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The majority of tidal channels display marked meandering fea-
tures. Despite their importance in oil-reservoir formation and
tidal landscape morphology, questions remain on whether tidal-
meander dynamics could be understood in terms of fluvial pro-
cesses and theory. Key differences suggest otherwise, like the
periodic reversal of landscape-forming tidal flows and the widely
accepted empirical notion that tidal meanders are stable land-
scape features, in stark contrast with their migrating fluvial coun-
terparts. On the contrary, here we show that, once properly
normalized, observed migration rates of tidal and fluvial mean-
ders are remarkably similar. Key to normalization is the role of
tidal channel width that responds to the strong spatial gradients
of landscape-forming flow rates and tidal prisms. We find that
migration dynamics of tidal meanders agree with nonlinear the-
ories for river meander evolution. Our results challenge the con-
ventional view of tidal channels as stable landscape features and
suggest that meandering tidal channels recapitulate many fluvial
counterparts owing to large gradients of tidal prisms across mean-
der wavelengths.

meander dynamics | sedimentary surfaces | tidal channels |
remote sensing | tidal networks

Branching and meandering tidal channel networks are ubiq-
uitous features of tidal landscapes that control water, sed-
iment, and nutrient fluxes therein (1-3) (Fig. 14). Particularly,
meandering exerts a prominent influence on both the dynam-
ics of tidal channels and the stratigraphy of the platforms they
cut through, thus possibly leading to sedimentary patterns with
complex stratal architectures (2, 4). Despite their extensive pres-
ence and importance in landscape evolution, tidal meanders have
received comparably less attention than their fluvial counterparts
(5-9). The large amount of studies on fluvial meanders (10—
12) is, in fact, counterbalanced by relatively few papers which
analyze the geometrical properties of tidal meanders, as well as
their dynamic evolution, documented in terms of field observa-
tions, numerical modeling, and laboratory experiments (13-16).
Moreover, although tidal meanders are uniquely characterized
by periodically reversing flows, their planform dynamics (17, 18)
and related sedimentary deposits (2, 19, 20) have typically been
approached using theories assuming a basic similarity with flu-
vial meanders (14, 18). The reliability of this assumption might,
however, be challenged by the slow planform dynamics exhibited
by tidal meanders, whose migration rates in the order of cen-
timeters per year (17, 21) appear to be at odds with the gener-
ally high mobility characterizing their fluvial counterparts, the
latter migrating meters or even up to tens of meters per year
(22, 23). The stability of tidal meanders has been traditionally
justified by invoking the bank-stabilizing role played by cohesive
sediments (15), dense halophytic-vegetation roots (21), and per-
sisting slump blocks along channel flanks (17, 18), as well as by
speculation that migration might be hindered by the mutually
balanced effect of opposite bidirectional flows (14). Therefore,
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despite the remarkable differences in the physical processes they
are shaped by, tidal meanders are generally seen as the slowly
migrating version of fluvial meanders. This hypothesis seems to
be further supported by the presence, in the tidal framework,
of fluvial-like migration features such as meander cutoffs (20)
(Fig. 1), which might, however, be diagnostic of strongly migrat-
ing meanders as well. Similarly, if on the one hand the presence
of slump blocks is thought to protect banks from further erosion
(17, 24, 25), on the other hand it undeniably represents a proxy of
actively migrating channels. Despite clear signs of active migra-
tion (Fig. 1B), the general consensus is that tidal meanders are
relatively stable landscape features, and it is therefore essential
that this paradox be clarified to improve our understanding of
tidal depositional environments.

Here, we investigate migration rates and dynamics of tidal
meanders by means of field observations and modeling inter-
pretation of saltmarshes at San Felice, within the Lagoon of
Venice, Italy (Fig. 14 and SI Appendix, Study Area). To assess
tidal-meander dynamics, their migration rates are first estimated,
for a limited number of ground-truthing pilot meanders, from
the stratigraphic record (Fig. 1C and Materials and Methods).
To obtain statistically significant data, migration rates are then
accurately calculated by analyzing a sequence of high-resolution
orthophotos of the study area over a significant time frame.
Two methods are applied to determine meander migration rates
(Materials and Methods): the best-fitting circle (BFC) (23) and
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Meandering tidal channel networks play a central role in
the ecomorphodynamic evolution of the landscapes they cut
through. Despite their ubiquitous presence and relevance
to sedimentary and landscape features, few observations of
tidal-meander evolution exist, and we lack a full understand-
ing of the governing processes. Field analyses show that tidal
meanders, traditionally viewed as stable landscape features,
display modes of migration and migration rates per unit width
quite similar to those characterizing their fluvial counterparts,
with important implications for the characterization of the
related sedimentary products. The results presented here con-
tribute to our understanding of the morphological evolution
of tidal landscapes.
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Fig. 1. Overview of the study area and example of tidal-meander migration and dynamics. (A) The San Felice saltmarsh area, in the Northern Venice Lagoon,
Italy. Study case bends are highlighted in green. (B) Example of the evolution that tidal channels in the study area have undergone over the last 50 y. Black
dots indicate the location of the sedimentary cores used to determine the migration rates from sedimentological analyses. (C) Example of main sedimentary
surfaces identified from sedimentological analyses carried out over the abandoned meander loop highlighted in B. (D) Detailed sedimentological core

data of C.

the homologous points (HP) methods. While the former repre-
sents a method widely used in the literature of riverine meanders
(23, 26), the latter is a unique procedure to objectively character-
ize meander migration and planform features. Results are com-
pared with the theory of fluvial meanders (6, 7, 10, 11, 27) by ana-
lyzing spectral properties of empirical tidal-channel curvature.

Results and Discussion

Sedimentological analyses carried out on several tidal-meander
bends in the study area (Fig. 1B) provide migration rates of the
order of ¢ = 0.08-0.20 m/y, which are consistent with the val-
ues obtained from both the BFC method (¢ = 0.16 + 0.19 m/y)
and the HP method (¢ = 0.20 + 0.22 m/y), as well as with those
obtained for the New Jersey wetlands (21) (¢ = 0.21 £ 0.11
m/y), although the latter refer to the migration of whole tidal
channels rather than to single meanders. A poor correlation is
observed between migration rates and channel-width variations
(81 Appendix, Meander Migration), thus excluding the hypothe-
sis that the observed migration rates are simply due to channel
broadening, driven by increased tidal prism (28), rather than to
real meander dynamics. On the one hand, our results seem to
confirm the relative planform stability of tidal meanders com-
pared with migration rates, typical of alluvial rivers, ranging from
a few to tens of meters per year (23, 29, 30). On the other hand,
a convenient scaling should be applied to avoid misleading com-
parisons. Therefore, using a classic standard for fluvial realms
(12, 22, 29, 31-33), we have normalized migration rates by chan-
nel width (¢* =¢/B [y~']) and plotted them vs. the dimension-
less ratio between radius of curvature and width (R* = R/B).
According to the BFC method (Fig. 24), the distribution of
meander migration rates (¢*) in the { R*; " } plane is enveloped
by a bell-shaped curve, which can be interpreted as the maxi-
mum potential migration rate (12) as a function of bend curva-
ture. Starting from low values of R*, the potential migration rate
grows rapidly, reaching a maximum at 2 < R* < 3, followed by a
gentle decrease for values of R* > 3. The presence of a potential-
migration peak at 2 < R* <4 is a common feature of meander-
ing rivers (22, 23, 30, 31, 34, 35), and its occurrence is likely dic-
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tated by two competing processes that reduce (enhance) ¢* for
small (large) values of R* and vice versa. Strong channel curva-
ture enhances both the secondary flow and the phase lag between
near-bank velocity and the curvature itself (35-38), thus result-
ing in more pronounced outer-bank erosion and migration. Nev-
ertheless, in sharply curved bends (R* < 2), whose lengths are
typically short since high curvatures are unlikely to be sustained
over long distances (32), the near-bank velocity maximum tends
to occur at the downstream end of the bend (35), thus preventing
bends from growing further. Moreover, in very sharp bends the
increase in curvature-induced secondary flow is limited by the
growth of hydrodynamic nonlinearities, such as secondary-flow
saturation and amplification of the outer-bank cell rotating in
the opposite direction to the main secondary cell (33), that cause
energy losses and reduce erosion rates. The migration rates per
unit width (¢*) of tidal meanders presented here display magni-
tudes of maximum, median, and 90th percentile values compa-
rable to those that Lagasse et al. (23) observed from a total of
89 rivers by applying the same methodology (Fig. 2 B and C).
Indeed, we performed a two-sided Kolmogorov—Smirnov (KS)
test to verify the null hypothesis that the observed tidal and flu-
vial ¢* come from the same distribution at a significance level
a = 0.05 (P value = 0.23). Our results therefore suggest that,
when scaled by channel width, tidal and fluvial meanders exhibit
quite similar migration rates, thus challenging the notion that
tidal channels are slowly evolving landscape features (17). In
addition, the bivariate KDEs of ¢* and R* display quite simi-
lar patterns (Fig. 2 4 and B, Insets and SI Appendix, Fig. S10).
Indeed, although bends with 2 < R* < 3 are suggested to migrate
at high rates (12, 22, 29), displaying the highest potential for
migration, data are generally clustered around relatively low val-
ues of both ¢* and R™, the highest kernel density values being
centered at R* = 1and ¢* = 0.01y!. The wide scatter displayed
by migration rates for a given range of R* can be interpreted as
the manifestation of the presence of a whole family of curves (31)
characterized by different hydrodynamics and other local param-
eters, such as sediment grain size (31), bank erodibility (33), and
floodplain heterogeneity (39), as well as abundance and type of

Finotello et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1711330115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1711330115/-/DCSupplemental
http://www.pnas.org/cgi/doi/10.1073/pnas.1711330115

L T

z

1\

BN AS  DNAS P

A o35, 02 _ 20 B ooss, 02 20
: . > 2
£ G
c 7] <
0.3F 158 03l " — 0.15 ‘ v . 158
ko] s ¥ = B K9]
c = 2 oy O c
o L} (2] U ’ 10 @
= 025} Vg =l 5 01 D , %
> kel >
2 9 = @
o 5 ® @ 5 ®
Y oo02f £ v £
£ S o e 0 S °
- 2 *
£ 015 s % o, RR/B < R=R/B
=] . o) . ) =
© . [ ] o e Tidal Meanders © River M
201l Jge PO o é., ® 1968-1987 2 L ea”dterls (2004)
= 00 @O o ) . ©1987-2007 S agasse et al.
X o O o0 0 .
B . «—Tidal Meanders
0.05 o - Se., (thisstudy)
- )
0 1 ] u = ‘_1_. mE 1
0 10 12 8 10 12
Curvature Radius R*=R/B
C oz D w¢ R o 0=062%
E 150024 o ..__..0_.-030—"'5-5
[ ®=0.o1% — - °
— 0.6 *\ } 90t percentile LI = - ° ®e °
5 1 N m River Meanders N 100 ° ° l-:__30__
o R @® Tidal Meanders N E ® o © o_0——
S 012} ST . N — —— - °o
& ! ST o
[\ V! 1 v
o Lqrd S 10k
S 0.08F T E ) - -
S £ Fp=055:006®_ _ -.’-.—d‘*.'.:.. ¢ %072
= 50" percentile ] -—— -
© . b 2 )
S - £ o _ 508090000
g 0.04 ‘23 102 ;@f_&_?'-‘ﬁ'o—.— S .... ® <{'>/<(’>
= 05 @ <>/<('>
C ‘%‘IOS 0 <C>/<>
or L : | ® <(*>/<(>
0 2I I4 I6 IS 'IIO 'IIZ 1073100 I I I SE— 10' I

Curvature Radius R*=R/B

Mean Width <B>

Fig. 2. Migration rates as a function of bend curvature characterized through the BFC method. (A) Migration rates per unit width (¢*) are plotted vs. the
dimensionless radius of curvature (R*) of tidal meanders for the two considered periods (1968-1987 and 1987-2007). (B) ¢* vs. R* data, for fluvial settings
derived from Lagasse et al. (23), are plotted together with the envelope curve calculated for tidal meanders. Insets in A and B contain the 2D kernel density
estimates (KDEs) of the data (obtained by considering a Gaussian kernel and bandwidths equal to 0.25 R* and 0.01 ¢*). (C) Comparison between the 50th
and 90th percentiles of migration rates per unit width of tidal and fluvial meanders. Binned averaged values are obtained by averaging sets of 50 and
80 data for the 50th and 90th percentiles, respectively. Bar lengths represent 1 SD. (D) Ratios of successive moments of ¢ distribution are plotted against
the mean width (B) for each of the k = 20 width classes calculated from our dataset; dashed lines represent linear regressions on log-transformed data.
Slopes (®) and correlation coefficients (r?) of the linear regression lines are also reported, together with ®-error range calculated by a standard bootstrap

resampling method. Vertical offset is arbitrary.

vegetation (21), which are crucial in determining actual migra-
tion rates. Moreover, it has been illustrated (32) that local migra-
tion rates, ¢*, are not simply related to the local bend curvature,
being ¢* dependent also on the curvature convolution upstream
and downstream of the considered bend (i.e., on the position of a
bend within a meander train) (9, 32, 38, 40, 41), as well as on bend
length, which must be sufficiently large to allow secondary flows
to fully develop. Nonetheless, local migration rates are intrinsi-
cally a random variable. Finite-size scaling analysis allows one
to identify the functional dependence on the physical quantity
that limits the upper values, regardless of the fluctuations due to
local heterogeneity (42). We have binned observed tidal mean-
ders into 20 classes according to sample size, labeling each bin
with the average width (B) to sort out broad features of the
probability distribution p(¢|B) (Material and Methods). It can be
shown (42) that if the ratio of the moments of different order,
ie., (¢")/{¢"™"), scales with (B) for every n, then the distribu-
tion is of the type p(¢|B) =¢~?-F(¢/(B)®), where F is a func-
tion that does not need to be specified (Materials and Methods).
Fig. 2D emphasizes that the scaling of the moments is remark-

ably consistent with the above form. A proper check shows that
® =0.5+0.04 (Materials and Methods). We thus conclude that

Finotello et al.

the maximum local migration rates are proportional to B°®
(having assumed as the actual value of B the midpoint of the
binning class of the field values). Thus, the logical sequence for
the interpretation of tidal-meander geomorphology is as follows:
The local cross-sectional area, €2, of the tidal channel is deter-
mined by landscape-forming discharges (), which in turn are
determined by the tidal prism P via the O’Brien-Jarrett—-Marchi
law (28) [Q o PY o Q7, where «,~ are well-studied empirical
coefficients (28, 43)] (SI Appendix, On the Tidal Prism—Channel
Width Relationship).

Given earlier findings on the width-to-depth ratio in tidal
channels of various sizes (13, 44), our results firmly establish
that meander migration rates are limited by the local tidal prism
via a fluvial-like landscape-forming discharge proportional to
BY®. The ever-increasing, along-channel spatial changes in the
tidal prism across meander wavelengths (SI Appendix, Fig. S9)
thus suggest that tidal meanders recapitulate fluvial meanders by
essentially replicating the same physical mechanism in a rapidly
accelerated spatial sequence. Although the BFC method is an
effective tool for characterizing meandering channel migration,
it suffers from both the subjectivity in the choice of points defin-
ing a whole meander and the possibility of representing only
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the overall behavior of a bend. To objectively identify individual
meander bends and provide a spatially continuous characteriza-
tion of local migration rates, we developed a unique methodol-
ogy, named the HP method (Materials and Methods). The max-
imum migration rates per unit width, ¢*, computed through the
HP method and plotted as a function of the dimensionless radius,
R*, display a pattern similar to that obtained through the BFC
method, with a peak in the potential migration rate for 2 <
R* < 3 that is mainly determined by the migration rates of mean-
der apical points (Fig. 34). The local migration rates estimated
through the HP method can be up to two times larger than
the meander-averaged migration rates obtained with the BFC
method (in particular, bend apex points exhibit maximum and
mean migration rates equal to (4, = 0.62 y ' and (¢}) =

0.35 y~', respectively). On the other hand, points other than
the bend apexes exhibit a distribution of migration rates char-
acterized by a relatively smoother peak in the range 5 < R* <
6 and a heavier right tail (Fig. 3B). Although tidal meanders
are shaped by bidirectional flows (2), potentially leading to plan-
form features distinct from those of terrestrial rivers, no sub-
stantial differences between tidal and fluvial meander migration
rates emerge from our results. A possible explanation lies in the
fact that in tidal landscapes either flood or, more commonly,
ebb flows dominate the landscape formation processes (45, 46),
thus preferentially shaping meanders and their planforms in a
way analogous to that of their fluvial counterparts. The violin
plot of the binned migration rates (Fig. 3C) provides information
on the probability distribution of ¢* for given intervals of bend-
curvature values. Two peaks are observed for R* in the ranges
2 < R* <3and5 < R* < 6, representing the set of data relative
to the apex points and all of the other points, respectively. Both
the mean and the median of the distributions slightly increase
for values of R* up to 4 and then attain an almost constant value
around 0.05 y~! and 0.04 y~!, respectively. In agreement with
the limited existing literature (17), a value of (¢*) = 0.45% y~*
is found. Further comparisons between fluvial and tidal mean-
dering pattern dynamics have been carried out by analyzing the
spectral properties of the observed channel patterns. A well-
established framework developed in the fluvial setting expresses
meander curvature in terms of a sine-generated curve (5, 6, 47).
By Fourier transforming the curvature signal (13), the relation-
ships between the various harmonics of the curvature spectrum,
meander migration, and sinuosity can be evaluated. The major-
ity of spectral power density is generally contained along the first
harmonic, although in some cases higher-order harmonics pre-
vail (S Appendix, Fig. S8). While the first-order harmonic results
in simple, sine-generated curves, its interactions with higher-

order harmonics cause a progressive fattening and skewing of the
meander shape, increasing its planform sinuosity (37, 47). High-
order harmonics are, in turn, known to develop during mean-
der evolution, their presence indicating a mature, highly sinuous
meander.

However, for no specific meander bend was such an evolution-
ary pathway completely observable from our dataset, given the
relative limitedness of the considered time span. We have there-
fore inferred the development stage of every individual mean-
der by considering its dominant harmonic (K), that is, the har-
monic containing the largest fraction of total power density. This
provides us a meaningful, first approximation of meander matu-
rity. Our analysis indicates (Fig. 44) that when the first har-
monic is dominant, the mean meander-averaged migration rate
is about 0.13 m/y. This value increases to a maximum close to
0.20 m/y when the second harmonic becomes dominant, and it
subsequently decreases for dominant harmonics of higher order.
A similar pattern is also observed when analyzing meander sin-
uosity (o) as a function of the dominant harmonic: In this case,
o reaches its maximum when the third harmonic dominates (Fig.
4A4; see SI Appendix, Curvature Spectra for further details). These
observations agree with those for nonlinear, river-meander mod-
els (10, 24, 37, 48), showing that (i) bend growth rate increases
to a peak and then slowly decays as a meander progressively
evolves, producing higher-order harmonics; (if) the formation of
the third harmonic in a curvature spectrum is related to a sharp
increase in meander sinuosity; and (iif) the growth in meander
sinuosity is eventually interrupted as the meander cuts off or sta-
bilizes. Note that the tidal meander-averaged migration rate per
unit width decreases for increasing meander sinuosity (Fig. 4B),
suggesting that well-developed, sinuous tidal meanders are typi-
cally more stable, a behavior that also characterizes their fluvial
counterparts (Fig. 4B, Inset). Our results suggest that, although
key differences between fluvial and tidal meanders can be identi-
fied, particularly on the occurrence of bidirectional flows shap-
ing the latter, tidal meanders display migration rates per unit
width of the same magnitude as those of their fluvial counter-
parts. Moreover, the migration dynamics of tidal channels can
be at least qualitatively described by the theoretical relation-
ship between migration rates and curvature-spectrum harmonics
developed for fluvial settings. Nonetheless, the process of mean-
der migration in fluvial environments might lead to the devel-
opment of different planform morphologies relative to the tidal
case. In tidal landscapes, in fact, network drainage density is typ-
ically higher than in fluvial ones (49, 50) and channel confluences
are more frequent, thus preventing in many cases migrating
meanders from fully developing into a cutoff without connecting
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Fig. 3. Continuous characterization of meander migration rates on the basis of the HP method. (A) Migration rates per unit channel width (¢*) are plotted
vs. the dimensionless radius of curvature (R*). A, Inset contains a 2D KDE of the displayed data (Gaussian kernel, bandwidths 0.25 R* and 0.01 ¢*). For the
sake of clarity, only results for apex points are entirely represented. (B) Maximum binned migration rates observed for both apexes and points other than
the apexes. A lognormal function yields the best fit to these binned values of the migration rates. Correlation coefficients (r?) are also reported. (C) Violin
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(B, Inset) Meander migration rates per unit width vs. meander sinuosity for
the 20 rivers with highest reach sinuosity described in Lagasse et al.’s (23)
database.

to other adjoining active channels. On the contrary, rivers can
freely wander through alluvial valleys, promoting the formation
of cutoffs strewn across the landscape. Signatures of meander
cutoffs are also less frequently detected, possibly due to the
smaller size of tidal channels, the dense vegetation through which
they evolve, and the high rates of mud accumulation typical of
saltmarsh platforms (51) that might hide the scars of cutoffs.
We also show that tidal-meander migration is controlled by local
channel width, a proxy for the landscape-forming prism whose
large spatial gradients are a defining feature of tidal landscapes.
These results bear important consequences for the understand-
ing of estuarine landscape evolution, with implications of inter-
est to scientists across the geosciences, due to the critical role
exerted by branching and meandering channels on geomorphic,
ecological, and sedimentary patterns.

Materials and Methods

Migration from the Stratigraphic Record. Using an Ejikelkamp hand auger
with an extendable handle, through a gouge sampler with a length of 1 m
and a diameter of 30 mm, sediment cores were collected along the axis of
different point-bar deposits in the study-site area (Fig. 1B), with core depths
ranging from 1 m to 3 m to include the whole thickness of point-bar deposits
(20, 52, 53). The topography of this area and the location of the stratigraphic
cores were surveyed through a differential GPS (Leica CS15) in RTK modality,
with a vertical precision of +£0.02 m. Core logging, carried out following
the basic principles of facies analyses, allowed for reconstructing the key
sedimentary surfaces (20, 52, 53) (Fig. 1C). The time span over which the
considered point bar has evolved can be determined as te =s¢/s,, where
st is the thickness of saltmarsh deposits accumulated during bar migration
and s; = 2.5 mmly is the local saltmarsh accretion rate in equilibrium with
the rate of sea-level rise (54). The migration rate of the considered bend can
be determined as ¢ = d/t., where d is the distance covered by the channel
thalweg during point-bar migration. In the study case illustrated in Fig. 1C
(main sedimentary surfaces) and Fig. 1D (detailed core logs), s and d are
equal to 0.45 m and 14.0 m, respectively, corresponding to t. = 180y, finally
resulting in a migration rate of ¢ = 0.08 m/y. Migration rates computed for
the other ground-truthing pilot meanders are in the range 0.08-0.20 m/y.

Migration Rates from Aerial Photos. We used three sets of aerial pho-
tographs (S/ Appendix, Fig. S1) acquired in 1968, 1987, and 2007 of tidal
channels dissecting the San Felice saltmarsh, in the Venice Lagoon. All
images were georeferenced to an accuracy of £0.1 m (with an estimated
error in the migration rates of about 5% over a 20-y period), and the pairs
of images (1968-1987 and 1987-2007) were superimposed to obtain a map
of changes in the position of channel banks. We selected only bends which
were included and clearly detectable in all of the photos, to prevent mis-
leading results due to the incorrect identification of channel banks. Banks
of chosen meanders were first digitized in a geographic information system
environment: Where a bifurcation of the network occurred, digitalization
was continued only for the major reach, whereas a new digitalization was
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started for minor lateral tributaries. Two methods were used to compute
migration rates from the aerial photos: the BFC method and the HP method
described in the following text.

BFC method. Every meander bend is described by a series of delineation
points, and the center coordinates {xCB;ycB} and radius Rz of the best-
fitting circle are computed by solving a linear system (23). The compari-
son of two different planar configurations at times t and t+ At allows
us to calculate both bend translation and expansion. The latter corre-
sponds to the variation of bend radius AR =Rg(t + At) — Rg(t), whereas

the former is calculated as AS= 1/(AXC)2 +(Ayc)2, where AXc:XCB(t+

At) — xcp(t) and Ayc =y (t + At) — ycy (t). The rate of migration is finally

computed as (g = \/AS? + AR? /(At). Meander Cartesian wavelength (L)
and amplitude (A) are also measured, as well as meander width (B)
in correspondence to both the inflexion and apex points, with the lat-
ter used to normalize migration rates to carry out a direct comparison
with fluvial data (23) (see S/ Appendix, Meander Migration for further
details).

HP method. We apply a well-developed technique (13) to objectively iden-
tify and continuously characterize tidal-meander geometry, which is based
on a mathematical definition of the curve I'(s) = {x(s); y(s)}, where x and y
are the Cartesian coordinates of the arbitrary point of the channel axis and
s is its intrinsic coordinate, assumed to be positive if directed landward. The
curvature C(s) [L™"] is therefore calculated as (13)

c__d0_[oxdy dydx dx\2  /dy\2] 2 1l
T ds |dsds?  dsds? | (ds) +<ds> !

where 0 is the angle between the tangent to the channel axis and an
arbitrarily selected reference direction. A Savitzky-Golay low-pass filter is
applied to smooth noises in the curvature signal (18). Locations of both
inflexion (s;) and apex (s,) points are identified as null curvature points
(C(s;)) =0) and local curvature maxima (C(ss) = Cmax), respectively, thus
allowing one to identify individual meander bends. Geometrical features,
such as channel width (B(s)) and meander intrinsic wavelength (L), are com-
puted along the intrinsic coordinate s, while the Cartesian wavelength (L)
is defined by the distance between the initial and the final section of the
meander in the {x; y} plane. Meander sinuosity is defined as o = L;/Ly,. To
compute migration rates, every meander bend is first divided into a series
of N = 100 equally spaced points, including the apex point. The meander
reach included between the apex and the most landward (seaward) inflex-
ion point is therefore divided into (N/2) — 1 branches. The displacement of
the nth point (d,) is calculated as the homologous point distance between
the initial (at time t) and the final (at time t+ At) channel planform
configuration:

30 =/ It + A — xa(OF + [ynlt + A — ya (0. [2]

The migration rate ¢, of the nth point is finally determined as the ¢, =
5n/ At

On the Scaling of Tidal Meander Migration Rates. According to the apex
width of every individual meander, we have binned our study-case bends
into k = 20 classes, each of them containing 24 individual bends. Pro-
vided that p,(¢) represents the probability distribution of migration rates
for a given class k with migration rates belonging to [{, ¢ 4 d(¢] (55), we
tested whether py(¢) exhibits a finite-size scaling in the form p(¢|B) =¢ % -
F(¢/(B)®), where (B) is the average width of a given k class, and F is a suit-
able scaling function, common to all of the k classes, whose specification is
not necessary for our purposes (55). A test for the validity of the assump-
tion that p(¢|B) = ¢~ % - F(¢/(B)?®) is represented by the proportionality of
successive moments of ¢ ((¢")/(¢"~"), n > 1) to (B) [for further details
see Giometto et al. (55)]. Fig. 2D indeed shows successive moment ratios
calculated from our data and the corresponding linear regression lines of
log-transformed data. The slopes of these lines consistently exhibit a value
of & =0.5 + 0.04.
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