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Abstract The avulsion frequency of coastal-plain rivers is primarily governed by the rate at which channels
become superelevated over neighboring plains, which is itself controlled by multiple factors. Notably, the
importance of wave and tidal processes, the rates of relative sea-level (RSL) change, and the bathymetry of

the receiving basin are thought to affect channel morphodynamics and channel-mouth progradation, thereby
controlling streambed aggradation and influencing the avulsion frequency and drainage density of coastal
plains and deltas. This work tests the significance of these downstream factors on the avulsion histories of

57 Holocene lowland river systems. A quantitative analysis is performed of relationships between variables
that quantify downstream controls and estimations of avulsion frequency, based on the number of avulsion
events, active or abandoned channel paths, and delta lobes; measures of spatiotemporal avulsion “density”

are also derived by normalizing these metrics by the size of study areas and the number of distinct drainage
systems. Relationships between avulsion-frequency metrics and descriptors of process regime indicate that
wave and tidal processes may stabilize coastal channel systems, but also that their influence may be modest.
No consistent relationship is seen between avulsion-frequency proxies and the offshore bathymetric gradient,
which in the studied examples does not scale with the rate of shoreline progradation. No evident trend exists
between measures of avulsion frequency and estimated rates of either eustatic or RSL fluctuations. Overall, the
considered variables do not leave a clear statistical signature in Holocene avulsion histories, suggesting that
upstream or intrabasinal factors may represent more important controls.

Plain Language Summary Lowland rivers flowing near marine or lacustrine shorelines are affected
by waves and tides, by relative variations in sea or lake level, and by the morphology of nearshore areas. These
factors may affect the ability of coastal rivers to “avulse,” that is, to establish new channel courses. This is
expected because of how certain processes sculpt coastal landscapes: for example, waves may sweep sediment
away from river mouths, tides can enhance sediment transfer along distributaries, and sea-level rise or seaward
advance of the shoreline can drive vertical shifts in the elevation of riverbeds. These factors can variably
determine the degree to which coastal river channels may become raised above neighboring coastal areas, a
situation that makes them prone to diversion to new paths following levee breaching. The significance of these
supposed controls is evaluated through statistical analyses of the number of (a) channel diversions, (b) historical
channel paths, and (c) landforms or sediment bodies representing increments of delta growth (delta lobes), as
recognized in the millennial to centennial histories of 57 fluvial systems. Waves and tides may play a modest
role in stabilizing coastal rivers, but the studied factors appear to exert a limited control on river diversions
overall.

1. Introduction

The drainage organization of coastal river systems, including deltas, is fundamentally determined by channel
avulsions, that is, diversions of channels associated with the partial or complete abandonment of river reaches.
In modern coastal environments, river avulsions constitute a form of flood hazard and dictate the spatiotemporal
variability in sediment distribution to the coast and in related land-building processes (cf. Edmonds et al., 2009;
Hoitink et al., 2020; Kleinhans et al., 2010). For sedimentary successions, river avulsions represent a key auto-
genic control on stratigraphic architectures, determining the geometry and stacking pattern of channel deposits
and delta lobes (cf. Chamberlin & Hajek, 2015; Dalman et al., 2015; Flood & Hampson, 2014). Understanding
the factors that control the frequency with which coastal rivers avulse is therefore important for interpreting the
stratigraphic record, characterizing the geology of the subsurface, and predicting landscape change.
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The factors that lead to river avulsions can be distinguished into (a) setup conditions that are created when the
channel system reaches a metastable state, attained through the superelevation of the channel surface over the
adjacent floodplain and establishment of gradient advantages away from the levees, and (b) triggers that cause
levee breaks and initiate the new channel course, such as floods or tectonic events (Jones & Schumm, 1999;
Slingerland & Smith, 2004). Although avulsion triggers may be dominantly determined by upstream or intra-
basinal processes, a number of downstream controls are thought to affect avulsion setup conditions by regulating
the rates at which channel ridges aggrade over coastal plains. Avulsion setup conditions can arise, for example,
because of the concomitant aggradation of a channel as its longitudinal profile is extended while its mouth
progrades basinward (Jones & Schumm, 1999). River-mouth progradation rates are determined by both upstream
and downstream factors, namely by the rate of sediment supply (Aadland & Helland-Hansen, 2019; Colombera
& Mountney, 2022) and existing accommodation. The latter factor is determined by the bathymetry of the seabed
offshore of the coastal plain since it quantifies the sediment volume per unit shoreline length that is needed to
achieve a certain amount of shoreline progradation over a given time interval, assuming no relative change in sea
level (Muto & Steel, 1992). Indirect controls on river avulsions may also be operated by the process regime that
governs coastal morphodynamics. Wave climate (wave height, period, direction) may represent one such forc-
ing, since an increase in wave energy enhances the effect of longshore sediment transport on the redistribution
of fluvial inputs in a way that should reduce rates of channel-mouth progradation and streambed aggradation,
thereby hindering channel avulsion (Halbur, 2013; Ratliff et al., 2018; Swenson, 2005). Tides can also exert
some influence: the flushing of tidally influenced fluvial channels by ebb-enhanced flows can facilitate sediment
bypass, deepening and stabilizing distributary channels, and possibly reducing the frequency with which they
avulse (Lentsch et al., 2018; Ragno et al., 2020; Rossi et al., 2016). Current understanding of the potential effects
of relative sea-level (RSL) change on channel avulsion frequencies is rather more controversial. It is commonly
thought that faster rates of RSL rise should promote more frequent river avulsions in relation to more rapid rates
of channel-ridge aggradation (Chadwick et al., 2020; Jerolmack, 2009; Tornqvist, 1994), and that RSL falls may
prevent channel relocations through valley incision (cf. Karamitopoulos et al., 2021). However, it is also recog-
nized that sea-level falls may drive coastal-plain aggradation under favorable conditions of continental-shelf
physiography (e.g., where the shelf gradient is gentler than the coastal plain gradient; Blum & Tornqvist, 2000),
and that rates of base-level rise may control the degree to which streambed aggradation is distributed through the
channel longitudinal profile, whereby a decrease in local aggradation rates associated with faster sea-level rise
could in fact reduce avulsion frequency (Moran et al., 2017).

The aim of this work was to determine the importance of possible downstream controls on the frequency of
coastal-plain river avulsions. This is achieved through (a) quantification of the Holocene avulsion histories of
57 coastal plains, as documented in the scientific literature, and (b) statistical analyses of relationships between
proxies for avulsion frequency and quantities describing the nearshore process regime, sea-level change, and
offshore bathymetry. This is done with consideration of how measures of avulsion frequency may be influenced
by associated controls connected with the scale of the investigated river systems (Colombera & Mountney, 2022).

2. Data and Methods
2.1. Data Set

This study is based on literature-derived data on the evolution of 57 case studies of marine or lacustrine deltas and
coastal plains (Figure 1), through timespans of the Holocene of variable duration (overall range: 0.033-10.8 kyr;
Colombera & Mountney, 2022). All primary data sources are reported in Table S1 in Supporting Information S1.
The studied river systems were characterized in terms of (a) paths of active or abandoned (paleo-) channels
(“channel threads” hereafter), (b) occurrence of avulsion events, and/or (iii) location and extent of delta lobes.
These features were originally determined based on historical records or maps, remote-sensing data (satellite
images, aerial photos, LIDAR or InSAR elevation data), and field data on geomorphology and/or shallow subsur-
face stratigraphy (well and geophysical data). The avulsion histories of the case studies were inferred on the basis
of radiometric dates, historical accounts, archeological evidence, and dated historical maps, satellite images, or
aerial photos (Colombera & Mountney, 2022).

River avulsion frequencies were quantified by employing three alternative metrics (Colombera & Mountney, 2022):
(a) the number of full or partial avulsion events that took place during the time window of data availability, (b) the
number of channels leading to river mouths that were active during a time interval, but which may have already
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ID river system
Saskatchewan
San Antonio-Guadalupe
Grijalva
Usumacinta
Mississippi
Sind
Orinoco
Goose
9 Paraiba do Sul
10 Doce
11 Jequitinhonha
12 Turia
13 Ebro
14 Llobregat
15 Rhone
16 Rhine-Meuse
17 Po
18 Catumbela
19 Acheloos
20 Evinos
21 Mornos
22 Selinous
23 Aliakmon
24 Pinios
25 Axios
26 Lilas
27 Asopos
28 Danube
29 Nile
30 Mfolozi
31 Ceyhan-Seyhan
32 Sulak
33 Karkheh
34 Shatt-al-Arab
35 Sefidrud
36 Indus
37 i
38 Cauvery
Song Hong 39 Palar
40 Krishna
41 Godavari
42 Mahanadi
43 Bengal
44 Irrawaddy
45 Song Hong
Irrawaddy 46 Selenga
47 Huanghe
0.2 48 Luanhe
_ 49 Tseng-wen
n=48 50 Pa-chang
51 Agno-Dagupan
52 Bued-Patalan

O ~NOoO s WN -

Orinoco

® Pa-chang

® Mary

- higher-quality avulsion record - lower-quality avulsion record

N N N N eride 53 Mary
54 McArthur
55 Gilbert
56 Mitchell
57 Burdekin

Figure 1. Summary of avulsion-history case studies. (a) Geographic distribution of the case studies of coastal-plain river systems considered in this work; numerical
indices on the map refer to the identifiers (“ID”) in the data summary on the right, where a classification of the completeness of their avulsion records is included. A:
avulsion-event counts; C: channel-thread counts; L: delta-lobe counts. (b) Process regime of studied deltas expressed in terms of relative sediment flux (Q) associated
with river, wave and tidal processes, based on data from Nienhuis et al. (2020). Parts (a) and (b) are modified after Colombera and Mountney (2022).

been active at the beginning of the time window, and (c) the number of delta lobes that existed during the time
window, where a delta lobe is defined as a sedimentary body made of genetically related delta-top, delta-front
and prodelta deposits and associated with a state of river drainage established by avulsion. Alternative proxies
for channel avulsion frequencies are computed as the number of avulsion events, channel threads, and delta lobes
per unit time. Along with metrics defined as raw counts per unit time, additional measures of avulsion “density”
in time and space are computed based on the normalization of each of these quantities with respect to the size of
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the study area over which they are evaluated, that is, the planform extent of the delta plain or of the active part of
coastal plain whose evolution was documented during the time of interest (Colombera & Mountney, 2022). For
eight case studies documenting coastal plains traversed by rivers that joined intermittently during the Holocene,
the same quantities are also normalized by the maximum number of river systems with distinct catchments that
had independent drainage to the sea or lake at some point in time. Of the 57 case studies, 28 provide suitable
data on avulsion events, 54 on channel threads, and 25 on delta lobes (Figure 1; Table S1 in Supporting Infor-
mation S1); data sets that are unlikely to represent complete records of avulsion histories are flagged as being of
“lower quality” to allow for separate analysis of “higher quality” avulsion records (Figure 1). A fuller account of
the data set is provided by Colombera and Mountney (2022).

Data on potential downstream controls on river avulsion were derived from existing quantitative compilations
and integrated where possible with data from ancillary literature sources. Data on the mean annual significant
wave height and mean tidal range were obtained from the data set of Caldwell et al. (2019): wave heights are
based on outputs of a 30-year hindcast by the wind wave model NOAA WAVEWATCH III (Chawla et al., 2013;
Tolman, 2009); tidal ranges are based on computations on results of the global inverse model TOPEX/Poseidon
(Egbert & Erofeeva, 2002). Data on the estimated sediment fluxes associated with rivers, waves and tides at the
mouths of the studied rivers were taken from the global data set of Nienhuis et al. (2020). A measure of maximum
potential wave-driven alongshore sediment flux (Q,, hereafter) is also based on calculations on wave-energy
data from WAVEWATCH III (Nienhuis et al., 2020). The tidal sediment-flux amplitude at river mouths (Q,,
hereafter) is instead based on quantifications of tidal amplitude and angular frequency, and channel aspect ratio
and slope, as obtained from the TOPEX/Poseidon model, HydroSHEDS data (Lehner et al., 2008) and global
SRTM topography (Nienhuis et al., 2020). Q, is obtained by considering tidal flows as having the sediment
concentration of river flows, and is proportional to the ratio between tidal water-discharge amplitude and mean
annual river discharge (Nienhuis et al., 2020). Hence, in view of some scaling of avulsion metrics with river size
(Colombera & Mountney, 2022), a normalization was applied in this study whereby Q, is expressed relative to the
rate of fluvial sediment supply, Q.. O, is based on the WBMSed 2.0 distributed global-scale sediment flux model
using the BQART approach (Cohen et al., 2013; Kettner & Syvitski, 2008). O, values that have been obtained for
relatively pristine river conditions, to remove the effect of certain anthropogenic controls (Nienhuis et al., 2020),
were used in this study. Values of Q, normalized by Q, effectively equate to tidal-to-fluvial water discharge ratios
(a quantity termed “tidal dominance” by Nienhuis et al., 2018, 2020). Data on the bathymetries of the receiving
basins offshore of river mouths and on rates of sea-level change were obtained from Caldwell et al. (2019). Gradi-
ents of the seabed within a 20-km radius of river mouths are derived from ETOPO1 bathymetric data (Amante &
Eakins, 2009). Present-day rates of absolute sea-level change are based on AVISO satellite-altimetry data over the
1992-2018 period (Caldwell et al., 2019). Rates of RSL change due to glacioisostatic adjustment for the present
day have been derived from the ICE-6G_C model, which is based on inputs specifying the history of ice-sheet
loading and a five-layer viscosity profile (VM5a) of the Earth's interior (Peltier et al., 2015). Where available,
data on measured rates of RSL rise based on observations over a 20-year period (1992-2013) are obtained from
the ALTIGAPS database, which integrates GPS measurements, satellite radar altimetry and tide-gauge readings
(Pfeffer & Allemand, 2016). Average shoreline progradation rates have been computed based on maps of dated
paleoshorelines (Colombera & Mountney, 2022).

2.2. Limitations

This study is subject to limitations relating to both the avulsion metrics and the quantification of environmental
controls (Colombera & Mountney, 2022). Counts of avulsion events may not be accurate due to the limited reso-
lution of historical records, especially for older times. Avulsion histories do not include known artificial drainage
changes, yet they may record undocumented artificial river diversions. Counts of channel threads may comprise
distributary channels whose activation was not due to avulsion (e.g., unrecognized river-mouth bifurcations) and
may not quantify avulsion events leading to reoccupation of abandoned reaches. The distinction of separate delta
lobes may depend on the amount of lateral shift of a river mouth caused by avulsion. A more detailed account of
limitations of the employed avulsion-frequency proxies is offered by Colombera and Mountney (2022).

The variables employed to quantify potential controls on river avulsions typically characterize modern-day condi-
tions and as such their representativeness for millennial-scale avulsion histories may be very limited. For exam-
ple, the wave climate can vary over short timescales (Reguero et al., 2019), and both wave and tidal processes
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are affected by the physiography of the nearshore, which in some cases may have changed considerably through
the Holocene. Modern rates of absolute sea-level fluctuations are generally considerably slower than the average
Holocene sea-level rise (Lambeck et al., 2014). Employing these data allows assessment of geographic variations
in sea-level change rather than variations through time, but present-day geographic variations are unlikely to be
representative of geographic variability through the Holocene. Observed and modeled rates of RSL change are
also based on the present day. Values based on the ICE-6G_C model ignore potential contributions by tectonics
or sediment compaction. These estimations are also subject to significant uncertainty relating to the model inputs
(Melini & Spada, 2019); discrepancies with measured rates have been documented (Engelhart et al., 2011; Roy &
Peltier, 2018). Observed present-day rates of RSL change are only available for 15 case studies. Rates of shoreline
progradation have been extracted over different timescales, but these rates are time-dependent over the consid-
ered spatial scales (see Colombera & Mountney, 2022). The length scale over which the bathymetric gradient
is defined (20-km radius; Caldwell et al., 2019) is comparable with the average shoreline progradation distance
of the studied coastal plains (17.0 km); however, there exists significant variability in the length of shoreline
progradation across the studied examples (range 1.0-81.3 km), and the original bathymetric profiles over which
the studied coasts prograded likely exhibited gradients that differed from the present-day ones.

The existence of gaps in the data set, owing to the fact that some of the considered variables could not be
constrained in several cases, limits the types of analyses that can be undertaken with it. Although multivariate
analyses are desired in a study of this type, they cannot be performed over all the chosen case studies with the
available data. Statistical analyses may also be affected by a bias in the data because documented avulsion histo-
ries may preferentially exist for rivers that are highly avulsive; the global representativeness of the selected case
studies could not be established. Measures of correlation might be systematically weaker due to attenuation bias
or error in some of the considered variables (Muchinsky, 1996).

2.3. Statistical Analyses

The sign and magnitude of relationships between metrics of avulsion frequency and the variables describing
potential downstream controls on river avulsion have been assessed by Pearson correlation coefficients of the
variables or of their logarithmic transformations; Spearman's correlation coefficients have also been employed
for graphical representation of monotonic relationships that may not be linear. The statistical significance of
correlations is quantified by two-tailed p values. These p values have not been corrected for multiple compari-
sons; therefore, special care must be taken in considering possible false positives (Armstrong, 2014). All analyses
are performed over the entire data pool as well as separately on data from examples classed as having “higher
quality” avulsion histories (Figure 1). Analyses have been undertaken in R 4.2.1 (R Core Team, 2021).

3. Results

Both raw and normalized avulsion metrics are used in our analyses. Colombera and Mountney (2022) showed
that, in the data set, the spatiotemporal density of avulsion events, as quantified by normalized avulsion metrics,
is not independent of study area size, that is, the inferred frequency of avulsion events is not directly proportional
to the size of the area over which they occur. This may be due to (a) variations in the resolution with scale, (b) to
spatial non-stationarity in channel avulsion (e.g., because avulsions occurring preferentially at delta-apex nodes
may operate according to a similar rthythm regardless of delta scale), or (iii) to variations in the importance
of avulsion controls with the size of the river system, to which study areas tend to be scaled (Colombera &
Mountney, 2022). In analyses involving normalized avulsion rates, it must be borne in mind that covariance exists
between the study-area size (e.g., extent of delta plain) on which normalization is made, river-system size, and
scale-dependent variables (e.g., water discharge, sediment load).

Data on relationships between avulsion metrics and possible downstream controls are presented in Figures 2-5;
the results of correlation analyses are presented in Tables 1-4 and in Figure 6.

No significant correlation is observed between mean annual significant wave heights and any of the avulsion
metrics (Figures 2 and 6, Table 1). Similarly, significant relationships between wave-driven alongshore sedi-
ment flux (Q,,) and avulsion proxies based on avulsion-event, channel-thread or delta-lobe counts are not seen;
however, Q , demonstrates statistically significant (for « = 0.05) negative relationships with normalized values
of all three avulsion metrics, albeit of moderate magnitude (Figures 2 and 6, Table 1). As expected, some
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Figure 2. Scatterplots of mean significant wave height and mean tidal range against avulsion-frequency metrics based on the number of avulsion events (a, b), channel

threads (c, d), and delta lobes (e, f). The si

ze of the spots indicates values of normalized avulsion metrics. Spot colors indicate values of ratios between longshore (Q,)

or tidal (Q,) sediment flux and fluvial sediment flux (Q,).

positive correlation exists between mean wave height and Q,, (for log-transformed Q,, values: Pearson R = 0.543,
p < 0.001, N = 46; Figure 6). No significant correlation is seen between shoreline progradation rates (i.e., rates
of progradation averaged over the length of coast, rather than solely at river mouths) and either mean wave height
(for log-transformed values: Pearson R = 0.162, p = 0.376, N = 32; Figure 6) or wave-driven longshore sediment
flux, Q,, (for log-transformed values: Pearson R = 0.150, p = 0.405, N = 33; Figure 6). Instead, a positive corre-
lation exists between progradation rates and fluvial sediment flux (Q,) (for log-transformed values: R = 0.667,
p <0.001, N = 33; Figure 6; cf. Colombera & Mountney, 2022).

No consistent relationship exists between the mean tidal range and avulsion metrics that are not normalized by
the size of the study area (Figure 2, Table 2). Negative relationships are instead observed between the mean
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tidal range and all normalized avulsion metrics, but the correlation is weak and not significant for normalized
rates based on avulsion-event counts (Figures 2 and 6, Table 2). Similar results are observed in the relationships
between avulsion metrics and the Q/Q, ratio, which corresponds to the tidal-to-fluvial water-discharge ratio,
that is, the “tidal dominance” of Nienhuis et al. (2020) (Figures 2 and 6, Table 2). The expected positive rela-
tionship between the tidal range and the Q/Q, ratio is seen (for log-transformed Q/Q, ratios: Pearson R = 0.667,
p <0.001, N = 46; Figure 6). Both Q, and Q, are directly correlated with the size of the study areas, in relation to
covariance between study-area size, river-system size, and sediment loads (Colombera & Mountney, 2022); the
magnitude of correlation is similar for the two variables (for Q,: R = 0.803, p < 0.001, N = 48; for Q,: R = 0.833,
p <0.001, N = 48; correlations of log-transformed values). However, the Q,/Q, ratio demonstrated some positive
correlation with the size of the study area (for log-transformed values: R = 0.466, p < 0.001, N = 48).

Only one of the considered examples is associated with a currently ongoing absolute fall in the base level: its
avulsion metrics fall within the range of examples associated with a base-level rise. The analysis is hence focused
on the role of the rate of eustatic base-level rise (Figures 3 and 6). No significant correlation is observed between
present-day rates of absolute sea-level change and the avulsion-frequency proxies, with the exception of modest
negative relationships with normalized avulsion-event and channel-thread densities (Figures 3 and 6, Table 3).
No evident difference in the magnitude of avulsion proxies is seen across groups of examples characterized by
current relative base-level rise or fall driven by glacioisostatic adjustment; however, the former group consists of
only five river systems, and all but two of the systems that are presently under conditions of RSL fall are charac-
terized by limited rates of change (less than 0.4 mm/yr; Figure 3). If observations of RSL change are considered
rather than the modeled glacioisostatic components, most examples are associated with conditions of relative
rise. Significant relationships between observed rates of RSL rise and the avulsion metrics are not seen (Figure 4,
Table 3).

No consistent relationship is observed between the seabed gradient offshore of river mouths and the different
avulsion-frequency metrics (Figures 5 and 6, Table 4). This is in accord with the observation of a lack of corre-
lation between rates of shoreline progradation and the offshore gradient (for log-transformed values: Pearson
R =-0.036, p = 0.843, N = 33; cf. Figure 6).

In view of the outcomes of these analyses regarding the poor predictive power of the considered variables, a
regression model that would account for downstream controls on avulsion frequency is not proposed.

4. Discussion

The considered avulsion-frequency proxies vary over orders of magnitude, indicating that different coastal-plain
river systems can differ widely with respect to avulsion dynamics. The current work allows the evaluation of
the degree to which external controls acting downstream of the river systems may determine this variability (cf.
Colombera & Mountney, 2022).

Among these factors, the process regime of marine or lacustrine coastal systems is commonly advocated as a
potential control on channel avulsion. For example, numerical models demonstrate the potential impact of wave
influence on inter-avulsion periods (Ratliff et al., 2018; Swenson, 2005), whereby avulsion setup conditions are
affected by longshore sediment transport through its controls on river-mouth progradation, basinward channel
lengthening, and associated streambed aggradation (Jones & Schumm, 1999). This notion is supported by the
analysis of channel networks across classes of deltas that reflect inferred wave influence (Halbur, 2013). Wave
climate also controls the accretion of sets of beach ridges on wave-dominated deltas, whose topographic relief
may hinder avulsions by confining channels (Syvitski & Saito, 2007). In the current study, these types of control
by the wave climate may be expressed in the negative relationships between values of present-day longshore
sediment flux (Q,,), accounting for wave energy (Nienhuis et al., 2020), and normalized avulsion rates, which
quantify the spatiotemporal density of avulsion events through Holocene timespans. Yet, correlations between Q,
and these avulsion metrics are modest, and no significant correlation is seen between values of mean significant
wave height and avulsion proxies, which might instead have been expected (cf. Ratliff et al., 2018). Moreover,
neither mean wave height nor Q, is inversely correlated with rates of shoreline progradation; said rates are based
on coast-wide averages, however, and therefore they do not necessarily reflect the rates at which individual river
mouths may have prograded. In addition, the results may be partially related to other forms of control using wave
processes on channel networks. For instance, they may reflect the way by which waves inhibit the formation
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of mouth bars (Jerolmack & Swenson, 2007), and hence the establishment of channel bifurcations that may
contribute to the number of paleochannels preserved on coastal plains (Edmonds & Slingerland, 2007). Over-
all, nonetheless, these findings suggest that the influence of wave energy on river avulsions is modest, and that
upstream controls may dominate over longshore redistribution in determining rates of river-mouth progradation
and channel avulsions (cf. Colombera & Mountney, 2022).

The potential influence of tides on channel morphodynamics has also been investigated by the outputs of numeri-
cal models (Ragno et al., 2020; Rossi et al., 2016) as well as by physical experiments (Lentsch et al., 2018): these
earlier studies indicate that the erosive action of tidal currents in distributary channels may enhance their stability
and reduce their avulsion frequency. In addition, observations on modern systems (Hoitink et al., 2017) suggest
that tide-influenced lowland river reaches—whose length scale is a function of the importance of tides—may
also be less susceptible to flooding relative to upstream areas; this may be reflected in the frequency with which
avulsions are triggered in these contexts. These controls may be expressed in the observed negative relationships
between normalized avulsion-frequency metrics and both the mean tidal range and values of Q,Q, ratio (equiv-
alent to a tidal-to-fluvial discharge ratio Nienhuis et al., 2020). These results might confirm that the influence
of tides on river mobility is not limited to tide-dominated systems, but that it rather plays a role in micro- to
meso-tidal settings too. However, the Q,Q, ratio tends to covary with the size of the study areas relative to which
the avulsion metrics are normalized, and the normalized metrics themselves tend to decrease with increasing
study-area size (Colombera & Mountney, 2022); this may partly explain the results. Furthermore, no significant
relationship is seen for metrics based on avulsion-event counts nor for avulsion-frequency proxies that are not
normalized. Also, the results may reflect other ways in which tides may control the drainage organization of
lowland river systems: for example, tides—like waves—may reduce the tendency of channels to bifurcate by
preventing mouth-bar growth (Rossi et al., 2016), and this may again have influenced the number of channel
threads present. In any case, the magnitude of correlation between normalized avulsion metrics and measures of
tidal range and sediment flux is modest overall; any effect of tides on river avulsion is likely to be limited.

The importance of the rate and direction of base-level change on inter-avulsion periods is broadly recognized,
although the manner in which their influence may be expressed is disputed. A widely held assumption is that
river avulsion frequency should scale directly with the rate of base-level rise: a river system tied to a rising base
level is expected to maintain equilibrium by streambed aggradation, which would ultimately cause superelevation
of channel ridges over neighboring floodbasins or interdistributary bays (Jerolmack, 2009; Tornqvist, 1994).
Temporal variations in the inferred avulsion frequency of Holocene deltas have been interpreted in these terms
(e.g., Aslan & Autin, 1999; Stouthamer et al., 2011), and this view is supported by results of numerical models
(e.g., Chadwick & Lamb, 2021; Chadwick et al., 2020; Jerolmack, 2009). Yet, results of a 1D morphodynamic
model suggest instead that more rapid rates of base-level rise could determine streamwise changes in streambed
aggradation, associated with a decrease in maximum aggradation relative to the channel depth, and that this
could cause an increase—not a decrease—in inter-avulsion periods (Moran et al., 2017). Numerical models also
demonstrate that if channel progradation is sufficiently rapid, river avulsions are not sensitive to the rates of
sea-level rise, and that this may be a characteristic condition of river-dominated systems with rapidly advancing
coasts (Ratliff et al., 2018). Elucidating the potential role of RSL changes on channel avulsions carries implica-
tions for sequence stratigraphic models, which tend to link stratigraphic variations in channel body geometries
and stacking patterns to base-level states via their relationships with sediment accommodation space (e.g., Wright
& Marriott, 1993) because changes in avulsion periods can also produce similar trends (cf. Bryant et al., 1995;
Colombera et al., 2015). In the coastal-plain systems of the current study, significant negative relationships are
seen between rates of absolute sea-level rise for the last three decades and normalized counts of avulsion events
and channel threads; these correlations are of modest magnitude, however, and non-normalized avulsion metrics
are not negatively correlated with sea-level rise. The results may appear to clash with the intuition that a faster
rate of base-level rise should drive more frequent avulsions, on the assumption that geographic variations in
present-day rates of absolute sea-level change are representative of spatial changes that were persistent through-
out the Holocene. However, this assumption is likely unrealistic since geographic variations in sea-level change
over decadal timescales, associated chiefly with ocean thermal expansion and changes in salinity, are of transient
nature (Meyssignac et al., 2012). Geographic variations in present-day rates of RSL change are more likely to
have persisted over much of the studied avulsion histories and are more directly relevant as controls on deltaic
morphodynamics. Thus, more meaningful indications of the limited importance of the direction and speed of
RSL fluctuations on coastal-plain avulsions can be drawn from (a) the lack of any apparent difference in avulsion
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Figure 3. Scatterplots of rate of eustatic sea-level change (left-hand side) and glacioisostatic relative sea-level (RSL) change (right-hand side) against

avulsion-frequency metrics based on numbers of avulsion events (a, b), channel threads (c, d) and delta lobes (e, f). The size of the spots indicates values of normalized

avulsion metrics.
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Figure 4. Scatterplots of rates of measured relative sea-level (RSL) change against avulsion-frequency metrics based on numbers of avulsion events (a, b), channel
threads (c, d) and delta lobes (e, f); raw (left-hand side) and normalized (right-hand side) avulsion metrics are separately presented. Spots are color coded by the type of
observation on which the RSL change is determined. Error bars represent two standard deviations in RSL data.
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metrics across case studies associated with negative, near-zero, and positive
rates of glacioisostatic RSL change and (b) the lack of significant relation-
ships between the avulsion-frequency metrics and available measurements of
present-day RSL change. However, glacioisostatic rates only represent valid
estimates over centennial timescales, and measured rates of RSL changes are
determined over decadal timescales; the current analysis can be improved by
employing direct constraints of RSL variations over the same timescales of
avulsion records, where available.

Additional insight can be obtained from a complementary analysis of the
dependency of avulsion-frequency metrics on the length of time over which
they have been determined: since the avulsion histories are usually tied to
the present day, any such dependency may reflect temporal variations in
avulsion frequency through the Holocene (Colombera & Mountney, 2022),
which could be considered in light of the progressive deceleration of global
sea-level rise through the Holocene (Lambeck et al., 2014). For the stud-
ied marginal-marine systems, negative correlations are seen between the
avulsion-frequency metrics and their associated timespans, which may
reflect a progressive increase in avulsion frequency through the Holocene,
in parallel with the global decrease in the rate of sea-level rise (Colombera
& Mountney, 2022). These results should be taken with care, however, since
this time-dependency of inter-avulsion periods may merely reflect variations
in the resolution of avulsion records, which likely becomes coarser as the
time window expands to older times (Colombera & Mountney, 2022).

The idea that RSL falls should prevent channel relocations through valley
incision is intuitive and supported by existing numerical models (cf.
Harriset al., 2020; Karamitopoulos et al., 2021); however, river avulsions
are documented in deltaic systems experiencing base-level falls (Blair &
McPherson, 1994; Lane et al., 2017; Nijhuis et al., 2015). Depending on the
physiography of the receiving basin (and particularly the relative gradient of
coastal plain vs. continental shelf), the coastal plain may aggrade—rather
than become incised—through forced regressions (Blum & Tornqvist, 2000;
Slingerland & Smith, 2004). The development of channel superelevation
during RSL falls has been documented in modern systems, where avulsion
frequency may have increased in response to a fall in base level (cf. Lane
et al., 2017; Nijhuis et al., 2015). This complexity of responses may explain
the observation that avulsion-frequency metrics for systems associated with
absolute or RSL falls do not differ significantly from those that are respec-
tively associated with absolute or relative rises.

In summary, the rate and direction of eustatic or RSL changes do not seem to
have affected the avulsion dynamics of the studied coastal-plain systems in a
manner that is consistent across all quantifications of avulsion frequency and
the entire data pool; this suggests that the importance of sea level as a control
on river avulsion may vary depending on depositional setting and may be
subordinate to that of other factors.

The bathymetry of the seabed offshore of coastal plains may be expected to
demonstrate relationships with quantifications of the progradation of river
mouths and of channel avulsions. In part, this might be expected because
the bathymetry of the seabed may be scaled with the size of the study areas
relative to which the avulsion metrics are normalized. However, any such

relationship may additionally arise due to the influence of marine accommodation on shoreline progradation

rates and/or due to covariance of the nearshore bathymetry with factors that may also act to control the dynam-

ics of coastal channel networks. For example, the seabed gradient is a function of the type of sediment being
supplied, which is itself related to the rate of sediment supply, and hence to river-system size (Milliman &
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Table 1

Pearson Correlation Coefficients and Associated p Values Quantifying Relationships Between Log-Transformed Avulsion-
Frequency Metrics (A: Avulsion-Event Counts; C: Channel-Thread Counts; L: Delta-Lobe Counts) and Both Mean
Significant Wave Height and Estimated Longshore Sediment Flux (Q,,)

Normalization

Mean wave height

Qw

None

By area and river number

None

By area and river number

None

By area and river number

R=0.089, p=0.685, N =23
(R=0.052,p =0.859, N = 14)
R =0.004, p=0.986, N =23
(R=0.028, p = 0.924, N = 14)
R=0.058, p=0.696, N =48
(R =0.060, p = 0.698, N = 44)
R=-0232,p=0.113, N=48
(R=-0218, p =0.155, N = 44)
R =-0.280, p =0.196, N = 23
(R =—0.336, p = 0221, N = 15)
R=-0238,p=0273,N=23
(R=-0.372,p=0.172, N = 15)

R=-0.087,p=0.701, N =22
(R=0.036,p=0.907, N=13)
R=-0.479,p =0.024, N =22
(R=-0.311,p=0.301, N=13)
R =0.062, p =0.680, N = 46
(R <0.001, p > 0.999, N = 42)
R =-0.406, p = 0.005, N = 46
(R=-0.442, p = 0.003, N = 42)
R=-0.276,p =0.202, N =23
(R=-0.096, p =0.733, N = 15)
R=-0.573,p=0.004, N=23
(R=-0.642, p = 0.010, N = 15)

Note. Statistics in brackets refer to higher-quality data sets only (Figure 1).

Farnsworth, 2011). Shelf gradients can also control progradation rates indirectly, by affecting the process regime
that drives sediment dispersal in the nearshore, for example, through the dissipation of wave energy (Swift &
Thorne, 1991). More fundamentally, however, the bathymetric gradient, as the rate of offshore increase in water
depth, determines the amount of accommodation available near the coast (cf. Colombera & Mountney, 2020;
Heward, 1981): for steeper seabeds, a higher rate of sediment supply per unit shoreline length is required to
sustain a given rate or progradation. Notwithstanding, in the studied examples, no significant relationship is
seen between the offshore gradient and either the avulsion-frequency metrics or the related shoreline progra-
dation rates. For data on avulsion histories associated with longer (millennial) time windows, a lack of corre-
lation may be determined by differences between present-day gradients and earlier Holocene bathymetries: the
considered bathymetric slope may not be a suitable proxy for sediment accommodation. However, the results

Table 2

Pearson Correlation Coefficients and Associated p Values Quantifying Relationships Between Log-Transformed Avulsion-
Frequency Metrics (A: Avulsion-Event Counts; C: Channel-Thread Counts; L: Delta-Lobe Counts) and Both Mean Tidal
Range and the Ratio Between Tidal and Fluvial Sediment Fluxes (Q/Q,)

Normalization

Mean tidal range

Ql/Qr

None

By area and river number

None

By area and river number

None

By area and river number

R=0.195,p=0.341, N=26
(R=0.087,p=0.739, N=17)
R=-0.172, p = 0.402, N =26

(R=-0.129, p = 0.621, N = 17)
R=-0.102, p = 0473, N =52
(R = —0.100, p = 0.494, N = 49)
R =-0.449, p = 0.001, N = 52
(R =—0.437, p = 0.002, N = 49)
R=-0.203, p = 0.354, N =23
(R=—0.157, p = 0.576, N = 15)
R=-0.470,p = 0.024, N = 23
(R=-0.253,p=0363, N = 15)

R=0.115,p=0.610,N =22
(R =0.206, p = 0.499, N = 13)
R=—-0.161, p = 0475, N="22

(R=-0.134, p = 0.662, N = 13)

R=0.105, p = 0.487, N = 46
(R=0.114, p = 0.473, N = 42)
R=—-0281,p =0.059, N =46

(R=-0232,p=0.139, N=42)
R=-0402, p = 0.057, N = 23

(R =—0.018, p = 0.950, N = 15)
R =—0.560, p = 0.005, N = 23
(R=0.028, p = 0.922, N = 15)

Note. Statistics in brackets refer to higher-quality data sets only (Figure 1).
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Table 4

Table 3

Pearson Correlation Coefficients and Associated p Values Quantifying Relationships Between Log-Transformed Avulsion-

Frequency Metrics (A: Avulsion-Event
and Relative Sea-Level Rise

Counts; C: Channel-Thread Counts; L: Delta-Lobe Counts) and Rates of Absolute

Normalization

Rate of eustatic sea-level rise Rate of relative sea-level rise

A None

By area and river number

C None

By area and river number

L None

By area and river number

R=0.221,p=0.322, N=22
(R=0.017, p =0.956, N = 13)
R=-0.434,p=0.043, N=22

(R=-0.293,p=0.331,N=13)

R=0.069, p=0.643, N =47
(R=0.030, p = 0.849, N = 43)
R=-0.365,p=0.012, N=47

(R=-0.418, p =0.005, N = 43)

R=0.303,p=0.182, N=21
(R=0.271,p=0.348, N = 14)
R=-0.071,p=0.759, N = 21
(R=0.066, p =0.822, N = 14)

R=-0333,p=0465,N=17
Dis-attenuated R = —0.409
R=0.019,p=0.967,N=7
Dis-attenuated R = 0.024
R=-0.116,p =0.695, N = 14
Dis-attenuated R = —0.144
R=0.137,p=0.203, N= 14
Dis-attenuated R = 0.171
R=-0.476,p=0.340,N=6
Dis-attenuated R = —0.581
R=0401,p=0310,N=6
Dis-attenuated R = 0.431

Note. Statistics in brackets refer to

higher-quality data sets only (Figure 1). Dis-attenuated correlation coefficients

(Muchinsky, 1996) are presented for relationships with values of rates of relative sea-level rise, to account for errors in

estimated rates.

can be interpreted to indicate that shoreline and river-mouth progradation rates are more readily controlled by

sediment-supply rates than by basin accommodation (Colombera & Mountney, 2022), in accord with current
understanding (Aadland & Helland-Hansen, 2019).

Collectively, the findings of this study indicate that the influence of downstream controls on the avulsion

frequency of coastal-plain rivers may be more limited than often implied. This may reflect the overriding role

of upstream or intrabasinal controls as well as the possibility that the inherent self-organization of coastal-plain

river systems is not particularly sensitive to allogenic controls (cf. Colombera & Mountney, 2022). However,

Pearson Correlation Coefficients and Associated p Values Quantifying
Relationships Between Log-Transformed Avulsion-Frequency Metrics (A:
Avulsion-Event Counts; C: Channel-Thread Counts; L: Delta-Lobe Counts)
and the Seabed Gradient Offshore of the Studied River Mouths

Normalization

Offshore gradient

A None

By area and river number

C None

By area and river number

L None

By area and river number

R =-0.046, p = 0.843, N =21
(R=—0.089, p=0.772, N = 13)
R=0.157, p=0.495, N =21
(R=0.101, p = 0.742, N = 13)
R=—0.153,p = 0.305, N = 47
(R =0.260, p = 0.092, N = 43)
R =0.244, p = 0.099, N = 47
(R =—-0.126, p = 0.421, N = 43)
R=-0.112, p = 0.638, N = 20
(R=-0271,p=0.348, N = 14)
R=—0.141, p = 0.554, N = 20
(R=—0.403, p = 0.153, N = 14)

Note. Statistics in brackets refer to higher-quality data sets only (Figure 1).

additional analysis of the current data set with explicit consideration of all
possible controlling factors is still required. Also, the precise timing of avul-
sion is known for parts of the temporal evolutions of some of the considered
case-study river systems; these may lend themselves to additional analyses of
response times to external forcings.

5. Conclusions

Quantitative analyses of the avulsion histories of 57 Holocene coastal river
systems, undertaken employing metrics based on the number of avulsion
events, channel threads and delta lobes, have allowed the statistical evalua-
tion of the possible role of downstream factors as controls on channel avul-
sion. These factors include measures of the contribution of wave and tidal
processes in nearshore environments, of rates and direction of absolute and
relative base-level changes and of the physiography of the seabed offshore
of the river mouths. These factors are all expected to affect channel-ridge
aggradation—a necessary condition for river avulsion—either directly or
through their effect on river-mouth progradation.

The hypotheses that avulsion frequency should scale directly with the
rate of base-level rise, or inversely with the offshore gradient, do not find
support in the presented data set. The view that wave and tidal processes
can act to stabilize lowland channel networks is instead supported by some
of the results. In general, however, the relationships between the considered
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Figure 6. Heatmap of Spearman correlation coefficients quantifying relationships between avulsion-frequency metrics
and characteristics of the river systems. Asterisks denote significant correlations (p < 0.05). A: avulsion events per unit
time; C: channel threads per unit time; L: delta lobes per unit time; RSL: relative sea level. Normalized rates are based on
normalization by area and river number. Only modeled rates of relative sea-level change due to glacioisostasy are included in
these results.
avulsion-frequency metrics and the supposed controlling factors are not strong, and neither are they expressed
consistently across the different proxies. The influence of downstream controls on the avulsion frequency of
coastal rivers does not leave an evident signature on avulsion statistics.
It is recognized, nonetheless, that this study is hampered by significant data limitations, notably related to the
completeness of avulsion records and to the limited degree to which attributes quantifying present-day environ-
mental controls may be relevant to the mid to late Holocene. It is recommended that such a study be replicated
with a more refined data set when this becomes available.
A key implication of this study is that river avulsions are not particularly affected by downstream controls,
perhaps because intrabasinal or upstream controls (e.g., levee stability, discharge variability) are dominant, or
because allogenic factors have limited influence on the studied autogenic dynamics. Yet, specific investigation of
the role of all possible controls on coastal channel avulsion is still needed.
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