of chute cutoff and an example. (a) The early stage of a meander bend with an
embayment. (b) The progress of the embayment. (c) The formation of a chute channel. (d) A chute cutoff caused by
this mechanism (39.113033°, −92.930319°). The image was taken on 2 March 2020. This is the chute cutoff reported
in Constantine et al. (2010).
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bank (i.e. the bank pull mechanism) is more active
than bar development (i.e. the bank push mecha-
nism; Mason and Mohrig 2018), which widens the
channel, because these meandering channels tend
to develop in fluvial valleys with higher slopes and
stream powers (see figures 10 and 12 in Kleinhans
and van den Berg 2011).

An essential nature of these mechanisms is that
they are not mutually exclusive. Indeed, many
chute cutoffs were initiated by a combination of sev-
eral of the above-described mechanisms (Kleinhans
and van den Berg 2011; Viero et al. 2018), among
which the headward-erosion and embayment chute
cutoffs are hydraulically dominated. This means
that the occurrence of a chute cutoff is mainly con-
trolled by in-channel fluvial processes that enhance
topographic elevations of the point bars and increase
local shear stress along the outer bank. In contrast,
the mid-channel bar and scroll–slough chute cutoffs
are topographically dominated (Viero et al. 2018).
In these cases, the location of a chute cutoff in a
meander bend is primarily determined by the loca-
tion of the overbank flow caused by the raised water

level in the upstream limb of a bend (e.g. gradient
advantage), and the preferential paths (i.e. swales
or sloughs) found on expanded point bars or
floodplains.

Challenges in understanding chute cutoffs

The distinction between hydrodynamically and topo-
graphically dominated mechanisms (Viero et al.
2018) reflects two different dominant effects of the
interaction among the above-mentioned six control-
ling factors. It follows that the migration of meander
bends is strongly affected by local morphological
characteristics of both the river and the floodplain,
and chute cutoff formation is highly site specific.
For this reason, the dominance of any of the four spe-
cific mechanisms or their combinations is largely
contingent on the physiographic and morphological
conditions of individual meandering rivers. The
site-specific nature of chute cutoff formation poses
a challenge for quantitatively generalizing the gene-
sis of chute cutoffs that could allow for predicting
their initiation. One example of this challenge is

Fig. 10. The mid-channel bar mechanism of chute cutoff and an example. (a) A meander bend with a mid-channel
bar. (b) Initiation of a chute channel. The dashed lines represent the earlier position of the same channel. (c) Further
development of the chute channel. (d) An example of a chute cutoff in the Purcu Pine River, Peru caused by this
mechanism (67.059356°, −142.553449°). The image was taken on 27 August 2010.
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the difficulty of distinguishing chute bars from
scroll–slough sequences. Even though bends with
scroll bars tend to have higher curvature than those
with chute bars (see figures 5a and b in Kleinhans
and van den Berg 2011), both types of bends experi-
ence active lateral migration, and more importantly
their chute cutoffs are essentially driven by the bifur-
cation process, which critically relies on the gradient
advantage across the bars. This might be the reason
why Viero et al. (2018) lumped the third (mid-
channel bar) and fourth (scroll–slough) mechanisms
into a single mechanism. Another example is the
ambiguity of hydrological conditions necessary for
triggering chute cutoff. For bends with cutoffs
caused by headward-erosion and embayment mech-
anisms, it is easier to understand that cutoffs need
bankfull or near bankfull discharges to assure high
local shear stress for creating an embayment or over-
bank flows for initiating headward erosion. How-
ever, for bends with bifurcation-based chute cutoffs
(i.e. the third and fourth mechanisms), the discharges
required for initiating a chute channel may just be

‘large enough’, rather than bankfull discharges
(also see p. 221 in Viero et al. 2018). Apparently,
the magnitudes of these ‘large enough’ discharges
vary among meander bends and are thus hard to
generalize.

Another challenge is modelling the processes
driving chute cutoffs. Thus far, efforts have been
made to simulate chute cutoffs using bar theory
that explains the development of meander bends
from emerging alternate bars due to the intrinsic
instability of straight, mobile channels (Struiksma
et al. 1985; Seminara and Tubino 1989). Alterna-
tively, van Dijk et al. (2014) reproduced chute cut-
offs using a one-dimensional nodal-point model
and a hydrodynamic (i.e. Delft3D) model applied
to a flume resembling a meandering reach of the
River Allier, France. By using the appropriate chan-
nel dimensions and boundary conditions that can
sustain a single-thread channel (Kleinhans and van
den Berg 2011), Schuurman et al. (2016) simulated
the processes controlling bank erosion and bar–
floodplain conversion (i.e. bar aggradation) and

Fig. 11. The scroll–slough mechanism of a chute cutoff and an example. (a) The early stage of a meander bend. (b)
The initiation of a chute channel. (c) Development of the chute channel. (d) An example of a chute cutoff in the
Irtysh River caused by this mechanism (58.634072°, 68.537628°). The image was taken on 7 May 2022.
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showed that the interaction of these processes can
lead to chute cutoffs. Based on the detailed field-
based data in a small lowland stream in the Nether-
lands, Eekhout and Hoitink (2015) successfully sim-
ulated, using Delft3D, a chute cutoff caused by the
backwater effect. These modelling analyses have
focused on the bifurcation process induced by
expanded point bars in a meandering channel, and
hence highlighted the topographical control for chute
cutoffs caused by the mid-channel bar and scroll–
slough mechanisms. However, morphological struc-
tures of meander bends and their neighbouring (less)
vegetated and lower floodplains that favour the
bifurcation process are so diverse (Fig. 12a–d) that
the interaction between bank-erosion and bar-

aggradation processes, and the magnitude and fre-
quency of the required discharges are site-specific.
Accurate prediction of their chute cutoffs relies on
detailed morphological data that are often not avail-
able. Furthermore, there seem to be no models spe-
cifically developed for capturing chute cutoffs
triggered by the headward erosion and embayment
mechanisms. This might be because the initiation
of chute channels is a stochastic process (Howard
1996; Camporeale et al. 2005, 2008), so that calibrat-
ing hydrodynamic models that can capture chute cut-
offs requires detailed data from individual
meandering rivers, which are often difficult to obtain
in practice. For example, though evidence (Harrison
et al. 2015) showed that chute cutoffs may form in

Fig. 12. Meander bends with chute cutoffs by either the mid-channel bar or scroll–slough mechanisms in different
river systems of the world. (a) Amazon River (−2.513278°, −66.146222°). The image was taken in September 2018.
(b) The Irtysh River (58.456925°, 68.286209°). The image was taken in December 2018. (c) The Tarim River
(40.954539°, 87.358348°). The image was taken on 19 October 2019. (d) The Black River (33.643548°,
103.010519°). The image was taken on 4 December 2014.
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the immediate downstream of bend apexes where the
local shear stress is highest, many chute cutoffs were
initiated in locations other than the bend apexes (Pea-
kall et al. 2007). In addition, there is still limited
knowledge of how sediment supply may affect
meander migration and hence chute cutoffs (Con-
stantine et al. 2014; Ahmed et al. 2019).

Future research directions for chute cutoffs

The current knowledge of the processes leading to
chute cutoffs is still insufficient to assure the predict-
ability of their formation due to the interplays
between the six controlling factors highlighted
above. Future research should focus on generalizing
the existing findings about hydrodynamic and mor-
phodynamic processes of chute cutoffs. It might be
suitable to subdivide meander bends into two groups
based on the distinction between hydraulically and
topographically dominated triggering mechanisms
(Viero et al. 2018). Along this line of reasoning,
three potential research directions are plausible.

First, a systematic database could be developed
that includes a collection of meander bends from
global meandering rivers falling into each of the
two groups. We hypothesize that bend sinuosity,
defined as the ratio of the bend channel length
divided by the narrowest length of the bend neck,
is lower for hydraulically dominated chute cutoffs
compared to those that are hydraulically dominated.
Additionally, bends in the hydraulically dominated
group should be accompanied by well-vegetated
floodplains whose elevations are much higher than
those of the channel beds. Establishing this database
would greatly help generalize the morphological
conditions for modelling the four mechanisms of
chute cutoff.

Second, a topographically independent hydrolog-
ical metric could be developed that quantifies the
relative magnitudes of cutoff-triggering discharges
across diverse physiographic conditions. As
described earlier, chute cutoffs may be initiated by
either bankfull or intermediate flows, which might
have different magnitudes and frequencies across
distinct climatic zones. Finding a way of standardiz-
ing these flows in terms of morphological indices of
these bends would allow for comparing these cutoff-
triggering discharges in different meander bends,
which may be subsequently used to identify the
general hydrological thresholds for chute cutoffs.

Third, it would be useful to understand the com-
bined effects of the six chute-cutoff controlling fac-
tors, which have not yet been uncovered. For
example, the impact of consecutive flood events on
the development of chute channels has been recog-
nized (Viero et al. 2018) but has not yet been quan-
tified. There is also still uncertainty about how
different rates of sediment supply, and how the

associated in-channel sediment transport would
affect, (a) point bar development that promotes over-
bank flow (by narrowing the channel) for the chute
cutoff caused by the headward-erosion mechanism
and (b) mid-channel bar growth that may initiate
bifurcation chute cutoff. It appears that tracing the
historical changes of sedimentation obtained from
sediment cores and/or time-lapse images (if avail-
able) is a promising approach that may reveal useful
details of the complex sedimentation processes at
play (Kleinhans et al. 2011; van de Lageweg et al.
2014; Schwendel et al. 2018; Richards et al.
2022). Additionally, the impact of vegetation on
the bar–floodplain conversion needs to be further
investigated. The growth of point bars along the
inner bank of a meander bend is facilitated by vege-
tation encroachment. However, it tends to take lon-
ger for vegetation to germinate and grow than the
frequency of dominant discharges in many climate
zones. Indeed, the scroll–slough development
should normally take more time than expansion of
the mid-channel bar. Although Asahi et al. (2013)
have proposed a method of parameterizing these
two different timescales using two different time-
related mathematical relationships, there are no
general rules to guide the model parameterization.

Neck and chute cutoffs happen over timeframes
shorter than the long evolutionary history of mean-
dering rivers. As such, understanding morphody-
namic and hydrodynamic processes that drive
cutoffs requires data at a higher level of detail than
those needed for reproducing evolutionary trajecto-
ries of meandering rivers (e.g. Howard 1996; Stolum
1998; Schwenk et al. 2015; Sylvester et al. 2021).
These data typically include temporally variable
morphological structures and bed bathymetry of
meander bends, event-based discharges and sedi-
ment calibers. Despite recent progress in determin-
ing changes in the in-channel morphological units
over time (Viero et al. 2018; Li and Garcia 2021),
more field-based data are needed for establishing
generalized morphological rules. The progress in
photogrammetric techniques, including Single
Image Super Resolution (SISR), presents a potential
avenue for enhancing the spatial resolution of histor-
ical Landsat images (Li et al. 2023). This advance-
ment holds promise for acquiring time-series data
on meander bend planform morphology and,
coupled with the increased availability of high-
resolution images, could contribute to future
research endeavours in predicting bend cutoffs.

Conclusions

Meander cutoffs profoundly influence the evolution
of meandering rivers and their connection to adjacent
floodplains. The cutoff process encompasses two
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distinct modes known as neck and chute cutoffs,
each exhibiting distinct morphological characteris-
tics and being governed by different hydrodynamic
processes.

Neck cutoffs are primarily influenced by the rate
of bank erosion, which is driven by hydrodynamic
processes associated with not only hydrological con-
ditions but also transverse channel bed topography
and planform structures. Current kinematic and
hydrodynamic models for simulating meander evo-
lution incorporate mechanisms for neck cutoffs;
however, these models often oversimplify the pro-
cess by adopting a straightforward morphological
threshold (b = αw), where α is a constant between
0 and 1, b represents the neck width and w denotes
the mean channel width. Evidence from natural
meandering rivers indicates that many highly sinu-
ous bends can persist for long time periods after
reaching this threshold. To gain a deeper understand-
ing of the fluvial processes during these periods, new
research avenues should encompass numerical mod-
elling, flume experiments and high-resolution image
analysis.

Chute cutoffs are influenced by six controlling
factors related to hydrological conditions, bend plan-
form morphology, bed topography, bend floodplain
gradients, sediment calibers and transport regime,
and the presence of vegetation on bars and flood-
plains. The locations prone to overbank flows are
determined by the morphological characteristics of
the banks and the development of bed topography.
Four distinct mechanisms that can trigger chute cut-
off have been identified. While headward-erosion
and embayment mechanisms can partially explain
the processes leading to chute cutoff, there is a
need for new models to predict potential initiation
locations. Chute cutoffs can also occur based on
bifurcation mechanisms, either due to the develop-
ment of mid-channel bars or due to the scroll–slough
sequence. The fundamental processes underlying
these types of chute cutoffs have been unveiled
through flume experiments and numerical models.
However, quantifying the spatial variations of these
processes in both physical experiments and numeri-
cal morphodynamic models remains a challenging
task. For this reason, we propose that new research
should aim at understanding critical differences
between chute cutoffs that are induced by hydrauli-
cally dominated mechanisms and those induced by
topographically dominated mechanisms.
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