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ARTICLE INFO ABSTRACT

Editor: J.P. Avouac Fluvio-deltaic deposits archive environmental change, but internal depositional dynamics can modify or erase
signals before preservation. Whether a signal survives the stratigraphic filter depends in part on its duration:
signals with periods shorter than the time required for a system to smooth its own uneven topography tend to be
lost, whereas longer-period signals are more readily preserved. This smoothing timescale, or compensation
timescale (T), is well constrained under steady conditions, but how it responds to external forcing remains
unclear. Here we combine physical and numerical experiments spanning a range of forcing amplitudes and
periods in input sediment-to-water discharge ratio, using a sediment mass-extraction framework to define
dynamically equivalent measurement positions across experiments. We show that cyclic forcing increases T. by
as much as fourfold relative to unforced controls. Under fast forcing, intermediate amplitudes produce the
longest T, whereas weak and strong forcing amplitudes yield values within 30% of the control. Under slow
forcing, T, increases more monotonically with amplitude, reaching two- to threefold above control at the highest
amplitudes tested. Basin-scale topographic roughness, rather than local channel depth, is the strongest predictor
of T, across both forcing regimes (r = 0.81-0.89, p < 0.001). These results show that forcing itself modifies the
temporal resolution of the stratigraphic archive, so the stratigraphic record is not a passive filter with a fixed
cutoff; instead, its temporal resolution coevolves with the amplitude and period of the forcing it records.
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1. Introduction sedimentation varies across timescales. At short timescales, sedimenta-

tion is spatially heterogeneous and dominated by autogenic dynamics,

A central challenge in Earth science is determining which environ-
mental changes are faithfully recorded in sedimentary strata and which
are lost or distorted before preservation (Allen, 2008; Romans et al.,
2016; Tofelde et al., 2021). This challenge is fundamental because the
temporal resolution at which strata become reliable archives of envi-
ronmental change remains insufficiently constrained (Sadler, 1981;
Straub et al., 2020). Stratigraphic patterns reflect both external forcing
and internal (autogenic) dynamics such as channel migration and
avulsion (Hajek and Straub, 2017). Autogenic processes can obscure,
mimic, or destroy signals of external forcing (Burgess and Duller, 2024;
Griffin et al., 2023; Jerolmack and Paola, 2010), making the timescale at
which strata become reliable environmental archives a critical but
poorly constrained quantity.

The temporal resolution of the stratigraphic archive depends on how
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with the characteristic duration of this heterogeneity varying as a
function of surface roughness and aggradation rate (Ganti et al., 2014;
Hajek and Straub, 2017; Sheets et al., 2002). Over longer timescales,
depositional systems tend toward more ordered sedimentation
(Jerolmack and Sadler, 2007) through compensational stacking, a ten-
dency for sedimentation to preferentially fill topographic lows, which
progressively smooths surface relief and brings local sedimentation rates
into alignment with the long-term basin-wide average (Straub et al.,
2009; Wang et al., 2011). This behavior has been documented across
fluvial, deltaic, debris flow, glaciomarine, and deepwater systems
(Esposito et al., 2018; Pederson et al., 2015; Tasistro-Hart et al., 2025;
Trampush et al., 2017; Wang et al., 2023). The resulting framework has
been applied to problems ranging from paleoclimate signal propagation
to geomorphic hazard assessment and outcrop characterization
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(Bernhardt et al., 2017; Hajek and Wolinsky, 2012; McLain et al., 2024;
Romans et al., 2016), motivating efforts to quantify the timescale over
which compensation is achieved.

The compensational timescale (T.) provides a quantitative measure
of this temporal resolution. Defined as the duration required for local
sedimentation patterns to converge with the long-term aggradation rate
(Wang et al., 2011), T. marks a threshold: below it, sedimentation is
dominated by autogenic dynamics; above it, depositional patterns
increasingly reflect external controls (Hajek and Straub, 2017; Straub
et al.,, 2009)—meaning T, sets the minimum timescale at which envi-
ronmental signals are more likely to be detected in the stratigraphic
record (Foreman and Straub, 2017; Griffin et al., 2023). This threshold is
consistent with the well-documented decrease in apparent sedimenta-
tion rates with increasing measurement duration (the Sadler effect),
where the break in scaling occurs at timescales comparable to T, esti-
mated from field data (Jerolmack and Sadler, 2007; Straub et al., 2020).
Signal preservation above T, is not guaranteed, however: forcing
amplitude also plays an important role (Toby et al., 2019a, 2022; Wang
et al., 2021), and autogenic dynamics can generate organized period-
icities that complicate signal detection even at longer timescales
(Burgess and Duller, 2024).

Most estimates of T, assume steady forcing: constant sediment supply
and stable or monotonically changing base level. Under these condi-
tions, T, is typically approximated as the ratio of characteristic topo-
graphic relief to the long-term aggradation rate (Straub and Wang, 2013;
Wang et al., 2011). Natural systems, however, exhibit multi-scale vari-
ability in both sediment supply and base-level change (Blum and
Tornqvist, 2000; Dong et al., 2023; Kim and Paola, 2007), which can
amplify topographic relief through incision during periods of reduced
sediment supply or base-level fall. Numerical experiments show that
cyclic fluctuations in sediment and water supply can delay the onset of
compensational stacking by a factor of up to 2.6 relative to steady
conditions (Wang et al., 2011). In models of deep-water fans, autogenic
processes further generate cyclical stacking patterns that mask external
signals, particularly at longer periods (Burgess et al., 2019; Burgess and
Duller, 2024). Whether and how cyclic forcing systematically modifies
T., and thus the timescale at which paleoenvironmental signals become
detectable, remains unresolved.

We test the hypothesis that cyclic water-sediment forcing extends the
compensation timescale by amplifying surface roughness, expressed as
either local roughness (maximum channel depth) or regional roughness
(persistent along-strike differences in depositional thickness). Using
paired physical and numerical experiments with cyclic variations in
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sediment-to-water discharge input, we isolate the effects of forcing
period and amplitude on both roughness metrics and T. Section 2 de-
scribes the experimental setup and analysis methods; Section 3 presents
the results; Section 4 interprets the governing mechanisms and impli-
cations for stratigraphic signal preservation; and Section 5 summarizes
the principal conclusions.

2. Materials and methods
2.1. Physical deltaic experiments

Delta experiments were conducted in the Tulane Delta Basin (TDB)
and included one control run under steady forcing and multiple runs (n
= 5) with cyclic sediment-to-water discharge (Qs/Qy). In all experi-
ments, water (Qwo = 1.7 x 10 m®/s) and sediment (mean mass flux Qs0
= 3.9 x 10" kg/s) were mixed and fed from a fixed upstream-corner
inlet, and sea level rose at a constant rate of rg; = 0.25 mm/h,
measured at submillimeter-scale precision, resulting in delta pro-
gradation toward a downstream weir (Fig. 1a). The sediment mixture
was cohesive, with grain sizes from 1 to 1000 pm (Dsp = 67 pm),
following Hoyal and Sheets (2009). The basin measured 4.2 m long, 2.8
m wide, and 0.65 m deep (Fig. 1a). Topography was scanned hourly on a
5 mm horizontal grid with <1 mm vertical resolution.

Each experiment included a steady-state interval lasting 50 to 140 h;
the runtime with cyclic forcing was typically 490 h, except TDB-16-3a
(245 h). The control run (TDB-12-1) maintained constant Qy,, Qs, and rg;,
throughout, resulting in sustained aggradation and a nearly stationary
shoreline (Straub et al., 2015). Previous research estimated a compen-
sational timescale (To) of 49 h and a corresponding compensational
depth (Ho; calculated as T¢o % rsp) of 12.3 mm at a radial distance of 0.4
m from the inlet (Toby et al., 2019a).

In forced runs, Qs/Qy varied cyclically, with different periods (P) and
amplitudes (A). We classified runs relative to Tco: experiments with P =
2T, were designated as slow forcing, while those with P = 0.5T,y were
designated as fast forcing (Table 1). Slow-forcing experiments included
TDB-16-2, TDB-16-3b and TDB-20-1, while fast-forcing experiments
included TDB-16-1 and TDB-16-3a (Straub, 2025; Toby et al., 2019a).
We listed these runs in order of increasing forcing amplitude, which
ranged from 0.075 to 0.6 of the steady-state mean Qs/Q,,.

2.2. Numerical fluvial experiments

We analyzed numerical experiments simulating fluvial channel-belt
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Fig. 1. Setup of physical and numerical experiments. (a) Overhead view of a delta in the Tulane Delta Basin (TDB), shown by a snapshot of surface topography
from TDB-20-1 at t = 428.5 h; blue color denotes active water. The basin is 4.2 m long by 2.8 m wide; the sediment-water inlet is at the upper left corner. (b)
Overhead view of modeled topography from a numerical experiment (Scenario A40P10 at t = 20 kyr) using the Karssenberg and Bridge (2008) model; the domain is
60 x 40 km. White dashed lines in (a) and (b) mark example cross-stream transect locations used for subsequent analyses.
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Table 1
Key parameters for all the physical and numerical experiments used in this
study.

Regimes  Experiments  Period Amplitude Amplitude
P) of Qs/Qw of sea level
change (Ag)  change (Ag)
Physical- Steady TDB-12-1 0 0 0
control
run
Fast TDB-16-1 245h 0.075 0
Physical- forcing TDB-16-3a 24.5h 0.3 0
Qs/Quw Slow TDB-16-2 98h 0.075 0
forcing forcing TDB-16-3b 98h 0.15 0
TDB-20-1 98 h 0.6 0
Numerical- Steady NC 0 0 0
control
run
Fast A10P1.25 1.25 0.1 0
forcing kyr
A20P1.25 1.25 0.2 0
. kyr
Numerical- A40P1.25 125 0.4 0
Qs/Qw Kyt
forcing Slow A5P10 10kyr  0.05 0
forcing A10P10 10 kyr 0.1 0
A20P10 10 kyr 0.2 0
A40P10 10kyr 0.4 0

evolution using the Karssenberg and Bridge (2008) model, including
previously published runs (Wang et al., 2021) and new experiments
(Wang, 2025). The model resolves basin-scale sediment transport,
erosion, and deposition in alluvial settings, with channel belts treated as
the fundamental geomorphic unit. All runs utilized an identical domain:
a 60 x 40 km rectangular basin discretized into 200 m x 200 m cells
with an initial slope (Sp) of 0.00011 (Fig. 1b).

The control run (Scenario NC) maintained constant water discharge
(Qwon=7.9 x 1010 mg/yr), volumetric sediment supply (Qso,n = 1.0 x
10° m3/yr), and sea-level rise rate (0.0004 m/yr). These values were
chosen to maintain a balance between sedimentation and the rate of
relative sea-level rise, yielding sustained aggradation consistent with
long-term rates estimated from alluvial stratigraphy (Abels et al., 2012;
Wang et al., 2024). Previous research estimated a compensational
timescale (T, n) of 2.0 kyr at a distance of 20 km from the basin inlet
(Wang et al., 2021).

Seven additional runs imposed cyclic variations in Qs/Q, with
different periods (P) and amplitudes (A). As in the physical experiments,
numerical simulations were categorized as slow forcing (P = 3.3Tco, n)
and fast forcing (P = 0.4Tco, ,) (Table 1). Slow-forcing experiments
include runs A5P10, A10P10, A20P10, and A40P10; fast-forcing ex-
periments comprise A10P1.25, A20P1.25, and A40P1.25 (Wang et al.,
2021; Wang, 2025), listed in order of increasing amplitude (A). The
forcing amplitude varied from 0.05 to 0.4 of the steady-state mean

Qs/Qu-

2.3. Data analysis

2.3.1. Transect selection using the mass-extraction parameter (y)

We analyzed the temporal changes in depositional surface topog-
raphy along cross-stream transects for all experiments. Because different
forcing regimes modify progradation distances and sediment partition-
ing, a fixed transect represents a different relative position within the
sediment-routing system across experiments (Paola and Martin, 2012;
Strong and Paola, 2008). We therefore used the mass extraction
parameter y (Paola and Martin, 2012; Strong and Paola, 2008) to select
dynamically equivalent measurement positions across experiments. y
quantifies the dimensionless fraction of supplied sediment mass depos-
ited upstream of a given location, based on cumulative mass balance.

For a radial distance R from the inlet in the physical experiments,
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2(R) =7 (AZ(i) xAarx (1 = o(R)) % p,)/(Qox T) &)

where the summation extends over all grid cells i within R; AZ(i) is the
net elevation change over the experiment, A the cell area (25 mm? in
physical experiments), ¢(R) spatially-varying deposit porosity, ps grain
density, Qsp mean sediment mass feed rate, and T the experiment
duration. In physical experiments, ¢(R) varies with distance following
the empirical relationship of Straub et al. (2015).

The numerical model (Karssenberg and Bridge, 2008) tracks sedi-
ment in bulk volume (solid grains plus pore space) with a spatially
uniform implicit porosity. Thus, (1 — ¢) and ps appear identically in
numerator and denominator of Eq. (1) and cancel, yielding

200 =7 (AZ() * Ac) [ (Qo x T) @

where A is 40,000 m? in numerical experiments. Here, y(x) denotes
the cumulative bulk volume deposited upstream of downstream distance
x, normalized by total bulk volume supplied.

For each experiment, we computed y as a function of R (physical
experiments) or x (numerical experiments), yielding monotonic y(R) or
() curve increasing away from the source. We define ypqx as the 99th
percentile of the distribution, which suppresses noise from isolated cells
at the distal fringe while faithfully capturing the bulk sediment reten-
tion. Hence, ymax represents the fraction of supplied sediment retained
within the delta plain; 1 — ymay is the bypass fraction to deep water. We
extracted cross-stream topographic transects at y positions that avoid
both near-inlet boundary effects and marine-fringing zone, where poor
channelization and high measurement noise degrade topographic sig-
nals. Practically, we analyzed transects within 0.25ymax < ¥ < 0.5¥max;
results were insensitive to the choice of this window.

2.3.2. Estimation of the compensational timescale (T.)

We estimated T, using the o framework (Wang et al., 2011; Fig. 2),
which quantifies the deviation of local sedimentation rates along a
cross-stream transect from the long-term aggradation rate:

L 1/2

04 (T) = / [r(T; x)_ 1] ‘o ©)

(%)

0

where r(T; x) is the mean deposition rate at position x over time window
T, L is transect length, and 7(x) is the long-term aggradation rate at
position x (Wang et al, 2011). The subscript "ss" refers to
sedimentation-to-subsidence; oy is a root-mean-square departure from
unity rather than a conventional standard deviation, and we retain the
notation for consistency with prior work (Straub et al., 2009; Wang
et al., 2011).

Empirically, o decreases with increasing T following a power law
(Straub et al., 2009; Wang et al., 2011):

Oss = aT™* 4)

where d' is a coefficient and « is the compensation index. In log-log
space, Eq. (4) becomes:

log (65) = log(d) — «log (T) (5)

so that the slope of the linear relationship equals —«. This slope typically
exhibits two regimes separated by a break (Fig. 2b). At short time
windows, the slope —k; reflects autogenic depositional patterns: ks < 0.5
indicates anti-compensational stacking, ks = 0.5-0.75 indicates random
stacking, and ks > 0.75 indicates compensational stacking (Straub and
Wang, 2013). At long time windows, the slope steepens toward — x| ~
—1, indicating deterministic basin filling governed by available ac-
commodation (Wang et al., 2011). The compensational timescale T, is
defined as the time window at which this slope break occurs, marking
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Fig. 2. Illustration of compensational stacking. (a) Synthetic strata of channel (yellow) and overbank (brown) deposits, representing sand and mud, respectively.
Three timelines at ty, t», and t3 are shown. Blue lines trace channel trajectories; maximum channel depth defines the compensational depth (H,). Figure modified from
Esposito et al. (2018). (b) Identification of compensational timescale (T.) from variability in the ratio of sedimentation to subsidence (o), calculated from windowed
sedimentation rates (e.g., over At) relative to long-term subsidence rate. At At/T. = 1, a break in regression slope is observed, from ks < 1 to x; ~ 1. (¢) Schematics
showing progressive reduction in oy and eventual deterministic stacking of deposits, where sedimentation rate matches subsidence rate. Times t;, t», and t3 are
arbitrary and used for illustration. Panels (b) and (c) are modified from Straub and Wang (2013).

the transition from spatially heterogeneous, autogenically dominated
deposition to uniform basin filling (Wang et al., 2011; Hajek and Straub,
2017).

We computed o over window lengths from the highest temporal
resolution of each dataset (1 h in physical and 50 yrs in numerical ex-
periments) to half the total experiment duration. After log-transforming
both 64 and T, we applied MATLAB change-point analysis (findchan-
gepts, maximum three change points) and selected the first break point
for which x; > 0.8. In all cases, at least one change point satisfied this
criterion. Uncertainty was quantified by bootstrap resampling: spatial
positions along the transect were resampled with replacement and the
detection repeated 100 times per experiment; the interquartile range
was reported as the uncertainty envelope.

2.3.3. Computation of local and regional surface roughness

We quantified topographic roughness at two scales: local roughness
(H), which captures relief generated by individual channels, and
regional roughness (D), which captures basin-scale departures from a
smooth depositional profile.

Following previous studies (Wang et al., 2011; Trampush et al.,
2017), we used maximum channel depth as the local topographic
roughness metric. Channel depth at each time step was derived from
cross-sectional topography using the Progressive Black Top Hat (PBTH)
algorithm (Luo et al., 2015; Wang and Abels, 2025). PBTH iteratively
applies grey-scale closing (dilation followed by erosion) using increasing
window sizes to construct a local maximum surface; subtracting this
surface from detrended topography isolates depressions and pixel-scale
relief. Measurements represent channel or channel-belt dimensions for

physical and numerical runs, respectively. For example, we applied a 7.0
cm moving window to the cross-section profile of TDB-20-1 at t = 428.5
h (see line location in Fig. 1a); the full workflow utilized windows of 3.5
to 10.5 cm. To suppress noise, we defined a depth threshold as the
median PBTH value plus two median absolute deviations, with a mini-
mum of 3 mm for physical experiments and 0.1 m for numerical ex-
periments. Channels were defined as depressions between adjacent
peaks that exceeded both thresholds, and the deepest channel per time
step was recorded. Local roughness (H) was defined as the 95th
percentile of these instantaneous maxima across all time steps. Visual
inspection confirmed reliable channel identification (Fig. 3a).

Regional roughness measures how strongly the basin surface de-
viates from the graded profile expected under even sediment distribu-
tion (Straub and Wang, 2013). We defined the graded profile as the
long-term mean topographic profile along the analysis transect, after
removing the temporal vertical trend imposed by sea-level rise (Fig. 3c).
Starting from raw cross-stream topography (Fig. 3b), we subtracted the
trend from imposed sea-level rise rate (rsp, = 0.25 mm/h) and then
removed the mean transect profile that captures basin-scale gradient
from continuous inlet-fed sedimentation (Fig. 3c), yielding a residual
elevation field (Fig. 3d). Negative residuals indicate unfilled space,
whereas positive residuals indicate excess deposition (sensu
Posamentier and Allen, 1999). We defined regional roughness (D) as the
95th percentile of the absolute residuals across space and time.

This approach follows the accommodation definition of Posamentier
and Allen (1999): the space between the graded profile and the actual
depositional surface. The graded profile used here provides an empiri-
cally grounded equilibrium surface, addressing the limitation noted by
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Fig. 3. Workflow for quantifying surface roughness. (a) Black top-hat (BTH) transformation applied to a detrended topographic profile from TDB-20-1 at t =
428.5 h. Detrended topography (black), dilated profile (blue dashed), closed profile (orange), BTH thickness (green), and channel depth threshold (horizontal blue
line) are shown; detected depressions marked by red dots, with deepest channel highlighted. The BTH moving-window width applied is 7 cm. (b) Raw elevation
profiles through time along the cross-stream transect (—88 cm to 88 cm; 0 at the basin axis; transect shown in Fig. 1a). (c) Time-detrended elevation profiles after
removing background sea-level rise (s, = 0.25 mm/h); mean profile (red dashed line) shown. (d) Residual elevation profiles obtained by subtracting the mean profile
in (c) from (b), yielding time- and space-detrended profiles; solid black lines in (b) and (d) mark the time step at which regional roughness (D) is reached.

Muto and Steel (2000) and Burgess et al. (2025) that such profiles are
difficult to define from observations. Burgess et al. (2025) define ac-
commodation more generally as mean potential deposition per unit
time; while suited to forward modeling, our experiments satisfy this
requirement through direct measurement of the graded profile.

In summary, H captures the depth of the deepest active channel at a
given moment, while D captures the integrated spatial unevenness of the
depositional surface relative to its long-term mean. Because D aggre-
gates many spatial samples and time steps, individual channels exert
limited influence; D is most sensitive to laterally extensive, persistent
basin-scale asymmetry.

2.4. Dimensionless framework for cross-experiment comparison

We cast both the imposed forcing and the measured responses in
dimensionless form to facilitate direct comparison between physical and
numerical runs, which differ in dimensional scales (e.g., length, time,
discharge) and boundary conditions. The control run provides the
reference scales: a time scale T,y (the compensational timescale under
steady forcing), a length scale H.y (the compensational depth corre-
sponding to T¢), and flux scales based on long-term mean water or
sediment discharge (Qmean)-

Forcing is characterized by a dimensionless period P* = P/T.q; we
refer to P* ( 1 as fast forcing and P* ) 1 as slow forcing. We also define a
dimensionless amplitude A* that normalizes the forcing amplitude using

its appropriate control scale. For Qs/Q, forcing, where sediment
discharge varies at fixed water discharge, we define A* = Ag/Qs, mean,
with Aq representing the amplitude of the Qs(t) oscillation, i.e., half the
peak-to-trough range. With this definition, A* spans 0.075-0.6 for
physical runs and 0.05-0.4 for numerical runs.

Responses under cyclic forcing are scaled by their control values: T.*
= T//Te for the compensation timescale, H* = H/H, for the local
surface roughness, and D* = D'/D, for regional surface roughness (where
prime denotes the measured value of the metric in the experiment with
varying external forcing, and subscript O indicates the same metric
estimated from the control run).

2.5. Statistical analysis

To quantify the relationship between pairs of variables, we first
evaluated the strength and direction of linear association using the
Pearson correlation coefficient (r) and its corresponding p-value, testing
the null hypothesis of no linear correlation. The coefficient r measures
the degree of scatter around a linear relation (Weisberg, 2005); larger |r|
indicates stronger correlations, and p < 0.05 was taken as statistically
significant. We then used linear regression to describe functional re-
lationships between variables, with the coefficient of determination (R?)
representing the proportion of variance in the response explained by the
predictor (Draper and Smith, 1998). Uncertainty in regression co-
efficients is reported as £1 standard deviation from the least-square fit.
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3. Results unforced control (TDB-12-1) retains the least sediment on the delta
plain, with ymax = 0.42, meaning that 58% of the input mass bypasses

3.1. Mass-extraction profiles and transect selection the shoreline. The forced runs yield ym,x values ranging from 0.63 (TDB-
16-3b) to 0.85 (TDB-20-1) (Fig. 4a, c-h). In the numerical experiments,

The cumulative mass-extraction fraction y increases monotonically retention is higher overall: the unforced control (NC) reaches ymax =

with distance from the sediment source in both the physical and nu- 0.86, while forced runs range from 0.94 (A10P1.25) to 1.00 (A20P1.25,
merical experiments (Fig. 4a, b). The maximum retained fraction, ymax, A20P10, A40P10) (Figs. 4b and S1).

varies substantially among runs and is systematically higher in forced We used these y profiles to define the transect-selection window,
experiments than in unforced controls. In the physical experiments, the 0.25¢max < ¥ < 0.5ymax (Section 2.3.1). In the physical experiments,
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transects were extracted at y = 0.10, 0.15, and 0.20, corresponding to
radial distances of 51-86 cm from the apex. In the numerical experi-
ments, transects were extracted at y = 0.20, 0.30, and 0.40, corre-
sponding to downstream distances of 10.6-29.0 km from the upstream
boundary.

3.2. Variations of compensation timescale within and across experiments

Before reporting T.*, we verified that the long-term per-point sedi-
mentation rate r{x) at each transect position agrees with the imposed
sea-level rise rate in both physical (0.21-0.26 vs. 0.25 mm/hr; Figure
S2) and numerical experiments (0.35-0.48 vs. 0.40 m/kyr; Figure S3).

Across all fourteen experiments and three y positions per experiment,
o displays well-defined slope breaks that identify T.* (Figs. 5 and S4).
Bootstrap interquartile ranges for T.* are narrow, with a maximum
width of 0.5 in the physical experiments and 0.4 in the numerical ex-
periments. At timescales longer than T, x| ranges between 0.8 and 1.2,
confirming compensational stacking. At shorter timescales, x5 remains
below the random-stacking threshold of 0.5 in most cases, indicating
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anti-compensational behavior.

Within the viable y extraction window, T.* is stable across mea-
surement positions: the maximum spread across three y values within
any single experiment is 22% in the physical runs (TDB-20-1, T.* =
2.3-2.8; Fig. 6a) and 19% in the numerical runs (A20P1.25, T.*
2.1-2.5; Fig. 6b). Given this stability, we adopt the middle extraction
position (y = 0.15 for physical experiments, ¥ = 0.30 for numerical
experiments) as the representative transect for all inter-experiment
comparisons; values at the flanking y positions are provided in Figs. 5,
6, and S4.

T.* varies systematically with A*, but the relationship is non-
monotonic (Fig. 6). In the physical experiments at y = 0.15, the
largest T.* values occur at intermediate A*. Under fast forcing, TDB-
16-1 yields T.* = 3.7 [3.4-3.8] (parenthetic values denote 25th and
75th percentiles), far exceeding TDB-16-3a (T.* = 1.0 [1.0, 1.1]). Under
slow forcing, TDB-16-3b produces T.* = 3.2 [3.0, 3.4], exceeding both
the lower-amplitude TDB-16-2 (T.* = 1.1 [1.1, 1.2]) and the higher-
amplitude TDB-20-1 (T.* = 2.4 [2.3, 2.6]) (Fig. 5). The numerical ex-
periments at y = 0.30 reveal a parallel pattern. Among the fast-forcing
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Fig. 5. The variation of 64 as a function of normalized time-window length at multiple mass-extraction locations (y = 0.10, 0.15, and 0.20) for physical
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runs, A20P1.25 produces the highest T.* = 2.6 [2.6, 3.0], exceeding
both A10P1.25 (T.* = 1.3 [1.3, 1.3]) and A40P1.25 (T.* = 2.1 [2.0,
2.1]1). Among the slow-forcing runs, T.* increases more monotonically
with A*: A40P10 reaches T.* = 2.0 [1.9, 2.1], A20P10 yields T.* = 0.9
[0.9, 1.0], and the two lowest-amplitude runs (A5P10, A10P10) remain
below unity (Figs. 6 and S4).

3.3. Variations of local and regional roughness within and across
experiments

Dimensionless local roughness H* and regional roughness D* quan-
tify how forcing alters topographic variability relative to the unforced
control, with H* = D* = 1.0 at the most proximal y position in each
control experiment (see Section 2.3.3 for definitions; Figs. 7 and S5).

Dimensionless local roughness, H*, is most sensitive to forcing
amplitude. In the physical experiments, most forced runs produce H*
near or below the control, which itself declines from 1.0 at y = 0.10 to
0.5 at y = 0.20 (Fig. 8a). The exceptions are two slow-forcing runs at the
proximal position: TDB-16-2 (H* = 1.4) and TDB-16-3b (H* = 1.5),
both of which decline downstream. TDB-20-1, the highest-amplitude
slow run, yields the lowest H* among all forced experiments
(0.5-0.8). Fast-forcing runs do not amplify local roughness relative to
the control (H* = 0.5-1.0). Physical H* shows no clear monotonic
relationship with A* (Fig. 8b). In numerical experiments, H* spans a
wider range and increases nonlinearly with A*, with a pronounced jump
above A* = 0.20 (Fig. 8c, d). The two highest-amplitude runs, A40P1.25
and A40P10, produce H* of 3.0-4.3. Scenario A20P1.25 reaches H* =
2.7 at the proximal position before declining to 1.8 downstream. All

remaining numerical runs cluster near unity (0.9-1.4). Across both
experiment suites, H* generally decreases downstream, with steeper
attenuation under fast forcing.

Dimensionless regional roughness, D*, responds to both forcing
amplitude and period. In the physical experiments, all forced runs pro-
duce D* > 1.0, and D* varies by <0.3 across the three y positions within
any given run (Fig. 8e). Among the slow-forcing runs, D* increases with
A*, from TDB-16-2 (D* = 1.3-1.6) through TDB-16-3b (1.6-1.7) to
TDB-20-1 (1.5-1.6). Under fast forcing, the relationship is non-
monotonic: TDB-16-1 produces the highest D* of any physical run
(1.8-2.0), while TDB-16-3a yields comparatively modest values
(1.0-1.2) (Fig. 8f). In the numerical experiments, slow-forcing runs
show a monotonic increase in D* with A*: A5P10 and A10P10 remain
near or below unity, A20P10 reaches 0.9-1.2, and A40P10 stands above
the rest at 1.7-2.1 (Fig. 8g, h). Fast-forcing runs produce systematically
lower D* than their slow-forcing counterparts at equivalent A*:
A40P1.25 reaches only 1.2-1.5, while A10P1.25 and A20P1.25 fall
below unity. D* also decreases from proximal to distal positions in most
numerical runs.

3.4. Covariance between compensation timescale and roughness

Regional roughness D* is a stronger predictor of T.* than local
roughness H* across all experiments and forcing regimes (Fig. 9). D*
exhibits statistically significant positive correlations with T.* under both
fast forcing (r=0.81, p < 0.001, R?= 0.66, n = 15) and slow forcing (r =
0.89, p < 0.001, R? = 0.79, n = 21), with regression slopes of 2.19 +
0.44 and 2.47 + 0.29, respectively, indicating that T.* increases more
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Fig. 7. Stratigraphic cross-sections extracted along transects at y = 0.15 for all physical experiments. Rows correspond to TDB-12-1 (control), TDB-16-1,
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than proportionally with D*. H*, in contrast, yields weak and statisti-
cally insignificant correlations with T.* under both fast forcing (r =
—0.05, p = 0.85, n = 15) and slow forcing (r = 0.36, p = 0.11, n = 21).

4. Discussion

4.1. Cyclic forcing extends the compensation timescale by enhancing
regional roughness

In both physical and numerical experiments, cyclic forcing system-
atically lengthens the compensation timescale by generating basin-scale
topographic relief. The strong positive correlation between D* and T.* (r
= 0.81-0.89; Fig. 9), coupled with the absence of a significant correla-
tion between H* and T.*, indicates that regional roughness, not local
channel depth, is the primary control on compensational dynamics. D*

10

integrates the cumulative effect of channel-belt positioning, lobe
switching, and differential aggradation across the transect; H*, by
contrast, captures only the depth of the deepest active channel at a given
time. The compensation timescale reflects the time required for the
depositional system to visit and fill spatially distributed topographic
lows across the basin (Straub et al., 2009); D* is a direct measure of that
distributed relief, which explains its predictive power over H*.

The mechanism linking cyclic forcing to elevated D* operates
through asymmetric sediment routing. Oscillations in sediment-to-water
discharge ratio confine channels during low-supply phases and
concentrate deposition in active lobes during high-supply phases, pro-
ducing persistent topographic highs and lows that accumulate over
multiple forcing cycles (Figs. 7 and S5). Adjacent areas remain sediment-
starved, enhancing surface roughness and prolonging channel residence
time. This behavior is consistent with experimental and numerical
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studies showing that cyclic sediment supply delays deterministic sedi-
mentation dynamics by sustaining lateral gradients in aggradation rate
(Wang et al., 2021), and with observations that reduced sediment supply
promotes channel incision and topographic locking in alluvial systems
(Kim and Paola, 2007; Sun et al., 2002; Whipple et al., 1998). The
anti-compensational basin-filling behavior implied by x5 < 0.5 across
most forced experiments (Figs. 5 and S4) further supports this inter-
pretation. As A* increases, a larger fraction of sediment is retained in the
proximal zone (Fig. 4), consistent with reduced lateral channel switch-
ing rates predicted by previous models (Edmonds and Slingerland,
2010). Although avulsion frequency was not directly quantified,
spatially locked channels, sustained basin-scale asymmetry in topog-
raphy (Figs. 7 and S5), and enhanced sediment retention (Fig. 4) imply
delayed attainment of avulsion thresholds (Mohrig et al., 2000;
Slingerland and Smith, 2004).

These results speak to a longstanding question about whether auto-
genic dynamics act as a low-pass filter that shreds externally imposed
signals before preservation (Jerolmack and Paola, 2010; Griffin et al.,
2023; Romans et al., 2016). Alternative frameworks emphasize that
sediment-routing systems can transfer and even amplify climatic signals
under certain conditions (Armitage et al., 2011; Castelltort and Van Den

Driessche, 2003; Simpson and Castelltort, 2012). Our findings suggest a
more nuanced picture: a forcing signal does not simply pass through or
get destroyed by autogenic dynamics, but instead reorganizes them,
locking channels in place and elevating regional roughness. The
resulting extension of T, implies that the autogenic 'shredding' threshold
is not fixed but shifts in response to the forcing itself. This coupling
between allogenic and autogenic processes complicates the
signal-to-noise framing (Romans et al., 2016; Straub et al., 2020). For-
ward modeling of submarine fans has shown that autogenic dynamics
alone can produce ordered strata with statistically significant
bed-thickness trends, making allogenic signals difficult to isolate even
when present (Burgess et al., 2019; Burgess and Duller, 2024). Our re-
sults extend this insight to fluvio-deltaic systems: the 'noise' floor is not
merely difficult to separate from the 'signal’ but is itself a function of it.

4.2. Implications for signal preservation in the stratigraphic record

The compensation timescale sets a fundamental limit on the tem-
poral resolution of information preserved in stratigraphy: external sig-
nals with periods longer than T, are more likely to be preserved, while
shorter-period signals require higher amplitudes to be recorded
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(Foreman and Straub, 2017; Toby et al., 2019a, 2022). This threshold is
one component of the broader timescale hierarchy that links sediment
production, transfer, and burial across a range of response times (Allen,
2008; Duller et al., 2019). Previous studies have largely characterized
this threshold under steady or slowly varying conditions, with limited
attention to how cyclic forcing modifies T, itself (Wang et al., 2021;
Toby et al., 2022). Our results refine this framework in two ways.

First, because forcing modifies T, the preservation threshold co-
evolves with the forcing rather than remaining fixed. Under slow,
high-amplitude forcing, T.* increases by a factor of 2-4 (Fig. 6),
extending the time required for sedimentation patterns to converge with
the long-term aggradation rate. This creates a trade-off absent from the
steady-state theory: the same forcing that generates the most conspic-
uous architectural response (e.g., basin-scale asymmetry in topography)
also lengthens the compensational timescale, thereby coarsening the
temporal resolution of the stratigraphic archive. Such systems can
faithfully record only longer-duration signals. The boundary between
faithful recording and signal loss is therefore not sharp; the extension of
T, is itself a depositional response to the forcing, so that the environ-
mental signal simultaneously modifies the resolution of the archive that
records it. If forcing intensity varies over geologic time—as during
orbital cycles—T, adjusts accordingly, meaning that the temporal res-
olution of the archive is not a fixed property of the depositional system
but a function of its forcing history.

Second, at 2-D and 3-D scales, high-amplitude slow forcing produces
directly visible architectural patterns: persistent topographic highs,
asymmetric aggradation, and laterally restricted channels (Figs. 7 and
S5). At the 1-D scale, however, longer T.* lengthens the time and
thickness required for a vertical section to record compensational
stacking. Stratigraphic incompleteness—the absence of deposition at
any single location during intervals when the channel is active
elsewhere—means that individual vertical sections contain temporal
gaps at timescales below T, (Sadler, 1981; Straub et al., 2020). Extended
T, under forcing therefore increases the likelihood of such gaps in 1-D
records, and forcing signals may go unrecognized in vertical sections
even where 2-D and 3-D stratigraphic architecture is visibly organized.
Multi-dimensional approaches, such as correlated outcrop panels,
seismic cross-sections, or composite multi-well sections (Huang et al.,
2025; Straub and Foreman, 2018; Sylvester, 2023; Zhang et al., 2022),
sample multiple lateral positions simultaneously and are likely better
suited to detect forcing signals. More broadly, our results indicate that
interpreting the temporal resolution of ancient fluvio-deltaic strata re-
quires accounting not only for what signals were imposed on the system,
but for how those signals reshaped the system's capacity to record them.

Several limitations of this study warrant mention. First, all forced
experiments imposed cyclic variations in the sediment-to-water
discharge ratio; forcing through base-level change was not explored.
Base-level forcing modulates accommodation creation rather than
sediment supply directly and stratigraphic responses can be sensitive to
the phasing between accommodation creation and sediment supply
(Jervey, 1988; Muto and Steel, 1997; Posamentier and Allen, 1999), so
the T, response to base-level forcing remains to be tested. Second, the
physical experiments used a cohesive sediment mixture that stabilizes
channel banks and promotes channelized flow (Edmonds and
Slingerland, 2010; Hoyal and Sheets, 2009). Non-cohesive systems,
including pre-vegetation fluvial landscapes on early Earth and Mars
(Gibling and Davies, 2012), may exhibit greater lateral channel mobility
(Ielpi and Lapotre, 2020; Li et al., 2026), potentially altering compen-
sational behavior under forcing. Third, all analyses are based on 2-D
cross-stream transects extracted at fixed mass-extraction fractions. Full
3-D lobe switching and radial sediment dispersal, both characteristic of
natural fan-delta (Ganti et al., 2014), are not resolved by this approach,
and whether the T, extension documented here persists when 3-D
avulsion and lobe-building cycles are explicitly tracked remains an
open question. These limitations suggest that while the co-evolution of
T. with forcing is likely a general feature of depositional systems, the
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quantitative scaling relationships reported here should be tested across a
broader range of forcing mechanisms, sediment properties, and spatial
dimensions.

5. Conclusions

Using paired physical and numerical experiments, we show that
cyclic water-sediment forcing systematically modifies the compensation
timescale and topographic character of fluvio-deltaic depositional sys-
tems. Three principal findings emerge:

(1) Cyclic forcing extends the compensation timescale relative to
unforced controls, with T.* increasing by a factor of 2-4 under
moderate-to-high amplitude forcing. The relationship between
T.* and forcing amplitude is non-monotonic under fast forcing:
intermediate amplitudes produce the longest compensation
timescales, while both weak and strong forcing yield values closer
to the unforced baseline. Under slow forcing, T.* increases more
monotonically with amplitude, though the weakest runs fail to
extend T.* beyond the control.

Regional topographic roughness (D*), not local channel depth
(H*), is the primary predictor of compensation timescale. D*
correlates strongly with T.* under both fast and slow forcing (r =
0.81-0.89, p < 0.001), whereas H* shows no statistically signif-
icant correlation. Slow forcing produces systematically higher D*
than fast forcing at equivalent amplitude, and this period
dependence is mirrored in T*.

Because forcing itself modifies T, the temporal resolution of the
stratigraphic archive co-evolves with the environmental condi-
tions being recorded. High-amplitude slow forcing generates the
most conspicuous depositional architecture but simultaneously
coarsens the archive by increasing stratigraphic incompleteness
at individual vertical sections. Multi-dimensional observational
approaches, including correlated outcrop panels, seismic cross-
sections, and composite well sections, are therefore better
suited than single 1-D sections for detecting forcing signals in
ancient fluvio-deltaic strata.

(2

—

(3)

Together, these results demonstrate that the stratigraphic record is
not a passive filter with a fixed temporal resolution. Its fidelity depends
on the amplitude and period of the forcing it experienced, with regional
topographic roughness serving as the mechanistic link between forcing
regime and preservation threshold.
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