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Morphological characteristics in river systems, including channel dimensions and river 
gradients, scale to drainage basin area, which provides the means for such elements to be 
predicted, measured and modeled. Moreover, recent studies interpret downstream 
changes in channel morphological and sedimentary characteristics to be the product of 
changing flow hydraulics as rivers transit from the normal flow to the backwater reach 
and approach the coastal ocean. This paper quantifies how large modern rivers undergo 
morphological and sedimentary transformations in response to normal flow to backwater 
transition. 
Morphologies adapting to such backwater hydraulic conditions is a potential for further 
investigation. With applications in modeling of modern river systems, this also provides 
the means for paleoenvironment reconstructions based on changing morphological 
characteristics since such quantitative framework is grounded by similar depositional 
processes. 
Building on previous studies, we construct river-long profiles, estimate backwater 
lengths, measure the ratio between channel-belt and channel widths (BChB/BCh), and 
measure the ratio between sand-rich to mud-dominated environments of deposition (S/M 
ratio) in five large modern river systems. We use results from >55,000 measurements of 
morphological and lithological characteristics from ~3,850 valley cross-sections over 
~5,500 river kilometers to show that: (a) channel gradients decrease by ~30-50% as the 
channel goes through the normal flow to backwater transition, whereas (b) BChB/BCh 
decreases by >~60% and (c) S/M ratios decrease by ~35-90% within the upper backwater 
reach. These values further decrease in the lower backwater reach and approach unity 
(BChB/BCh = 1; S/M = 0) as the gradient reaches zero (sea level). Such systematic 
transformations in morphologic and sedimentary characteristics indicate they are both 
inherent and predictable, and can be used to interpret normal flow vs. backwater 
hydraulics in ancient fluvial deposits. 

INTRODUCTION  

Development and application of the source to sink (S2S) 
approach (e.g., Romans et al., 2016) is fundamentally based 
on the uniformity of process over time. For modern sys
tems, it is possible to observe, quantify and model 
processes and rates, characteristics of source terrains, the 
sediment-routing systems, and sediment sinks. Indeed, 
from several decades of studying modern systems, it is clear 
that many fluvial system variables scale directly or in
versely to contributing drainage area: these include chan
nel sizes and shapes, river and shelf gradients, sediment 
loads, and the dimensions of basin-floor fans (Blum et al., 
2013; Fernandes et al., 2016; Milliken et al., 2018; Nyberg, 
Gawthorpe, et al., 2018; Nyberg, Helland-Hansen, et al., 
2018; Sømme et al., 2009; Syvitski & Milliman, 2007 and 
others). 

The morphology of modern river channels within con
tinental interiors is well known to reflect adjustments of 
channel size, shape, and gradient so as to transport water 
volumes and the sediment grain size and volume provided 
from the contributing drainage area (e.g., Brice, 1974; 
Carey, 1969; Church, 2006; Dade, 2000; Dade & Friend, 
1998; Hickin, 1974; Hickin & Nanson, 1975; Jackson, 1976; 
Knighton, 1992; Langbein, 1964; Langbein & Leopold, 
1970; Leopold & Langbein, 1966; Leopold & Maddock, 
1953; Leopold & Wolman, 1960; Lewin, 1983; Schumm, 
1977). Moreover, recent first-generation studies also de
scribe characteristic downstream transformations in chan
nel morphology and depositional processes as river chan
nels go through the transition from normal flow to 
backwater hydraulic conditions where they are influenced 
by the presence of the ocean (Blum et al., 2013; Fernandes 
et al., 2016; Hartley et al., 2017; Li et al., 2006; Martin 
et al., 2018; Milliken et al., 2018; Nittrouer et al., 2011; 
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Passalacqua et al., 2013; Wilson & Goodbred, 2015). For 
example, rivers entering their backwater reach experience 
downstream reductions in water-surface slopes and bed
load sediment transport rates during low flow, increased 
rates of deposition, and downstream decreases in channel 
migration rates and associated channel-belt widths: these 
transformations, in turn, favor channel avulsion over lat
eral migration (e.g., Blum et al., 2013, 2017; Fernandes et 
al., 2016; Hudson & Kesel, 2000; Leuven et al., 2018; Mar
tin et al., 2018; Milliken et al., 2018; Paola & Martin, 2012; 
Prasojo et al., 2022; Prokocki, 2017; Sandbach et al., 2018; 
Sincavage et al., 2019; Strong et al., 2005; Syvitski et al., 
2022). Such phenomena have been described in previous 
studies, but a more quantitative understanding of how scal
ing relationships change through the transition from nor
mal flow to backwater hydraulic conditions remains to be 
demonstrated. 
In addition to applications in geomorphology, hydrology 

or ecology, S2S concepts that are grounded in scaling rela
tionships can also be inverted to reconstruct ancient sedi
ment-routing systems and provide insight into ancient tec
tonic settings (e.g., Allen, 2008; Densmore et al., 2007; b; 
see especially Martin et al., 2018). One example where such 
applications can have an impact is the Lower Cretaceous 
McMurray Formation (see Wahbi et al., 2022), where seem
ingly irreconcilable environments of deposition have been 
interpreted over the last few decades: one interpretation 
places McMurray deposits within an estuary and near the 
shoreline under the influence of tidal processes and brack
ish water, whereas an alternative model favors a fully flu
vial environment of deposition that is unaffected by marine 
processes (Blum, 2017; Gingras & Leckie, 2017; Moreton & 
Carter, 2015; Peng et al., 2022; Shchepetkina et al., 2016, 
2019). The McMurray example represents a case where in
terpretation of depositional environment would signifi
cantly benefit from additional criteria for recognition and 
interpretation of environments. 
In this paper, we seek to further understand downstream 

morphological and sedimentary transformations in large 
modern rivers as a function of changing hydraulic condi
tions within the backwater reach, and we seek to do so 
within a framework that can be used to understand modern 
rivers, and interpret ancient strata as well. 

DOWNSTREAM TRANSFORMATIONS THROUGH    
THE NORMAL FLOW TO BACKWATER      

TRANSITION  

Previous studies show that the upstream distance over 
which backwater hydraulic conditions occur scales as LB = 
HCh/S, where LB = backwater length (km), HCh = channel 
depth (m), and S = slope (m/m) (Paola & Mohrig, 1996). LB 
therefore scales to the size of the river system, and, in a 
practical sense, to the location where the mean depth of the 
channel descends below sea level: LB can be <10s of kms for 
steep and shallow gravel-bed rivers, but it can also be hun
dreds of kilometers long in low-gradient sand-bed rivers 
with deep channels (Blum et al., 2013). As a result, there 
can be hundreds of kilometers within the backwater reach 
of large rivers that are downstream from the normal flow 

reach, but experience tidally modulated flow (Gugliotta & 
Saito, 2019). LB generally scales to the distance over which 
channel slope and hydraulic energy decreases (e.g. Syvitski 
et al., 2022), marine-attached avulsions become common, 
and a distributary channel system develops (e.g., Chamber
lin & Hajek, 2019; Ganti et al., 2014; Jerolmack & Swen
son, 2007; Prasojo et al., 2022), which results in construc
tion of delta plains. However, while a significant part of 
the backwater reach can be impacted by tidal currents, the 
backwater reach and tidal river are not synonymous with 
the distance over which saltwater can penetrate upstream 
into the river channel. Instead, the channels of large rivers 
are typically characterized by the inland migration of bot
tom-hugging salt-water wedges during periods of seasonal 
low flow that are significantly less thick than the channel 
as a whole (e.g., Carlin et al., 2015; Galler & Allison, 2008; 
Geyer & MacCready, 2014; Harleman, 1991; Ibaňez et al., 
1997; Kineke & Sternberg, 1995), whereas seasonal average 
to high flow push saltwater completely out of the river 
channel into the coastal ocean. 
We selected five large modern river systems for compar

ative study: these are the Mississippi River in the United 
States, the Paraná River in Argentina and Paraguay, the 
Niger River in Nigeria, the Indus River in Pakistan, and the 
Irrawaddy River in Myanmar. Although we do no analyses 
on the Amazon River, we include long profiles and other 
information for the Amazon River as an end-member. The 
selected rivers are among Earth’s 30 largest modern river 
systems (e.g., Milliman & Farnsworth, 2013; Syvitski & 
Milliman, 2007), but differ in scale, discharge, sediment 
load, and the degree of tidal influence and saltwater pen
etration in deltaic regions. These river systems were se
lected from different continents and latitudes to test if they 
show similar downstream morphological and sedimentary 
transformations. For each system, we measure morpholog
ical and sedimentary parameters from satellite images that 
are readily accessible in Google Earth, which also includes 
multiple satellite elevation datasets for different parts of 
the world with spatial resolutions of 30 m, and vertical res
olutions of ±30 m. We address three sets of parameters (Fig
ure 1), as follows: 
1. Starting at the river mouth we construct generalized 

longitudinal profiles along each river by tracing the 
lower ~800 – 1500 river kilometers (hereafter RK) for 
each channel in Google Earth, then extract the chan
nel elevation every 25 RK, and calculate the long pro
file as a 2nd order polynomial fit. We then identify 
the likely transition from normal flow to backwater 
hydraulics based on downstream decreases in chan
nel slope, as well as the downstream narrowing of the 
low-flow channel and decreased exposure of unveg
etated channel bars, and use these observations to 
identify a 50 RK reach along each river that we inter
pret to include LB, and the normal flow to backwater 
transition. 

2. We compile data from the literature on the inland 
penetration of tidal signals and saltwater for each 
river system to illustrate scaling relationships be
tween these variables and the backwater reach. Al
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RESULTS  

We measured channel gradients over a sum total of 
~5,500 RK in the five large modern rivers we focus on to es
timate the normal flow to backwater transition (see Table 
SM1 in Supplementary Material). Our measurements of 

BChB/BCh ratios, and S/M ratios come from 3,853 cross-val
ley transects in the five primary rivers of our study, with 
transects oriented perpendicular to channel-belt trends 
(and equivalent to channel-belt widths) at an average spac
ing of ~1.4 RK. A total of 7,597 channel width measure
ments were made across these transect lines: if more than 
one channel was identified in the transect, we calculate 
channel width as the sum of the 3 widest channels. A total 
of 43,575 measurements of sandy vs. muddy environments 
of deposition were similarly recorded for all transect lines 
(Tables SM2-SM6). In general, these data were collected 
over channel lengths that represent the backwater reach, 
and extend upstream into the normal flow reach over 
length scales that we estimate to be ≥2LB for each river sys
tem. For perspective, although these are some of the largest 
river systems on Earth, our measurements represent only 
the lower ~20-70% of the total river channel lengths (Linke 
et al., 2019) for the five river systems (see Figure 2; Table 
SM7). 
We estimate LB from downstream changes in channel 

gradient and the last downstream appearance of wide
spread emergent channel bars at low flow. LB scales to 
contributing drainage area (Figure 2), which reflects the 
well-known inverse relationship between drainage area and 
channel gradient (e.g. Flint, 1974): we estimate LB to be 
~600 RK for the Mississippi River, the largest of the 5 rivers 
we examined, and between ~300-400 RK for the others. 
Channel gradients are generally very low, with downstream 
trends within the normal flow and backwater reaches that 
are consistent across the 5 river systems, and with results 
from previous studies (e.g., Blum et al., 2013; Fernandes et 
al., 2016). Gradients in the normal flow reach are generally 
<0.0001 (1 x 10-4) for all five river systems, but gradients in 
the normal flow reaches of each river are on average ~2.3 
times the gradients in the upper backwater reach, and ~3.4 
times steeper than channel gradients in the lower backwa
ter reaches for the same rivers. Gradients in the lower back
water reach range from 0.00005 (5 x 10-5) for the Niger 
River to 0.00002 (2 x 10-5) for the Irrawaddy and Paraná 
Rivers (Figure 2; Table SM8). These observed downstream 
reductions in channel gradient are consistent with what has 
been referred to as the break between fluvial and deltaic 
environments, and downstream reductions in hydraulic en
ergy that, on a global scale, has been estimated to average 
~76% (Syvitski et al., 2022). 
We have also compiled data on the upstream penetration 

of tidal signals and saltwater penetration in river channels 
from a variety of sources (e.g. Abam & Fubara, 2022; Abam 
& Omuso, 2000; Eisma, 1998; Giosan et al., 2006; Hedley 
et al., 2010; Kravtsova et al., 2008; Matsoukis et al., 2023; 
Obowu & Abam, 2014; Parsa & Shahidi, 2010; Sakai et 
al., 2021; Soileau et al., 1990; Syvitski et al., 2014; Taft & 
Evers, 2016; Velden, 2015; Wang et al., 2019). The pres
ence of tidal signals defines the tidal river for each system, 
and in the 5 systems we studied, the tidal river and the 
estimated backwater length are essentially the same only 
in the macrotidal Irrawaddy River (~300 RK). By contrast, 
the microtidal Mississippi River records tidal signals up to 
~375 RK upstream, which corresponds to the upper to lower 

though we note the inland penetration of tides and 
saltwater in the Indus River from the published lit
erature, present-day conditions are strongly related 
to the anthropogenically induced modification of the 
channel and channel migration rates, which are a re
sult of large reductions in discharge and sediment 
loads due to dam construction (see Syvitski et al., 
2014). 

3. For each river, we measure active channel widths 
(BCh) and channel-belt widths (BChB) from valley 
cross-sections oriented perpendicular to the channel 
belt and located every ~1-3 RK. We define a channel 
belt as the area in which multiple channel sandbodies 
were deposited as a result of channel migration 
within one avulsion cycle (Jobe et al., 2020; Nyberg 
et al., 2023). Our measured cross-sections begin near 
the river mouth for each river and continue upstream 
hundreds of river kilometers into the normal flow 
reach. When measuring BCh, special attention was 
paid to capturing bankfull width in a consistent 
manor, since satellite images can change from one lo
cation to another in a single river system. For BChB, 
we measure the width of laterally amalgamated scroll 
topography to quantify how far the channel migrated 
to produce the dominantly sand-rich environments of 
deposition (utilizing the time-span feature in Google 
Earth to constrain the historical extent of channel 
migration within the channel belt). We then calculate 
the dimensionless ratio BChB/BCh as a normalized 
measure of the distance over which the channel has 
migrated during channel belt construction. 

4. Last, for each river system we measure the percentage 
of each cross-section that is dominated by sandy vs. 
muddy environments of deposition, by recording ob
servable characteristics every 500 m along each 
cross-section. We classify the environment as sand-
dominated based on the presence of arcuate scroll 
topography that forms from lateral accretion as the 
channel migrates laterally, and classify the environ
ment as mud-dominated flood plain in the absence 
of scroll topography and the presence of features like 
distributary channels, crevasse channels and crevasse 
splays. Recognition of active vs. abandoned channel 
segments is straightforward: although most modern 
abandoned channels still contain standing water, we 
classify them as mud-filled because we assume they 
will not receive significant new sand input from the 
active river channel, and they will be preserved in 
the stratigraphic record as a mud-dominated envi
ronment of deposition. From these data, we calculate 
the distribution of sandy vs. muddy environments of 
deposition for each cross-section as the sand-to-mud 
ratio (hereafter S/M ratio). 
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Figure 1. Examples of the current modern river measurements from: A) the Mississippi River normal reach, and                
B) the Irrawaddy River backwater reach. We first constrain the main active river channel (black dashed lines;                  
including subordinate channels that receive water during river flood events) to measure river distance. We                
constrain channel belt boundaries (thick white lines), and channel widths (transect white lines). Channel belt                
transect lines (black) are used to estimate B       ChB/BCh  ratios, such that B   ChB  is the total transect length, and B      Ch  is  
the total channel widths (if multiple channels exist). S/M ratios are estimated by taking a lithology measurement                  
(sand-dominated vs. mud-dominated) every 500 m across transect lines based on apparent lithology (filled black                
circles along transect lines). Images modified from Google Earth.          

backwater transition, whereas for the micro-tidal Paraná, 
and the mesotidal Niger and Indus rivers, tidal signals ex
tend into the upper backwater reach, penetrating ~220 RK, 
~175 RK, and ~160 RK, respectively (Figure 3; Table SM9). 
Saltwater penetrates into river channels during seasonal 

low flow as a bottom-hugging saltwater wedge that will 
eventually mix and rise to the surface in dilute form then 
be flushed to the coastal ocean when discharge increases 
(e.g., Geyer & MacCready, 2014). In the 5 systems we ex
amine, saltwater wedges penetrate into channels over dis
tances that range from 0-160 RK (Figure 3; Table SM9). On 
one end of the spectrum, the Paraná River has significant 
freshwater discharge during all seasons, such that saltwa
ter does not penetrate from the Rio de la Plata estuary into 
the channel at all. By contrast, saltwater wedges do pene
trate upstream in large rivers with seasonal periods of low 
flow, but will then be pushed out into the coastal ocean 
during average to high flow conditions. For the well-stud
ied Mississippi River, mean daily discharge just above New 
Orleans for the period 2008-present is 16,120 m3/s, with 
daily ranges from 2,030 m3/s to 37,660 m3/s. According to 
Soileau et al. (1990), saltwater penetration occurs over the 
lower 10s of RKs during low flow periods when discharge 
is <~8,500 m3/s, which represents ~18% of all days since 
2008. By contrast, discharge values of <4,500 m3/s, which 
has occurred 1.1% of all days since 2008, will allow salt
water wedge intrusion of ~90 RK, and extremely low dis
charges of <3,350 m3/s, which have occurred on 0.2% of all 
days, will allow saltwater to penetrate upstream ~160 RK. 

BChB/BCh ratios for the normal flow, upper backwater 
and lower backwater reaches are summarized in Figure 3 
and Table SM10. We find that normal flow reaches have 
BChB/BCh values that range from ~22 for the highly sinuous 
Indus River to ~3 for the low sinuosity Niger River, whereas 
average BChB/BCh values for the lower backwater reach 
range from 1.78 for the Irrawaddy River to 1.03 for the In
dus River, and approach unity (BChB/BCh ≃ 1) in the lower
most reaches of all 5 river systems: BChB/BCh values are, on 
average, ~8.4 times higher in the normal flow reach relative 
to the lower backwater reach for all five river systems. We 
also note that BChB/BCh values display a gradual decrease 
downstream from LB = 1, the estimated location of the nor
mal flow to backwater transition, and through the upper 
backwater reach in each river system, which extends down
stream ~0.6 LB based on our measurements. 
Normal flow BChB/BCh values for the Irrawaddy, Niger 

and Paraná Rivers overlap with values for the lower back
water reach of the Indus and Mississippi Rivers, which we 
interpret to indicate that there are no specific uniform scal
ing relationships for BChB/BCh that apply to all rivers. How
ever, downstream transformations in BChB/BCh between the 
normal flow and lower backwater reaches within individual 
river systems are distinct and persistent regardless of river 
system. Variance in BChB/BCh measurements is also larger 
in the normal flow reach, ranging from 13.6 for the Indus 
River to 1.6 for the Niger River, compared to 0.4 to 0.11 for 
the lower backwater reaches of the Mississippi and Indus 
rivers, respectively. This variability is interpreted to rep
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Figure 2. Comparisons between the five modern rivers in this study. Illustrations highlight drainage basin area               
(drawn to scale), active primary river channel (light blue), and parts of each river where B               ChB/BCh  and S/M ratios    
were measured within the normal (dark blue) and backwater (red) reaches for river systems. Gradient                
measurements are calculated from elevation measurements in Table SM8. Drainage basin and river length data                
included are from Linke et al.       (2019)  (Table SM7).   

resent the influence of local bedrock outcrops in limiting 
lateral migration, and/or the relative maturity of channel 
curvature since local bedrock may prevent meander loops 
from increasing their sinuosity, resulting in premature cut
off and abandonment compared to how they would gener
ally mature in a non-bedrock confined part of the system. 
Differences in S/M ratios between the normal flow and 

backwater reaches for each river system correspond to dif
ferences in BChB/BCh as well (Figure 3 and Table SM10). 
Our measurements show that S/M ratios for the normal flow 
reach range from ~0.83 for the Mississippi River to ~0.50 for 
the Irrawaddy River, with a mean value of 0.65. By contrast, 
within the upper backwater reach, S/M ratios decrease to 
a mean of 0.42, then decrease further in the lower back
water reach to a mean of ~0.07, and approach zero in the 
lowermost part of each river system. S/M ratio variance in 
normal flow reaches ranges from 0.3 in the Irrawaddy River 
to 0.01 in the Mississippi River, with a mean of 0.18, and 
ranges for lower backwater reach between 0.2 and ~0 for the 
Mississippi and Indus rivers, respectively, with a mean of 
0.14. Both BChB/BCh and S/M ratios therefore illustrate the 
tendency for greater lateral channel migration and deposi

tion of sandy channel-belt facies in the normal flow reach, 
and downstream transformation into significantly reduced 
BChB/BCh and S/M ratios as each river system goes through 
the transitional upper, then lower, backwater reaches. 
Figure 4a is a cross plot of BChB vs. BCh to illustrate 

consistent differences between the normal flow and upper 
to lower backwater reaches of each river system. As noted 
above, these metrics overlap for each river system, but BChB 
is, on average, almost an order of magnitude times greater 
in the normal flow reach relative to the lower backwater 
reaches for all five rivers we examined. Downstream trans
formations in BChB and BCh take place, on average, over the 
upper 60% of the backwater reach: BChB is, on average, only 
4.40 and 1.26 times greater than BCh in the upper transi
tional and lower backwater reaches, respectively, clearly in
dicating downstream decreases in lateral migration (Table 
SM10). Figure 4b plots probability-density distributions for 
S/M ratios within the normal flow vs. upper and lower back
water reaches of each river system. These plots show av
erage S/M ratios of 0.65 in the normal flow reach for all 
five river systems, with values that exceed 0.5 for each river 
system. Lower S/M ratios characterize the backwater reach 
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Figure 3. BChB/BCh  and S/M ratio plots for the five studied modern rivers. Colored solid lines highlight running averages for data. The x-axis represents the normalized                        
distance from the normal-backwater transition, such that L       B  = 0 at river mouth, and each L       B  distance unit represents a backwater length; the first being the backwater            
reach, and the second is an equivalent distance within the normal reach.             
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for all river systems, with average values of 0.42 in the 
upper backwater reach, and 0.07 in the lower backwater 
reach. As noted above, S/M ratios closely track changes in 
BChB/BCh and likewise indicate downstream decreasing for
mation and deposition of laterally accreting sand-rich bar 
forms. 
We considered a number of uncertainties when con

structing our dataset. As mentioned, resolution of satellite 
images is a potential source of uncertainty for our estimates 
of channel gradients, but there have also been situations 
where features were too ambiguous to measure (i.e., the ex
act boundaries of channel belts). We have examined mul
tiple satellite images collected at different times (showing 
historical maximum migration extent of channel belt) and 
cited published maps to make or support such interpreta
tions, and suggest that from our calculations, errors in such 
measurements should not exceed ±5%. Another area where 
measurements may show large error is within the S/M ratio 
dataset since the 500-meter spacing between measure
ments may, for instance, overestimate the S/M ratio in nar
row (<1 km-wide) channel belts (see lower backwater S/M 
ratio measurements in Figure 3). Other potential areas of 
error include anthropogenic modifications that impact dis
charge and sediment loads, and channel migration pat
terns. Such impacts are especially pertinent to the Mis
sissippi and Indus rivers. Although subject to significant 
reductions in sediment loads (see Blum & Roberts, 2009; 
Meade & Moody, 2010; Mize et al., 2018), channel and 
channel-belt patterns for the Mississippi have essentially 
been frozen in place by engineering structures, such that 
our measurements are mostly unaffected. However, in the 
Indus system, engineering activities resulted in a 70% re
duction in water discharge and an 80% reduction in sedi
ment loads following constructions of dams, which in turn 
led to increases in channel migration rates, and meander 
wavelengths that are 200-300% larger than they were prior 
to engineering activities (Syvitski et al., 2014). As a result, 
our measurements of BChB/BCh and S/M ratios are likely un
representative of the Indus River prior to extensive anthro
pogenic impacts. Regardless, we argue that potential errors 
in measurement are small and will not change the funda
mental insights of this study. 

DISCUSSION AND CONCLUSIONS    

Our measurements from modern river systems build on 
the results of previous workers (e.g., Blum et al., 2013; 
Fernandes et al., 2016; Martin et al., 2018), and further 
demonstrate and quantify downstream transformations in 
morphological and sedimentary characteristics between the 
normal flow and backwater hydraulic reaches in the five 
river systems we examined. Our primary findings are con
sistent with the work of others, and indicate that each 
river system displays significant reductions in channel gra
dient, channel migration rates and resultant channel-belt 
width relative to channel width (BChB/BCh). Our findings 
also show gradual decreases in sand-dominated environ
ments and facies, and corresponding increases in mud-
dominated environments and facies (S/M ratios) as chan
nels flow through the normal reach to backwater transition 

(summarized in Figure 5). We find that the absolute values 
of BChB/BCh and S/M ratios vary between river systems, and 
cannot, by themselves, clearly differentiate between the 
normal flow and backwater reaches within a given system. 
However, downstream transformations in BChB/BCh and 
S/M ratios follow the same general trends in all of the sys
tems we have examined. We therefore consider downstream 
morphological and sedimentary transformations such as 
these to be inherent to large river systems that discharge to 
and respond to the presence of the coastal ocean, and they 
likely pertain to smaller rivers as well (see also Prasojo et 
al., 2022). 
We attribute variation in the absolute values of BChB/BCh 

and S/M ratios between river systems to bedrock controls 
on channel migration or, in the case of the Indus River, per
vasive anthropogenic modification of discharge, sediment 
loads, and channel migration rates (Syvitski et al., 2014). 
Regardless of river system, however, such factors impact 
morphological and sedimentary characteristics in the nor
mal flow reach more than they do in the backwater reach, 
as indicated by the higher variance in BChB/BCh and S/M 
ratio measurements. Channel gradient and lateral chan
nel migration gradually decrease within the upper backwa
ter reach of all 5 river systems, and approach values of 0 
within the lower backwater reach, hence variance in mea
surements becomes correspondingly low. We interpret this 
trend to indicate the significance of the presence of the 
coastal ocean as a boundary condition for the parameters 
we have measured, and to indicate that other factors are 
less relevant in the lower backwater reach. 
The normal flow to backwater hydraulics transition, and 

the resultant downstream transformations in morphologi
cal and sedimentary characteristics represent marine influ
ence. The tidal river is of course also a product of marine 
influence, and recognition of tidal influences on sedimen
tary structures within fluvial deposits are traditional indi
cators of marine influence as well. However, in the 5 sys
tems we studied, the tidal river and the backwater reach 
are essentially the same only for the macrotidal Irrawaddy 
River: for the other 4 systems, which have meso- to mi
crotidal regimes at their mouths, the tidal river only ex
tends through 55-62% of the backwater reach. We therefore 
argue that tide-generated processes have little impact on 
the 1st order downstream morphological and sedimentary 
transformations that we observe. Instead, they are initiated 
by changes in hydraulics and sediment transport associated 
with the normal flow to backwater transition, and would 
occur in the presence or absence of tides (i.e., in freshwater 
lake basins or rivers responding to presence of a dam as 
well). However, tide-generated currents clearly have 2nd or
der effects on the nature of depositional environments and 
the generation of sedimentary structures within the tidal 
river, and are known to significantly influence downstream 
trends in channel width and depth in tide-dominated deltas 
(see Dalrymple & Choi, 2007; Gugliotta & Saito, 2019). 
It is also common to interpret marine influences on the 

environment of deposition based on recognition criteria 
that are thought to indicate brackish or saline conditions. 
However, it is important to place saltwater penetration 
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Figure 4. A) Cross plot of channel-belt width vs. channel width data for the five modern rivers examined. The                  
normal flow parts of each river are plotted in blue, whereas the upper and lower backwater reaches are plotted in                     
green and red, respectively. B) Probability density distribution for S/M ratios in the five modern rivers. As above,                   
normal flow reaches are plotted in blue, whereas upper and lower backwater reaches are plotted in green and red,                    
respectively.  
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Figure 5. A model illustration of changing morphological architecture in response to changing hydraulic             
conditions in modern river systems. Under normal flow conditions within bedrock and alluvial valleys, changes                
in channel belt to channel widths (B      ChB/BCh) and sand- to mud-dominated (S/M) ratios are attributed to changes            
in gradient in the more upstream parts of the river system. Under backwater hydraulic conditions in the terminal                   
alluvial to proximal coastal plain valleys, changes in ratios are attributed to the interaction between the river                  
channel water-body and the ensuing marine influence, resulting in a gradually less-sinuous and less-             
amalgamated river morphology (reduced B    ChB/BCh  and S/M ratios). Extent of tidal reach is presented based on            
observations from modern rivers studied. We present model vertical stacking patterns in each segment of our                 
model (drawn to scale) based on measurements in this study. Geomorphic transitions model adapted from Blum                 
(2017).  

within the context of scaling relationships. For large river 
systems, the inland penetration of bottom-hugging saltwa
ter wedges likely has very little impact on the properties 
of depositional environments, because brackish to saline 
conditions are uncommon and ephemeral within the upper 
part of channels above, or upstream from, the saltwater 
wedge, as well as on the delta plain where freshwater con
ditions dominate inland from the intertidal zone. Moreover, 
in large rivers with modest discharge in all seasons, saltwa
ter penetration of more than a few river kilometers is un
likely and may not occur at all. Instead, saltwater wedges 
only penetrate significant distances (>10 RK) during in
frequent seasonal periods of very low discharge, and even 
then, extreme saltwater wedge penetration (>100 RK) only 
occurs over ~50% of the length of the tidal river. Hence, 
marine saltwater penetration is limited to the lower half of 
the tidal river, saltwater penetration does not extend into 

the normal flow or upper backwater reaches, and saltwa
ter penetration distances do not overlap with high values of 
BChB/BCh and S/M ratios that characterize the normal flow 
and upper backwater reaches. 
We conclude that quantification of dimensionless scal

ing relationships in modern environments can provide an 
empirical framework for how morphological and sedimen
tary patterns form over time and space. For example, sand 
body geometries and the spatial distribution of sand-rich 
vs. mud-dominated fluvial facies can, in general, be pre
dicted and modeled at the 1st order within different seg
ments of river systems when contextualized as scaling re
lationships (e.g., BChB/BCh and S/M ratios) that are derived 
from modern river systems, rather than focusing on the 
actual dimensions themselves. Empirically-defined scaling 
relationships can also be applied to the stratigraphic 
record, such that dimensionless relationships measured in 
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more proximal to more distal settings within ancient strata 
can be used to constrain the hydraulic context and paleo
geographic position for ancient fluvial-deltaic successions 
(Figure 5). 
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