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Abstract

This study reconstructs seven decades (1949–2019) of morphodynamic changes and sediment
dynamics in the Diable River (Québec, Canada) using nine series of aerial photographs, a
high-resolution LiDAR Digital Elevation Model (2021), and grain-size analysis. The objec-
tives were to document long-term river evolution, quantify erosion and deposition, and
evaluate sediment connectivity between eroding sandy bluffs and depositional zones. Plan-
form analysis and sediment budgets derived from DEMs of Difference (DoD) reveal an
oscillatory trajectory characterized by alternating phases of sediment export and tempo-
rary stabilization, rather than a simple trend of degradation or aggradation. The most
dynamic interval (1980–2001) was marked by widespread meander migration and the
largest net export (−142.5 m3/km/year), whereas the 2001–2007 interval showed net storage
(+70.8 m3/km/year) and short-term geomorphic recovery. More recent floods (2017, 2019;
20–50-year return periods) induced localized but persistent sediment loss, underlining the
structuring role of extreme events. Grain-size results indicate partial connectivity: coarse
fractions tend to remain in local depositional features, while finer sediments are preferentially
exported downstream. These findings emphasize the geomorphic value of temporary sedi-
ment sinks (bars, beaches) and highlight the need for adaptive river management strategies
that integrate sediment budgets and local knowledge into floodplain governance.

Keywords: fluvial geomorphology; sediment budget; sediment connectivity; cold
temperate rivers

1. Introduction
Rivers are dynamic systems that evolve continuously through the interplay of natural

forces and human activities [1,2]. Their morphology responds to various drivers, including
climatic shifts, sediment dynamics, hydrological fluctuations, and engineered alterations to
flow regimes, all of which influence channel geometry and fluvial structure [3,4]. Gaining
insight into these transformations is essential for anticipating flood behavior, assessing
geomorphic stability, and informing restoration strategies aimed at ecological and social
resilience [5–7].

A central concept in this regard is the internal functioning of river systems, which
refers to the balance between sediment inputs, outputs, and storage that determines their
morphodynamic behavior. A sediment budget provides a quantitative framework to an-
alyze this internal functioning [8,9], measuring how sediments are mobilized, routed,
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and retained across spatial and temporal scales [10]. Sediment budgets also serve as a
diagnostic tool for evaluating morphodynamic responses to both climatic variability and
anthropogenic pressure [11,12]. Inputs generally include upstream fluxes, lateral erosion,
and hillslope processes; outputs correspond to sediment export to downstream sections
or depositional basins; and storage encompasses materials retained within channels, bars,
floodplains, and other sediment sinks.

Over the past two decades, innovations in spatial technologies have greatly improved
reconstructions of riverine change. Archival maps, aerial photographs, and satellite imagery
combined with GIS allow detailed analyses of channel evolution, including bank erosion,
channel migration, and planform adjustment [13–15]. These methods contribute directly to
risk assessments and inform floodplain planning by highlighting patterns of geomorphic
instability [16]. In parallel, high-resolution techniques such as Unmanned Aerial Vehicle
(UAV)-based photogrammetry [17], Light Detection and Ranging (LiDAR)-derived Digital
Elevation Models (DEMs) [18,19], and specialized toolkits like RivMAP [20] and Digital
Shoreline Analysis System (DSAS) [21] have expanded the capacity to quantify volumetric
change, model surface dynamics, and project future adjustments [22,23].

Building on these methodological advancements, this study focuses on the Diable
River in southern Québec, Canada, a cold-temperate, sandy-bed stream flowing through
a mountainous, protected landscape. Its downstream reach, the only segment crossing
agricultural land dominated by pasture and hay production, has been impacted by recent
major floods (2017, 2019) yet has never been analyzed through a quantitative sediment
budget, reinforcing its relevance as a representative case study. Long-term data on channel
evolution remain limited in this system, underscoring the need for a 70-year perspec-
tive (1949–2019) combining historical aerial imagery and recent high-resolution LiDAR
data (2021). Specifically, this research aims to: (1) reconstruct the river’s morphodynamic
history across seven decades; (2) quantify spatial patterns and volumes of erosion and
deposition; and (3) evaluate sediment connectivity by linking sediment sources (sandy
bluffs) with depositional sinks (beaches), to derive geomorphic implications for adaptive
river management.

2. Materials and Methods
2.1. Study Area Description

The Diable River flows through southern Quebec, Canada, in a region governed
by a humid continental climate (Dfb) as defined by the Köppen classification [24]. The
Diable River follows a nivo-pluvial hydrological regime, typical of mid-elevation forested
watersheds in southern Québec. Its average annual discharge is approximately 30 m3/s, but
the river experiences severe spring floods driven by rapid snowmelt. During these events,
peak flows often exceed 150 m3/s and can occasionally surpass 200 m3/s. In contrast,
low-flow periods occur in mid-winter (February), when precipitation is locked as snow,
and again in late summer (August) due to high evapotranspiration and falling groundwater
levels. Precipitation is distributed evenly across the seasons, averaging around 1201 mm
annually, while the mean annual temperature hovers near +4.4 ◦C. Geographically, the
river traverses parts of the Lanaudière and Laurentides administrative regions (Figure 1),
beginning its course at Lac du Diable, a 2.5 km-long lake situated within the territory of
Lac-Legendre, in the Matawinie Regional County Municipality. From this headwater, the
Diable River flows for about 82 km through varied terrain before joining the Rouge River,
draining a catchment of approximately 1163 km2 (Figure 1).
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Figure 1. Location map of the study reach along the Diable River, south of Mount Tremblant
(Laurentians, QC, Canada). The mapped segment represents the agricultural corridor characterized
by high lateral mobility and active meander migration. Red triangles indicate 15 sampling sites used
for grain-size analyses, corresponding to paired erosion sources (sandy bluffs) and depositional zones
(beaches). The inset shows the position of the study area within the Province of Québec. The river
flows from north to south, i.e., from the top to the bottom of the image.

A significant portion of the river’s length runs through Mont-Tremblant National Park.
This mountainous protected area encompasses more than 400 lakes, a dense network of
tributaries, and six major river systems. In its upper stretches, the Diable meanders through
predominantly forested landscapes, where visible signs of channel erosion remain scarce.
This stability continues through the central portion of the watershed, including the nearby
village sector, where the riverbanks still retain much of their natural structure and show
limited evidence of human disturbance.

Conditions change markedly in the lower section of the river, especially just upstream
of its confluence with the Rouge River. Here, signs of fluvial erosion and active sediment
deposition become more pronounced, reflecting increased lateral channel migration. This
downstream segment stands out as the only portion of the Diable watershed that passes
through agricultural land, contrasting sharply with the otherwise forest-dominated basin
(Figure 1). Land use in this corridor is dominated by pasture and hay production, making
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it distinct from the largely forested upstream and park sections. A diagnostic evaluation
conducted more than a decade ago documented erosion-related concerns in this agricultural
reach [25], although it did not provide a quantitative assessment of morphodynamic
processes. The specific study area analyzed in this project corresponds to this downstream
corridor, a roughly 12 km-long meandering reach identified as the most dynamic portion of
the Diable watershed in terms of lateral channel mobility and sediment redistribution [25].
Hydrological records further highlight the significance of recent flood events, with the
2017 flood corresponding to an estimated 20-year recurrence interval, and the 2019 flood
approaching a 50-year event. These benchmarks provide valuable reference points for
interpreting the morphodynamic changes documented over the 70-year analysis period.
However, long-term hydrological data remain scarce for the Diable River. Existing records
from nearby rivers are difficult to transpose reliably because of differences in watershed
size, physiography, and regulation effects. For this reason, only the 2009–2025 period
could be analyzed in detail, based on the newly established hydrometric station (040238;
46.1141◦ N, 74.6014◦ W) located immediately upstream of our study reach.

Understanding the river’s geomorphological trajectory required a combination of
complementary methods, drawing on historical imagery, quantitative sediment analysis,
and high-resolution elevation data. Each component provided a distinct lens on channel
changes and sediment dynamics.

2.2. Planform Analysis of Historical Channel Changes (2D)

To reconstruct the morphological evolution of the Diable River (1949–2019), we com-
piled nine series of aerial photographs from UQAM’s physical archives and Geoindex
database, complemented by a LiDAR DEM (2021, 1 m resolution) from the Ministry of
Transportation of Quebec for orthorectification and validation (Table 1). Earlier images
(1949–1980) were scanned for prints, whereas later ones (2001–2019) were available as
digital files. All images were orthorectified in CATALYST 3.2 and ArcGIS Pro 3.5, using
ground control points (GCPs) from field surveys and high-resolution remote sensing. In
periods with limited built structures, stable features such as bedrock outcrops, bridge
abutments, and road intersections served as reference points. This georeferencing ensured
high spatial accuracy for diachronic comparisons.

Table 1. Overview of historical aerial imagery and elevation data used in river morphodynamics
analysis. The scale resolution ranged from 1:15,840 to 1:40,000 depending on the survey year.

Year Scale Color Type Number of Photos

1949 1: 40,000 Black and white Aerial 13
1964 1:15,840 Black and white Aerial 27
1966 1: 40,000 Black and white Aerial 15
1969 1:15,840 Black and white Aerial 3
1980 1: 20,000 Black and white Aerial 17
2001 1: 20,000 Black and white Aerial 1
2007 1: 20,000 Black and white Aerial 1
2014 1: 40,000 Black and white Aerial 1
2019 1: 40,000 Black and white Aerial 1
2021 1:1 Color LiDAR-derived DEM High-resolution LAZ dataset

The orthorectification process followed three steps: (1) interior orientation using fiducial
marks and camera calibration data; (2) exterior orientation refined through tie points and
block adjustments; and (3) georeferencing, with GCPs and LiDAR-derived DEM to correct
the relied displacement and align images to real-world coordinates. This approach ensured
high spatial accuracy, allowing robust diachronic comparisons of channel changes.
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Using the orthorectified images, we digitized the channel outlines and extracted
planform metrics across multiple time intervals. Key parameters such as average channel
width measured at 100 m intervals, total channel length, and the sinuosity index (SI) were
calculated to quantify planform changes over time. The SI, a metric describing the degree
of meandering [26], was calculated as:

SI = L/D, (1)

where L is the channel length and D is the straight-line distance between endpoints. Here,
L corresponds to the midline (talweg) distance of the channel, following the approach
of Mueller [26]. SI values range from 1 (straight channel) to infinity, with higher values
indicating greater sinuosity. The 2D analysis allowed us to detect lateral shifts in the river
course and map zones of apparent erosion or deposition through time.

2.3. Volumetric Analysis and Sediment Budget Calculation (3D)

To complement the planform analysis, we performed a volumetric assessment of
erosion and deposition using Historical Structure from Motion (HSfM). Historical aerial
photographs were processed with fiducial marks and calibration reports in CATALYST and
ArcGIS Pro [27], generating DEMs for each survey year. These DESMs were co-registered to
the 2021 LiDAR DEM (1 m resolution) using the Nuth & Kääb (2011) method [28]. Vertical
uncertainties from LiDAR (±0.15 m Root Mean Square Error, RMSE) and orthorectification
errors from historical imagery were propagated to define a minimum level of detection
(LoD). Only elevation changes above this threshold were retained in the DEMs of Difference
(DoDs). To avoid bias, disconnected oxbows were excluded from the analysis to prevent
overestimation of sediment storage.

Surface differencing techniques (DEM of Difference, or DoD) [29] were applied across
five key time intervals: 1949–1966, 1966–1980, 1980–2001, 2001–2007, and 2007–2019. For
each period, elevation models were subtracted to generate raster surfaces highlighting
areas of erosion (negative changes) and deposition (positive changes). These surfaces were
mapped and converted into polygons corresponding to morphological change zones, from
which volumes of sediment change were computed for each polygon using:

∆V = Va − Ve, (2)

where Va is the accumulated sediment volume and Ve is the eroded volume. This calcu-
lation accounts for both vertical changes (bed incision or aggradation) and, indirectly, for
lateral shifts when coupled with planform data (bank migration resulting from the mobility
of the river’s channel). In practice, however, because DEMs derived from historical aerial
imagery represent Digital Surface Models (DSMs) including vegetation and lack bathymet-
ric information, DoD outputs primarily capture floodplain and bank adjustments rather
than submerged channel-bed dynamics.

The net sediment budget (∆SB) was calculated as:

∆SB = ∑ n
1=1Va − ∑ n

i=1Ve (3)

where n is the number of years in each interval.
Because the time intervals vary in length (ranging from 6 to 21 years), we reported

results as: (i) cumulative sediment volumes (in m3), which indicate the total magnitude of
geomorphic change; (ii) annualized rates (in mm/year), which account for the differing
duration of each interval; and (iii) standardized rates per channel length (in m3/km/year),
providing a normalized metric for cross-period comparison of geomorphic activity. This 3D
analysis is particularly relevant in the Diable River because several eroding banks consist
of steep sandy bluffs, several meters high, that can release large quantities of sediment
when destabilized.
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2.4. Grain-Size Analysis

A total of 32 sediment samples were collected during field surveys from key erosion
sources (e.g., steep sandy banks with freshly eroded faces) and depositional environments
(e.g., point bars and beaches) along the Diable River. Samples were collected from the
upper 0–20 cm of surface material, following standard protocols, to capture the most mobile
sediment fraction of the bed and bank. Laboratory analyses were performed to determine
grain-size distributions using the Folk and Ward (1957) method [30] through dry-sieve
analysis with a calibrated column of sieves (4 mm to 63 µm), ensuring reproducibility
across samples. Statistical parameters, including mean, standard deviation, skewness, and
kurtosis, were calculated, along with percentile-based indices (D90, D75, D25, D10) and
their ratios (e.g., D90/D10, D75/D25). Percentile ratios were preferred over central ten-
dency metrics (e.g., D50, D84) because they better capture contrasts in sorting and selective
transport, which are particularly relevant in sandy systems with partial sediment connec-
tivity. These data provide insights into grain-size selectivity and the transfer dynamics
between upstream sources and downstream sinks.

3. Results
The Diable River has undergone substantial morphological transformations over the

past seven decades. The results presented here reveal spatial and temporal variations in
lateral mobility, sediment budgets, and elevation changes that reflect the river’s complex
adjustment processes.

3.1. River Planform Dynamics (2D Analysis of Mobility and Geometry)

Over the past seven decades, the Diable River has experienced significant morpho-
logical changes, as reflected in variations in channel sinuosity and average width (Table 2).
Across all years analyzed, the sinuosity index remained above 2.0 (mean SI of 2.32), confirm-
ing a consistently meandering planform with localized but recurrent phases of adjustment.
Notably, 1969 recorded a sharp increase in both sinuosity and average width, suggesting a
major erosional episode, while another peak in average channel width occurred in 2014,
associated with one of the highest sinuosity values observed since 2001 (Table 2).

Table 2. Sinuosity index (SI) and average channel width (W, in meters per 100 m reach) of the Diable
River for selected years between 1949 and 2019. Scales of aerial photographs ranged from 1:15,840 to
1:40,000 depending on survey year (see Table 1).

Year 1949 1966 1969 1980 2001 2007 2014 2019

SI 2.18 2.10 2.31 2.06 2.25 2.45 2.38 2.41
W 35.04 32.57 43.66 33.99 37.17 35.30 43.85 37.83

Despite differences in the length of observation intervals (6 to 21 years), the overall
pattern points to a persistent geomorphic dynamism, even in the absence of significant
land use change in this downstream reach. The mean channel width across all years was
36.91 m, with considerable local variability. Spatial analysis of planform changes across
the five intervals (1949–1966, 1966–1980, 1980–2001, 2001–2007, and 2007–2019) reveals a
discontinuous and shifting distribution of erosion and deposition zones along the river
corridor (Figure 2), consistent with non-linear channel evolution.
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(a) (b) (c)

(d) (e)

Figure 2. Spatial distribution of erosion (in red) and accumulation (in green) along the Diable
River during five successive intervals: (a) 1949–1966; (b) 1966–1980; (c) 1980–2001; (d) 2001–2007;
(e) 2007–2019. The maps highlight temporal variations in channel bank dynamics and spatial patterns
of sediment mobilization and deposition.

The 1949–1966 period showed moderate activity, with typical meander migration
and a spatial balance between erosion and deposition, reflecting relatively stable lateral
dynamics (Figure 2a). The average channel width and sinuosity index are consistent with a
well-developed meandering pattern. By contrast, 1966–1980 displayed narrower widths
and lower sinuosity, indicating a temporary contraction of lateral mobility, with only minor
localized changes (Figure 2b).

Between 1980 and 2001, lateral activity intensified sharply, with widespread cutbank
erosion and point-bar accretion (Figure 2c). The average channel width increased to 37.2 m,
and sinuosity rose to 2.25 (Table 2), marking the most dynamic interval of the record.

In 2001–2007, the channel appeared more stable despite a high sinuosity (2.45). Width
remained relatively high (35.3 m; Table 2), but the predominance of accumulation suggests
localized deposition rather than active meander migration (Figure 2d).

The 2007–2019 interval is characterized by moderate adjustments, maximum widths in
2014 (43.85 m) before narrowing in 2019 (37.82 m) (Table 2). Sinuosity remained relatively
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stable throughout this period, fluctuating around 2.40 (2.45 in 2007, 2.38 in 2014, and 2.41
in 2019; Table 2). Spatial patterns also shift, with erosion becoming more prominent in the
upper reaches, while sediment deposition dominates downstream (Figure 2e).

Overall, the spatial distribution of erosion and deposition along the Diable River
reveals no clear upstream-downstream gradient over the seven-decade period. Instead,
lateral adjustments are concentrated around actively migrating meanders, with the most in-
tense planform activity during the 1980–2001 period and more localized changes thereafter.
While planform 2D analysis captures the timing and distribution of lateral mobility, it does
not quantify vertical sediment storage or the net balance of erosion and deposition. These
limitations motivate the complementary 3D DoD analysis presented in the next section.

Figure 2 illustrates these changes through a series of erosion-accumulation maps for
each period, allowing visual comparison of spatial dynamics. While lateral changes are not
always directly proportional to sediment volumes gained or lost (as shown in the following
Section 3.2), these patterns provide key insights into the morphological behavior, mobility,
and sediment redistribution of the river system.

3.2. Sediment Budgets and Volumetric Changes (3D LiDAR-Based Analysis)

We quantified volumetric sediment dynamics using LiDAR-derived DEMs and DoD
analysis across five key intervals: 1949–1966, 1966–1980, 1980–2001, 2001–2007, and
2007–2019. The results (Figure 3; Table 3) highlight strong contrasts in erosion, deposi-
tion, and net sediment balance that are not always apparent from planform analysis and
metrics alone. Figure 3a shows annual erosion and deposition volumes, while Figure 3b
presents the net sediment balance, distinguishing between gross sediment fluxes and
net outcomes.

The 1949–1966 interval shows moderate sediment activity, with erosion (8.9 mm/year)
and deposition (6.4 mm/year). The net sediment loss (~31,000 m3; 124 m3/km/year)
indicates moderate lateral and vertical adjustments within an otherwise stable meandering
system (Figure 3).

The 1966–1980 period displays relatively balanced dynamics, with erosion and ac-
cumulation rates of 10.5 mm/year and 9.9 mm/year, respectively. The net sediment loss
(~16,666 m3) translates to an erosion rate of 86.4 m3/km/year. These values suggest steady
geomorphic activity with limited lateral adjustments.

The 1980–2001 interval represents the most dynamic erosional phase in the record
(Figure 3a). The vertical erosion rate reached 9.2 mm/year, and volumetric export was the
highest (142.5 m3/km/year), with a net sediment loss exceeding 42,500 m3 (Figure 3b).
Deposition rates declined sharply (4.6 mm/year), contributing to a pronounced sediment
imbalance and a period of enhanced lateral migration and channel widening.

In 2001–2007, both erosion (17.2 mm/year) and deposition (10.6 mm/year) peaked,
producing intense sediment turnover but only limited net loss (~6544 m3; 70.8 m3/km/year)
(Figure 3b; Table 3). Spatially, accumulation was concentrated downstream while erosion
remained localized upstream, suggesting a short-lived phase of geomorphic recovery.

The 2007–2019 interval shows reduced but persistent sediment export loss (~8990 m3;
47.0 m3/km/year) (Figure 3; Table 3), with erosion (6.0 mm/year) lower than deposition
(8.6 mm/year). This reflects localized adjustments and a return to more moderate levels of
channel activity.
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Figure 3. (a) Annual erosion (in red) and accumulation (in green) volumes (m3/year) for the Diable
River segment across the five analyzed periods (1949–2019). (b) Net sediment balance per year for
the Diable River segment across the five periods (1949–2019). Negative values (in red) indicate a
sediment deficit (net erosion), while the single positive value (in blue) during the 2001–2007 period
reflects a net sediment surplus (deposition).

Table 3. Annual volumetric and vertical rates of erosion and accumulation for the studied river
segment (1949–2019). Values are standardized both per year and per kilometer of channel length to
allow comparison across intervals.

Period Duration Erosion Deposition
Years m3 yr−1 mm yr−1 m3 yr−1 mm yr−1

1949–1966 17 −1835 8.9 1792 6.4
1966–1980 14 −1190 10.5 1011 9.9
1980–2001 21 −2027 9.2 402 4.6
2001–2007 6 −1090 17.2 1780 10.6
2007–2019 12 −749 6.0 480 8.6

Together, these results emphasize that volumetric analysis captures both extreme
erosional phases (1980–2001) and transient recovery periods (2001–2007), demonstrating the
added value of 3D DoD methods for understanding sediment dynamics beyond planform
observations (Table 3).

3.3. Sediment Connectivity Between Erosion and Deposition Zones

To evaluate sediment connectivity along the Diable River, we compared grain-size
distributions between samples collected on steep sandy bluffs (erosion sources) and nearby
depositional zones (beaches). Paired sampling at 15 locations along the river corridor
provided a framework to assess downstream transfer based on particle-size characteristics
and statistical parameters.

The analysis confirms that sediments are predominantly sandy, ranging from fine to
very coarse sand. However, systematic differences emerged between bluff and beach mate-
rials. As shown in Figure 4a, bluffs are mainly composed of medium to coarse sand, while
beaches tend to concentrate coarser fractions, particularly in the middle and downstream
reaches. Sorting patterns (Figure 4b) reveal greater variability and poorer sorting in bluff
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samples, consistent with heterogeneous releases during bank collapse. In contrast, beach
deposits are predominantly moderately well to well sorted, reflecting selective transport
and hydrodynamic sorting.

Figure 4. Grain-size characteristics of sediment samples from bluff and beach environments: (a) mean
grain size, (b) sorting, (c) skewness, and (d) kurtosis. Bars indicate the number of samples within
each category (sandy cliff/bluff: yellow; beach: orange).

While bluffs show higher variability across several parameters (Figure 4), no statisti-
cally significant differences were detected (all p-values > 0.16). This reinforces the view that
contrasts in sediment behavior emerge more clearly from paired analyses and grain-size
ratios than from global statistical descriptors. Skewness and kurtosis further highlight
sediment differentiation (Figure 4c,d): bluffs frequently show fine to very fine skewness
(higher proportion of fines) and meso- to platykurtic distributions, whereas beaches show
mainly fine skewness with narrower, leptokurtic distributions.

To further assess potential relationships among granulometric descriptors, bivariate
comparisons were conducted across all samples, comparing combinations of mean grain
size, sorting, skewness, and kurtosis (see Appendices A.1 and A.2, Figures A1 and A2).
Table 4 summarizes descriptive statistics (mean, sorting, skewness, kurtosis) for all bluff
and beach samples. Although no significant correlations were found among granulometric
descriptors (all p-values > 0.16), these values provide a reference baseline for comparing
source and sink material.
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Table 4. Comparison of grain-size characteristics between cliff/bluff (erosion) and beach (deposition)
samples along the Diable River. Sampling site locations are shown in Figure 1.

Sample Mean Sorting Skewness Kurtosis

1.1 Bluff Coarse Sand Moderately Sorted Very Fine Skewed Mesokurtic
1.2 Beach Coarse Sand Moderately Well Sorted Coarse Skewed Leptokurtic
2.1 Bluff top Coarse Sand Poorly Sorted Symmetrical Mesokurtic
2.2 Bluff Medium Sand Poorly Sorted Coarse Skewed Mesokurtic
2.3 Beach Coarse Sand Moderately Well Sorted Fine Skewed Leptokurtic
3.1 Bluff Very Coarse Sand Poorly Sorted Fine Skewed Mesokurtic
3.2 Beach Coarse Sand Moderately Well Sorted Fine Skewed Platykurtic
4.1 Bluff Medium Sand Moderately Well Sorted Coarse Skewed Mesokurtic
4.2 Beach Coarse Sand Moderately Well Sorted Symmetrical Leptokurtic
5.1 Bluff Medium Sand Moderately Well Sorted Symmetrical Platykurtic
5.2 Beach Medium Sand Well Sorted Fine Skewed Mesokurtic
6.1 Bluff Medium Sand Well Sorted Fine Skewed Leptokurtic
6.2 Beach Medium Sand Well Sorted Fine Skewed Leptokurtic
6.3 Old Meander Fine Sand Moderately Sorted Coarse Skewed Leptokurtic
7.1 Bluff Medium Sand Moderately Well Sorted Very Fine Skewed Leptokurtic
7.2 Beach Coarse Sand Moderately Well Sorted Fine Skewed Leptokurtic
8.1 Bluff Medium Sand Moderately Well Sorted Very Fine Skewed Mesokurtic
8.2 Beach Coarse Sand Moderately Well Sorted Fine Skewed Leptokurtic
9.1 Bluff Medium Sand Moderately Well Sorted Fine Skewed Leptokurtic
9.2 Beach Coarse Sand Moderately Sorted Fine Skewed Platykurtic
10.1 Bluff Medium Sand Moderately Sorted Fine Skewed Platykurtic
10.2 Beach Medium Sand Well Sorted Fine Skewed Mesokurtic
11.1 Bluff Medium Sand Moderately Well Sorted Fine Skewed Platykurtic
11.2 Beach Coarse Sand Well Sorted Fine Skewed Mesokurtic
12.1 Bluff Coarse Sand Moderately Well Sorted Fine Skewed Leptokurtic
12.2 Beach Medium Sand Moderately Sorted Symmetrical Mesokurtic
13.1 Bluff Medium Sand Moderately Well Sorted Very Fine Skewed Leptokurtic
13.2 Beach Coarse Sand Moderately Well Sorted Fine Skewed Mesokurtic
14.1 Bluff Fine Sand Poorly Sorted Very Coarse Skewed Very Leptokurtic
14.2 Beach Medium Sand Moderately Well Sorted Symmetrical Leptokurtic
15.1 Bluff Fine Sand Moderately Sorted Symmetrical Mesokurtic
15.2 Beach Coarse Sand Moderately Sorted Fine Skewed Mesokurtic

Grain-Size Ratios and Implications for Sorting and Sediment Transfer

Beyond qualitative classification, sediment connectivity was further assessed through
granulometric ratios (D90/D10, D75/D25), which measure the spread between the coarsest
and finest fractions, with higher values indicating a wider grain-size distribution and poorer
sorting. In general, bluff samples exhibited higher D90/D10 and D75/D25 ratios than
paired beach samples (Figure 5), confirming that eroded material is more heterogeneous.
Conversely, lower D90/D10 and D75/D25 ratios in beach samples indicate better sorting,
with most particles falling within a narrower size range (Figure 5).

A particularly informative result concerns the comparison of D90 values: in many
cases, D90 was greater on beaches than on bluffs, indicating that coarser fractions are
effectively transferred downstream and deposited in accumulation zones. Conversely,
higher D10 values on bluffs suggest that finer particles are less likely to be deposited locally.
This pattern supports the interpretation of partial but effective downstream connectivity,
where coarse particles are selectively retained while finer material is preferentially exported
further downstream.
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Figure 5. Violin plots comparing grain-size ratios for bluff (in red) and beach (in blue) samples:
(a) D90/D10; (b) D75/D25. Each violin plot displays the full distribution of grain-size ratios for each
sample type. The width of each violin plot represents the relative density of observations at different
values. The central dashed line indicates the median, while the two horizontal dashed lines within
the violin indicate the first and third quartiles.

These analyses reveal systematic though subtle differences between erosion sources
and depositional environments, reinforcing the role of selective transport in shaping sedi-
ment connectivity along the Diable River. These findings are explored in greater detail in
the Discussion section.

4. Discussion
The Diable River’s geomorphic trajectory over the past seven decades reflects alter-

nating phases of sediment export and storage, modulated by flood events and internal
geomorphic thresholds. This discussion examines their spatial and temporal dynamics and
highlights their relevance for sediment connectivity and adaptive management.

4.1. A Dynamic Fluvial System Shaped by Alternating Phases of Activity and Stabilization

Over the past seven decades, the Diable River has exhibited a non-linear geomorphic
evolution marked by alternating periods of relative stability and increased channel activity
(Figure 6). The planform metrics (Section 3.1) show variations in sinuosity ranging from
2.06 to 2.45, and average channel width from 32.57 to 43.85 m, with peaks in 1969 and
2014. However, these metrics alone do not fully capture the river’s dynamism. Volumetric
analysis from LiDAR-based DoD (Section 3.2) provides a clearer picture of sediment fluxes
and storage. This approach aligns with recent efforts to quantify riverbank erosion and
sediment budgets using historical imagery and LiDAR data [31], offering a robust basis for
long-term river monitoring [32]. Similar methods have also been applied in cold-temperate
rivers using sequential LiDAR and historical aerial photographs [18,31], demonstrating their
reliability for quantifying erosion and sediment fluxes in sandy-bed rivers. Similar long-term
approaches, e.g., [33–35], confirm that combining planform and volumetric perspectives is
particularly effective for detecting hidden phases of geomorphic instability.

The 1980–2001 interval stands out as the most erosive phase, with a total sediment
loss of −42,568 m3 and the highest net sediment export rate (−142.5 m3/km/year). This
period reflects widespread lateral instability, high meander mobility, and cutbank erosion,
consistent with intense planform adjustments.
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Figure 6. Combined vertical and volumetric sediment dynamics of the Diable River segment across
the five periods analyzed (1949–2019). Line plots represent vertical erosion and accumulation rates
(mm/year), while bars represent annual volumetric erosion and accumulation (m3/year). Note that
vertical rates indicate average elevation change, while volumetric rates reflect sediment mass transfer
normalized by river length.

In contrast, the 2001–2007 period recorded the highest vertical erosion rate (17.2 mm/year)
together with substantial deposition (10.6 mm/year) (Figure 6). Despite these high turnover
rates, the net sediment loss was modest (−6544 m3), and the standardized balance was positive
(+70.8 m3/km/year). This indicates a phase of intense sediment recycling and temporary
geomorphic recovery.

Earlier periods (1949–1966 and 1966–1980) show relatively balanced erosion and depo-
sition (8.9/6.4 mm/year and 10.5/9.9 mm/year, respectively), pointing to persistent but
lower-magnitude geomorphic activity (Figure 6). Finally, the most recent period (2007–2019)
was marked by lower vertical erosion (6.0 mm/year) but continued net sediment export
(−47.0 m3/km/year), suggesting localized adjustments following earlier disturbances.

These results highlight that the Diable River does not follow a linear trajectory of
degradation or aggradation but oscillates between phases of disequilibrium and partial
re-stabilization, shaped by both internal geomorphic thresholds and external hydrome-
teorological events. This oscillatory behavior echoes broader conceptualizations of river
trajectories, where alternating phases of instability and re-stabilization are seen as intrinsic
to fluvial systems [6,23]. Such alternating cycles of export and storage have also been
observed in other temperate rivers [11,33,34], highlighting the broader relevance of this
dynamic behavior.

4.2. Flood Events as Key Drivers of Sedimentary Transitions

Flood events have played a pivotal role in shaping the sedimentary regime of the
Diable River, acting as primary triggers for both erosion and deposition. Among the five
historical intervals, the 1980–2001 period stands out with multiple high-magnitude floods
(e.g., 1995, 1996, 1997), coinciding with the largest volumetric sediment loss (−42,568 m3).
Despite only moderate vertical erosion (9.2 mm/year), this prolonged erosive phase re-
flects the cumulative impact of successive high-energy events, which mobilized large
sediment volumes through bluff failure and channel widening. The corresponding net
export (−142.5 m3/km/year) further illustrates the intensity and persistence of these
flood-driven processes.

By contrast, the 2001–2007 period illustrates a distinct post-flood recovery phase.
This is the only interval with a net positive sediment budget (+70.8 m3/km/year),
marked by both high accumulation (10.6 mm/year) and the highest vertical erosion rate
(17.2 mm/year). Deposition clustered in point bars and inner meanders, suggesting sta-
bilization in lower-energy zones, potentially reinforced by reduced peak discharges and
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increasing riparian vegetation. The subsequent period (2007–2019) featured lower erosion
(6.0 mm/year) and a moderate net export (−47.0 m3/km/year).

Hydrograph data from station 040238 (2009–2025; Figure 7) provide direct evidence of
the flood regime during this interval: the 2011 event reached ~160 m3/s, while the 2017
and 2019 floods exceeded 200 m3/s, with 2019 peaking above 230 m3/s (approximately a
50-year recurrence interval). More recent events (2023–2024) generated moderate floods
(150–190 m3/s), highlighting ongoing but less extreme disturbances. These peaks appear
to have induced localized erosion such as bank undercutting rather than broad planform
migration, explaining the moderate sediment export observed in this period.

Figure 7. Hydrograph of the Diable River at hydrometric station 040238 (2009–2025), located immedi-
ately upstream of the study reach. The graph illustrates the interannual and seasonal variability of
daily discharges, with spring flood peaks exceeding 200 m3/s.

Overall, the comparison of flood-linked intervals highlights the varied geomorphic
responses to hydrological forcing. Similar patterns of flood-driven sediment dynamics have
been reported in temperate rivers worldwide [6,32], emphasizing the influence of extreme
events on sediment budgets and channel morphology. The integration of recent discharge
records confirms that the Diable River’s sedimentary response is strongly conditioned by
flood magnitude and frequency, with major floods (2017, 2019) acting as turning points in
its morphodynamic trajectory, while intermediate floods (2011, 2023–2024) contributed to
adjustments without major geomorphic reorganization. Comparable flood-driven sediment
exports have also been observed in temperate and cryosphere-influenced rivers, where
repeated high-magnitude events reset channel morphology [32,36].

Hydrograph data (Figure 7) provide additional insight into these dynamics. Between
2009 and 2016, peak annual discharges remained consistently below 200 m3/s, but in five of
the subsequent eight years (2017–2019 and 2023–2024), peaks exceeded this threshold, with
maxima ranging from 208 to 232 m3/s. This pattern may suggest emerging cycles or shifts in
flood regime; however, the short observational record prevents robust conclusions. Nonethe-
less, the recurrence of extreme flows in recent years supports the interpretation that high-
magnitude floods are increasingly structuring the river’s morphodynamic trajectory.

4.3. Sediment Connectivity and Granulometric Selectivity

The granulometric analysis of paired samples from sandy bluffs (erosion sources) and
beaches (accumulation zones) provides key insights into sediment connectivity along the
Diable River. Although no statistically significant differences were found when comparing
global descriptors (e.g., mean, sorting, skewness, and kurtosis), grain-size ratios and spatial
contrasts revealed consistent patterns: sediment transfer is selective rather than uniform.

Bluff samples, typically composed of moderately to poorly sorted medium to coarse
sands, exhibited higher D90/D10 and D75/D25 ratios (Figure 5), indicating a broader
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grain-size distribution and a greater abundance of fines. These fine fractions reflect the
unconsolidated nature of sand bluffs, which deliver heterogeneous material through bank
failure, slumping, and significant biogenic activity locally ([37], Figure 4). In contrast, beach
deposits were generally better sorted and more enriched in coarse sand, especially in
downstream reaches. This pattern suggests that coarse fractions are preferentially trapped
locally, while finer particles are transported further downstream or remain in suspension, a
behavior consistent with observations in other temperate rivers where fine sediment often
bypasses local storage and is redistributed downstream [35].

Such trends indicate a system with partial but functionally significant connectivity:
upstream bluffs provide a wide grain-size spectrum, but only a subset (mainly coarse
particles) is retained in local depositional settings. Finer particles largely bypass these zones,
contributing to suspended loads and potential downstream siltation. Similar patterns of
selective sediment transfer have been reported in other catchments [10], reinforcing this
interpretation. Additional evidence from agricultural and human-impacted basins also
confirms that selective transport and partial connectivity dominate sediment routing [10,11].
Hydraulic sorting, modulated by flow energy, bank roughness, and vegetation cover,
explains these differences. Well-sorted beach deposits reflect repeated reworking under
moderate-energy conditions, while the heterogeneity of bluff material mirrors stochastic,
gravity-driven erosion processes.

These grain-size evidences support the view of the Diable River as a partly coupled
sediment system, where connectivity operates through selective transfers. This interpre-
tation is supported by sediment budget reconstructions in European sandy rivers [34],
reviews of riverbank erosion in cold environments [35], and observations from other tem-
perate systems [18,33]. It also aligns with recent frameworks conceptualizing connectivity
as a gradient process rather than a binary state [38,39]. Standardized volumetric rates
complement this interpretation by highlighting alternating phases of net sediment export
and temporary storage.

4.4. Implications for River Management and Future Geomorphic Scenarios

The spatial and temporal variability of geomorphic processes in the Diable River
underscores the need for adaptive, sediment-informed management strategies. Floodplain
delineation, often treated as a neutral technical exercise, must be understood as a process
with direct societal implications, shaping land use and local vulnerability [40]. This rein-
forces the importance of grounding management decisions in both geomorphic evidence
and local knowledge of river dynamics.

The alternation between phases of intense erosion (1980–2001, 2007–2019) and tem-
porary sediment recovery (2001–2007) highlights the importance of maintaining lateral
accommodation space to absorb disturbances and facilitate natural recovery through de-
position. Sediment sinks, such as beaches, act as temporary storage zones that buffer
downstream sediment fluxes during floods. Protecting these features by limiting chan-
nelization or encroachment can enhance fluvial corridor resilience. Similarly, post-flood
aggradation zones should be recognized as natural sediment traps and integrated into
restoration strategies.

Sediment transfer is also highly selective: coarser fractions settle locally, while finer
particles are remobilized and exported downstream. Management must therefore address
these contrasting behaviors, for instance, stabilizing fine-sediment sources (e.g., vegetated
banks near bluffs) to reduce turbidity, while conserving coarse-sediment deposition zones
to maintain geomorphic resilience.

From a governance perspective, effective management requires bridging top-down
regulatory frameworks with situated local expertise, ensuring both technical robustness and
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social legitimacy [41,42]. Looking ahead, climate change is likely to intensify hydrological
extremes, exacerbating erosion and sediment fluxes. Proactive measures such as riparian
reforestation, dynamic setback zones, and floodplain reconnection should therefore be
prioritized [43]. Complementary evidence from cold-region rivers suggests that bioengi-
neering and vegetation-based stabilization can also mitigate recurrent bluff erosion [43].
More broadly, sediment budgets provide a robust framework [8] for guiding management
strategies that align with the Diable River’s geomorphic dynamics and support long-term
ecological and social resilience [44].

5. Conclusions
The Diable River’s geomorphic evolution (1949–2019) reveals a system oscillating

between phases of sediment export and temporary stabilization, rather than following a
unidirectional trend of aggradation or degradation. Major erosional phases (e.g., 1980–2001)
alternated with short-lived recovery periods (e.g., 2001–2007) and more localized adjust-
ments in recent years, underscoring the non-linear nature of channel change.

Grain-size analyses confirm selective and partial sediment connectivity; coarse frac-
tions are partly retained in local depositional zones, while finer sediments are preferentially
exported downstream. This filtering effect illustrates the combined role of hydraulic energy
and sediment properties in shaping river dynamics.

These findings stress the importance of sediment-informed management that preserves
temporary storage features and maintains lateral space for adjustment. Rather than control-
ling fluvial dynamics, management should focus on the river’s natural oscillatory behavior,
using sediment budgets as a guiding framework. Anticipated increase in flood frequency
and magnitude due to climate change [36] makes such approaches especially critical. In
the Québec context [45], linking sediment continuity with flood mitigation offers a practical
foundation for strengthening both geomorphic resilience and community safety.
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Abbreviations
The following abbreviations are used in this manuscript:

DEM Digital Elevation Model
DoD DEMs of Difference
DSAS Digital Shoreline Analysis System
DSM Digital Surface Model
GCPs Ground Control Points
GIS Geographic Information System
HSFM Historical Structure from Motion
LiDAR Light Detection and Ranging
LoD Level of Detection
SI Sinuosity Index
UAV Unmanned Aerial Vehicle

Appendix A
Appendix A.1

Beach Bluff200

400

600

800

1000

1200

1400

M
ea

n 
(µ

m
)

p-value: 0.3907
(a)

Beach Bluff0

200

400

600

800

1000

1200

So
rti

ng
 (µ

m
)

p-value: 0.1611
(b)

Beach Bluff2

0

2

4

6

8

10

12

Sk
ew

ne
ss

 (µ
m

)

p-value: 0.3025
(c)

Beach Bluff0

50

100

150

200

250

300

Ku
rto

sis
 (µ

m
)

p-value: 0.5998
(d)

Figure A1. Boxplots comparing grains size statistics between sandy bluff and beach samples (a) Mean
grain size, (b) Sorting; (c) Skewness, and (d) Kurtosis. Blue boxes represent beach, and red boxes
represent bluff samples. Although beach sediments generally exhibit narrower distributions and
lower variability, particularly in sorting and kurtosis, no statistically significant differences were
observed between the two groups (all p-values > 0.16). These results confirm the greater heterogeneity
of bluff-derived sediments but also highlight limited discriminative power of individual grain-
size parameters.
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Appendix A.2

Figure A2. Bivariate plots comparing grain-size parameters across all samples (bluff and beach),
including Mean vs. Sorting; Mean vs. Skewness; Mean vs. Kurtosis; Sorting vs. Skewness; Sorting
vs. Kurtosis; and Skewness vs. Kurtosis. Blue points correspond to beach samples and red points
to bluff samples, p-values are reported in each panel. No statistically significant correlations were
observed, confirming the lack of strong inter-relationships among these grain-size descriptors across
the dataset.
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