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Recent years have seen an increase in sediment connectivity models to
quantify fluxes, size, and provenances of sediment in river networks for
improving pour understanding of fundamental processes and for
informing river management.
Yet, the wide application of such models is still limited by a number of
factors, uncertainty in model hypotheses, and the lack of data for model
building and validation. To solve that challenge, we propose a novel
approach to more robustly parameterize and validate network
connectivity models.
We illustrate these points by applying the CASCADE sediment
connectivity model to the Vjosa river in Albania. The Vjosa is one of the
last unimpaired braided rivers in Europe and, at the same time, a data
scarce environment. To initialize the model, we use remotely sensed
data and modelled hydrology from a regional model. We perform a
reach-by-reach optimization of surface grain size distribution (GSD) and
thus transport capacity to ensure equilibrium conditions throughout the

Abstract: | network. We then perform a sensitivity analysis, altering key parameters

of the transport capacity calculation throughout the network, and
compare results to surficial GSD from 6 reaches, channel morphology
indicators, and observed values of total transport at the outlet. We then
assess network-scale sensitivity to planform type shifts due to sediment
starvation.

GSD and sediment fluxes generated by the sensitivity analysis have
quantiles that match those observed in the field and reported in
literature. Modelled thresholds for the transition between braided/non-
braided reaches closely fit observations.

Those findings indicate that some basic assumptions, global data, and
sediment transport equations can generate realistic representations of
network scale sediment transport processes and the resulting river
geomorphology. The proposed method is widely applicable and opens
avenue for enabling widespread application of network-scale sediment
connectivity models in river science and management while considering
for ranges and drivers of uncertainty.
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ABSTRACT

Recent years have seen an increase in sediment connectivity models to quantify fluxes,
size, and provenances of sediment in river networks for improving pour understanding of

fundamental processes and for informing river management.

Yet, the wide application of such models is still limited by a number of factors, uncertainty in
model hypotheses, and the lack of data for model building and validation. To solve that
challenge, we propose a novel approach to more robustly parameterize and validate network

connectivity models.

We illustrate these points by applying the CASCADE sediment connectivity model to the
Vjosa river in Albania. The Vjosa is one of the last unimpaired braided rivers in Europe and,
at the same time, a data scarce environment. To initialize the model, we use remotely
sensed data and modelled hydrology from a regional model. We perform a reach-by-reach
optimization of surface grain size distribution (GSD) and thus transport capacity to ensure
equilibrium conditions throughout the network. We then perform a sensitivity analysis,
altering key parameters of the transport capacity calculation throughout the network, and
compare results to surficial GSD from 6 reaches, channel morphology indicators, and
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observed values of total transport at the outlet. We then assess network-scale sensitivity to

planform type shifts due to sediment starvation.

GSD and sediment fluxes generated by the sensitivity analysis have quantiles that match
those observed in the field and reported in literature. Modelled thresholds for the transition

between braided/non-braided reaches closely fit observations.

Those findings indicate that some basic assumptions, global data, and sediment transport
equations can generate realistic representations of network scale sediment transport
processes and the resulting river geomorphology. The proposed method is widely applicable
and opens avenue for enabling widespread application of network-scale sediment
connectivity models in river science and management while considering for ranges and

drivers of uncertainty.

Keywords: sediment connectivity, network-scale sediment modeling, braided river,

sediment transport, transport capacity, Balkan rivers.

INTRODUCTION

Understanding of sediment transfers in river networks is key to our ability to characterize
fluvial forms and their formative processes, to interpret historical channel trajectories, and
predict future patterns (Fryirs, 2013). The combination of processes regulating sediment
production, routing, and deposition across space and time is commonly referred to as
sediment connectivity (Bracken et al., 2015; Wohl et al., 2018). Local sediment connectivity
is the result of basin-scale processes that potentially connect an individual reach to the entire
upstream river network. Thus, studying sediment connectivity requires a network scale
consideration of the provenance, timing and quantity of sediment moving through the entire
network, and how the sediment cascades originating from different sources interact with
each other (Schmitt et al., 2017).

The theoretical definition of sediment connectivity has developed in parallel with the
understanding of fluvial processes to represent the continuity of sediment transfer from a
source to a sink (Downs et al., 2018). The concept of fluvial sediment connectivity is thus a
powerful tool to link network scale processes to local morphology and to morpho-dynamics

under natural and disturbed conditions. Over the last decade, emerging remote sensing

http://mc.manuscriptcentral.com/esp



61
62
63
64
65
66
67
68
69
70
71

72
73
74
75
76
77
78
79
80
81

82
83
84
85
86
87
88
89
90
91
92
93
94

Earth Surface Processes and Landforms Page 4 of 37

technologies have fostered the generation of network-scale geomorphic datasets
concerning, e.g., hydrology (Van Der Knijff et al., 2010) and channel morphology (Bizzi et
al., 2019), and functional characteristics such as channel confinement and width of the
active channel (Demarchi et al., 2017; Fryirs et al., 2019; Roux et al., 2015). Given this newly
available information, several modelling frameworks have been developed with the aim to
simulate sediment transfer and quantify fluxes and, in some cases, provenances in channel
networks (Czuba & Foufoula-Georgiou, 2014; Heckmann & Schwanghart, 2013; Schmitt et
al., 2016). These pioneering experiences are of paramount importance to advance our
capacity to infer basin scale sediment transfers and, ultimately, be able to predict
foreseeable river behaviors, changes in channel characters and provide sediment

management measures for the future (Schmitt et al., 2018; Schmitt et al., 2019).

However, our ability to validate results and judge the veracity of simulated network fluxes
has been limited because data on sediment transport at network scale are often scarce or
non-existent. Recent findings (Schmitt et al., 2017) proved that even few reaches with data
on transported grainsizes and fluxes can significantly constrain the scenarios of basin-scale
sediment connectivity patterns. Additionally, observable channel morphology could improve
our ability to corroborate linkages between outputs of connectivity models and river
processes. Since Schumm'’s river classification scheme (1985), and even earlier (Leopold
and Wolman, 1957), our conceptual understanding of how sediment size and flux can affect
channel morphology and planform is pretty clear. However, while this is true from a

gualitatively point of view these links are far from being established in a quantitative manner.

Interestingly, amongst the various studies of network-scale sediment connectivity (Czuba,
2018; Gilbert & Wilcox, 2020; Schmitt et al., 2016), none have investigated links between
network sediment connectivity and reach-scale transitions in channel patterns. This is a
current limitation and an opportunity for the future since our ability to identify tipping points,
i.e., sediment connectivity conditions, which can transform radically channel patterns,
depends on that. For instance, empirical evidence highlights that braided rivers across the
globe shifted towards sinuous single channels due to sediment starvation affecting channel
stability, flood protection, and aquatic and riparian habitat quality over the last fifty-one
hundred years (Bizzi et al., 2019; Kondolf, 1997; Liébault & Piegay, 2001; Piégay et al.,
2009; Surian & Rinaldi, 2003). With those braided reaches, also unique fluvial habitats and
ecosystem services were lost. For these reasons, establishing a quantitative link between
modelled sediment connectivity (e.g., flux and size) and observed river morphology would

thus advance our ability to: i) validate the meaning and validity of simulated network-scale
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sediment transport values, and ii) to predict future changes in channel morphology and

morpho-dynamic behaviors under various conditions of sediment connectivity.

Discriminating a braided pattern from a single channel pattern has been of interest from the
fundamental work of Leopold and Wolman (1957), who proposed a simple slope discharge
discriminant relation, based on the hypothesis that for a given discharge, braided rivers are
steeper. Since then, many authors tackled a similar research questions, proving that not
only slope determines channel patterns but also bed particle size and stream power (van
den Berg, 1995), width to depth ratios (Crosato and Mosselman, 2009; Fredsge, 1978), and
sediment concentration (Mueller and Pitlick, 2014). These authors proposed formulae to
discriminate braided/non braided reaches, which have been applied always using field
collected data. However, theoretically it is possible to feed them with outputs derived by
network-scale sediment connectivity models providing information on, for instance,
sediment concentration and grain size. Testing their performance would support model
validation and, at the same time, allow to test these thresholds on much wider river reach

samples, covering entire networks.

In this work, we implement the network-scale sediment connectivity model CASCADE
(Schmitt et al., 2016; Tangi et al., 2019) for the Vjosa basin, which is considered one of the
last wild rivers in Europe, due to the lack of major dams or barriers for the majority of its
course and on most of its tributaries. The river Vjosa is a gravel-bed river showing various
transitions from braided to single sinuous channel patterns across its course. The Vjosa also
features some of the largest braided reaches still existing in Europe, which, as many Balkan
rivers, are recognized as hotspot of biodiversity, while being threatened by numerous dam
projects (Peters et al., 2021; Schiemer et al., 2018). The objective of this paper is to
implement CASCADE in a data-scarce environment, testing an optimization routine to define
grain size availability across the network, implementing a sensitivity analysis to explore the
main source of uncertainties in sediment fluxes calculations, and use few selected field

evidences to validate the model.

Once sediment fluxes and connectivity at the network scale are assessed and validated, we
link them to channel patterns observed across the network. To do so, we test an empirical
model proposed in literature to discern between Multi-Channels (MC) and Single Channel
(SC) types based on sediment concentration, discharge and grain size (Mueller and Pitlick,
2014). The empirical model is fed by CASCADE outputs in terms of sediment concentration

and D50, whereas channel patterns are observed by available orthophotos. Finally, we also
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128  use the findings to assess sensitivity of the Vjosa braided pattern to be lost if e.g., upstream

129  hydropower dams would reduce sediment supply.

130 By this case study, the paper will discuss approaches to the initialization and validation of
131  network-scale sediment connectivity models of general validity proving the significance of
132 even few but strategically selected field evidence for validation. In so doing, the paper points
133 out the opportunity of network scale modelling to leverage available scattered sediment data
134  to a wider and more consistent understanding of network scale processes. This work will
135  also prove the strength of the link between simulated sediment fluxes and observed channel
136  patterns opening to the possibility to predict channel planform sensitivity to alternative
137  scenarios of sediment management strategies at the basin scale, which is a critical issue for

138  such a study case.
139
140 CASE STUDY

141  The Vjosa river is one of the last remaining free-flowing fluvial systems in Europe. The river
142  originates in Greece, but most of its unimpeded 260 km course is in Albania. Almost all
143  tributaries of the Vjosa are not regulated by any human infrastructures making the Vjosa

144  stand out from other heavily modified Mediterranean rivers (Belletti et al., 2020).

145 In Greece, the river, locally named Aaos, passes thought the Vikos-Aaos National park,
146  where it forms impressive canyons. After entering in Albania, the Vjosa is joined by the
147  Sarantaporos river, which displays wide braided channel patterns upstream of its confluence
148  with the Vjosa (see Figure 1). The Vjosa then flows in a narrow valley, maintaining a
149  relatively small width, incised in low terraces made of conglomerates deposits. After passing
150 through the Dragot gorge, the river meets one of its two main tributaries, the Drinos. The
151 valley then widens, the slope reduces and the river forms impressive braided sections up to
152  two kilometers wide. The second largest tributary, the Shushica, enters the Vjosa near its
153  delta. In total, the river drains an area of 6,700 km? and discharges in average 204 m3/s at
154  its mouth.

155  The Vjosa falls into the pluvio-nival hydrological regime, with heavy rainfalls and consequent
156  peak-flows in spring. While the average annual rainfall is around 1500 mm, in the upper,
157  mountainous regions of the basin, where the coastal Mediterranean climate gives way to
158 the continental climate, annual precipitations reach around 2500 mm/year (Schiemer et al.,
159  2018).
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Geologically, the Vjosa river crosses the active graben system and the active frontal thrust
system of the Albanides. The Vjosa river drains through ophiolites, flysch deposits,
carbonate rocks, and Quaternary sediments. Limestone and sandstone represent the
majority of riverbed sediment. The Vjosa river has various levels of alluvial terraces and
recent analyses show that their formation is mainly controlled by climate changes which
occurred during the Pleistocene (Carcaillet et al., 2009). In the middle part, the river flows
over flysch deposits and the existing gorges follow an E-W transverse (E-W) along the

frontal active trust, and then meanders on the coastal plain to the Adriatic Sea in the west.

Bulgaria

Shushica y 4

Legend |
Morphotype A\ o
—A — \
i B Drinos ‘. Aaos-Vjosa
¥ % Voidomatis J

= )

e Multi Channels O
@GSD site 0 510 20 30

Figure 1- Location of the Vjosa river, the grain size distribution (GSD) sites for samplings,

and the network representation of the river used in this paper. Note that the model domain
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does not include the delta, to avoid DEM extraction errors in flat coastal areas. Multi
channels are highlighted with a grey bold line. Morphotype are reported for source reaches
(see Figure 3 for their definition). Two images around GSD sites 5 and 3 show two typical
examples of Vjosa channel patters, a braided section upstream of Kalivag (5) and a confined
single channel patter east of the Dragot gorge (3) (both from Google Maps satellite images).

Due to this geological context, channel types, as described, display a remarkable variety:
the river forms gorges and incises the terraces in the upper and middle catchment, and
braiding channel patterns are then observed when the valley widens with a transition to
meandering towards the mouth. We assume that the transition between braiding and single
channel patterns is regulated by the magnitude and grainsize of sediment supply, the stream
power, and the degree of confinement. Using CASCADE outputs, we aim to establish

guantitative links between those single versus multi-channel pattern.
METHODS

The CASCADE model

The CASCADE model (CAtchment Sediment Connectivity And Delivery) (Schmitt et al.,
2016) is a network-scale sediment transport model, which implements empirical sediment
transport equations within a directed graph representing the river network (Tangi et al.,
2019). CASCADE produces disaggregated information on sediment transport, deposition
and delivery, allowing to track both the fate of sediment from a specific sediment source and
the composition and origins of sediment in any downstream river reach. CASCADE has
been applied in previous case studies to assess sediment connectivity in large river
networks (Schmitt et al., 2016, 2017) and to evaluate alterations of sediment transport

regime caused by anthropogenic alterations such as dams (Schmitt et al., 2018, 2019).

In the present study, we use the CASCADE toolbox (Tangi et al., 2019) to quantify bed
load sediment fluxes in the Vjosa river network (Figure 1). CASCADE is a flexible and
scalable tool to model network sediment connectivity using a relatively small number of
remotely sensed and hydrological data to be calibrated. These include specification of the
discharge, channel geometry and grain size distributions (GSDs) for each river reach
(Figure 2). However, for the Vjosa, similar to probably most larger river systems worldwide,
there are relatively few point measurements of GSDs. Here, we use an optimization
routine, which was previously developed by Ferguson et al. (2015) for a single river

channel. We expand the approach to an entire-network scale and use it to define bed

http://mc.manuscriptcentral.com/esp
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GSDs in all river reaches. In the next sections, we describe how transport capacity is
calculated in CASCADE and how we implement the optimization routine. Then, we
describe how we derive the reach attributes needed to calculate transport rates at the

network scale.

Sediment flow
Low High

@ Source reach
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—
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(User Input) Reach GSD
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Figure 2 - CASCADE model conceptualization, for each reach the GSD are shown, source’s

reaches are highlighted in red.

Transport capacity calculation

The bed load transport capacity is calculated using a function presented by Parker &
Klingeman (1982). This function is used primarily because it is formulated for sediment
mixtures, and thus can predict transport rates of individual size fractions; this is important
when trying to predict the GSDs from one reach to another. The subsurface- and surface-
based versions of this function fit field data very well when calibrated to a reference shear
stress (Parker & Klingeman, 1982; Mueller & Pitlick, 2014).

The bed load transport capacity for sediment size class i (Qi*®? , [kg s]) is defined as:

http://mc.manuscriptcentral.com/esp
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3/2
222 =B Wi Fips (5) ()70 eand

223

224 where Bat is the channel width [m] over which active transport (at) occurs, W’ is the
225 dimensionless transport rate for sediment size class i, Fi is the fraction of size class i in the
226  bed surface sediment, ps and p are the sediment and water density, respectively, g is the

227  gravitational acceleration, and A is the submerged specific gravity of sediment.,

228
T\ 45

229 w; =112 (1-08532) eqn.2
T

230

231  where 1 is the bed shear stress [kg m™? s2:

232

233 T=pgHS eqn.3

234

235 and t,, is the reference shear stress [kg m s?] for an individual grain size, di [m]; Ty, IS

236  estimated from a hiding function:

237

D; 14
238 Tr; = Trg, (D—so) eqn.4
239

240  where 7, Is the reference shear stress [kg m™ s?] for the median grain size, Dso [m] of the
241  bed surface sediment; 7, is estimated using an empirical equation presented by Mueller et

242  al. (2005) that accounts for variations in the reference shear stress with increasing channel
243  slope:

244
245 Tr, = P 9 A Dso (0.021 +2.185) eqn.5

246
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The other variables in (3)-(5) are the mean depth, H [m], the reach-average slope, S [-], and
the hiding function exponent, y. Values of y close to zero are indicative of conditions, where
transport is weakly size-selective (equal mobility), whereas values of y > 0.1 are indicative
of conditions where transport is predominantly size-selective. The average flow depth is
found using the Manning-Strickler formula (Manning et al, 1890). The fraction of each size
class in the bed surface sediment layer Fi is extracted from the reach GSD. The total
transport capacity of the reach is found by summing the transport capacity across all size
classes.

Initialization of GSDs for source reaches and routine for optimizing GSDs across the network

Each first-order reach in the network is considered a source reach (these reaches are
highlighted in red in Figure 2). To assign a grain size distribution (GSD) to each source, we
visually classified the associated first-order reaches into four morphotypes as shown in
Figure 3. Each morphotype was assigned a range of GSDs at the sources, based on
Liébault's (2003) categorization and raw data of gravel GSDs in Mediterranean limestone

mountain rivers.

Morphotype A (D50 from 27 mm to 48mm) is characterized by a large active channel width
(defined here as the flow channels and unvegetated exposed gravel bar width) and narrow,
well-defined low flow channels (possibly multiple channels); Morphotype B (D50 from 33
mm to 52 mm) is characterized by a single narrow low flow channel dominated by gravel (no
boulders present) but with a narrower active width compared to Morphotype A; Morphotype
C (D50 from 44mm to 79mm) has an active channel width of less than about 20m, with bed
material consisting of gravel mixed with boulders. Morphotype D (D50 from 63mm to
100mm) is characterized by high density of boulders in the channel bed. Source

morphotypes for the Vjosa network are indicated in Figure 1.

The GSDs for each of the remaining reaches are generated using the optimization routine
proposed by Ferguson et al. (2015), where the GSD is adjusted until the sediment transport
capacity within a reach is in equilibrium with the upstream sediment supply. The sediment
supply of the source reaches is derived as follows. First, we assign source GSDs according
to the above classification. Then, we calculate the transport capacity for the GSD based on
local GSDs and hydromorphology. We finally assume that source reaches are in equilibrium

too, i.e., sediment supply is equal to the local transport capacity.
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Morphotype A Morphotype B

D-Value Average Interquantile interval D-Value Average Interquantile interval

D10 1483  [11.96-17.00] D10 1520  [11.74-18.21]
D50 3668  [27.80 - 40.87] 300 D50 4376  [33.06-52.17]

D90 94.83 [63.12 - 117.1] D90 1255 [103.2 - 146.5]

Morphotype B Morphotype D

D-value Average Interquantile interval D-value Average Interquantile interval

D10 24.08 [14.69 - 32.11] D10 2541 [18.22 - 33.71]
D50 66.37 [44.57 - 79.43] D50 84.35 [63.29 - 101.0]
D90 206.7 [135.2 - 256.0] D90 2644 [187.7 - 298.7]

Figure 3 — Examples for four morphotypes used for classification of the source reaches
(images from Google Earth). Morphotype A: wide active channel composed of alluvial gravel
bars, with a low-flow channel relatively narrow in relation to the river bed; possible multiple
channels. Morphotype B: active channel narrower than A, single and narrow low flow
channel, sediment bars composed mostly by gravel, absence of emerging boulders;
Morphotype C: Active channel usually less than 20m, presence of boulders. Morphotype D:
Narrow active channel with high density of boulders in the bed.

For the remaining downstream reaches, the GSD is then determined by modifying the
parameters of the Rosin distribution (Ferguson et al., 2015) a cumulative distribution function

used to represent the range in bed material grain size (Shih and Komar, 1990)

F(< D) = 1—exp[(D/k)*] eqn.6
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where k is the mode of the distribution and s an inverse measure of the spread. We then
use the Genetic Algorithm toolbox in Matlab to minimize the difference between the local
transport capacity in a reach and the incoming sediment flux from the upstream network by
altering the two parameters s and k of the Rosin distribution. Each set of s and k results in
a different set of frequencies, Fi (see eqn. 1), for each grain size class to be used in

calculating the local bed load transport capacity.

Thus, we assume that the local GSD in a reach will change to accommodate sediment
supply from upstream under local hydromorphologic conditions (gradient, width, discharge).
Thus, network sediment flux only increases at confluences. However, changing the GSD
implies that there can be erosion or deposition of specific size classes, resulting in specific
morphodynamics. For example, if the optimization for a reach results in a GSD that is finer
than the incoming GSD this fining could be related to either fine material being eroded from
the channel or to deposition of coarse material. In each reach, to maintain equilibrium, the
deposition of some sizes is compensated by the entrainment of others. This process

generates GSD patterns across the network.

Defining river network reaches

In this section, we define how the river network was extracted from the available Digital
elevation Model (DEM), and how it was segmented into river reaches with specific channel
attributes, such as slope and channel type. For the Vjosa, we extracted the river network
using the TanDEM-X DEM (Rizzoli et al., 2017; Wessel, 2018), with a pixel spacing of 0.4
arcsec, corresponding to a ground accuracy of approximately 10.9 m across the study area,
and absolute vertical accuracy of less than 10 m. The network was defined using a
combination of the CASCADE toolbox (Tangi et al., 2019) and Topotoolbox (Schwanghart
and Kuhn, 2010). We set a minimum drainage area of 100 km? to identify the river network
to be simulated. The river network is defined as a connected graph consisting of nodes
linked to directed edges. Each edge represents a reach of the river network and is assigned
a set of physical attributes including average slope, active channel width, channel roughness
coefficient, bed material grain size distribution and discharge (Schmitt et al., 2016). These
hydromorphic properties are then used to estimate the reach-scale sediment transport
capacity, egns. 1-5, from which we construct a reach-scale sediment budget, i.e., the
balance between sediment supply and transport capacity, and the volume of sediment

exported or deposited
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324 Because each edge in the river network has a single set of attributes, the corresponding
325 river reach should have quasi-uniform geomorphological features. We thus manually
326 segmented the river network by visually identifying reaches with homogenous channel
327  planform patterns, focusing particularly on differences in active channel width. Local channel
328 widths were measured on available orthophotos from the most recent Google Earth images
329 by selecting active sections of the riverbed with little or no vegetation. A total of 400 river
330 width measures were extracted from orthophotos before proceeding to network
331 segmentation. The resulting river network is divided into 139 reaches, with average length
332 of 4.3 km. Reaches with multiple channel width measures were attributed an active width

333 equal to the average of these measures.

334  Channel gradients were calculated from the DEM based on the elevation difference between
335 the upstream and downstream node of each reach. Each reach was then classified as multi-
336 channel or single thread, as shown in Figure 1. We also collected information on
337 confinement, differentiating between confined or unconfined channels. Confinement was
338 evaluated from orthophotos and reaches were classified as confined where terraces and
339 hillslopes adjacent to the channels were visible. Channels bordered by floodplains were

340 classified as unconfined.
341

342  River Network Hydrology

343  The magnitude and frequency of discharges used to calculate sediment loads for each river
344 reach were estimated using a hydrological model. The dataset was generated by the
345 LISFLOOD model, a rainfall-runoff model which provides daily flow data across a 5km x 5km
346  grid (Forzieri et al., 2014; Van Der Knijff et al., 2010). Model simulations provided daily
347 discharge data from 1990 to 2014. We assigned each reach in the CASCADE model to the
348 grid cell of the hydrological model with which it had most overlap. From that cell, we then
349 extracted the hydrologic time series and divided it into eight discharge classes
350 corresponding to specific percentiles (0, 0.1, 2.3, 15.9 ,50, 84.1, 97.7, 99.9, 100). We also
351 determined the frequency with which discharge was in each percentile. Thus, we assigned
352  eight discharge classes and time fraction to each reach, which we then used to simulate
353 daily sediment loads (in kg/s), which are aggregated using the annual frequency of each

354 discharge to obtain the annual sediment flux.

355
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356 Relation between channel width and discharge

357 Active transport widths along the Vjosa River can vary appreciably with water discharge,
358 particularly in braided reaches. To account for these variations, we developed a rating curve
359 between active transport width and discharge that could be applied to each reach. A rating
360 curve such as this is needed because the calculations of bed load transport capacity are
361  sensitive to variations in channel width and depth. There is no detailed information on
362 channel cross sections from the Vjosa. Thus, we took an empirical approach, forming a
363 relation between discharge and active transport channel width for each reach. Lugo et al.
364 (2015) presented a relationship between dimensionless stream power (»") and the ratio

365 between active transport width and water width (Figure 4):

366

i S
367 W' =—2 eqn. 7

By / gA D3,

368 where Q is the flow discharge, and Bw is the water width. The relationship calculated by

369 interpolation of the data in Figure 4 is:

370
371 r= % = max(0.2, min(2.36 w* +0.09,1))  eqn.8

372
373 where ris the ratio between active transport width (Bat) and water width (Bw).

374
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375
376  Figure 4 — The ratio of active transport width (Bay) with water width (Bw) plotted versus the

377 dimensionless stream power (o’). Data from Lugo et al. (2015)
378

379 In the flume experiments conducted by Lugo et al. (2015), the active transport width
380 corresponds to the portion of the channel where bed load sediment transport occurs,
381 whereas the water width refers to the portion of the channel covered by water. For our
382  purposes, we assumed that the values of active channel width measured along the Vjosa
383 on Google Earth images (see previous section) correspond with the water width of their
384 flume experiments. This is likely reasonable only for discharges with return period of two or
385 more years, whereas could be overestimating it for discharges that are big enough to
386 transport sediment but not necessary flooding the entire active channel. We are aware of
387 the inherent uncertainty related to this estimate of active transport width and also of its
388 importance in the implementation of the sediment transport model and for this reason it will
389 be included in the sensitivity analysis discussed below. Dimensionless stream power is
390 computed within CASCADE and then a value of the ratio (r) is derived for each reach and
391 discharge scenario. The measured active channel width from orthophotos is then multiplied
392 by this ratio (r) to obtain the active transport width (Bat) to be used to calculate transport

393 capacity (see egn.l).

394
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Sensitivity Analysis

We implemented a global sensitivity analysis on key parameters used in the CASCADE
simulations, focusing on source GSDs, the hiding function exponent y, and the active
transport width Bat. Source GSDs are not known and are provided in terms of plausible
ranges for each morphotype (see tables of Figure 3). The hiding function exponenty is
allowed to vary from 0 to 0.1 to examine how differences in particle mobility affect
downstream trends in GSDs. To consider the uncertainty in active transport width, Bat is
randomly perturbed by a uniform distribution around plus or minus the 20% of the central
estimates we derived using Lugo et al. (2015) method. We aim at assessing how these
ranges of parameter uncertainties simultaneously affect the modeled sediment fluxes and
GSDs. In this analysis we do not investigate the relative importance of each of these factors,
which would require additional consideration of parameters covariance. Here, we only
assess the uncertainty in sediment transport measures (total load and GSD in each reach)
as a cumulative result of uncertainty in individual parameters. We use the Sobol’ method, a
technique to perform global sensitivity analysis (Hadka, 2015). For each parameter that is
included in the sensitivity analysis (GSDs, hiding factors and active transport channel width)
values are sampled between the proposed ranges to best cover the parameter space. For
our case study, this resulted in 2300 independent parameter sets, with each set containing
a distinct value for each of the three parameters. For each of parameter set, we performed
eight CASCADE runs, one for each discharge percentile, to generate the estimates of GSD
and annual bed load transport rates in each reach estimates. The analysis of 2300
CASCADE simulations allow us to assess uncertainty domains for the estimated yearly
sediment fluxes and associated GSD patterns.

Field Data for validation

We carried out field surveys and collected grain size data in 6 reaches in February 2018.
We sampled the bed material in two braided reaches close the mouth of the Vjosa river
(Pocem and Kalivag), a more upstream single thread reach (Drinos), a confined reach in the
Dragot gorge (Vjosa Gorge), a braided tributary reach with high sediment supply
(Sarantaporos), and a single thread reach in another tributary (Drinos), see Figure 1 for site

locations.
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426  We took between 5 and 10 pictures of the bed at different locations on exposed gravel bars.
427  We took pictures by using a digital camera positioned vertically and about 1.5 m above the
428 ground. We placed a scale bar in each frame to pinpoint the measurement scale. Picture
429  resolution is 4032x 3024 [px] resulting in an average pixel dimension of 0.5 [mm/px] for the
430 selected 1.5 m distance from the ground. GSDs were calculated using Base Grain software
431 (Detert and Weitbrecht, 2013), an object detection software tool for the analysis and
432  extraction of granulometric information from images of non-cohesive gravel beds. Base
433  Grain automatically separates grain areas (coarser than 8 mm) and interstices filled with
434  finer sediment in the image using filtering techniques to identify the area of each gravel
435  particle in the field of view. From there, the software extracts the grain size distribution of
436  the coarser (>8mm) fractions of the surface sediment. The distribution is then completed
437  with an estimation of the fraction of the finer, non-detectable particles, via Fuller curve
438  estimation (Fehr, 1987). From the GSDs we can derive metrics such as Die, Dso and Dsa.

439

440 Test of the threshold between single-and multi-thread channels

441  As noted in the introduction, links between network sediment connectivity and reach-scale
442  transitions in channel patterns have not yet been studied. Here, we propose to calculate a
443  braided threshold using CASCADE outputs to discern single and multi-thread-channels.
444  Mueller and Pitlick (2014) modified the approach developed by Millar (2005) and Eaton et
445 al. (2010) to derive an equation that predicts the threshold between single- (SC) and multi-
446  thread channels (MC) on the basis of a threshold in sediment concentration, and an
447  assumption that braided channels will form at width to depth ratios greater than 50. The

448  Mueller-Pitlick threshold is based on a regime relation (eqn. 12b) presented by Millar (2005):

449

B
450 % — 4_25Q*0.12€I—2.30’ul—2.9 eqn_g
451

452  where Byt is the river width and H the flow depth at bankfull discharge. u'is a dimensionless
453  ratio of the relative erodibility of the bank versus the bed material. Q" is the dimensionless
454  discharge defined as

455
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. _ Qpf
C' = —log,,C , where C is bed load sediment concentration, defined as the ratio of bankfull

volumetric bed load discharge, Qur*? (m3/s), to bankfull water discharge (m?®/s), Qut (C =
Quov.bi/Qot ) (Mueller and Pitlick, 2014). Equation 9 can be rearranged and simplified to find
the critical sediment concentration, Ct, under the assumption of Bo/H=50:

C, = 100-254Q70%%u™120)  agn 11

Equation 11 defines the threshold between MC and SC patterns. We applied this formula to
all alluvial unconfined or semiconfined reaches present within the Vjosa network. We
neglected confined reaches because, in most cases, channels in these reaches are
nonalluvial. Sediment concentration and grain size values for implementing equation 11 are
derived by CASCADE simulations.

In order to further test the validity of CASCADE outputs, we also plot the braided threshold
proposed by Eaton et al. (2010) depending on slope (S) and not on sediment concentration:

S, = 0.4Q*~ 043141 eqn. 12

where St is the critical slope derived for the threshold case where Bui/H = 50.

We then calibrated these thresholds (eqgn. 11 and 12) altering the value of y’ to find the
threshold that best discerns SC from MC patterns in the Vjosa basin, as also proposed by
Millar (2005). The value of u’so obtained incorporates all errors, including systematic errors
in the theoretical relations. However, this approach is necessary to include how vegetation
density and bank material affect the resistance to erosion. u'near 1.0 is used for the most
sparsely vegetated categories, indicating that bed and banks are approximately equally
erodible, and progressively increase with vegetation density or changes in bank material
towards more resistance texture to between 1.5 and 1.9 for the most densely vegetated

channels.

http://mc.manuscriptcentral.com/esp



Earth Surface Processes and Landforms Page 20 of 37

485

486 Results

487 CASCADE validation

488  Figure 5 shows the pattern of mean Dso generated by CASCADE (the average value over
489 2300 simulations) for the entire network. In general, modelled grain size distributions are
490 coarsest in headwater reaches and in single-thread reaches upstream of the Vjosa Gorge.
491  An overall pattern of downstream fining is evident at the network scale. Figure 5 compares
492  the GSDs generated by the 2300 CASCADE simulations for each reach (red lines) with the
493 measured GSDs for the same reaches (green lines). In general, the CASCADE generated
494  GSDs match the patterns observed in the field (Figure 5 and Table 1): the coarser grain
495 sizes which are located along the Drinos and Sarantaporos tributaries and in the Vjosa
496  Gorge are well-differentiated from the finer grain sizes in the downstream braided reaches,
497  Vjosa-Drinos, Kalivac, and Pocem, respectively. The modeled GSDs broadly overlap with
498 the measured GSDs, particularly in the four reaches above the Vjosa-Drinos confluence. In
499 the two downstream reaches— Kalivac and Pocem— the modeled GSDs are generally finer
500 thanthe measured GSDs, although the mean distributions (indicated by the bold solid lines)
501 are quite close (Fig. 5). The percentile values listed in Table 1 suggest that the modeled
502  Dsa4 and Dso are comparable to Base Grain estimates across all sites. In contrast, it appears
503 that the finer grain sizes simulated by CASCADE, e.g. Dis, are biased, overestimating their

504  sizes in comparison to Base Grain estimates.
505

506
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Figure 5 — At the top the river network shows range in mean D50, amongst all the 2300
simulations. GSD sampling locations are shown together with multi-channel patterns. At the
bottom GSD sites show the grain size distributions modelled and observed (the numbers in
the graph titles match the GSD site numbers in the top map). Green lines are GSD for each
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512  picture derived by Base Grain, in red the CASCADE set of simulated GSDs, bold red line

513  shows the mean among all the simulations.

514
515
Die Dso Ds4 Source
11 33 72 Modelled
Sarantaporos
4 36 97 Observed
16 47 98 Modelled
Drinos
3 31 83 Observed
20 58 125 Modelled
Vjosa-gorge
4 41 100 Observed
11 33 70 Modelled
Vjosa-Drinos
3 27 61 Observed
6 19 40 Modelled
Kalivac
2 20 42 Observed
6 26 40 Modelled
Pocem
3 27 66 Observed
516

517 Table 1 — Modelled and observed Ds4, Dso and D16 values for 6 reaches are reported in mm.
518 Modelled values report the average amongst the 23000 CASCADE simulations (red bold
519 linesin Figure 5-A). Observed values the average between the Base-Grain estimations from
520 pictures (green lines in Figure 5-A). For site locations see Figure 5-B.
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522  Figure 6 — Top figure: mean (across the 2300 simulations) yearly bed load transport values
523 are reported across the network for all reaches, multi-thread channels (MC) reaches are
524 represented by double lines in gray. Panel B: the boxplots report the range of yearly bed
525 load values generated by CASCADE simulations at the outlets for the Vjosa and its main
526 tributaries (the values correspond to the fluxes of the last reach of the tributary before the
527  confluence with the Vjosa river). The red central mark in the boxplot indicates the median,
528 and the bottom and top edges of the box indicate the 25th and 75th percentiles, respectively.
529  The whiskers extend to the most extreme data points not considered outliers.

http://mc.manuscriptcentral.com/esp



Earth Surface Processes and Landforms Page 24 of 37

530

531  The simulated annual bed load fluxes for the entire network are presented in Figure 6, which
532 shows average values amongst all the 2300 simulations. Figure 6 shows also a series of
533  box plots indicating the range of simulated fluxes for selected locations, including the outlet
534  of the Vjosa River and its main tributaries. Bed load estimates from our sensitivity analysis
535 indicate that the median annual bed load at the outlet of the Vjosa is approximately 0.58
536  Mt/yr with 50% of the simulated fluxes falling between 0.25 and 0.86 Mt/y. The simulated
537 sediment fluxes can be validated only at the outlet, where a few published estimates of the
538 annual suspended sediment load are available. Milliman and Farnsworth (2011) report that
539 the annual suspended sediment load of the Vjosa River is approximately 8.3 Mtly; in a
540 separate study, Fouache et al. (2001) report a slightly lower load of 6.7 Mt/ly. The bed-load
541 fraction in the Vjosa is reported in the range of 15-20% of the total load (Ciavola, 1999). If
542  we assume a somewhat broader range, e.g., that bed load is 10-20% of the total load (bed
543  load plus suspended load), then the annual bed load flux should fall in the range of 0.7-2.1
544  Mtlyr, depending on which values of suspended load we use, and what assumptions we
545 make about the fraction of bed load to total load. The differences between bed load fluxes
546 estimated from suspended sediment measurements and the fluxes generated by the
547 CASCADE simulations (0.58 Mt/yr at the Outlet) are not large and suggest that the simulated
548  fluxes are within an order of magnitude of the expected fluxes.

549

550 Multi-channel / single channel threshold

551  We further analyzed results for a possible correlation between modelled bedload transport
552  and observed channel patterns. The channel pattern threshold given by eqg. 11 (Mueller and
553  Pitlick, 2014) indicates that the distinction between MC and SC reaches depends on various
554  factors, including sediment concentration, C, relative bank strength, p’, and dimensionless
555  discharge, Q* (which in turn depends on Qof and Dso). Using average values amongst the
556 2300 simulations of sediment fluxes and Dso generated by CASCADE, we can plot sediment
557  concentration versus Q* for all the unconfined reaches, and compare with the threshold
558 relation, egn. (11). The results are shown in Figure 7. Rectangles correspond to SC reaches
559 and circles correspond to MC reaches. Colors refer to specific sub-basins, and the diagonal
560 lines indicate thresholds corresponding to three assumed values of y’: 1.0, 1.24 and 1.28.
561  With few exceptions the SC reaches are well-discriminated from the MC reach for an

562 assumed valued of y’ = 1.28. The value of 1.24 is an example of a different threshold which
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576

could apply to reaches in the Shushica basin (light orange points). In order to further explore
the threshold between SC and MC patterns, Figure 8 plots the slope-dependent threshold
given by eqgn. 12. Using this threshold, SC reaches (squares) are relatively well-
discriminated from MC reaches (circles). Figure 8 plots the same three thresholds shown in
Figure 7 for 4 equal to 1.0, 1.24 and 1.28. Compared to the concentration-based threshold,
the slope-based threshold has a wider zone of overlap. Indeed, SC and MC reaches coexist

primarily in between p' values of 1 and 1.28.
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-
S
w

""""""

* Vjosa
+ Sarantaporos
* Drinos
Shushica
—Threshold p/=1
---Threshold /=1.24
~~~~ Threshold p/=1.28

Sediment Concentration
o
N

-
<
(9]

ne - SC/MC
102 10° 10* 10° 10° 107
Q*

Figure 7 —Relation between sediment concentration and Q* for all unconfined reaches.
Circles represent multi-channel reaches (MC) and rectangles single channel reaches (SC).
Colors refer to different sub-basins. Lines show alternative thresholds for braiding for
different values of the relative bank strength parameter, pu’ = 1 (solid line), 1.24 (dashed line)
and 1.28 (dash-dot line).
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578 Figure 8 — Relation between slope and Q* for all unconfined reaches. Circles represent
579  multi-channel reaches (MC) and rectangles represent single channel reaches (SC). Lines
580 show alternative thresholds for braiding for different values of the relative bank strength

581 parameter y’ =1 (solid lines), 1.24 (dashed line) and 1.28 (dash-dot line).

582 A third plot illustrating the combined influence of slope and grain size on channel pattern is
583  shown in Figure 9. Here the symbol colors and sizes have the same meaning as in Figures
584 7 and 8, but Dso is plotted instead of Q* on the x axis, and dot sizes are proportional to active
585 channel width normalized by drainage area. This latter parameter provides information on
586 active channel width once the size effect of drainage area is removed (Bizzi et al., 2019;
587 Piégay et al., 2009). The results shown in this figure indicate that, for similar values of
588 channel slope, SC reaches are characterized by coarser Dso and lower values of normalized
589 active channel width, whereas for similar values of Dso, MC reaches have higher slope and
590 higher values of normalized active channel width. These observations suggest that the
591  formation of MC patterns is likely driven by floodplain availability and degree of confinement.
592 Indeed, when the channel can widen into the floodplain, it develops a MC pattern
593 characterized by a wider active channel, which may in turn reduce the average depth, and
594  thus lower the sediment transport capacity compared to SC reaches. The lower transport
595 capacity may in turn trigger a condition for aggradation, as well as finer D50. In such cases,
596 the MC reach needs a much higher slope than the SC reach to transport the same grain

597  size.

598

http://mc.manuscriptcentral.com/esp



Page 27 of 37 Earth Surface Processes and Landforms

599

600

601

602
603
604
605

606
607
608
609
610
611
612
613
614
615
616
617
618
619
620

Multi-Channel versuingle-ChanneI

@

() = * Vjosa
- @ * Sarantaporos
2 * Drinos
10 ] Shushica
=
o & ne - SC/IMC
© P
: @
o
8' =@ =
s s ||
)] N | . .
[ = _
'L B
.D 0 -~ u'
¥ o
2t L.
- ® L4 ] L]
10" e - 1
107 107
D50

Figure 9 — Slope and D50 are plotted for all unconfined reaches: circles represent multi-
channels (MC) and rectangle single channel (SC). Colors refer to different sub-basins, dot
size is proportional to the active channel width normalized by drainage area. i.e., very large
dots indicate reaches which are very wide relative to their drainage area.

It is evident from the results presented above that the discriminations between SC reaches
and MC reaches are sensitive to the relative bank strength parameter, y’. In addition, as
explained in the Methods, we considered how uncertainties in other parameters ([, source
GSDs and active width, Bat) might affect CASCADE outputs, and the discrimination between
SC reaches and MC reaches. The results of our sensitivity analysis are summarized in
Figure 10, which plots the 2300 simulated values of sediment concentration versus Q* for
only the main stem reaches of the Vjosa River. The red rectangles are SC reaches and the
blue circles show MC reaches. Filled markers indicate the mean values amongst the 2300
simulations for each type of reach. The line indicating the braided threshold corresponds to
M’ = 1.28. The cloud of red and blue points indicating the CASCADE simulations shows that
even when we include uncertainty in key parameters there is a clear separation between
the two channel patterns along the Vjosa. An important trend that emerges, which was also
evident in Figure 7, is that the range in simulated sediment concentration is relatively narrow.
It appears, therefore, that concentration is less important compared to Q* in discerning SC
from MC. This result is mostly driven by the modelling hypothesis that the sediment transport
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621  capacity within a reach is in equilibrium with the upstream sediment supply. This point is

622 discussed further in the Discussion section.
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624  Figure 10 — Sediment Concentration and Q* are plotted for all unconfined reaches along the
625 main stem of the Vjosa. Red rectangles show single-channel (SC) reaches and blue circles
626  multi-channels (MC) reaches. Filled markers indicate the mean value for each reach. The

627  grey line indicates the braided threshold calculated with y’ equal to 1.28.

628  Another practical result that emerges from this analysis is that once the SC-MC threshold is
629 defined, river reaches close to the threshold are more likely shift from one pattern to the
630  other compared to reaches further away from the threshold. Focusing on the Vjosa reaches
631 and using average values amongst all the simulations, Figure 11 shows how reductions in
632 sediment concentration could produce a channel-pattern shift with respect to the braided
633  threshold. The MC reaches along the main stem of the Vjosa (circles in Figure 10 and 11)
634 are all located downstream of the Drinos confluence (see Figure 6 or Figure 1) and Q*
635 increases moving downstream. For the first six braided reaches downstream the Drinos
636  confluence a sediment reduction of 40% would be sufficient to locate them near the braided
637  threshold, whereas the most downstream ones would reach the threshold for a sediment
638 reduction around 50-60%. This suggests that a sediment reduction of about half of the

639 yearly sediment load would likely threaten the existence of the entire Vjosa braided system.

640
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Figure 11 — Sediment Concentration and Q* are plotted for all unconfined reaches along the
main stem of the Vjosa: rectangles show single-channel (SC) and circles multi-channels
(MC) reaches. Point color is proportional to the sediment reduction applied to each reach.

The braided threshold (grey line) has u’ equal to 1.28.

Discussion

Model initialization and validation with GSD and sediment fluxes

With this paper we aim to assess sediment connectivity in one of the last unimpaired braided
rivers in Europe and to propose a method to robustly initialize and validate a network scale
sediment connectivity model in a data scarce environment. The proposed approach
demonstrates the importance of a few specific steps in model initialization which affect our
system functioning hypotheses. First, we developed a hypothesis about the range of
possible GSDs and sediment supply in source reaches (see Figure 3). We then assumed
that subsequent reaches are in a morphodynamic equilibrium, i.e., that the transport
capacity of the reach balances the upstream supply, similar to what Ferguson et al. (2015)
proposed for the Fraser river. In addition, we performed a more in-depth sensitivity analysis.
The significant degree of uncertainty in local sediment transport calculations is well known
(Ancey, 2020a, 2020b) and this is even more critical in a data scarce environment. In the
Vjosa, data on channel geometry is not available and hydrology is derived from a spatially

distributed model with a coarse spatial resolution (Dankers & Feyen, 2009; Van Der Knijff et
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662 al., 2010). In addition to this reach-scale uncertainty, sediment transport in a reach depends
663 on sediment supply from upstream, so these uncertainties and errors propagate and
664  possibly amplify through the network. For this reason, we explored results based on a wide
665 range of possible combination of source GSDs (see Figure 3) and different
666  parameterizations of two sensitive variables in the sediment transport formula calculation:

667 the hiding function exponent and the width-discharge relationship.

668 Despite the wide uncertainty in parameter values and scarce field data on grain size and
669  sediment fluxes, the CASCADE simulations generate plausible and coherent patterns of
670 sediment fining that match observed sediment size distributions along the Vjosa river and
671 its tributaries (see Figure 5 and Table 1). The CASCADE-generated estimates of Dso and
672  Dsa are comparable to those observed in the field, whereas the model overestimates the
673  size of the finer fractions. The bias in finer sizes is mostly a numerical effect related to the
674  difficulty of resolving grain sizes finer than 8 mm with the Base Grain software. In the two
675 most downstream reaches, Pocem and Kalivac, the modeled GSDs are overall finer than
676  the measured GDS, but the mean distributions are similar. This effect for the downstream
677 reaches is mostly due to two aspects of the modelling framework: i) CASCADE simulates
678  transport across all sediment size classes defined in the network and finer sediment might
679 be underestimated in our observed measures of surface grain sizes, e.g., because of
680 armoring; (2) as mentioned before the fine part of the distribution tail cannot be easily
681 compared. Volumetric sampling would be required in this situation, and that would likely

682  produce finer distribution compared to surficial samples.

683  The hydrologic model adopted is validated at the European scale but without data from this
684  basin (Van Der Knijff et al., 2010). For this reason, in the absence of better hydrological data
685 is not possible to predict how this affects model results. With this in mind, we believe that
686  our estimations of sediment fluxes in the Vjosa network are in the same order of magnitude
687  as those reported in the literature (Covault et al., 2013; Fouache et al., 2001; Milliman and
688  Farnsworth, 2011), and the approach illustrates how we can leverage available data to build

689 a more consistent understanding of sediment connectivity.
690

691 Linking sediment fluxes and GSD with river morpholoqgy

692 In spite of limited data availability the Vjosa River basin provides a valuable opportunity to

693  evaluate the link between modelled sediment fluxes and river morphology. The link between
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sediment connectivity and river channel type has been discussed in a number of papers
(Buffington & Montgomery, 2013; Knighton, 1998; Kondolf et al., 2003; Schumm, 1985), but
a quantification of these physical links is often missing. To this aim, we applied a threshold
formula to discern MC from SC based either on sediment concentration as proposed by
Millar (2005) and Mueller and Pitlick (2014), or slope, as proposed by Eaton et al. (2010).
Such a threshold is particularly meaningful for the Vjosa basin since here the river network
experiences various transitions throughout its course from a multi-thread to single-channel
pattern. Although the classification between these river planform types has been based on
expert judgment, we believe the ability to discern between MC, where more than a single

low-flow channel is well developed, from purely SC ones, is robust.

Our findings support previous models developed to discriminate between multi- and single-
thread channel patterns and highlight that the MC/SC transition can be robustly modelled
even under uncertainty (Figure 10). Our results suggest that the transition between MC and
SC patterns is well defined by a threshold that varies with sediment concentration and
relative bank strength, p. We treated p as a calibration parameter but note that it
incorporates all errors, including systematic errors in the theoretical relations. The
importance of this parameter in discerning SC from MC patterns has been discussed in a
recent review (Candel et al., 2020). Analyzing what differentiates MC from SC reaches
(Figure 9), we have confirmed a clear pattern that can be interpreted as follows. The
channel’s ability to widen into the floodplain is a primary driver of the formation of MC
reaches, which are characterized by a higher channel width, lower channel depth, finer grain
sizes, and possibly higher slopes compared to adjacent SC reaches. This interpretation
reinforces the idea that bank strength, floodplain availability, and sediment composition are
critical parameters in the formation of braided reaches, as discussed in the work of Candel
et al. (2020) and Hohensinner et al. (2021).

We have shown that CASCADE modelling outputs can be used to establish thresholds
between multi- and single thread channels. To our knowledge, this is the first time that such
thresholds are used in a dynamic context with simulated data and not field data. This is also
the first time that the threshold theory has been applied to alluvial reaches in an entire river
network. This has not been done in the past because the data needed to implement the
underlying equations (Eaton et al., 2010; Millar, 2005) are generally not available
continuously across the network. This is an important step towards quantifying the link
between connectivity and fluvial forms at the basin scale and in assessing channel sensitivity

to change.
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728 The information emerging from Figure 7, 8 and 9 supports also a further comment about
729  CASCADE simulations, which does not emerge looking only at GSD and fluxes at the outlet.
730 Indeed, the Sarantoporos is a braided tributary of the Vjosa represented by red dots in Figure
731 7, 8 and 9. We can note that these reaches have slope, Q*, normalize active channel width
732 and Dso to be clearly classified as MC reaches, whereas in Figure 7 they appear close or
733 just below the braided threshold for p’ at 1.28 due to low values of sediment concentration.
734  This incoherence suggests that simulated sediment fluxes for this basin are likely
735 underestimated. This could be due to: i) underestimation of discharges due to the discussed
736  limits of the adopted hydrological model, particularly likely for a large-scale model such as
737  LISFLOOD when it provides estimates of small upstream basins, such as the Sarantoporos;
738 i) inadequacy of the sediment equilibrium hypothesis particularly likely in a very dynamic
739  and sediment rich sub-basin, such as the Sarantoporos. This latter point has probably wider
740 implications beyond the Sarantoporos reaches. We already observed that the range of
741  sediment fluxes generated by CASCADE is likely narrower than in reality. This is visible in
742  particular in Figure 10 and 11 observing the range of sediment concentration values
743  compared to the range of Q*. This result is due to the equilibrium hypothesis that allow
744  sediment fluxes only to increase at the inlet of new confluences. Linking modelled sediment
745  fluxes and river morphology allow then to further validate modelling hypothesis and outputs

746  beyond GSD and sediment load data availability.

747  Assessing river morphology sensitivity and implications for management

748 A planform shift from braided or wandering channel patterns to single-thread patterns is a
749  well-known consequence of alterations in water or sediment supply. In sediment starved
750 rivers the changes can trigger a chain of reaction from river-bed incision, bank and
751 infrastructure destabilization, aquatic and riparian habitat degradation and groundwater
752 table alterations (Bizzi et al., 2015; Bizzi et al., 2019; Kondolf, 1997; Surian & Rinaldi, 2003).
753  For this reason, being able to predict river channel response to alteration in sediment
754  delivery is of paramount importance to support river management activities. Recent studies
755  focusing on river sensitivity to changes in water and sediment supplies (Fryirs, 2017; Reid
756 & Brierley, 2015) have highlighted the importance of understanding these links to be able to
757  predict future channel change and better support river management strategies.

758 In the present study, we used average values of CASCADE simulations to calibrate the
759 braided threshold with p at 1.28, then determined how different degrees of sediment

760  reduction would move MC reaches toward and perhaps across the threshold for SC reaches.
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This perspective is relevant for the Vjosa where hydropower development might alter one
of the last undammed braided rivers in Europe (Peters et al., 2021; Schiemer et al., 2018).
We have shown that halving the annual sediment load could transform the Vjosa from a

braided river system to single thread.

Further studies are needed to assess the degree of accuracy of such a threshold. At what
point in the sediment concentration-Q* plane would a river that today is braided turn into a
river that is single channel? This is untested at the moment. The distinction between MC
reaches and SC reaches clearly emerge but the distinction is based on the validity of model
estimates and on the spatial distribution of reaches. What would be needed is information
on some reference reaches for which we can determine their trajectories over time. To build
such historical trajectories we need data on sediment transport and D50 for the past, which
do not exist. What is more achievable is to start monitoring these trajectories in the future
by mapping changes in channel morphology with respect to new positions in the sediment
concentration-Q* plane. Such knowledge could then be integrated into more comprehensive
assessments of how alterations in sediment load and hydrology, translate to changes in
channel form and function. Those assessments can then be used to inform management

strategies such as mining regulations or the strategic siting or removal of dams.

Conclusion

This paper presents the application of the CASCADE model to the Vjosa river. We
demonstrate how to initialize a network-scale sediment connectivity model in a context
where data on hydrology and sediment information are scarce. In order to include how
various source of uncertainties about key river attributes affect the calculation of transport
capacity, we performed a global sensitivity analysis. The GSDs generated by the model
generally match observed GSDs, except in the two downstream-most reaches where the
finest modeled sizes are underrepresented. The modeled bed load sediment fluxes
increase systematically downstream, and annual fluxes at the outlet of the Vjosa are well
within an order of magnitude of fluxes derived from previous estimates of the annual

suspended sediment load.

In addition to these results, we link simulated sediment fluxes and grain size across the
network to observed river channel planform types. We used published braiding thresholds,

which require information on water and sediment discharges, to discern MC from SC

http://mc.manuscriptcentral.com/esp



Earth Surface Processes and Landforms Page 34 of 37

793  patterns. Feeding the empirical threshold model with CASCADE outputs we are able to
794  discern these two patterns after calibrating the relative bank strength parameter. This is a
795 remarkable result because it is an additional form of validation which supports the
796  hypothesis that simulated sediment fluxes and their size distributions across the network are
797  realistic and coherently linked to observed channel patterns. It is the first time that the
798 adopted braided threshold is calculated with data generated by a sediment transport model
799 and not with field data. It is also the first time that model output is applied and validated
800 continuously at the scale of an entire river network. Inconsistency in these relationships also
801 highlights some relevant limitations of the model, related to discharge estimation and the

802  sediment equilibrium hypothesis adopted.

803 The findings presented herein advance our ability to link sediment connectivity to river
804  planform patterns and the sensitivity of the patterns to sediment management. For example,
805 a 50% reduction of sediment transport along the main stem of the Vjosa, e.g., because of
806 the proliferation of hydroelectric dams (Peters et al., 2021), would likely alter the unique
807  braided character of the river. Future applications can develop more informed strategies for
808 sediment management and tools to assess the consequences of network-scale alterations

809 in sediment connectivity and channel planform stability.
810
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