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Abstract: River deltas support large human populations and diverse ecosystems, but many 23 

are increasingly threatened by relative sea-level rise and sediment deprivation. Delta 24 

growth is widely viewed as a depositional process driven by sediment accumulation. 25 

However, the distributary channels that deliver sediment across deltas often extend before 26 

major episodes of subaerial land growth. Recent field observations suggest that, in many 27 

systems, these channels extend basinward by incision rather than deposition. Here, drawing 28 

on incisional growth theory, we derive an analytical solution that links channel-tip 29 

progradation to network topology, channel geometry, and river discharge. Analysis of 30 

observations based on this framework suggests that channel-tip progradation rates scale 31 

linearly with flow velocity at channel mouths, revealing an unexpectedly constant 32 

dimensionless ratio between the two—the progradation number—across deltas of widely 33 

varying sizes and growth rates. These findings suggest that incision is a predominant 34 

mechanism driving distributary channel growth and provide a simple framework for 35 

predicting channel-network expansion in delta restoration. 36 

 37 
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Main Text 38 

River deltas are depositional landforms that serve as major coastal sinks for 39 

terrestrial sediment and associated materials, including nutrients and biomass1–3. This 40 

accumulation builds fertile land that supports agriculture and diverse ecosystems, as well 41 

as coastlines that sustain about 50% of the world's population4–6. Yet accelerating relative 42 

sea-level rise, sediment deprivation, and human modifications to channels, including 43 

leveeing and dredging, are causing land loss in many deltas1,2,7–10. To sustain these 44 

vulnerable coastal landscapes, delta and wetland restoration projects are increasingly being 45 

implemented7,9,11–13, with cost-effectiveness remaining a central concern14. A key question 46 

is how quickly these restoration projects can deliver tangible, demonstrable land-building 47 

benefits15. Addressing this question requires understanding how distributary channels, 48 

whose flow and geometry can be modified through engineering, relate to the growth of 49 

deltaic land8,16. 50 

Traditional assessments of delta growth have focused mainly on the rate at which 51 

deltas accumulate sediment1,17–21. This perspective often implicitly assumes that the delta’s 52 

distributary channel networks (DCN) and the radially averaged subaerial shoreline 53 

prograde at similar rates22–26 (Fig. 1). However, bathymetric observations show that 54 

distributary channels, especially their tips or mouths, can extend tens of kilometers beyond 55 

the firmly established land27 (Fig. 1), as in topset-dominated systems such as the Wax Lake 56 

Delta27 and the Head of Passes in the Mississippi Delta28. Channel growth and subaerial 57 

land growth are not necessarily synchronous27,29,30. These networks nevertheless provide 58 

the primary pathways for water, sediment, and nutrients to reach the receiving basin and 59 

interdistributary floodplains31–33, even where the delta topset is partly or entirely 60 

subaqueous34–36. Their expansion therefore sets the pace of broader land-building 61 

processes16,37, making predictive models of distributary network growth essential for 62 

understanding delta progradation18,29,30,34,38–40. Previous studies have examined how 63 

distributary network topology and morphology respond to external forcing41,42, including 64 

river discharge43,44, sediment supply18,42, wave activity42,45, and tidal currents46,47. Yet what 65 

controls the rate of channel-tip progradation remains unclear35,44. 66 

The central challenge is that distributary channels in many topset-dominated deltas 67 

are incised into the surrounding sediments34,39,40,48,49. Models that treat channel extension 68 

as a depositional process do not represent this incised channel morphology, while the 69 

predictive performance of incisional models across natural delta networks remains poorly 70 

constrained35. A predictive framework for incisional growth is therefore needed, 71 

particularly given the global prevalence of topset-dominated delta networks under modern 72 

sea-level highstand conditions23,40,50. Here, we derive an analytical model for distributary 73 

channel network growth using incisional theory and test it against a new compilation of 74 

network growth rates spanning rapidly and slowly growing deltas. We find an unexpectedly 75 

simple linear relationship between the channel-tip growth rate and mouth flow velocity and 76 

define their dimensionless ratio as the Progradation Number. This relation provides a 77 
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unified predictive framework for delta channel network growth, with implications for delta 78 

modeling, restoration, and rock record reconstruction51. 79 

Theory and Results 80 

Incisional Theory for Distributary Channel-Tip Growth and Its Test. Building 81 

on a simplified morphodynamic model of a distributary network35, we describe channel-82 

tip growth using an incisional sediment mass balance (Exner equation). We consider 83 

systems in which the channel thalweg lies below the surrounding delta-front sediments or 84 

mouth bar, as is typical of a topset-dominated delta (e.g., Fig. 2b,c). In this setting, 85 

basinward channel extension (Supplementary Fig. S1b) requires sediment erosion at the 86 

advancing tip. When a channel tip advances a distance Δx [L], the volume of sediment 87 

eroded is ΔV=ΔxWHb(1-λ0) [L
3], where W is channel width [L], Hb is mouth bar height [L], 88 

and λ0 is bed porosity [-]. For a volumetric sediment erosion rate Ev [L
3/T] over a time 89 

interval Δt [T], this balance gives ( )01b vV xWH E t =  − =  . Defining the channel-tip 90 

progradation rate as up =Δx/Δt [LT-1] and the erosion rate per unit width as E=Ev/W [L2T-91 
1], the incisional Exner equation becomes35 92 

( ) ( )0 01 1

sc r in t
p

b b

q q qx E
u

t H H 
−− −

= = =
 − −

    (1)   93 

where qsc is the sediment transport capacity of the flow near the distributary channel mouth,  94 

qr-in, is the riverine input sediment flux and Δqt is the net landward tidal-current sediment 95 

flux, all expressed per unit width [L2T-1]. We use up as a characteristic tip growth rate, 96 

distinct from shoreline progradation or subaerial land growth (see Fig. 2 and 97 

Supplementary Fig. S1).  98 

For channels actively prograding by incision, sediment transport capacity (qsc) 99 

greatly exceeds the incoming sediment fluxes (qsc >> qr-in + Δqt). Equation (1) simplifies to 100 

( )0/ 1p sc bu q H  − , showing that tip advance is governed by the sediment erosion 101 

capacity relative to the thickness that must be eroded. Applying an empirical power-law 102 

relation between sediment transport capacity and water discharge per unit width, qsc=k’qβ, 103 

then leads to ( )0/ 1p bu k q H  − . 104 

To make the physical basis of this scaling relation explicit, we use a generalized 105 

sediment transport relation52,53 that incorporates sediment properties and hydrodynamic 106 

forcing: ( )* * *

0 /sc b c fq C


  = − , where ( )
0.5

* 3/sc scq q RgD=  is the dimensionless sediment 107 

transport capacity, R is the submerged specific gravity of sediment (R=1.65 for quartz in 108 

fresh water), g is the gravitational acceleration [LT-2], D is the characteristic bed grain size 109 

[L], Cf is the dimensionless resistance coefficient [-]; ( )* /x x RgD  =  is the 110 

dimensionless shear stress, ( )* /x x RgD  =  is the shear stress [ML-1T-2], the subscript 111 

x=b for bed shear stress and x=c for critical shear stress of sediment incipient motion. The 112 
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parameters α0 and β depend on transport conditions52,53. Substituting this relation into 113 

simplified sediment mass balance yields 114 

( )
( )

( ) ( )
( )

0.5 0.5
3 * 3 * *

0
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b f b

RgD q RgD
u
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 

−
= =

− −
. (2) 115 

We next connect the local hydrodynamics to discharge, network topology and channel 116 

geometry. We define the water discharge per unit total outlet width as 
1

/
N

ii
q Q W

=
=  , where 117 

Q is the water discharge at the delta apex, Wi is the width of outlet i, and N is the number 118 

of channel outlets. Because some flow can escape into interchannel areas54,55, we introduce 119 

a discharge-retention ratio κ, such that iQ Q=  where κ<1 represents loss of 120 

confinement in the deltaic channels33. The local mouth flow velocity u thus satisfies 121 

uH q , where H is characteristic water depth [L] above the mouth bar. Following the 122 

linearized drag approximation35,56–59, τb≈ρΛu where Λ =CfU is the dimensional resistance 123 

coefficient [LT-1] and U is a characteristic flow velocity. Thus, *

b
D

u

gRD

q

gRH



 =


.  124 

For actively prograding networks in which * *

b c  , Equation (2) reduces to  125 

( )1
/

N

p ii
b b

q
u Q W

H H

  
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= =      (3) 126 

where 
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Although wave and tidal dynamics are not explicitly resolved, their effects on channel 128 

network growth are implicitly represented through network topology (N) and channel 129 

geometry (W and Hb). For example, waves can redistribute sediment across the shoreline 130 

and reduce the number of outlets, whereas tidal forcing can widen the channel mouths47, 131 

thereby changing discharge per unit width. Equation (3) therefore provides a general 132 

framework for examining these controls on channel-tip growth.  133 

We assess the incisional model by its fit to the observations and whether systematic 134 

differences between smaller and larger networks remain in the fitted relation.  Although 135 

the coefficient and exponent in Equation (3) have physical meanings and may vary among 136 

systems, we estimate both freely by fitting the incisional model to the full dataset to seek a 137 

universal network-growth law. We test the model using nine natural delta-network units, 138 

with water discharge, outlet number, individual outlet widths, and mouth-bar height, 139 

compiled from published sources or derived from publicly available bathymetric and 140 

satellite datasets for testing22,23 (see Methods).  141 

Field observations strongly support the incisional growth scaling relation. The 142 

power law relation between upHb and q has R2=0.97 (Fig. 3a), reconciling the observed 143 
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growth rates of small and large networks in a universal relation. Here, upHb represents the 144 

bulk sediment volume that must be eroded per unit outlet width per unit time as the channel 145 

tip advances. The resulting scaling links riverine forcing, modulated by network topology 146 

and channel width, to the sediment erosion required for network growth across the sampled 147 

deltas.  148 

Simpler formulations based on Q or Q/N alone show weak negative relationships 149 

with up, rather than the hypothesized positive dependence. The q-only formulation also 150 

accounts for channel width (Q/NW) and yields a weak positive relationship, but retains 151 

substantial scatter and systematic separation between smaller and larger networks 152 

(Extended Data Fig. 1). These comparisons further support the full scaling in Equation (3), 153 

which incorporates the mouth bar height (Hb), as the simplest adequate formulation among 154 

those tested (Fig. 3a). Alternative scalings based on sediment supply as the primary control 155 

perform less well than discharge-based scaling (Discussion and Supplementary Fig. S2). 156 

More strikingly, the freely fitted exponent of the power-law relation between upHb and q, 157 

β=1.07, is unexpectedly close to unity, indicating a surprisingly linear relation.  158 

Discovery and Implications of the Dimensionless Progradation Number. The 159 

unexpectedly linear relation reveals a remarkable simplification: the ratio upHb/q is 160 

dimensionless, and approximately constant across sampled networks (Fig. 3b). We define 161 

this dimensionless ratio as the “Progradation Number”, Pr = upHb/q = (1.86±0.48)×10-6 162 

(95% confidence interval). Rearranging yields Pr=up/Um where Um = q/Hb = Q/(NWHb) is 163 

a nominal mouth flow velocity, calculated from mean apex discharge, network topology, 164 

and channel outlet geometry. The observed Pr therefore indicates that channel tips advance 165 

at approximately two millionths of this nominal mouth flow velocity, corresponding to ~59 166 

m/yr for Um=1 m/s (Fig. 3a). An exhaustive subset analysis further supports the stability of 167 

this relation and its predictive performance, in which power-law fits obtained using subsets 168 

of data (half) result in almost the same linear relations with similar predictive capacity to 169 

the one obtained from using the complete dataset (Supplementary Text S1).  170 

To examine a possible physical origin of this dimensionless number and provide a 171 

theoretical rationale for the constant Pr, we consider the case β=1 for cohesive sediment 172 

erosion60–62 and Equation (3) reduces to 173 

5
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−

.      (4)  174 

To connect active, episodic incision with the long-term rates and mean discharge 175 

used in the empirical scaling, we average the channel propagation rate over a time interval 176 

T, 
0

/
T

p pu u dt T=  , and neglect the channel-tip advance outside periods of floods (denoted 177 

by TF). The average progradation rate is expressed as 178 
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If we define flood intermittency as the fraction of the total water volume during flood 180 

periods ( )/ /
F Q BF

f
T T

I qdt qdt Qdt QT


= =   and use the temporally averaged mouth flow 181 

velocity / /m bU qdt T H=  , we can obtain the following expression for the Progradation 182 

Number  183 
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Pr .     (6) 184 

Based on this derivation, the observed constant Pr could arise from relatively limited 185 

variation in the product of If, the dimensionless ( ) ( )/ /U H D gR , and the prefactor 186 

( )0 0/ 1  − . The deltas compiled in this work indeed have a similar discharge coefficient 187 

of variation (Cv), supporting limited variation in If. Furthermore, sediment properties (α0, 188 

β, D) in delta settings are relatively similar, with grain size (D) varying over a narrow range. 189 

Sand (0.06-2 mm) is typically associated with energetic channelized flow and wave activity, 190 

and many channel tips show a transition from sandy channels to muddier mouth bars and 191 

surrounding deposits34,63. These shared hydrological and sediment characteristics may 192 

therefore help explain why Pr remains nearly constant across the sampled deltas. 193 

The growth rate of river deltas is known to decrease with age; thus, newly formed, 194 

juvenile deltas grow more rapidly than older ones35,64. The linear relation also offers a 195 

unified mechanistic explanation for distributary-channel progradation across scales, from 196 

small, rapidly-growing to large, slowly-growing delta networks.  Given a constant water 197 

discharge, up =PrQ/(NWHb) predicts slower channel-tip advance as the total cross-198 

sectional area of the network mouths (NWHb) increases. This increase can occur through 199 

three mechanisms: 1) channel bifurcations that add outlets N, as in the Selenga Delta23, 2) 200 

widening of distal channels (W), as in the Amazon Delta, and 3) channel deepening (Hb), 201 

as at the Head of Passes in the Mississippi Delta28 and the Amazon Delta65.  202 

The same relation also accommodates quasi-steady channel-tip progradation (scale-203 

invariant)24 when Q/(NWHb) remains approximately constant. This explains the sustained, 204 

quasi-steady growth of the Lafourche delta24, which contradicts the slowing predicted by 205 

depositional models66. Specifically, the stable number of channels (N) over 1000 years of 206 

progradation28 may have helped maintain relatively stable discharge in a near-constant total 207 

cross-sectional channel area at the coast (NWHb). This interpretation is compatible with the 208 

alternative view that simultaneous bottomset aggradation allowed the Lafourche Delta to 209 

expand into a shallower basin25, implying potentially stable Q and Hb and therefore 210 

maintaining a constant progradation rate. The progradation number Pr thus provides a 211 
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unified incisional framework for interpreting not only rapidly and slowly growing 212 

distributaries but also sustained, quasi-steady network growth.  213 

Discussion 214 

The Progradation Number Captures Network-Scale Growth of Distributary 215 

Channels. Long-term changes in channel geometry and network topology, including 216 

contraction of channel area, in-channel deposition, and avulsions, will drive variable 217 

progradation rates among individual channels76. Pr implicitly accounts for these processes 218 

insofar as they modify the effective total coastal cross-sectional area (NWHb), the model's 219 

core geometric control. Despite substantial variability among individual channel tips, Pr 220 

captures the mean progradation rate well, suggesting that the growth rate of a single 221 

characteristic channel-tip, if it locates at the frontier of the delta network, can approximate 222 

distributary network growth. Accordingly, although the Mekong and Amazon deltas 223 

exhibit a range of individual channel progradation rates, the mean rate across channels 224 

agrees with incisional-model predictions (Fig. 3). Where spatial heterogeneity is 225 

particularly strong, a nested formulation that includes sub-channel networks may be more 226 

appropriate. For example, the Selenga Delta developed multiple lobes in response to 227 

spatially variable subsidence associated with tectonic subsidence heterogeneity48, and the 228 

two prograding lobes considered here each agree with the model predictions (Fig. 3). 229 

Incisional Channel-Tip Progradation is Decoupled from Bulk Delta 230 

Deposition. Channel-tip progradation through incision may seem counterintuitive because 231 

delta building is generally framed as a mass balance between sediment supply and 232 

accommodation8,11,19,23–27. Sediment supply is positively correlated with water discharge 233 

and, in turn, with the channel progradation rate62–64, but its relationship with channel 234 

progradation is nonlinear and highly uncertain (Supplementary Fig. S2). The difference 235 

between channel-tip progradation by incision and overall delta growth by deposition may 236 

reflect the different spatial scales of the two processes. The channel-tip is much smaller 237 

than the broad subaqueous delta platform (pre-delta deposit), so the sediment volume 238 

required for channel progradation is small relative to total sediment supply (Fig. 4). Our 239 

calculations based on observations and depositional models (Methods) indicate that only 240 

1% (0.1%~10%) of the sediment supply is needed to construct levees in prograding 241 

channels, even after accounting for relative sea-level rise (RSLR) (Fig. 4). As a result, 242 

channel network progradation can greatly outpace average shoreline growth. At the Wax 243 

Lake Delta, for example, the average channel tip progradation rate is 79 m/yr, more than 244 

twice the average shoreline progradation rate of about 30 m/yr30,61. Channels can therefore 245 

prograde far beyond the delta shoreline, or region of subaerial exposure, helping set the 246 

morphology of the emergent delta. The controls on channel-network expansion can 247 

therefore differ from those governing depositional land growth.  248 

Based on our observations, this incisional style of channel progradation typically 249 

occurs in topset-dominated deltas, where the channel mouth is significantly deeper than the 250 

delta front and surrounding pre-delta seafloor deposits. Channels must therefore “bulldoze” 251 

through existing deposits to extend basinward. In this setting, mouth-bar erosion rate, 252 
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determined by mouth-flow velocity, sets the maximum potential basinward expansion rate 253 

(Fig. 3). Since channel extensions require relatively little sediment supply for levee 254 

construction (Fig. 4) and channel-tips may erode into locally derived bed material at the 255 

delta front, channel extension rates are likely insensitive to upstream sediment supply. 256 

Sediment mass balance nevertheless governs total delta volume, including both the 257 

subaqueous platform and subaerial land. Sediment supply and depositional models remain 258 

crucial for foreset-dominated delta progradation (Fig. 1a), such as in the Yellow River 259 

Delta22 and for deltaic land building more broadly. Indeed, bulk sediment accumulation 260 

remains the primary focus of many restoration projects and stratigraphic studies17,67. 261 

Implications for Delta Restoration Projects. River delta progradation often 262 

reflects many interacting controls, including sediment supply, RSLR, waves, and tides. 263 

However, the incisional model derived and tested here suggests that a simple relation may 264 

capture channel-tip progradation rates. Our results indicate that local hydrodynamics, 265 

inferred from river discharge, network topology, and outlet geometry, can predict channel 266 

growth remarkably well. This finding supports channel incision, driven primarily by local 267 

flow conditions, as a first-order control on the development of distributary channel 268 

networks. Once deep incisional channels are established, levee aggradation and marsh 269 

accumulation can proceed where sediment is available. This framework has important 270 

implications for coastal restoration because tracking the extent of subaqueous 271 

channelization, rather than only the emergent subaerial delta land, may provide an early, 272 

predictable indicator of how delta channel networks respond to restoration. 273 

For sediment diversions and delta restoration projects, the proposed relation also 274 

provides a basis for assessing how changes in average discharge could influence the pace 275 

of distributary channel network growth. This is important for restoration strategies aimed 276 

at maximizing land building because higher water discharge can rapidly extend the 277 

subaqueous channel network and disperse sediment over a broader area, even if the 278 

aggradation of levees and islands may take additional decades15. Conversely, 279 

disproportionately high sediment discharge may promote rapid aggradation but over a more 280 

limited area. Where both water and sediment are constrained, the magnitude and ratio of 281 

water and sediment discharge may therefore be tuned to balance channel network 282 

expansion and adjacent land building at similar rates, potentially maximizing restoration 283 

efficiency. This work provides a foundation for developing a more refined framework for 284 

tuning water and sediment discharge in delta restoration. 285 

References 286 

1. Nienhuis, J. H. & Wal, R. S. W. Projections of Global Delta Land Loss From Sea‐287 

Level Rise in the 21st Century. Geophys Res Lett 48, e2021GL093368 (2021). 288 

2. Sanks, K. M., Shaw, J. B. & Naithani, K. Field‐Based Estimate of the Sediment Deficit 289 

in Coastal Louisiana. J Geophys Res Earth Surf 125, e2019JF005389 (2020). 290 

3. Loucks, D. P. Developed river deltas: are they sustainable? Environ. Res. Lett. 14, 291 

113004 (2019). 292 



This manuscript is a preprint submitted to EarthArXiv and has not undergone peer review. 

4. Edmonds, D. A., Caldwell, R. L., Brondizio, E. S. & Siani, S. M. O. Coastal flooding 293 

will disproportionately impact people on river deltas. Nat Commun 11, 4741 (2020). 294 

5. Shields, M. R. et al. Carbon storage in the Mississippi River delta enhanced by 295 

environmental engineering. Nat. Geosci. 10, 846–851 (2017). 296 

6. Syvitski, J. P. M., Vörösmarty, C. J., Kettner, A. J. & Green, P. Impact of Humans on 297 

the Flux of Terrestrial Sediment to the Global Coastal Ocean. Science 308, 376–380 298 

(2005). 299 

7. Komar, P. Beach Processes and Sedimentation. (Simon and Schuster, Upper Saddle 300 

River, NJ, 1998). 301 

8. Giosan, L., Syvitski, J., Constantinescu, S. & Day, J. Climate change: Protect the 302 

world’s deltas. Nature 516, 31–33 (2014). 303 

9. Tessler, Z. D. et al. Profiling risk and sustainability in coastal deltas of the world. 304 

Science 349, 638–643 (2015). 305 

10. Syvitski, J. P. M. et al. Sinking deltas due to human activities. Nat Geosci 2, 681 306 

(2009). 307 

11. Nittrouer, J. A. et al. Mitigating land loss in coastal Louisiana by controlled diversion 308 

of Mississippi River sand. Nat Geosci 5, 534–537 (2012). 309 

12. Cohen, J. E., Small, C., Mellinger, A., Gallup, J. & Sachs, J. Estimates of Coastal 310 

Populations. Science 278, 1209–1213 (1997). 311 

13. Paola, C. et al. Natural Processes in Delta Restoration: Application to the Mississippi 312 

Delta. Annu. Rev. Mar. Sci. 3, 67–91 (2011). 313 

14. Kenney, M. A. et al. Cost analysis of water and sediment diversions to optimize land 314 

building in the Mississippi River delta. Water Resour Res 49, 3388–3405 (2013). 315 

15. Caffey, R. H., Wang, H. & Petrolia, D. R. Trajectory economics: Assessing the flow 316 

of ecosystem services from coastal restoration. Ecol. Econ. 100, 74–84 (2014). 317 

16. Dong, T. Y., Vulis, L., Ma, H., Tejedor, A. & Goudge, T. A. Apparent Hack’s law in 318 

river deltas. Science 392, 493–498 (2026). 319 

17. Kim, W., Mohrig, D., Twilley, R., Paola, C. & Parker, G. Is It Feasible to Build New 320 

Land in the Mississippi River Delta? Eos Transactions Am Geophys Union 90, 373–321 

374 (2009). 322 

18. Jerolmack, D. J. & Swenson, J. B. Scaling relationships and evolution of distributary 323 

networks on wave‐influenced deltas. Geophys Res Lett 34, L23402 (2007). 324 

19. Wolinsky, M. A. A unifying framework for shoreline migration: 1. Multiscale 325 

shoreline evolution on sedimentary coasts. J. Geophys. Res.: Earth Surf. 114, F01008 326 

(2009). 327 

20. Wolinsky, M. A. & Murray, A. B. A unifying framework for shoreline migration: 2. 328 

Application to wave‐dominated coasts. J. Geophys. Res.: Earth Surf. 114, F01009 329 

(2009). 330 

21. Nienhuis, J. et al. Global-scale human impact on delta morphology has led to net land 331 

area gain. Nature 577, 514–518 (2020). 332 

22. Moodie, A. J. et al. Modeling Deltaic Lobe‐Building Cycles and Channel Avulsions 333 

for the Yellow River Delta, China. J. Geophys. Res.: Earth Surf. 124, 2438–2462 334 

(2019). 335 

23. Dong, T. Y. et al. Impacts of Tectonic Subsidence on Basin Depth and Delta Lobe 336 

Building. J. Geophys. Res.: Earth Surf. 128, e2022JF006819 (2023). 337 



This manuscript is a preprint submitted to EarthArXiv and has not undergone peer review. 

24. Chamberlain, E. L., Törnqvist, T. E., Shen, Z., Mauz, B. & Wallinga, J. Anatomy of 338 

Mississippi Delta growth and its implications for coastal restoration. Sci Adv 4, 339 

eaar4740 (2018). 340 

25. Kim, M., Chun, B., Chamberlain, E. & Kim, W. Enhanced mud retention as an 341 

autogenic mechanism for sustained delta growth: Insight from records of the 342 

Lafourche subdelta of the Mississippi River. Sedimentology 72, 165–188 (2025). 343 

26. Chadwick, A. J., Lamb, M. P., Moodie, A. J., Parker, G. & Nittrouer, J. A. Origin of a 344 

Preferential Avulsion Node on Lowland River Deltas. Geophys Res Lett 46, 4267–345 

4277 (2019). 346 

27. Shaw, J. B., Estep, J. D., Whaling, A. R., Sanks, K. M. & Edmonds, D. A. Measuring 347 

subaqueous progradation of the Wax Lake Delta with a model of flow direction 348 

divergence. Earth Surf Dynam 6, 1155–1168 (2018). 349 

28. Maloney, J. M. et al. Mississippi River subaqueous delta is entering a stage of 350 

retrogradation. Mar Geol 400, 12–23 (2018). 351 

29. Shaw, J. B., Wolinsky, M. A., Paola, C. & Voller, V. R. An image-based method for 352 

shoreline mapping on complex coasts. Geophys Res Lett 35, L12405 (2008). 353 

30. Salter, G. & Lamb, M. P. Autocyclic Secondary Channels Stabilize Deltaic Islands 354 

Undergoing Relative Sea Level Rise. Geophys Res Lett 49, e2022GL098885 (2022). 355 

31. Tejedor, A., Longjas, A., Zaliapin, I. & Foufoula-Georgiou, E. Delta channel 356 

networks: 1. A graph-theoretic approach for studying connectivity and steady state 357 

transport on deltaic surfaces. Water Resour Res 51, 3998–4018 (2015). 358 

32. Tejedor, A., Longjas, A., Passalacqua, P., Moreno, Y. & Foufoula‐Georgiou, E. 359 

Multiplex Networks: A Framework for Studying Multiprocess Multiscale 360 

Connectivity Via Coupled‐Network Theory With an Application to River Deltas. 361 

Geophys Res Lett 45, 9681–9689 (2018). 362 

33. Dong, T. Y. et al. Predicting Water and Sediment Partitioning in a Delta Channel 363 

Network Under Varying Discharge Conditions. Water Resour Res 56, 364 

e2020WR027199 (2020). 365 

34. Shaw, J. B. & Mohrig, D. The importance of erosion in distributary channel network 366 

growth, Wax Lake Delta, Louisiana, USA. Geology 42, 31–34 (2014). 367 

35. Ke, W.-T., Shaw, J. B., Mahon, R. C. & Cathcart, C. A. Distributary Channel 368 

Networks as Moving Boundaries: Causes and Morphodynamic Effects. J Geophys 369 

Res Earth Surf 124, 1878–1898 (2019). 370 

36. Edmonds, D. et al. Morphodynamic Modeling of River-Dominated Deltas: A Review 371 

and Future Perspectives. Reference Module in Earth Systems and Environmental 372 

Sciences https://doi.org/10.1002/essoar.10507512.1 (2021) 373 

doi:10.1002/essoar.10507512.1. 374 

37. Edmonds, D. A., Paola, C., Hoyal, D. C. J. D. & Sheets, B. A. Quantitative metrics 375 

that describe river deltas and their channel networks. J Geophys Res Earth Surf 116, 376 

F04022 (2011). 377 

38. Shaw, J. B., Sanks, K. M. & Piliouras, A. Basin confinement influences river delta 378 

elevation profiles. Geol. Soc. Am. Bull. 138, 342–350 (2025). 379 

39. Shaw, J. B., Mohrig, D. & Wagner, R. W. Flow patterns and morphology of a 380 

prograding river delta. J. Geophys. Res.: Earth Surf. 121, 372–391 (2016). 381 

40. Edmonds, D. A., Shaw, J. B. & Mohrig, D. Topset-dominated deltas: A new model 382 

for river delta stratigraphy. Geology 39, 1175–1178 (2011). 383 

https://doi.org/10.1002/essoar.10507512.1


This manuscript is a preprint submitted to EarthArXiv and has not undergone peer review. 

41. Nienhuis, J. H. et al. Global-scale human impact on delta morphology has led to net 384 

land area gain. Nature 577, 514–518 (2020). 385 

42. Vulis, L. et al. River Delta Morphotypes Emerge From Multiscale Characterization of 386 

Shorelines. Geophys Res Lett 50, e2022GL102684 (2023). 387 

43. Aadland, T. & Helland‐Hansen, W. Progradation Rates Measured at Modern River 388 

Outlets: A First‐Order Constraint on the Pace of Deltaic Deposition. J. Geophys. Res.: 389 

Earth Surf. 124, 347–364 (2019). 390 

44. Xu, Z.-H. et al. Effects of water discharge on river-dominated delta growth. Petrol 391 

Sci 18, 1630–1649 (2021). 392 

45. Broaddus, C. M., Nienhuis, J. H., Edmonds, D. A. & Foufoula‐Georgiou, E. Wave‐393 

Influenced Deltas: Growth Through Cyclical Accretion of Barrier‐Spits and the Role 394 

of Mud. J. Geophys. Res.: Earth Surf. 130, e2024JF008166 (2025). 395 

46. Konkol, A., Schwenk, J., Katifori, E. & Shaw, J. B. Interplay of river and tidal 396 

forcings promotes loops in coastal channel networks. Geophys Res Lett 49, 397 

e2022GL098284 (2022). 398 

47. Nienhuis, J. H., Hoitink, A. J. F. (Ton) & Törnqvist, T. E. Future Change to Tide‐399 

Influenced Deltas. Geophys Res Lett 45, 3499–3507 (2018). 400 

48. Shaw, J. B., Mohrig, D. & Whitman, S. K. The morphology and evolution of 401 

channels on the Wax Lake Delta, Louisiana, USA. J Geophys Res Earth Surf 118, 402 

1562–1584 (2013). 403 

49. Olariu, C. & Bhattacharya, J. P. Terminal Distributary Channels and Delta Front 404 

Architecture of River-Dominated Delta Systems. J Sediment Res 76, 212–233 (2006). 405 

50. Edmonds, D. A. et al. Land loss due to human-altered sediment budget in the 406 

Mississippi River Delta. Nat Sustain 1–8 (2023) doi:10.1038/s41893-023-01081-0. 407 

51. Hughes, C. M., Cardenas, B. T., Goudge, T. A. & Mohrig, D. Deltaic deposits 408 

indicative of a paleo-coastline at Aeolis Dorsa, Mars. Icarus 317, 442–453 (2019). 409 

52. Ma, H. B. et al. The exceptional sediment load of fine-grained dispersal systems: 410 

Example of the Yellow River, China. Sci Adv 3, e1603114 (2017). 411 

53. Ma, H. et al. Universal relation with regime transition for sediment transport in fine-412 

grained rivers. Proc National Acad Sci 117, 171–176 (2020). 413 

54. Hiatt, M. & Passalacqua, P. Hydrological connectivity in river deltas: The first‐order 414 

importance of channel‐island exchange. Water Resour. Res. 51, 2264–2282 (2015). 415 

55. Czapiga, M. J., Viparelli, E. & Parker, G. Maturation of River‐Dominated Delta 416 

Tops: The Channelized Delta Model. Water Resour. Res. 62, e2024WR037643 417 

(2026). 418 

56. D’Alpaos, A. et al. Spontaneous tidal network formation within a constructed salt 419 

marsh: Observations and morphodynamic modelling. Geomorphology 91, 186–197 420 

(2007). 421 

57. D’Alpaos, A., Lanzoni, S., Marani, M., Fagherazzi, S. & Rinaldo, A. Tidal network 422 

ontogeny: Channel initiation and early development. J. Geophys. Res.: Earth Surf. 423 

110, F02001 (2005). 424 

58. Silvio, G. D., Dall’Angelo, C., Bonaldo, D. & Fasolato, G. Long-term model of 425 

planimetric and bathymetric evolution of a tidal lagoon. Cont. Shelf Res. 30, 894–903 426 

(2010). 427 

59. Mariotti, G. & Murshid, S. A 2D Tide-Averaged Model for the Long-Term Evolution 428 

of an Idealized Tidal Basin-Inlet-Delta System. J. Mar. Sci. Eng. 6, 154 (2018). 429 



This manuscript is a preprint submitted to EarthArXiv and has not undergone peer review. 

60. NVM Odd. Mathematical Modelling of Mud Transport in Estuaries. in Physical 430 

Processes in Estuaries 503–531 (1988). doi:10.1007/978-3-642-73691-9. 431 

61. McLean, S. R. Theoretical modelling of deep ocean sediment transport. Mar. Geol. 432 

66, 243–265 (1985). 433 

62. Zhang, M. & Yu, G. Critical conditions of incipient motion of cohesive sediments. 434 

Water Resour Res 53, 7798–7815 (2017). 435 

63. Dong, T. Y. et al. Controls on gravel termination in seven distributary channels of the 436 

Selenga River Delta, Baikal Rift basin, Russia. Geological Society of America 437 

Bulletin 128, B31427. 1 (2016). 438 

64. Wolinsky, M. A., Edmonds, D. A., Martin, J. & Paola, C. Delta allometry: Growth 439 

laws for river deltas. Geophys Res Lett 37, L21403 (2010). 440 

65. Fassoni-Andrade, A. C. et al. Comprehensive bathymetry and intertidal topography of 441 

the Amazon estuary. Earth Syst Sci Data 13, 2275–2291 (2021). 442 

66. Parker, G., Paola, C., Whipple, K. X. & Mohrig, D. Alluvial Fans Formed by 443 

Channelized Fluvial and Sheet Flow. I: Theory. J. Hydraul. Eng. 124, 985–995 444 

(1998). 445 

67. Ganti, V., Chadwick, A. J., Hassenruck-Gudipati, H. J. & Lamb, M. P. Avulsion 446 

cycles and their stratigraphic signature on an experimental backwater-controlled 447 

delta. J Geophys Res Earth Surf 121, 1651–1675 (2016). 448 

 449 

Methods 450 

Progradation Calculation Based on the Depositional Model 451 

Based on the sediment mass conservation equation, i.e., the Exner equation, the growth of 452 

deltaic land or channels is treated as a depositional process in which sediment deposition 453 

controls progradation:  454 
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  (S1b)  456 

where up is the progradation rate; x is the longitudinal coordinate extending from the apex 457 

to the shoreline; t is the time; Qs is sediment discharge; fre is the fraction of incoming 458 

riverine sediment retained to construct the delta or channels; Db is the basin depth; λ0 is the 459 

porosity; L is a characteristic length that measures the inundated land of each unit relative 460 

sea level rise (RSLR); Pd represents the horizontal extent of the depositional front. If 461 

Equation (S1) applies to deltaic land building, Pd represents the perimeter of the deltaic 462 

shoreline17,19,68 whereas, for channel-levee progradation, it should scale with the total width 463 

of the deltaic channel levees18(Fig. 2a and Supplementary Fig. 1a). Because this combined 464 

levee width is much smaller than the deltaic shoreline perimeter, less retained sediment is 465 

required to sustain a given progradation rate. Therefore, when applying Equation (S1) to 466 
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channel growth predictions, the first term on the right-hand side of Equation (S1a) is 467 

usually much greater than the second term, which represents delta land/channel lost due to 468 

relative sea-level rise. Fig. 4 further shows that sediment demand for prograding channel 469 

levee construction is one to two orders of magnitude smaller than supply. In other words, 470 

sediment supply is more than sufficient to offset the effects of relative sea-level rise.  471 

The applicability of Equation (S1) is severely limited when the system is poorly 472 

constrained. For instance, the sediment discharge, if not measured over sufficiently long 473 

periods, can have uncertainties of up to two orders of magnitude; furthermore, the 474 

combined retention and porosity factor, fre/(1-λ0), is also challenging to constrain across 475 

deltas and requires careful calibration using multi-year satellite imagery or detailed 476 

numerical models69–72. Due to the inherent challenges of quantifying sediment deposition, 477 

obtaining a globally applicable relation for progradation based on depositional sediment 478 

conservation remains challenging1.  479 

Field Observations of Delta Channel Networks 480 

The remotely sensed data, including distributary network topology, channel lengths, and 481 

widths, were extracted using RivGraph73, supplemented by manual digitization where 482 

image resolution limited automatic extraction. Determining progradation rates and mouth-483 

bar height or bankfull depth requires identifying channel-mouth locations and local channel 484 

geometry, as described below. 485 

For progradation rates, we used published values from the references whenever available, 486 

provided that the measurement methods were documented and consistent with those used 487 

here. Channel-tip progradation rates can be determined directly from tip displacement 488 

between successive bathymetric maps divided by the elapsed time28. However, this is 489 

difficult when repeated bathymetric surveys are unavailable, and not all primary 490 

distributary channels are surveyed. Flow tracers can instead indicate flow divergence, 491 

which can be used to determine channel-mouth positions and their displacement over 492 

time27. We also estimated channel advance from satellite imagery. We first obtained the 493 

trajectories of the channel centerlines, identified their cross points with the delta shorelines, 494 

and then divided the displacement of these intersections between successive dates by the 495 

elapsed time to determine average progradation rates. These measurements describe the 496 

advance of channel–shoreline intersections and serve as a proxy for channel advance. 497 

We obtain mouth bar heights whenever detailed bathymetry (channel longitude profile) is 498 

available; otherwise, we use bankfull depths near the mouth, which measure the levee-499 

thalweg differences as an approximation. We obtain bankfull depths from local cross-500 

sectional measurements, documented in references and public databases. 501 

Data availability: The compiled dataset is not included in this preprint and will be made 502 

publicly available in Supplementary Information upon publication of the peer-reviewed 503 

article. 504 

Code availability: No custom code was generated for this study. 505 
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 535 

Fig. 1. Prograding distributary channel networks. The mapped channel networks (white) 536 

extend beyond earlier shorelines (blue), illustrating progradation. a, The western lobe of 537 

the Selenga Delta in Lake Baikal, Russia. b, The southeastern part of the Paraná Delta, 538 

Argentina. c, The Amazon Delta, Brazil. d, The Head of Passes in the Mississippi Delta 539 

complex, USA. e, The Syrdarya Delta in the Aral Sea, Kazakhstan; f, The eastern lobe of 540 

Selenga Delta in Lake Baikal, Russia. g, The Mekong Delta, Vietnam. h, The Wax Lake 541 

Delta, USA. i, The Lafourche Delta, USA.  542 
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 543 

Fig. 2 Sketch of delta progradation: conceptual models and field examples. a, 544 

Progradation of a foreset-dominated delta (A-A’) and topset-dominated delta (B-B’). b, 545 

The bathymetry and longitudinal profile of a channel mouth in the Wax Lake Delta, 546 

showing mouth bar height Hb. c, The bathymetry and longitudinal profile of a channel 547 

mouth in the Amazon Delta, showing bar height Hb. Both profiles show clear incisional 548 

features.  549 

 550 
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 551 

Fig. 3. A unified progradation rate predictor incorporating mouth-bar height or its 552 

bankfull-depth proxy. a, Accounting for mouth bar height reconciles all delta network 553 

expansions into a linear relation between the discharge per unit width q=Q/NW and the 554 

product of the progradation rate and mouth bar height upHb. The freely fitted exponent is 555 

approximately unity (linear), with R2=0.97. Shading indicates the 95% confidence interval 556 

of the fitted relation. Notably, the linear relation also reveals a dimensionless progradation 557 

number Pr=up/Um, where Um=q/Hb=Q/(HbNW) is the nominal mouth flow velocity, and 558 

this number Pr=(1.86±0.48)×10-6 (in Panel b). With constant Pr, the network progradation 559 

rate can be estimated as up =PrQ/(HbNW), given apex discharge and channel network 560 

properties (Q, N, W, Hb). 561 
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 562 

Fig. 4. Sediment demand for prograding channel levees, estimated based on observed 563 

progradation rate and mass-conservation law. Sediment demand for constructing the 564 

levees of prograding channels is estimated based on the sediment mass balance (see 565 

Equation S1b in Methods). Supply and demand are expressed per unit width. The solid 566 

circles incorporate the relative sea level rise (RSLR), whereas open squares assume RSLR 567 

= 0. The red solid line denotes sediment demand equal to total supply; the black solid line 568 

denotes demand equal to 1% of supply. The best-fit relation (dash-dot line) of the sediment 569 

supply to the demand data indicates that the sediment retention ratio fre decreases as 570 

sediment supply increases. Geometric Root Mean Square Error (Geom. RMSE)  indicates 571 

that the deviation ratio of model predictions to data is between a factor of 2 and 4. The 572 

depositional relations show greater multiplicative scatter than the incisional relation (Geom. 573 

RMSE=1.29; Fig. 3a).   574 

575 
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 576 

Extended Data Fig. 1. Hierarchical tests of factors in the incisional model for 577 

accurately predicting the progradation rate of distributary channel networks. a, 578 

Average water discharge at the delta apex (Q) shows a weak negative relationship with the 579 

progradation rate of distributary channels. b, Water discharge normalized by the number 580 
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of outlets (Q/N)  is also weakly anticorrelated with progradation rate and does not improve 581 

the explanation. c, Normalizing further by channel width, to obtain discharge per unit width, 582 

q=Q/NW, yields a weak positive correlation that only marginally improves predictive 583 

capacity for progradation rates; however, the resulting relation underestimates the higher 584 

progradation rates of smaller deltas and overestimates the lower progradation rates of larger 585 

deltas. These relations using remotely sensed data do not adequately describe progradation 586 

rates across the full range of network sizes within a single framework.   587 

 588 
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Supplementary Text S1. Exhaustive subset stability and internal cross-validation 

analysis 

The power-law regression between the product of progradation rate up and mouth 

bar height Hb (upHb) and water discharge per unit width q or upHb =α1q
β1surprisingly results 

in a linear relation that is dimensionally homogeneous and consequently leads to a constant 

dimensionless number Pr=upHb/q=up/(q/Hb)=up/Um=(1.86±0.48)×10-6, i.e. the linear 

relation between the network growth rate and nominal mouth flow velocity, where 

α1=(1.86±0.48)×10-6 and β1=1.07±0.17 (mean±95% confidence interval). 

We conducted an exhaustive subset analysis to assess the sensitivity of the fitted 

coefficient and exponent to network-unit selection. From the nine network units, we 

enumerated all possible combinations of five units, giving C(9,5)=126. For each subset, 

we fitted the power-law relation in log space and obtained the estimated coefficient 𝛼̃1 and 

𝛽1, and their 95% confidence intervals. We also evaluated predictions for the four network 

units excluded from each fit.  

Two aspects of performance were assessed. First, we examined parameter stability 

using the distributions of 𝛼̃1 and 𝛽1 across subsets (Supplementary Fig. S3a,b). We counted 

how often the full-dataset estimates fell outside the corresponding subset confidence 

intervals. These frequencies were treated as descriptive measures of subset stability. We 

also examined the distributions of R2 and the regression slope-test p-value (Supplementary 

Fig. S3c,d).  

 Second, we evaluated the predictive ability of each subset relation for the four held-

out network units using the discrepancy ratio (DR), defined as the ratio of the predicted 

value to the observed value: DR=predicted/observed. The 126 subsets provide 504 held-

out predictions, representing repeated predictions for nine unique network units. 

The power-law regression generally maintained strong fits despite the limited 

number of observations in each subset (Supplementary Fig. S3c,d). The distributions of 

estimated coefficients and exponents were broadly consistent with the full-dataset 

estimates (Supplementary Fig. S3a,b), further confirming the stability of the two values.  

Among the 126 subsets, the full-dataset coefficient fell outside the corresponding 

subset confidence interval in four cases (3.17%), and the full-dataset exponent fell outside 

the corresponding interval in one case (0.79%). These exclusion proportions describe 

agreement with the full-dataset estimates; they are not null-hypothesis p-values. 

The discrepancy ratios indicate predictive consistency within the compilation. 

Their geometric mean was approximately 1.00, suggesting little overall multiplicative bias, 

and their geometric standard deviation was approximately 1.4. Approximately 69% of 

held-out predictions were within a factor of 1.4 of the observed values. Using the rounded 

values in Supplementary Table 1, 496 of the 504 predictions (98.4%) were within a factor 

of two of the observations (Supplementary Fig. S4). These results confirm internal cross-

validations across the available network units. 
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Supplementary Fig. S1. Sketch of channel progradation mechanisms. a, Gilbert-type 

distributary channel in a foreset-dominated delta. The channel bed is aggradational and lies 

above the receiving-basin floor, as in the Yellow River Delta. b. Distributary channel in a 

topset-dominated delta. The channel bed is incisional and lies below the mouth bar and 

adjacent seafloor. The positions xt and xt+Δt indicate the advancing channel tip at successive 

times. Dbasin denotes basin depth, corresponding to Db in the text, and Hb denotes mouth-

bar height. The labeled fluxes are incoming sediment flux qs-in, outgoing sediment flux qs-

out, and sediment-transport capacity qsc. 
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Supplementary Fig. S2. Relations between channel-tip progradation rate and 

sediment discharge. Progradation rate up is plotted against total sediment discharge Qs 

(a), sediment discharge per channel outlet Qs/N (b), sediment discharge per unit outlet 

width qs=Qs/NW (c), and qs/Hb (d). Sediment discharge is expressed volumetrically in these 

panels. All four fitted relationships have slopes that do not pass the p-test (not significantly 

different from zero). 

a b 

d c 
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Supplementary Fig. S3. Subset stability of the power-law regression. Distributions of 

fitted coefficients 𝛼̃1 (a), fitted exponents 𝛽1 (b), log-space R2 values (c), and regression 

slope-test p-values (d) from all 126 five-unit subsets of the nine-unit compilation. In a and 

b, solid red lines indicate the full-dataset estimates and dashed red lines indicate their 

reported confidence intervals. The reference lines in c mark R2=0.8 and 0.9; the red line in 

d marks p=0.05.  

 

 

 

a b 

d c 
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Supplementary Fig. S4. Internal cross-validation of the subset regression relations. 

Distribution of discrepancy ratios, DR=predicted/observed, for 504 held-out predictions 

from the 126 five-unit subset fits. The geometric mean is approximately 1.00 and the 

geometric standard deviation is approximately 1.4. Red dashed lines mark DR=1/1.4 and 

1.4, enclosing approximately 69% of predictions. Black dashed lines mark DR=0.5 and 2, 

enclosing 98.4% of predictions calculated from the rounded table. These are repeated held-

out predictions for nine unique network units. Because the fitted relations used only 5 of 9 

samples, their performance should be worse than that of the relation fitted to the full dataset. 
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