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Abstract. Despite significant advances in the study of meandering rivers, the precise mechanisms by 8 
which erosion and sedimentation interact to drive meander migration remain poorly understood. Two long-9 
standing competing theories attempt to explain this interaction: one suggests that inner-bank sediment 10 
deposition precedes outer-bank erosion (bar push), while the other posits that outer-bank erosion initiates 11 
inner-bank sedimentation (bank pull). To date, empirical research addressing which of these mechanisms 12 
dominates in real-world environments has predominantly focused on a small number of bends and at limited 13 
temporal scales. In this paper, we identify analyse the occurrence of bank pull versus bar push across 4,923 14 
river bends worldwide. We estimated outer-bank erosion and inner-bank sedimentation rates using a 38-15 
year time series of Landsat data, from which classifications of bank pull and bar push were derived through 16 
Dynamic Cross-Correlation analysis. Of the 4,923 bends analyzed, 20% were classified as bank pull 17 
dominated, 16% as bar push dominated, whilst the remaining 63% showed no clear migration signal. We 18 
also identified river characteristics that control the relative frequency of push versus pull migrating bends. 19 
Our findings indicate that vegetated bends, with higher soil compactness surrounded by sandy substrates 20 
and situated in rivers with slower flow velocities, are more likely to exhibit bend migration via bar push, 21 
where sediment deposition along the inner bank plays a dominant role. In contrast, less densely vegetated 22 
rivers with higher flow velocities and lower soil compactness show a higher occurrence of bends migrating 23 
via bank pull. This means that most bar-push migrating bends are located in densely vegetated tropical 24 
environments, with bar pull tending to dominate in other regions. This study represents the first quasi-global 25 
empirical framework capable of distinguishing the temporal sequencing of erosion and sedimentation 26 
across thousands of river bends using long-term satellite observations, providing valuable insights that 27 
could be used to improve river dynamics modelling and inform more effective river management strategies. 28 

 29 

1. Introduction 30 

Meandering rivers sculpt intricate landscapes, characterized by sinuous channels and oxbow lakes, creating 31 
favourable conditions for communities and biodiversity to thrive (Gualtieri et al., 2020; Luize et al., 2018; 32 
Sabo et al., 2005; Zinger et al., 2013). These rivers form under specific topographic and hydrological 33 
conditions, requiring for example an adequate sediment supply to form point bars, sustained perturbations 34 
(e.g., an initial curvature to initiate the meandering process), and sufficient bank strength to prevent braiding 35 
(Braudrick et al., 2009; Nagabhushanaiah, 1967; van Dijk et al., 2012). They migrate laterally across their 36 
floodplains as a result of two processes: erosion on the outer bank and sedimentation on the inner bank of 37 
the bend. The faster flow velocities and higher shear stresses along the outer bank favour bank erosion there 38 
(Dietrich et al., 1979b). In contrast, slower velocities and reduced shear stresses at the inner bank create 39 
more favourable conditions for sediment deposition and point bar growth (Braudrick et al., 2009; Dietrich 40 
et al., 1979; Hickin & Nanson, 1975; Schumm & Khan, 1971; Schwendel et al., 2015). 41 

Many modelled descriptions of river migration assume that outer bank erosion is directly influenced by the 42 
flow intensity, with inner bank sedimentation passively following to maintain a river width that is constant 43 
through time (Ikeda et al., 1981). This assumption is supported by long-term observations showing that, on 44 
average, river width remains relatively stable over extended periods (Lopez Dubon & Lanzoni, 2019). 45 
Recent studies, however, have documented how river width may fluctuate over time in response to 46 
environmental conditions, including variations in vegetation, hydroclimate, sediment supply, and the 47 
physical properties of the channel bed and banks (Akinola et al., 2019; Anderson et al., 2004; Chin, 2006; 48 
Francalanci et al., 2020). Moreover, processes of bank erosion and sedimentation can also influence one 49 
other, making the drivers of lateral river migration a subject of persistent debate. One perspective argues 50 
that migration begins with outer bank erosion, causing local widening and the eventual deposition of 51 
sediment on the inner bank - a process termed "bank pull" (Van De Lageweg et al., 2014). In contrast, 52 
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another view suggests that migration starts with sediment accumulating on the inner bank, diverting flow 53 
and initiating outer bank erosion, a mechanism known as "bar push." 54 

In this study, we analysed 4,923 river bends across a diverse range of rivers worldwide using 38 years of 55 
Landsat imagery to identify and assess bank pull and bar push processes. Erosion and sedimentation rates 56 
along each bankline were quantified by tracking variations in water indices through time in a pixel-based 57 
analysis. These rates of erosion and sedimentation were estimated using Google Earth Engine (GEE) and 58 
then analysed using Dynamic Cross-Correlation to determine process sequencing: whether erosion pulses 59 
precede sedimentation (indicating bank pull) or sedimentation pulses precede erosion (bar push). We also 60 
assessed our bank pull/bar push results in relation to a range of potential controlling environmental variables 61 
to explore the key factors influencing the mode of bend migration. With this approach, we address three 62 
fundamental questions: (i) Can satellite remote sensing combined with Dynamic Cross Correlation reliably 63 
identify bank pull and bar push mechanisms? (ii) Which process predominates worldwide, bank pull or bar 64 
push? and (iii) Which environmental factors influence the occurrence of each mechanism? This work 65 
represents the first quasi-global study of bank pull and bar push using remote sensing and cloud computing, 66 
providing a novel and robust approach to understanding this intriguing phenomenon. 67 

2. Context 68 

Meandering rivers migrate laterally across their floodplains through the combined action of outer bank 69 
erosion and inner bank sedimentation. Many numerical models describing river migration assume that outer 70 
bank erosion is directly influenced by the flow intensity, with inner bank sedimentation passively following 71 
to maintain a constant (through time) river width (Ikeda et al., 1981). This assumption is supported by long-72 
term observations showing that, on average (our emphasis), river width remains relatively stable over 73 
extended periods (Lopez Dubon & Lanzoni, 2019). More recent studies, however, have shown that river 74 
width may fluctuate over time in response to changing environmental conditions, including variations in 75 
vegetation, hydroclimate, sediment supply, and the physical properties of the channel bed and banks 76 
(Akinola et al., 2019; Anderson et al., 2004; Chin, 2006; Francalanci et al., 2020). To address this 77 
complexity, researchers have developed models that separately quantify erosion and sedimentation 78 
dynamics (Darby et al., 2002; Darby et al., 2007; Eke et al., 2014; Langendoen et al., 2009). These models 79 
of transient width adjustment account for factors such as soil properties and vegetation on the outer bank, 80 
which influence erosion (Darby et al., 2002; Darby et al., 2007; Eke et al., 2014), as well as vegetation 81 
encroachment on the inner bank, which stabilizes point bars and promotes sediment deposition (Eke et al., 82 
2014). Eke et al. (2014), for example, identified multiple modes of bank interaction, where the riverbanks 83 
on both sides of the bend can either erode simultaneously, undergo concurrent deposition, or exhibit 84 
asymmetrical migration patterns. 85 

Nonetheless, in addition to being affected by the different environmental factors described above, erosion 86 
and sedimentation processes can also influence one other, creating complex interactions which numerical 87 
models fail to capture. Therefore, the drivers of lateral river migration remain a subject of debate. One 88 
perspective argues that migration begins with outer bank erosion, causing local widening and the eventual 89 
deposition of sediment on the inner bank - a process termed "bank pull" (Van De Lageweg et al., 2014). In 90 
contrast, another view suggests that migration starts with sediment accumulating on the inner bank, 91 
diverting flow and initiating outer bank erosion, a mechanism known as "bar push." A few previous 92 
researchers have tried to tackle the question of whether meanders migrate predominantly via bank pull or 93 
bar push, employing a variety of techniques including the use of computational models (Eke et al., 2014), 94 
physical experiments  (Mahmoud et al., 2026; Van De Lageweg et al., 2014), as well as monitoring of bends 95 
using LiDAR deployed from drones (Martin et al., 2024) and other airborne platforms (Mason & Mohrig, 96 
2018). Van De Lageweg et al. (2014) conducted a physical experiment with an artificial meandering river 97 
and identified bank pull as the dominant process. Mahmoud et al. (2026), on the other hand, using a 50-m-98 
long sine-generated gravel-bed channel, found that the relative importance of bank-pull and bar-push varied 99 
through time and among bends, highlighting a range of complex morphodynamic behaviours. 100 

Field studies using LiDAR have been conducted, but their scope remains limited. For example, Martin et 101 
al. (2024), using four years of drone-based LiDAR on a single river bend, found no consistent evidence of 102 
either bank pull or bar push dominance on the White River (USA). The authors explored bank pull and bar 103 
push mechanisms by analysing changes in river width, with river expansion indicating bank pull and 104 
narrowing suggesting bar push. However, they argued that because the White River has not reached width 105 
equilibrium over the past 55 years, neither process appears to be actively regulating its width. Mason and 106 
Mohrig (2018), in contrast, analysed 55 river bends over 4.5 years using airborne LiDAR data and found 107 
that, in the downstream reaches of the Trinity River (USA), bank pull was the dominant process of migration 108 
during flooding events due to increased erosion and limited point bar movement. Meanwhile, bar push was 109 
more prevalent in the upstream sections of the Trinity, where higher net deposition occurred. However, the 110 
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study by Mason and Mohrig (2018) discriminated the bank pull and bar push mechanisms based on an 111 
estimation of overall erosion and sedimentation rates combined with an assumption that higher erosion rates 112 
are associated with bank pull while higher sedimentation is linked to a dominance of bar push. Therefore, 113 
while the study by Martin et al. (2024) was spatially constrained to a single bend, Mason and Mohrig (2018) 114 
did not discretize outer-bank erosion and inner-bank sedimentation rates over time for direct comparison. 115 
The use of remote sensing time-series could address this limitation, enabling detailed detection of erosion 116 
and sedimentation over time across a large number of river bends. Such an approach could provide a more 117 
comprehensive understanding of the prevalence of bank pull versus bar push across diverse river systems. 118 

Indeed, satellite technology has significantly enhanced our understanding of how river migration rates 119 
interact with factors such as vegetation, sediment load, flow discharge variability, and upstream sinuosity 120 
(Boothroyd et al., 2025; Constantine et al., 2014; Ielpi & Lapôtre, 2020; Leenman et al., 2023; Sylvester et 121 
al., 2019). These studies tend to simplify river analysis by extracting the river centreline, river width or 122 
static areas of erosion and sedimentation (Nagel et al., 2022). However, in natural environments, river width 123 
varies significantly with water levels, which fluctuate due to changing hydrological and climatic conditions 124 
(Feng et al., 2022; Phillips et al., 2024). This issue is particularly evident on the shallower inner bank, where 125 
even minor fluctuations in water level can cause substantial advance or retreat of the (water defined) 126 
shoreline. These changes can obscure bank pull and bar push signals, a challenge further amplified by the 127 
coarse resolution of some satellite imagery. To address this, a pixel-based analysis can be used to not only 128 
track long term trends of outer-bank erosion and inner-bank sedimentation (Nagel et al., 2025; Nagel et al., 129 
2022), but also to determine their timing. This pixel-based approach, combined with methods to filter out 130 
short-term natural fluctuations, would provide a clearer identification of which bank (inner or outer) motion 131 
precedes or lags the other. Furthermore, a pixel-based analysis facilitates the detection of entire point bar 132 
formation and growth, which is important in evaluating bank pull and bar push mechanisms (Inoue et al., 133 
2025; Van De Lageweg et al., 2014). 134 

 135 

3. Methods 136 

A total of 4,923 river bends from 64 rivers (wider than 55 m) worldwide were selected to analyse bank pull 137 
and bar push processes (Fig. 1a). The 55-meter width threshold corresponds to the minimum channel width 138 
necessary to accommodate a 30-meter resolution pixel, enabling the detection of rapidly migrating rivers, 139 
defined here as those exhibiting average lateral migration rates exceeding 3 meters per year. Rivers from 140 
15 different Köppen climate regions, ranging from Tropical Rainforest to Cold Deserts, were included (Fig. 141 
1b) to capture a broad range of environmental conditions. The selected rivers include examples from the 142 
Amazon Basin, such as the Juruá and Purus Rivers; rivers from arid Central Asia, such as the Ural and Syr 143 
Darya Rivers; and rivers from colder climates, such as Canada’s Nelson River. All the analysed rivers are 144 
not affected by dams. Erosion and sedimentation analyses were conducted for each bend. To facilitate this, 145 
we created a polygonal boundary for each bend, delimited by its points of inflection. These polygons were 146 
manually drawn using the Water Transition Dataset as a reference (Nagel et al., 2025), which highlights 147 
areas of historical erosion and sedimentation (Fig. 1). Based on this information, we identified the points 148 
in time when riverbanks transition between erosion and sedimentation, characterizing the points of 149 
inflection. The methods are divided into three main elements: i) the estimation of erosion and sedimentation 150 
data using Landsat satellite imagery for each bend; ii) the processing of the erosion and sedimentation rates 151 
so-derived, using Dynamic Cross-Correlation to identify bends undergoing bank pull versus bar push 152 
processes, and; iii) performing correlations between the identified bank pull / bar push processes and 153 
selected environmental variables. All analyses and processing steps were applied to each river bend 154 
included in the study. 155 
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  156 

Figure 1 – (a) Locations of the 4,923 analysed river bends and (b) the number of bends per river, 157 
categorized by Köppen climate classification. The legend in panel (b) indicates the Köppen categories 158 

along with the percentage of total bends occurring in each. 159 

 160 

 161 

3.1 Rates of erosion and sedimentation using remote sensing 162 

Rates of lateral erosion and sedimentation were measured for each river bend using the cloud-based 163 
platform Google Earth Engine (GEE) and imagery from Landsat 5, 7, 8, and 9, spanning the period from 164 
1984 to 2023. To achieve this, we first generated yearly median composites of the modified Normalized 165 
Difference Water Index (mNDWI), which uses a normalized difference between the green and mid-infrared 166 
band to identify surface water extent (SWIR) (Acharya et al., 2018; Chen et al., 2020; Deoli et al., 2022; 167 
Du et al., 2016; Gautam et al., 2015; Herndon et al., 2020; Rokni et al., 2014; Sarp & Ozcelik, 2017; Worden 168 
& de Beurs, 2020; Xu, 2006). These yearly median composites create images with little to no cloud 169 
interference and reduce the issue of seasonal width variability. To create the mNDWI yearly composites, 170 
the Fmask cloud mask included in the GEE image collection was used, and images with more than 50% 171 
cloud cover were excluded. However, even with yearly mNDWI composites, certain years lacked usable 172 
imagery due to persistent cloud cover. To address this, we applied a ±5-year median moving window, which 173 
filled data gaps and smoothed the dataset. This approach also mitigated rapid, non-permanent, fluctuations 174 
in river area and corrected image imperfections caused by undetected clouds, while maintaining the overall 175 
trend in relation to periods of identified erosion and sedimentation (Fig. 2a). Due to the use of median 176 
moving windows and data gaps in certain regions, the first five years of analysis were excluded, resulting 177 
in a 34-year analysis period.  178 
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Figure 2 illustrates our methodology for identifying periods of erosion and sedimentation within each bend 179 
polygon. Low mNDWI values indicate land, while high mNDWI values reflect the presence of water. As 180 
shown in Fig. 2a, the time series highlights three distinct cases: Point 1 demonstrates periods of increasing 181 
water extent due to riverbank erosion; Point 2 shows decreasing water extent due to sedimentation; while 182 
Point 3 exhibits both erosion and sedimentation over time. Point 3 is particularly noteworthy, as it highlights 183 
the dynamic nature of meandering rivers. Over the 39-year study period, the same location initially 184 
experienced outer-bank erosion but later transitioned to inner-bank sedimentation as the river shifted 185 
laterally. Therefore, our method captures the full range of processes, as some pixels experience only erosion, 186 
others only sedimentation, while some undergo both processes during the time period under consideration. 187 

To identify the timings of erosion and sedimentation, we calculated a derivative within the 5-year moving 188 
window to detect altered trends in mNDWI. Increasing mNDWI trends indicate erosion, while decreasing 189 
trends indicate sedimentation (Fig. 2b). A threshold change in mNDWI was then applied to discriminate 190 
the periods of erosion and sedimentation: values exceeding 0.04 ΔmNDWI indicate erosion, while values 191 
below -0.04 ΔmNDWI signify sedimentation. The applied thresholds thus transform the continuous 192 
mNDWI trends into binary classifications of erosion and sedimentation (Fig. 2c). For each year, we summed 193 
all pixels within the bend polygon that experienced erosion or sedimentation to generate a time series for 194 
these processes. For example, in 2011 applying a threshold of 0.04 ΔmNDWI resulted in 255 pixels 195 
undergoing erosion and 163 pixels experiencing sedimentation (Fig. 2c).  196 

To account for varying migration rates, we applied additional thresholds, including 0.06 ΔmNDWI for 197 
erosion and -0.06 ΔmNDWI for sedimentation, along with values of ±0.08, ±0.1, ±0.12, and ±0.14 198 
ΔmNDWI. The final erosion and sedimentation rates were determined by calculating the median of all 199 
thresholds where more than half of the values were greater than zero. We ensured that the erosion and 200 
sedimentation thresholds were the same for each bend analysis. This approach ensured that only thresholds 201 
that effectively capture river movement were considered. Lower thresholds capture more subtle migrations 202 
but might generate greater noise related, for example, to atmospheric interference. Conversely, higher 203 
thresholds only capture faster migration patterns. Therefore, with this approach a balance between 204 
migration sensitivity and data quality is achieved. For instance, if the ±0.04, ±0.06, and ±0.08 thresholds 205 
successfully captured erosion and sedimentation rates while thresholds of ±0.1 and ±0.12 did not (having 206 
more than half of their values equal to zero), the final rates would be computed using the median rates of 207 
erosion and sedimentation captured using the ±0.04, ±0.06, and ±0.08 thresholds. This approach allowed 208 
for the detection of modest sub-pixel shifts, addressing one of the primary previous limitations of using 209 
Landsat imagery for geomorphological studies; its 30-meter spatial resolution. Considering all thresholds 210 
applied and the total of 4,923 bends, a total of 1,004,292 rates of erosion and sedimentation were estimated 211 
(4,923 bends x 34 years x 6 different thresholds), a large dataset that was crucial for the systematic detection 212 
of bank pull and bar push. 213 
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214 
Figure 2 – A flowchart illustrating the methodology for detecting erosion and sedimentation rates at 215 
individual river bends. The diagram delineates (a) the temporal variations of the modified Normalized 216 
Difference Water Index (mNDWI) at three distinct points, (b) the mNDWI trends over time, incorporating 217 
predefined erosion and sedimentation thresholds, and (c) the identification of erosion and sedimentation 218 
periods, along with the quantification of these processes within the specified bend polygon. 219 

 220 

Figure 3 illustrates the main concept behind the methodology. The upper panel shows the temporal 221 
evolution of mNDWI values derived from satellite imagery, while the lower panel presents the 222 
corresponding detrended rates of erosion and sedimentation for an example bend. Although the workflow 223 
involves multiple processing steps, the underlying principle is straightforward: long-term changes in water 224 
occurrence are used to quantify riverbank erosion and sediment deposition from satellite observations.  225 
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 226 
Figure 3 - Example of mNDWI tendency maps for 1991, 2005, and 2019 (top), and the corresponding 227 
detrended erosion and sedimentation time series (bottom) for a representative river bend. 228 

 229 

3.2 Bank pull and bar push identification 230 

The rates of outer-bank erosion and inner-bank sedimentation were compared using Dynamic Cross-231 
Correlation. We first detrended the rates of erosion and sedimentation, using the python package 232 
scipy.signal, to focus on the analysis of fluctuations of both processes, and we excluded the first 5 years of 233 
analysis to reduce noisiness, creating a time series covering the period from 1989 to 2023. We then 234 
correlated the outer-bank erosion and inner-bank sedimentation rates for every bend introducing various 235 
time lags for erosion. For each time lag, we calculated and recorded the correlation coefficient, which 236 
indicates the strength and direction of the relationship between the two processes at different temporal 237 
offsets. We then selected the time lag associated with the highest positive correlation (but only if the 238 
condition R > 0.7 was met), to retain time lags with ‘strong’ (Ratner, 2009) correlations. A negative time 239 
lag indicates that outer-bank erosion precedes inner-bank sedimentation, thereby identifying bank pull, 240 
while a positive time lag indicates that sedimentation precedes erosion, characterizing bar push. This 241 
method was applied using a 10-year moving window, allowing us to track changes in time lags between 242 
outer-bank erosion and inner-bank sedimentation. A maximum lag of 5 years was set, generating a time 243 
series of lags for each bend. To remove outliers, lags that did not persist for more than 3 consecutive years 244 
were excluded. A total of 19,383 out of 121,204 lags (16.0%) were excluded based on this criterion. Based 245 
on the resulting lag time series, we classified each bend according to its dominant process. Bends with 246 
consistently negative lags were classified as bank pull dominated, while those with consistently positive 247 
lags were identified as undergoing bar push. Bends showing no lag were categorized as having Similar 248 
Rates. Bends that alternated between bank pull and bar push were classified as Undetermined. 249 

To identify switching behaviour, where a bend initially dominated by bank pull transitions to bar push or 250 
vice versa, we selected bends with only a single transition: either bank pull at the beginning that shifts to 251 
bar push, or an initial state of bar push that shifts to bank pull. Bends that switched more than once were 252 
excluded, as they represent complex behaviour. Additionally, a bend exhibiting switching behaviour must 253 
show two consecutive pulses of erosion (for a transition from bar push to bank pull) or two consecutive 254 
pulses of sedimentation (for a transition from bank pull to bar push), deviating from the typical pattern of 255 
alternating erosion and sedimentation pulses. To detect these pulses, we used the scipy.signal.find_peaks 256 
function in Python. Based on this approach, bends classified as undergoing switching processes were 257 
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categorized as: i) Push-to-Pull – when the Dynamic Cross-Correlation indicates a transition from bar push 258 
to bank pull over time and there are two consecutive peak pulses of erosion, and; ii) Pull-to-Push – when 259 
the Dynamic Cross-Correlation indicates a transition from bank pull to bar push over time and there are 260 
two consecutive pulses of sedimentation. 261 

 262 

3.3 Environmental variables controlling bank pull versus bar push 263 

To identify potential factors influencing bank pull or bar push, we collected a range of pertinent 264 
environmental data for each bend. The environmental factors we considered in this analysis included 265 
climatic conditions (Köppen climatic environments, temperature), surface soil characteristics (e.g., clay, 266 
silt, coarse fragments, bulk density, and organic carbon content), and various river hydromorphology 267 
metrics (slope, sinuosity, radius of curvature, width, discharge, suspended sediment load, bedload 268 
proportion, and bedload). Additionally, catchment topographic data (elevation) and land cover information 269 
(vegetation) were also incorporated. The source of each of the data sets representing these variables is 270 
summarised in Table 1. The role of riparian vegetation was assessed using the Enhanced Vegetation Index 271 
(EVI) calculated from MODIS, which ranges from 0 (indicating no vegetation) to 1 (representing dense 272 
vegetation). The radius of curvature was measured along the river centreline by calculating the mean 273 
angular change between consecutive points and computing the inverse of the resulting curvature.  274 

 275 

Table 1 – Environmental variables used in the multivariable binary logistic regression analysis. 276 

Variable Range (min and 

max) 

Transformation for every bend Source 

Temperature (Celsius) (-5.1 - 27.5) 

 

 

Mean Temperature from 1984 to 

2023 

(Hersbach et 

al., 2024) 

Köppen Climatic 

Classification 

(Discrete 

classes) 

Köppen class that intersects with the 

bend polygon 

(Kottek et al., 

2006) 

Clay (g/kg)  

Sand (g/kg) 

Silt (g/kg), 

Organic Carbon Content 

(dg/kg),  

Coarse Fragments 

(cm3/dm3),  

Bulk Density (cg/cm³) 

(102 - 484) 

(70 - 662) 

(162 - 655) 

(81 - 2133) 

(0.2 - 212) 

(62- 153) 

Mean value within each bend 

polygon 

(Poggio et 

al., 2021) 

Width (m) (42 – 601) Median value of all temporal width 

measurements from transects located 

within the bend polygon 

(Allen & 

Pavelsky, 

2018) 

Discharge (m³/s) 

 

(0.004 - 8084) 

 

Mean long-term discharge (1971–

2000)  

(Linke et al., 

2019) 

Slope (m/km) 

 

(0 – 6.98) Slope of the river section that 

intersects the bend polygon. The 

sinuosity is the ratio of total reach 

length to the straight-line distance 

between reach endpoints 

(Altenau et 

al., 2021) 

Radius of Curvature (m) (5.2 - 

213,959,849) 

Curvature calculated by extracting 

the river section from Altenau et al. 

(2021) 

(Altenau et 

al., 2021) 

Suspended Sediment Load 

(Kg/s),  

Bedload Proportion (%),  

Bedload (Kg/s),  

(0.24 - 82190) 

(0.1 - 74.2) 

(0.002 - 67.9) 

Parameters represent the average 

between 1990-2019, selected 

according to the minimum distance 

between the bend polygon and the 

river line from Cohen et al. (2022) 

(Cohen et al., 

2022) 

Vegetation  (0.095 – 0.62) Temporal mean Enhanced Vegetation 

Index (EVI), excluding water areas, 

within each bend polygon 

(Jarchow, 

2019) 
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 277 

From the collected variables, we derived the unit discharge, defined as the ratio of river discharge to  278 
channel width (Equation 1). Higher values of this index indicate conditions where greater discharge is 279 
constrained within narrower channels, implying higher flow intensity per unit width. This formulation is 280 
consistent with the relationship between discharge, velocity, and cross-sectional area (V = Q / A), where 281 
increased discharge per unit width is expected to correspond to higher flow velocities.  282 

𝑈𝑛𝑖𝑡 𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 =
𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 (𝑚3/𝑠)

𝑅𝑖𝑣𝑒𝑟 𝑊𝑖𝑑𝑡ℎ (𝑚)
 

(1) 

 283 

We conducted a multivariable binary logistic regression analysis using the Python package statsmodels to 284 
examine the relationship between bend migration mechanism (bank pull or bar push) and a set of 285 
environmental variables. The dependent variable was defined as a binary classification of each bend (bank 286 
pull = 1; bar push = 0), while the explanatory variables included unit discharge, vegetation, soil sand 287 
content, and soil bulk density. The logistic regression was performed at the bend scale to evaluate how these 288 
environmental characteristics influence the likelihood of a bend being classified as bank pull rather than 289 
bar push. Model coefficients were estimated using maximum likelihood, and odds ratios were calculated to 290 
quantify the magnitude and direction of the association between each explanatory variable and the 291 
probability of bank pull occurrence. 292 

 293 

4. Results 294 

4.1 Comparison of erosion and sedimentation rates with river migration data 295 

To lend confidence to our analysis, we initially benchmark our estimates of pixel-scale erosion and 296 
sedimentation rates against channel migration rates estimated independently by Langhorst and Pavelsky 297 
(2023). The total count of erosion and sedimentation pixels detected by our method, summed from 1984 to 298 
2023 within each bend polygon, correlates well with the corresponding migration rates as estimated by 299 
Langhorst and Pavelsky (2023). Both relationships followed a power law, becoming approximately linear 300 
after log–log transformation (R² = 0.71 for erosion and R² = 0.64 for sedimentation; Fig. 4a). While our 301 
method is designed to adaptively capture intra-bend erosion and sedimentation rates with precision using 302 
variable thresholds, rather than directly comparing rates between bends, the alignment of our data with the 303 
migration rates estimated by Langhorst and Pavelsky (2023) suggests that our method can reliably detect 304 
migration dynamics. Moreover, the comparison illustrates the sensitivity of the method when dealing with 305 
higher combined migration rates. This greater sensitivity is derived from the use of the adaptative threshold 306 
approach to detect different rates of migration, as described in the methods. As migration rates increase, 307 
higher (for erosion) and negatively lower (for sedimentation) thresholds are required to accurately detect 308 
rivers with fast migration rates (Fig 4b). For instance, when the erosion migration rate is 1.74 m/yr, the 309 
maximum threshold required is typically 0.04 ΔmNDWI. In contrast, for a faster erosion migration rate of 310 
10.9 m/yr, the required threshold increases to 0.14 ΔmNDWI. When the erosion migration rate exceeds 20 311 
m/yr, the maximum threshold of 0.14 ΔmNDWI dominates (Fig 4b). A similar pattern is observed in the 312 
sedimentation threshold behaviour. With this approach, our method adapts to capture migration rates 313 
ranging from subtle to rapid river motions. 314 
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315 
Figure 4 – (a) Comparison between total erosion and sedimentation pixels as derived from the methods 316 
employed herein and the sum of migration rates within each bend polygon. (b) Highest migration threshold 317 
required to detect pixels undergoing erosion and sedimentation, based on the maximum migration rate 318 
within each bend polygon. Analysis includes a total of 2,000 bends, with migration rates sourced from 319 
Langhorst and Pavelsky (2023).  320 

4.2 Overall frequency of bank pull versus bar push 321 
 322 

Fig. 5 presents four examples of bend polygons, illustrating their computed erosion and sedimentation rates 323 
over time (after detrending the rates of erosion and sedimentation). Below each graph, the lag with the 324 
highest correlation (from the Dynamic Cross-Correlation analysis) is also indicated. For example, the bend 325 
in Fig. 5a exhibits episodes of erosion that precede sedimentation, indicating bank pull, with lags of -2 years 326 
between 1989 and 1994, and -4 years during both of the periods 1999 to 2006 and 2011 to 2016. The 327 
Dynamic Cross-Correlation method also identifies bar push in Fig. 5b, with lags of +1, +3, and +4 years. 328 
In contrast, Fig. 5c shows similar rates of erosion and sedimentation over time, with the best fit lag being 0 329 
years (no lag). The sporadic bank pull and bar push lags detected in Fig. 5c were excluded, as they did not 330 
persist for three or more consecutive years. Fig. 5d illustrates a complex interaction between erosion and 331 
sedimentation, where a sequence of erosion followed by sedimentation, characteristic of bank pull 332 
dynamics, is interrupted by two consecutive phases of sedimentation. This disruption, detected through the 333 
Dynamic Cross-Correlation and the consecutive peaks, indicates a shift from bank pull to bar push 334 
behaviour.  335 
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 336 

Figure 5 – Erosion and sedimentation rates with Dynamic Cross-Correlation results for four example bends, 337 
illustrating the locations of polygon bends classified as having lateral migration dominated by (a) bank pull, 338 
(b) bar push, (c) similar rates (i.e. no doiminant mechanism) and (d) a transition from pull to push. 339 

Out of the 4,923 original river bends, 1,005 (20.4%) were classified as migrating via bank pull with 792 340 
(16.1%) migrating via bar push, with the majority (3,126 bends, 63.5% of the total) not exhibiting any clear 341 
signal. This means that, of those bends where a clear signal was identified, 56% and 44% exhibited pull 342 
and push behaviour, respectively (Fig. 6a). Of the 3,126 bends that exhibited no dominant bank pull or bar 343 
push signal, 15 bends (0.3% of the total sample of 4,923 bends) experienced similar rates of erosion and 344 
sedimentation, with switching behaviours evident at 133 bends (2.7%), whilst 2,978 bends (60.5%) had 345 
patterns too complex to classify. Despite the large overall number of unclassified bends, those with 346 
identifiable patterns displayed clear signals of bank pull and bar push. The number of clearly classified 347 
bends (1,797, representing 36.5% of all bends) was sufficient to reveal spatial patterns in these processes 348 
across different rivers and regions (Fig. 6a). For example, the tributary of the Ucayali River, labelled as 349 
Ucayali-Trib 1 in Figure 6b, is a relatively small Amazonian river with a width of approximately 100 meters. 350 
All of its identifiable river bends were classified as undergoing bar push (Fig. 6b). The Orthon River 351 
(another Amazonian tributary) has 61% of its identifiable bends classified as bar push and 39% as bank pull 352 
(Figure 6b). This pattern is reversed in the Ural River, Centra Asia, with 73% of its bends classified as 353 
migrating via bank pull, versus just 27% as bar push. However, one of the most intriguing patterns is 354 
observed on the Juruá River. While the river as a whole shows a relatively balanced distribution of 52% bar 355 
push and 48% bank pull migrating bends, a notable process shift occurs downstream of its confluence with 356 
the Tarauacá River. In this downstream reach, which has a notably higher proportion of fine sediments in 357 
its boundary materials (see below), the Juruá transitions into a sequence of predominantly bank pull 358 
migrating bends, aligning more closely with the results from the Tarauacá River itself, where 100% of the 359 
bends are classified as migrating via bank pull. Potential causes for the contrasting behaviours of the 360 
Tarauacá and Jurua rivers are explored in Section 3.3. This suggests that river bends and their characteristics 361 
are interconnected, with one section potentially influencing the behaviour of downstream segments. 362 
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Another important observation is that most bar-push dominated rivers are located in tropical environments, 363 
particularly within the Amazon Basin, as classified by the Köppen climate system (Kottek et al., 2006) 364 
(Figure 6c). These environments encompass the Tropical Rainforest (Af), Tropical Monsoon (Am), and 365 
Tropical Savannah (Aw) climate classes, all of which are characterized by high annual temperatures 366 
(consistently above 18 °C) and substantial precipitation. This combination fosters the development of dense 367 
riparian vegetation, which can influence channel morphology (Ielpi & Lapôtre, 2020). In contrast, bank-368 
pull dominated rivers tend to be more prevalent in arid, temperate, and cold climate zones, which are 369 
typically regions with lower vegetation density. These regions span a wide range of environmental 370 
conditions, from dry deserts and steppes (e.g., BWh, BWk, BSh, BSk) to seasonally variable temperate 371 
zones (e.g., Csa, Cfa, Cwa) and colder continental climates (e.g., Dwb, Dwc, Dfc, Dfb). Altogether, this 372 
distribution pattern highlights the role of climatic and environmental conditions in modulating river 373 
morphodynamics, particularly the balance between bank-pull and bar-push mechanisms, a relationship that 374 
is also explored in greater detail in Section 3.3. 375 

376 
Figure 6 – Proportions of bends classified as (a) bank pull (blue) or bar push (red), (b) the analysed rivers 377 
and their percentage distributions and (c) their corresponding Köppen classification. 378 

 379 

4.3 Environmental factors driving bank pull versus bar push 380 

To identify the environmental factors that potentially influence the occurrence of bank pull versus bar push, 381 
a multivariable logistic regression was conducted, using the presence of bar push (1) versus bank pull (0) 382 
as the dependent variable, and a set of hydrological, sedimentary, and vegetative descriptors as independent 383 
variables.  The analysis was based on 1,570 observations classified as either bank pull or bar push dominant 384 
for which environmental variables were available. It should be noted that here the number of analyzed 385 
bends (1,570) is therefore lower than the total number of pull or push-dominant bends (1,797) because 386 
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environmental data were not available for all bends. From the full set of predictors evaluated, the final 387 
model retained four statistically significant variables: vegetation density (p < 0.001), sand content (p < 388 
0.001), bulk density (p < 0.001), and the unit discharge (p < 0.01). Vegetation density showed a strong 389 
positive association with the occurrence of bar push, whereas unit discharge exhibited a significant negative 390 
relationship, indicating that higher flow power conditions tend to favour bank pull. Sand content and bulk 391 
density both showed positive relationships with bar push. The resulting logistic regression model is 392 
statistically significant (Likelihood Ratio Test, LLR, p < 0.001), with a McFadden pseudo-R² of 0.038 and 393 
an Area Under the Receiver Operating Characteristic Curve (AUC) of 0.64. Variance Inflation Factor (VIF) 394 
diagnostics confirmed low interdependence among predictors (VIF < 1.2 for all variables). These results 395 
are intended for inferential purposes rather than predictive modelling, with the aim to identify statistically 396 
supported relationships between environmental variables and channel response mechanisms. They 397 
therefore reflect associations within a complex and stochastic geomorphic system, rather than a 398 
deterministic or predictive framework. 399 

As described in the methodology, vegetation density is represented by the mean Enhanced Vegetation Index 400 
(EVI) within each bend, derived from MODIS imagery. EVI is a unitless index ranging approximately from 401 
0 to 1, where higher values indicate denser and more vigorous vegetation, and lower values the converse. 402 
Unit discharge represents the mean annual river discharge normalized by channel width (m³ s⁻¹ m⁻¹), serving 403 
as a proxy for flow intensity. Sand content was derived from the average proportion of sand in the soil 404 
within each bend (g kg⁻¹). Bulk density, expressed in cg cm⁻³, represents the dry mass of soil per unit 405 
volume and is an indicator of soil compaction, with higher values generally corresponding to denser, more 406 
compact soils. While vegetation density, sand content, and bulk density characterize local conditions within 407 
each river bend, unit discharge represents a hydraulic property of the river system. 408 

Table 2 – Summary of multivariable binary logistic regression results for the percentage of bank pull in 409 
each river. Positive coefficients increase the chance of bar push, while negative coefficients increase the 410 

chance of bank pull. 411 

Variable Coefficient Standard Error z p-value 

Intercept -4.82 0.772 -6.253 0.000       

Vegetation (EVI) 3.68 0.557 6.606  0.000 

Unit Discharge (m³ s⁻¹ m⁻¹) -0.0392 0.014 -2.776 0.006 

Sand Content (g kg⁻¹) 0.003 0.001 5.224 0.000 

Bulk Density (cg cm⁻³) 0.018 0.005 3.410 0.001 
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412 
Figure 7 – (a) Frequency of occurrence of bank pull versus bar push for each river, with corresponding 413 
mean river values of (b) the vegetation density (EVI), (c) unit discharge (DWI), (d) sand content and (e) 414 
bulk density.  415 

The regression model results show that the presence and density of riparian vegetation negatively impacts 416 
the percentage of bends migrating via bank pull, meaning that rivers with less vegetation are more likely to 417 
experience bank pull during channel migration. This likely happens because the absence of vegetation 418 
reduces bank stability, facilitating erosion of the outer bank. In contrast, vegetated rivers tend to have more 419 
erosion-resistant banks (Finotello et al., 2024). Erosion in these rivers with higher bank resistance might 420 
occur only after sediment accumulates along the inner bank, eventually pushing the river channel outward, 421 
a characteristic of the bar push mechanism of lateral channel migration. Among the five rivers with the 422 
highest bank pull percentages (the Toboi River in Russia (88.0%), the Dez River in Iran (90.9%), the Irtich 423 
River in Russia (100%), the Tarauacá River in Brazil (100%), and the Yellowstone River in the USA (100%) 424 
(Figure 7a), only the Tarauacá River is highly vegetated, with a mean EVI of 0.49 (Figure 7b). In contrast, 425 
the remaining four rivers with high bank pull percentages have EVI values below 0.24 (Figure 7b). 426 

The unit discharge is positively associated with the prevalence of bank pull (Table 2). Elevated unit 427 
discharge values reflect more energetic flow conditions concentrated within narrower channels, which 428 
favour outer-bank erosion and, consequently, bank pull. The high unit discharges of the Amazonian 429 
Tarauaca and Purus River (4.06 and 4.26 m2/s, respectively) might explain why those rivers are dominated 430 
by bank pull even though they are surrounded by dense forests (Figure 7c). In contrast, the 11 rivers with 431 
the highest bar push percentages all have unit discharge values lower than 2.65 m2/s (Figure 7c).  432 
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Sand is an important variable positively associated with the bar push mechanism (Table 2). Point bars are 433 
primarily composed of sand- and gravel-sized sediments (Van De Lageweg et al., 2014), which are 434 
preferentially deposited on the inner bank of meander bends. Consequently, rivers with higher sand 435 
availability tend to develop more efficient lateral accretion processes, promoting point bar growth and 436 
enhancing the bar push mechanism. Soil bulk density, defined as the dry mass of soil per unit total volume, 437 
reflects the degree of soil compaction and is inversely related to porosity and erodibility  (McNabb et al., 438 
2001). Higher bulk density values therefore indicate more mechanically resistant banks, reducing the 439 
likelihood of outer-bank erosion. This potentially favours inner-bank deposition and bar growth, thereby 440 
reinforcing the bar push mechanism (Jepsen et al., 1997). Overall, our results suggest that bar push is 441 
favoured in settings characterised by strong banks, sufficient sand supply for bar construction, and 442 
comparatively lower hydraulic energy. In contrast, bank pull tends to dominate in systems with more 443 
erodible banks and more energetic flow conditions, which enhance outer-bank erosion. 444 

 445 

Discussion 446 

By analysing a 39-year time series of satellite imagery from 4,923 river bends worldwide, we have 447 
systematically identified, for the first time, river bends shaped by bank pull and bar push processes in real 448 
environments. Our results therefore provide a positive answer to the first question posed in this study: 449 
satellite remote sensing combined with Dynamic Cross Correlation can reliably identify bank pull and bar 450 
push mechanisms. Our large-scale dataset revealed that both mechanisms of lateral channel migration occur 451 
across diverse environments. However, most of the bends (63.5%) in our analysis have no clear signal of 452 
bank pull or bar push over time. This finding is consistent with the recent study  Mahmoud et al. (2026), 453 
who demonstrated in a 50-m-long experimental meandering channel that bank-pull and bar-push 454 
mechanisms frequently alternate through time and between bends of the same river, making it challenging 455 
to identify conditions under which either mechanism dominates. Our results complement Mahmoud et al. 456 
(2026) by highlighting that this natural variability is also widespread in natural river systems across a broad 457 
range of environmental settings, helping to explain the predominance of the "no clear signal" class in our 458 
classification. Understanding the processes driving these transitions represents an important avenue for 459 
future research. Although bends exhibiting transitions between mechanisms were also identified, the scale 460 
of our analysis allowed us to focus on bends with a persistent and clearly expressed migration style. By 461 
concentrating on bends with stronger bank-pull or bar-push signatures, we were able to more robustly 462 
evaluate their relationships with environmental variables. This approach reduces the ambiguity arising from 463 
the simultaneous interaction of erosion and deposition processes, a challenge that has frequently 464 
complicated the interpretation of natural river systems (Martin et al., 2024; Mason & Mohrig, 2018).  465 

While both lateral channel migration mechanisms occur in natural environments, we found that their 466 
relative dominance is influenced by vegetation density, flow, and soil characteristics. Specifically, the 467 
presence of dense vegetation, a low unit, high sand availability and higher soil bulk density all favour bar 468 
push. In contrast, rivers in sparsely-vegetated environments, with high unit discharge, low sand availability 469 
and low bulk density are more likely to be dominated by bank pull. The dominance of the influence of 470 
vegetation is reflected in our finding that, when aggregated to the scale of rivers, rivers with the highest 471 
frequency of occurrence of bar push migrating bends (>66%) are located in Köppen-classified tropical 472 
climates, regions typically characterized by dense forests. In contrast, for rivers exhibiting the highest bank-473 
pull percentages; such as the Toboi River (Russia; 88.0%), Dez River (Iran; 90.9%), Irtysh River (Russia; 474 
100%) and Yellowstone River (USA; 100%) are all situated in sparsely or non-vegetated environments.  475 

The importance of vegetation density in controlling the relative frequency of bar push versus bank pull 476 
migration is interpreted to reflect how the presence of vegetation enhances bank stability (Finotello et al., 477 
2024; Krzeminska et al., 2019; van Dijk et al., 2013; Zhu et al., 2022). Consequently, in vegetated rivers, 478 
erosion tends to occurs only after point bars have grown sufficiently to redirect river flow toward the 479 
vegetated outer bank (Inoue et al., 2025). Additionally, vegetation stabilizes and traps sediments at the inner 480 
bank (Braudrick et al., 2009), promoting point bar growth over time (Bywater-Reyes et al., 2018). The fall 481 
of trees into the river due to bank erosion can also contribute to bar push, since it blocks the river and 482 
therefore slow sediment transport, potentially further enhancing deposition and point bar development 483 
(Galia et al., 2024). In contrast, non-vegetated rivers are more susceptible to erosion, making bank pull the 484 
more likely dominant process. A similar pattern was observed by Van De Lageweg et al. (2014), who 485 
reported a dominant bank pull response in experimentally formed meandering rivers devoid of vegetation. 486 
Therefore, although vegetation is well understood as being an important factor for controlling erosion and 487 
point bar growth (Abernethy & Rutherfurd, 2000; Eke et al., 2014; Simon & Collison, 2002), our research 488 
is the first to identify a correlation between vegetation density and the relative prevalence of bank pull and 489 
bar push.  490 
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Soil properties also influence the relative dominance of bank pull and bar push. Higher soil bulk density 491 
increases bank resistance to fluvial erosion (Jepsen et al., 1997), favouring conditions in which channel 492 
migration occurs primarily through the gradual growth of point bars rather than through direct outer-bank 493 
retreat. Under these conditions, bank erosion is more likely to be delayed until point-bar accretion becomes 494 
sufficiently large to displace the channel laterally. However, sustained point-bar growth also requires an 495 
adequate supply of sand, which constitutes a major component of point-bar deposits (Van De Lageweg et 496 
al., 2014). Consistent with this mechanism, greater sand availability was associated with a higher 497 
prevalence of bar push in our analysis. By contrast, sediment load metrics, such as bedload and suspended 498 
sediment concentrations, were not significantly associated with migration mechanism, contrary to 499 
theoretical expectations (Eke et al., 2014). A possible explanation is that globally available sediment 500 
datasets are spatially coarse, heavily interpolated, and unable to capture the local variability in sediment 501 
supply at the bend scale. By contrast, the sand variable may partly capture the local availability of sediment 502 
suitable for point-bar construction, even if it does not directly represent sediment flux through the river 503 
system. Furthermore, bar push was most prevalent in densely vegetated rivers with relatively low unit 504 
discharges, conditions that favour sediment retention and point-bar stability. Vegetation enhances sediment 505 
trapping and reduces local flow velocities (Bywater-Reyes et al., 2018; Galia et al., 2024), promoting bar 506 
growth even without exceptionally high sediment inputs. Future studies integrating bend-scale sediment 507 
budgets with direct sediment transport measurements are needed to disentangle the relative roles of 508 
sediment supply, storage, and retention in controlling meander migration mechanisms. 509 

It is important to emphasize that the purpose of the Logit model employed here was to identify 510 
environmental variables statistically associated with the occurrence of bank-pull and bar-push migration, 511 
rather than to provide a predictive framework. The low predictive performance of the derived model 512 
suggests that additional local controls, which are difficult to quantify consistently at a global scale, likely 513 
also influence the dominant migration mechanism. This interpretation is consistent with Mahmoud et al. 514 
(2026), who demonstrated that identical flow forcings can still produce markedly different push versus pull 515 
responses depending on local bend-scale boundary conditions. Consequently, while the variables identified 516 
here reveal broad environmental tendencies associated with bank-pull and bar-push migration, a substantial 517 
proportion of the observed variability is governed by local geomorphic and hydraulic factors. With the 518 
assessment of the overall environmental interactions to produce bank pull and bar push, our findings have 519 
implications for meander migration modelling. Most numerical models of meander migration implicitly 520 
assume that bends migrate primarily through bank pull processes; i.e., that outer bank erosion initiates 521 
channel movement, with inner bank deposition responding passively to preserve channel width (Ikeda et 522 
al., 1981; Parker et al., 2011). Although bank pull is the most common persistent mechanism, its dominance 523 
is modest. Among bends showing a clear migration style, 20.4% were classified as bank pull and 16.1% as 524 
bar push, whereas approximately 64% exhibited no persistent temporal lead–lag relationship. These 525 
findings indicate that neither mechanism universally dominates meander migration, and that alternating or 526 
synchronous behaviour is the prevailing pattern in natural rivers. This suggests that the idealised conceptual 527 
dichotomy of pull versus push does not capture the full range of meander dynamics occurring in natural 528 
systems. Particularly in tropical river environments, where bar push dominates and inner bank processes 529 
are more prevalent, existing meander migration models may require refinement to account for cases where 530 
sedimentation leads rather than follows erosion. Thus, we advocate for a re-evaluation of migration 531 
modelling frameworks, especially those applied to densely vegetated tropical rivers, to incorporate bar push 532 
as a legitimate and potentially co-dominant mechanism. 533 

 534 

Conclusion 535 

Our study demonstrates that, overall, bank pull migrating bends occur slightly more frequently (56%) than 536 
those migrating through bar push (44%), with both types of bend migration process observed across a wide 537 
range of natural river environments. However, our findings do reveal subtle patterns in the relative 538 
frequency of push versus pull migrating bends based on river characteristics. Densely vegetated rivers with 539 
slower flow and finer (more resistant) boundary materials are more likely to exhibit migration via bar push, 540 
where sediment deposition along the inner bank plays a dominant role. In contrast, less densely vegetated 541 
rivers with faster flows and with coarser boundary materials, show a higher occurrence of bends migrating 542 
via bank pull. This means that the rivers with the highest proportion of bar-push migration in our dataset 543 
are predominantly located in densely vegetated tropical environments. Among the 64 rivers analysed, 11 of 544 
the most bar-push dominated rivers are classified as tropical. These results contribute to a better 545 
understanding of meandering river dynamics, highlighting the influence of vegetation, bank material 546 
characteristics, and unit discharge in determining bend migration processes. Beyond these geomorphic 547 
insights, the remote sensing framework developed here provides a scalable approach for investigating 548 
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temporal interactions between erosion and deposition across large river networks. Its application is not 549 
restricted to distinguishing bank pull and bar push, but could also support studies of channel adjustment 550 
under changing climate, altered sediment supply, dam regulation, and river restoration, where 551 
understanding the coupling between erosion and deposition is essential. 552 

 553 
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