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An ephemeral gravel-bed river was monitored to evaluate morphological
changes, sediment transfers and functional sediment connectivity caused by
flood events.

Repeat photogrammetric flights provided quantification of morphological
change and sediment budgets.

The proposed systematic method for river segmentation allowed
transforming the results of the DEM of difference into sediment transport
distances and precise quantification of a river’s functional connectivity.

Relatively large volume changes, long sediment transport distances and
values of connectivity far from equilibrium (Cv-strip£1) were interpreted as
unbalanced reach morpho-sedimentary dynamics commonly associated with

gravel extraction sites.

Abstract

High-resolution topographic models have revolutionized monitoring of river
changes by comparing sequential river topographic surveys, i.e. change
detection. Nevertheless, much more may be obtained from this innovative
quantification of changes. In this paper, we enhance the interpretation of
geomorphic processes by presenting a new method for understanding of sources
and sinks of sediment, river sediment transfers and functional sediment
connectivity.

Repeat digital elevation models (DEMs) obtained by photogrammetry were used
to quantify topographic change after two floods by creating DEM of difference
(DoD) of a 6.5 km-long reach of Rambla de la Viuda stream, an ephemeral gravel-

bed river in eastern Spain. The proposed method involved dividing the channel
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into 10 m-long longitudinal strips that were used to sistematically draw boundaries
between the erosional and depositional areas of the DoD. The analysis
objectively: i) drew a series of erosional and depositional segments, from 120 to
1360 m in length, ii) estimated ranges of source-to-storage sediment transport
distances, 320-670 m in the upstream and middle reaches and up to 2030 m in
the lower reach, and iii) obtained values of functional connectivity, i.e. the ratio
between the sediment exported (erosion) and retained (deposition), ranging from
103 and 10-3. The variability in these three parameters along the river was found
to be related to the level of channel disturbance by in-stream mining during the
1990s and 2000s. Additionally, this method indicates that that main process
responsible for self-adjustment of the present morphosedimentary conditions is
intra-reach erosion of banks and channel beds. Thus, this study proposes a new
methodology to characterize morphological change, sediment transfer and
connectivity that may serve as environmental indicators of the
hydromorphological integrity of rivers with potential application to the European

Water Framework Directive.

Key words: Functional connectivity; change detection; SfIM-MVS; transport

distance; hydromorphological assessment

Twitter publicizing: A new approach to estimate sediment transfer and
functional sediment connectivity in river corridors is applied to traditional change

detection methods (DoD).
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1 Introduction

The study of morphological response of river channels to hydrological events and
human induced impacts requires a proper understanding of how sediment
transfers along river courses. This is of special interest today given that rivers are
suffering morphological changes, some of them irreversible, without a complete
understand of the rate and consequence of such changes. It is known that the
relation between discharge, sediment availability and bedload transport controls
river morphology, and therefore ecology (Lisle et al., 2001; Brooks and Brierley,
2004; Hodge et al., 2009a). However, a precise determination of these relations
are strongly limited by the difficulty of recording spatio-temporal changes on river

surface morphology and bedload transport (Hodge et al., 2009b).

Recent development in high precision and high-resolution topographic
reconstruction techniques and its application to riverine environments opened a
variety of opportunities, from extensive grain size estimations (Hodge et al.,
2009a; Hodge et al., 2009b; Wang et al., 2013), high-resolution topographic
mapping (Alho et al., 2009; Javernick et al., 2014), to change detection (Eltner
et al.,, 2017; Calle et al., 2018). Accordingly, the number of high quality
topographic data and objective quantifications of river changes increased
worldwide (Brasington et al., 2012; Flener et al., 2013; among others). The
development of topographic methods, with increase resolution and survey
frequency offers an unprecedented opportunity to quantify the relation between
morphologic changes and the actual sediment transfers. This is known as the

‘inverse approach’ or ‘morphological approach’, i.e. an inverse solution to
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estimating sediment transport through sediment budgeting (see review in Vericat
et al., 2017). In this process, repeated high-resolution digital elevation models is
key to infer sediment transfers and transport paths (Heckmann and Vericat,
2018). Inrivers, a similar approach has been used to estimate sediment transport
rates and route the sediment cell-by-cell along the channel by coupling a 2D

hydraulic simulation (Antoniazza et al., 2019).

Implicitly, quantifying sediment transfer along a river reflects in a certain way the
capacity of a reach to retain or flush sediment. This involve the rate at which water
and sediment move downstream, a quality known as sediment ‘connectivity’
(Wohl, 2017). The concept of connectivity is still relatively unclear, and its
definition and use in the contexts of water and sediment dynamics have been the
subject of longstanding controversy (Kondolf et al., 2006; Bracken and Croke,
2007; Fryirs et al., 2007; Huang and Ding, 2016; Wohl, 2017; Heckmann and
Vericat, 2018). Studies on this topic indicate that connectivity is a variable state
in a system (Heckmann and Vericat, 2018) which can be linked to the spatial
configuration of sediment pathways and reflects the “intrinsic potential” of
landscape elements to be connected, i.e. structural connectivity (Cavalli et al.,
2013). The term connectivity may also refers to the system dynamics, the actual
sediment transfer between the components of a geomorphic system at certain
time and spatial scale i.e. functional connectivity (Bracken et al., 2015). In
practice, some studies have determined structural connectivity based on physical
parameters along the fluvial system (e.g. Crema and Cavalli, 2018), but only a
few provided semi-quantitative indicators of functional connectivity (Hooke, 2003;
Lehotsky et al., 2018). Recently, Heckmann and Vericat (2018) succeeded in

precisely quantifying sediment volumes that have been deposited, temporarily
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stored or flushed using repeated DEMs (digital elevation models) on a steeply
sloping lateral moraine. Quantification of these transfers or retentions into the
same downslope pathway (sediment delivery ratios), were suggested to be a
measure of functional sediment connectivity (Heckmann and Vericat, 2018).
Similar approach, adapted to long river segments, can be used to objectively
estimate the actual sediment transfer through river reaches. Thus, the volume of
particles entrained from or retained within a river reach can be considered a
measure of functional sediment connectivity, or rather disconnectivity (Fryirs et

al., 2007; Bracken et al., 2015).

Therefore, this paper aims at applying repeated high-resolution topographic
models to: (1) quantify sediment retention and entrainment at different scales
within the river corridor based on data obtained from repeat topographic models
(DEMSs); (2) develop a method for further analysis of topographic data that could:
i) objectively determine the spatial pattern of morphological change; ii) provide
insights into the transport distances of bedload particles during floods; and iii)
assess whether transport distances and retention volumes can be used as a
quantitative measure of functional river connectivity. Finally, it also aims to (3)
discuss its applicability for assessing a river's environmental state in ephemeral
rivers considering, with the potential of being used as a tool for its

hydromorphological evaluation under the European Water Framework Directive.

2 Study Site

The study area comprises a 6.5 km reach of the Rambla de la Viuda River,

located in Castellon province (eastern Spain), with a total catchment area of 1523
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km? (Figure 1). This river reach is entrenched in Cretaceous limestone bedrock
related to a horst area of the Maestrat graben system (25-3 M.a.) (Anadén and
Moissenet, 1996; Simon et al.,, 2013). During the Quaternary era, the last
reactivation of this fault system simultaneously interacted with the fluvial
landscape generating the present alluvial valley bottoms (Simén et al., 2013). The
study reach has an average gradient of 0.0059 and a width of 30 to 125 m. Since
the 1960s, intensive in-stream gravel mining has reduced the sediment
availability in this ephemeral stream, with a subsequent recovery period from
2000 until the present (Calle et al., 2017). Generalized bed degradation and the
formation of micro-terraces (1-2 m) are also associated with gravel mining. During
the study period, the sediment size in active areas was 22.6 mm (D50), 32.5 mm

(D84) and 41.4 mm (D90) according to methods described in Section 3.3.

The Rambla de la Viuda River has an ephemeral hydrology dominated by flash
flooding. Only high-intensity rains (>70 mm/day) are able to produce runoff in the
study area (Camarasa-Belmonte and Segura-Beltran, 2001), and are typically
concentrated in winter and autumn. Autumn is the period of most intense rainfall,
usually due to atmospheric situations with cut-off lows leading to the formation of
mesoscale convective systems. The average number of rainfall events producing
streamflow over the period 1960-2000 was 2-3 per year, with an annual average
stream flow duration of 30 days (Camarasa-Belmonte and Segura-Beltran, 2001).
Major floods are an important component of this irregular hydrological regime,
with some peak flows exceeding 600 m3s' in 1920, 1962, 1969 and 2000

(Machado et al., 2017).
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3 Methods

3.1 DEMs

This study compares changes in consecutive digital elevation models (DEMs)
derived from photogrammetric campaigns. Structure from Motion combined with
Multi View Stereo (SfM-MVS) reconstruction algorithms solved cost and time
issues at a reasonable trade-off between measurement accuracy and resolution
(Verhoeven et al., 2015; Calle et al., 2018). The literature contains good
descriptions of the theoretical basis of SfIM-MVD (Snavely, 2009; Brasington et
al., 2012; Westoby et al., 2012), software functioning (Verhoeven, 2011; Jaud et
al., 2016) and its applicability in rivers (Javernick et al., 2014). This section gives
a short description of the flights and photo acquisition for obtaining DEMs, and a
more detailed explanation of SfIM-MVS methods and performance can be found

in Calle et al. (2018).

Photogrammetric campaigns followed the same approach: low-elevation aerial
photos taken from an autogyro with a hand-held camera. Photo targets (25 x 25
cm) were used for georeferencing and analysing the quality of the reconstructed
topography. Around 140 targets were deployed whose centroids were measure
with a Real Time Kinematics GPS (Trimble RTK 4700) with errors set below 0.02
in XY and 0.05 in Z. Two thirds of the targets were used as ground control points
(GCPs) and the remaining third was used as independent check points for
assessing precision and accuracy of the reconstructed surface. A summary of the
flight characteristics used during the field campaigns are shown in Table 1.
Detailed survey characteristics is carefully explained in Calle et al. (2018) and

presented in table-format as a digital supplement (‘Detailed Survey
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Characteristics’). Camera resolution, flight path and flight height were modified in
each flight to resolve the problems encountered during the campaigns (see Calle
et al., 2018, for further details). These flights captured the activity caused by two
flow events registered in March and November 2015, with a peak discharge of 98
m3s-! and 80 m3s™, total volume of 32.5 hm?® and 7.1 hm3, and 24 and 11 days of

streamflow respectively.

Photogrammetric reconstructions were carried out in PhotoScan software
(version 1.2.6). Detailed information about workflow and computation
parameters, such alignment, processing and point cloud characteristics, are
given in Calle et al. (2018) and as a supplementary data (Table of PSS:
photogrammetric survey specifications). Change detection, DEM of difference
(DoD) and volume calculations were done entirely in ArcGIS. Change detection
and DoD were obtained by subtracting the final topography from the previous
topography (Wheaton et al., 2010; Alho et al., 2011; Kasvi et al., 2013; Lotsari et
al., 2014). Active river areas were isolated from DoD using a polygon that masked
the area with changes observed in the orthophotomosaics. DoD were created
with the same spacing as the DEMs (0.25x0.25 m), and the centroid locations of

the pixels coincided exactly.

Individual errors in the DEMs and the level of detection (LoD) of the DoD were
estimated to be lower than + 0.20 m (Calle et al., 2018). The LoD considers the
propagation of error (20) of each DEM to give a general accuracy of the DoD
(Brasington et al., 2003; Lane et al., 2003). This means that all deposition

(aggradation) and erosion (incision) between 0.20 and -0.20 m have been
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excluded from the calculations, thereby avoiding methodological error in the

estimation of sediment storage and entrainment (Lane et al., 2005).

3.2 A methodology for estimating sediment transport

Our methodological approach for estimating sediment transport distances is
based on the following assumptions: 1) the active river corridor is evenly divided
into longitudinal compartments (‘strips’) that will be used as the units for
calculations; 2) each strip is considered to behave homogenously in its most
representative process, namely erosion or deposition, although it may contain
features of both; 3) sediment transport is necessarily unidirectional, and sediment
is always assumed to displace downstream; and 4) the porosity and compaction

of the sediment (estimated volumes) remains constant in space and time.

Data pre-processing and strip division was entirely conducted with ArcGIS
Desktop tools. A detailed description of its application to the DEMs and DoD can
be found in ‘Supplementary data 1’. It also includes the criteria for longitudinal
strip length selection, whose values may vary according to user’s scope and river

characteristics. In this case, a value of 10 m was selected.

The limits between adjacent strips are defined as ‘boundaries’, which are the
vertical planes that separate strips. Five types of relationship can be described
between estimated sediment volumes of an upstream (V1) and a downstream
(VO) strip (Figure 2). Depositional boundaries (type #1) allow the estimation of
transport distances by assuming that the downstream deposit is mainly
generated by upstream erosion; a similar hypothesis to the one applied by Goff

and Ashmore (1994). Two different approaches can be considered to obtain a
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range of transport distances (1 and 2): 1) if the total volume of sediment found
downstream of the boundary is considered (Figure 3, approach 1), the sediment
volume that has been eroded can be counted upstream, strip by strip, until the
balance of the total downstream sediment is reached. A maximum and minimum
transport distance range can then be estimated. A maximum transport distance
(1a) is estimated for the net volume of each strip (deposition minus erosion).
However, if only the erosive component (instead of the net component) is
considered, we obtain a minimum transport distance (1b). 2) Conversely, the
same can be estimated in the case of the total volume of upstream erosion. The
equivalent volume that has been eroded can be counted downstream of the
boundary, strip by strip, to obtain the distance from which the sediment was
exported. A maximum transport distance is estimated (2a) for the net volume of
each strip (deposits minus erosion). A minimum transport distance (2b) is
obtained if only the deposition component of the strips is considered. In summary,
the theoretical minimum and maximum transport distances bracket the range of
potential particle motion, so the minimum transport calculated by cases 1a and
2a and the maximum transport calculated by 1b and 2b include all the possible

transport distances without the possibility of any closer or farther displacements.

This conceptual model was implemented in the Visual Basic for Applications
code, calculating the maximum and minimum distance of depositional boundaries
using the data obtained from DoD. Further explanations and the actual code used

can be found in Supplementary data 2.
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3.3 Active sediment size and tracer analysis

Grain size distribution and movement of marked particles (tracers) were
investigated to validate morphological interpretations and estimated transport
ranges. Gravel-size measurements were made from 100 clasts sampled at 58
representative active bars following Wolman (1954) guidelines. Clasts were
collected every 0.5 m along two parallel 25-m segments —an adequate length
since the Rambla de la Viuda’s present bar size is ~40 m (Calle et al., 2017)—

aligned with the flow direction.

The movement of tracers was used to discuss the estimated sediment transfers.
Three stations of around 50 clasts each, ranging from 22.6-128 mm, were
distributed along the reach (see location in Figure 1-b). The stations were placed
according to the potential behaviour of the sub-reaches. They were intended to
correlate erosive, transitional and depositional sub-reaches, from upstream to
downstream. Within each station, the clasts were lined up following a cross
section, covering the main channel and active bars on both sides. The
comparison between pre- and post-flood locations of the 153 stones was carried
out with RTK-GPS measurements and then transformed into horizontal

distances.

3.4 Sediment conveyance and retention as a measure of
connectivity
River sediment connectivity has been defined as the capacity of a river reach to

retain or deposit sediment (Hooke, 2003). A measurement of the volume of

particles that has been deposited or retained along a river reach is then a
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measure of bedload sediment connectivity or rather disconnectivity (Fryirs, 2013;
Wester et al., 2014; Bracken et al., 2015; Wohl, 2017). Following this definition,
a connectivity value per strip (Cvstrip) is calculated at each channel strip as the
relation between the volume of retained sediment (deposition) and the exported
sediment (erosion) at a specific event or subsequent events (1), i.e. functional

sediment connectivity.

Erosion (1 )

Cy_ctrip = ——
V=Strp ™ peposition

This relationship implies more connectivity at strips where erosion exceeds
deposition and conversely decreases as the accumulation or deposition
increases in relation to erosion. Thus, a value of 1 expresses dynamic stability

conditions at the channel strip, where inputs and outputs are closely matched.

4 Results

4.1 Reach-scale geomorphic changes: total mobilized volumes

The primary result of the change detection process is to quantify the river’s
morphodynamics (Heckmann and Vericat, 2018), which shed light on two
additional aspects: i) sediment budget and net inputs/outputs, ii) the river’s activity

levels, and iii) the source of the mobilized sediment.

Reach scale DoD maps accounted for 166,296 m? of total mobilized sediment, of
which 73,803 m® was detected as erosion and 92,493 m? as deposition. The net
sediment input is therefore 18,690 m3; however, this value does not represent an
intuitive expression of river channel activity. For example, a net input of 0 might

indicate a river reach with a balanced deposition and erosion but a high amount
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of mobilized sediment. For this reason, the ‘relative activity’ of different
geomorphic systems may be better evaluated based on the amount of total
mobilized volumes per unit area in the active area of the study reach. Thus, the
relative activity level per unit area is therefore proposed as a tool for future
comparisons among river channels and systems. This activity value will be
dependent to magnitude and frequency of the flood event and it should be

carefully considered when comparing different systems or flood events.

In the following example, activity levels are estimated in different cases to view
its applicability. The geomorphic activity in the Rambla de la Viuda River was 0.4
m3/m?; i.e. 166,296 m? within an active area of 417,274 m2. In contrast to the net
input, this is comparable with other rivers and regions. For instance, processes
that are supposed to produce high activity levels in channels, such a lake-
breakout in New Zealand (Procter et al., 2010), generated a value of 1 m3/m?
(total affected area of 7 x 108 m?; erosion of 5 x 10 m3; deposition of 2 x 106 m3).
As another example, in a braided river in a natural regime in Scotland (Wheaton
et al., 2010), a maximum activity index of 0.17 was estimated over several
surveys (total affected area of 1.15 x 10* m?; erosion of 11162 m3; deposition of

8882 m3).

Another direct use of DoDs is its capacity to highlight the source of the mobilized
sediment. In the study period (2015-16), the reach was fed by a positive net
gravel volume of 18,690 m3. This value is considered the minimum sediment
income from upstream —and this is important— since a certain amount of sediment
particles may have been transported through our study reach without being

stored. This net sediment input to the system, in relative terms, corresponds to
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less than 20% of the total deposited sediment and only 10.4% of the total
mobilized sediment. Hence, bed and bank erosion, the two main processes
identified, were the main source of the sediment (73,803 m?) that moved along
the reach. This agrees with the observations made in Calle et al. (2017), which
revealed a continuous exhumation of rocks and older materials 30 years after the
discontinuation of intensive in-stream gravel mining. This finding supports a long-
term self-adjustment of streams affected by gravel mining, especially as a
consequence of the local erosion and remobilization of sediment at the reach

scale.

4.2 Sub-reach scale geomorphic interpretations

The previous section described how mobilized volumes provide information on
morphodynamics by standard DoD calculations. However, more information can
be obtained from a DoD when applying the methodology presented here, i.e. by
dividing the DoD into strips (Supplementary material 1) and automatically
identifying boundary types (Supplementary material 2). This offered insights into
morphologic patterns of change, sub-reach-scale mobilized volumes and ranges

of sediment transfer.

4.2.1 Longitudinal patterns of morphological change

The automatic strip division produced 660 strips, 10 m in length, where erosion,
deposition and net change (Figure 4Error! Reference source not found.-b) can b
e calculated individually. Automatic clustering of areas with similar behaviours
produced 34 clusters: 17 depositional and 17 erosional (Figure 4Error! R
eference source not found.-c), which displayed a successive pattern of erosion

and deposition couplets. The lengths of these clusters and the mobilized
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sediment volumes they contained (Table 2) were far from homogeneous; from 10
to 1050 m in length and 80 to 45867 m?3. Additionally, the sum of only nine clusters
from this heterogeneous distribution of cluster lengths and sediment volumes
accounted for 75% of the total length of the reach and 81% of the total mobilized
sediment volume (namely clusters 2, 3, 12, 25, 27, 28, 32, 33, 34; from up to
downstream in Figure 5-b). This pointed to the different behaviour of areas with
shorter clusters compared to areas with longer clusters (in the same floods in the
study). Longer clusters mobilized the largest amount of sediment, and can be
interpreted as an indicator of unbalanced morphosedimentary dynamics and the
general adjustment conditions of the river. The highest ratios of sediment volume
per unit length (last column in Table 2) are located in the lower reach (between 0
and 2250 m), which, in addition to their length and total volume, is indicative of
downstream morphosedimentary instability. We speculate that these segments
are related to in-stream mining since these activities were especially intense in
this area, as part of the strategy deployed to prevent the siltation of the Maria
Cristina reservoir (located 3 km downstream). The rest of the clusters,
significantly smaller, are thought to reflect local controls and processes induced
by local changes in channel geometry, for example. Figure 4Error! Reference s
ource not found.-c shows how these small variations are concentrated between
4500 and 5800 m of the reach and rarely appear elsewhere. These rapid changes
could also indicate that transport capacity is close to the threshold, so minor
changes in channel geometry are driving the sediment entrainment. We consider
that these areas may be somewhat adapted to the new morphosedimentary

dynamics.
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4.2.2 Sub-reach-scale mobilized volumes: segments

Figure 4Error! Reference source not found.-b shows sediment balance and t
otal sediment input within each cluster, where cylinders give visual guidance
about the spatial distribution of mobilized sediment volumes along the reach.
Table 2 also shows the eroded and deposited volume, the net balance (deposits
minus erosion) and the total mobilized volume of sediment (deposit plus erosion)
for each segment. Both, Figure 4 and Table 2, reveal that the greatest deposition
and erosion occurred in the most downstream area of the reach (segments 10

and 11), accounting for 45% of the total mobilized volume (see Table 2).

4.2.3 Estimating sediment transfer

The computed strip division shows eighteen depositional boundaries (type #1)
along the reach, where the erosive segment exports sediment directly to a
downstream depositional segment. Sediment transport calculations from and to
these eighteen depositional boundaries provide ranges of sediment transfers
(maximum and minimum sediment displacements). The results obtained at
boundaries #105, 513, 543, 647 and 659 (marked as with an asterisk (*) in Table
3) are of particular interest. In the downstream boundary (#105), the results show
a maximum distance of up to 5550 m, which evidences the need of sediment
travelling across the entire reach to explain this deposition. At the same
boundary, the estimation of the minimum displacement was 2030 m, describing
a motion range of 2030 m to over 5550 m. In the case of depositional boundaries
#659 and #647, the upstream minimum displacement approach obtained enough
transfer distance to explain the upstream sediment input, which in fact constitutes
the mathematical evidence of sediment input from the upper limit of the analysed

system. A part from previous examples, minimum and maximum sediment
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mobility ranges were computed at each depositional boundary, and provided

information on the variations in these values along the reach (see Table 3).

Conversely, when considering the upstream accumulated net erosion and its
comparison and balance with downstream deposits, none of the downstream
maximum or minimum distances can be seen to attain the outlet of the reach.
This means that none of the sediment eroded inside the reach is sufficient to
demonstrate mathematically that it is carried through the most downstream strip,
i.e. strip no. 0. Eroded sediment is thus always deposited before the downstream
limit of the reach (so no asterisk in ‘Downstream maximum and minimum’

columns of Table 3).

4.2.4 Tracers

Marked particles were used to compare the results of sediment entrainment and
the travel distance of discrete gravel and boulder particles with displacements
calculated from DoD. The estimated distances and characteristics of tracers that
moved more than one strip distance are shown in Table 4. The recovery rate was
28%, but only 11% considering stones that were transported over one metre. The
marked particles that coincide with erosive segment 6 (see upper yellow lines in
Error! Reference source not found.-c) rolled downstream 328 mand 162 m, i.e p
ebble U62 and U58, with weights of 0.8 and 2 kg respectively. The middle site is
located in depositional segment 7, where pebbles M06 and M10 rolled 72 m and
59 m, weighing 0.2 and 1 kg respectively. The marked particles located in
segment 11 were buried and did not show any movement. These results
evidenced, a priori, a good correlation between particle movement and estimated

sediment transfers.
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4.3 Functional connectivity

In our case study, the connectivity values (Cv-strip) from DoD apply to the
accumulated effects of two moderate magnitude floods. Figure 5 shows the
longitudinal connectivity values (c) and their relationships with deposition, erosion

(@), and net volumes (b).

Lower values of Cvstip (below 1) highlight the strips where deposition
predominates, which imply a decrease in connectivity (e.g. segment 11; 0 to 1000
m) due to reduced sediment conveyance further down. It does not mean that it
has no transport coming from upstream, it indicates the storage of the mentioned
incoming sediment. Conversely, higher values (above 1) highlight the dominance
of erosion processes (e.g. in segment 10; 1000 to 2000 m) which indicate that
sediment connectivity is increasing given that sediment entrainment is high.
Values of about 1 (e.g. segments 5 and 4; 4000 to 6000 m) indicate sediment

balance, i.e. erosion and deposition are equal in magnitude.

5 Discussion

5.1 Boundary significance

A morphosedimentary significance can now be added to the boundaries
mathematically defined in section 3.2. Boundary types #2 and #4 represent
depositional and erosive continuity respectively, and are found in clusters where
depositional or erosive processes remain dominant. Type #5 was not found in
this study, but its presence may indicate either no change or an equilibrium in the
erosion-deposition budget in the river channel (net volume = 0). Type #1 and #3

boundaries signal changes in the river channel behaviour from erosive to
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depositional conditions or vice versa. Evidence of these boundaries in the field is
shown in Figure 6. Boundary type #1, known as a depositional boundary, reveals
the most interesting geomorphic relationship since, in the simplest scenario, a
direct longitudinal connectivity can be assumed between them. The upstream
eroded sediment is most likely to be represented by the downstream deposited
sediment. In this sequence, the upstream erosion cluster (exemplified in Figure
3) concentrates flow and produces an excess of energy that enhances banks and
riverbed erosion. This may be exacerbated in streams affected by gravel mining,
as they previously had the condition of hungry waters (Kondolf, 1997).
Downstream, as the flow loses confinement, the channel becomes a depositional
cluster where previously eroded sediments are most likely to be deposited (see

field examples of Figure 6).

In contrast, boundary type #3 (erosive boundary) represents a change in
behaviour from a depositional to an erosive channel, as the streamflow loses
transport capacity and sediment load. Two different types of erosional boundaries
have been identified. The first is a situation where boundary limit #3 does not
imply a disruption in sediment continuity (e.g. Figure 6-c). These conditions are
evidence of a highly functional downstream connectivity. The second is a
configuration where this boundary is also accompanied by scarce or null
sediment continuity (Figure 6-b), and is clearly indicative of a lack of functional
connectivity due to sediment scarcity. The latter case corresponds to highly
altered reaches where the sediment wave advances towards geomorphic “dead”
areas in a naturally-induced recovery process. The ultimate field representation
of this is the lobe-shaped bars described in Calle et al. (2015), also well

represented in Figure 6.
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The pattern changes in boundary types #1 and #3 is what this method highlights
the most effectively. We believe this to be a particularly useful finding in view of
the fact that these behavioural changes are not usually very evident in field
observations and it is particularly difficult to draw lines between reaches with
different morphosedimentary behaviour through a traditional geomorphological

map.

5.2 Sediment motion and connectivity

The spatial pattern of morphological change is related to bedload transport
(Ferguson et al., 1992). Consequently, we used a DoD, the ultimate expression
of change, to estimate the transfer of sediment between erosion and deposition
sites. Nevertheless, the limitations of this technique should be noted. DoD
analysis cannot track individual bed particles; it detects the surface changes,
regardless of particle size, from which a range of sediment motion can be derived.
Further field texture sampling of the active area is what gives an idea of the size
of the sediment associated with this movement. Sediment transfers are
calculated based on the simplest and least energetic explanation for moving bulk
sediment, but may also include several steps separated by rest periods during a
single event or events. After considering these assumptions, a comparison with

the other estimated parameters is possible.

According to the results, a high connectivity value, such as the ones associated
with segments 6 or 10, is related to the highest downstream estimated transport
distances, highest eroded volumes and long erosive clusters. These conditions
match a generalized low level of sediment availability, high transport distances

and therefore less sediment retention. Lowest connectivity values, e.g. segments
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9 and 11, are related to high upstream transport distances, highest deposited
volumes and longest depositional clusters, and therefore high level of sediment
retention. These high or low Cystrip values predominates in the lower segments of
the reach (Figure 5-a), which has the highest amounts of erosion, deposition,
transport distances and abrupt changes in connectivity. On the contrary, Cy-strip
values close to 1, e.g. segments 3, 4 and 5, coincide with alternating erosive-
depositional clusters, low volumes and short clusters that suggest short-duration
particle motions, dynamic stability, a close threshold of entrainment of the bed

material, and a certain level of recovery (compared to segments 9-11).

This also correlates well with the tracer transport distance, although these are
discrete data. Estimated transport distances are fairly close to the recorded tracer
transport, e.g. 310 m recorded on a marked 64 mm gravel particle and from 10
m to 230 and 370 m estimated with downstream minimum displacement for the
boundaries 443-485 (see Figure 4Error! Reference source not found. and T
able 3). However, tracers located in the middle and lower sites had lower
transport rates or even no transport. This contrasts with increasing path length
values calculated further downstream, and could be due to the following main
reasons: i) not enough pebbles have been set for the experiment; ii) pebbles that
experienced longer transport distances were not found after the flood; iii) pebble
movement in depositional clusters does not reflect actual step lengths (Figure 7-
a and -b); iv) the calculated transport lengths are a measure of bulk sediment
displacement that cannot be compared to individual step lengths; and v) the
recovered pebbles had a D50 of 64 mm and active bars had a D50 of 22.6 mm.

Hitherto, no objective reason can be selected and more experiments should be



518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

carried out to determine the reason for this difference on estimated transport

distances.

5.3 Discussion of the applicability of the method

5.4 Implications for river management in Mediterranean regions

Within the European Framework Directive, the sources, transfer and retention of
sediment have become a focus of research for river management and restoration
in many Mediterranean rivers (Nikolaidis et al., 2013; Sanchis-Ibor et al., 2017,
among others). A broad understanding of ephemeral river dynamics can be
achieved by combining DEMs and the methodology presented here. In this
context, where estimation of hydrological, biological and physico-chemical water
parameters usually fails, connectivity may serve as a basis for assessing fluvial
resilience to perturbation, applied to management strategies (Bizzi et al., 2016).
Our findings suggest that short erosive-depositional strip clusters (< 400 m,
according to Figure 5-b) and short step lengths are indicative of sediment
restoration, geomorphic diversity and river recovery. In practical terms, river
segments with connectivity values close to 1 show a positive recovery and
balance of morpho-sedimentary dynamics. Conversely, a high connectivity value
denotes highly perturbed conditions which, in the case of sediment-starved
reaches, may have important consequences in terms of potential geomorphic

recovery over human time scales (Brooks and Brierley, 2004).

In-stream aggregate mining is one of the most common human perturbations
carried out on rivers worldwide. In Mediterranean regions, it was used to prevent

sediment siltation in reservoirs, as a flood prevention practice, and as a source
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of aggregate material for the construction sector. These mining activities have led
to environmental problems and geomorphological disruptions with impacts on
sediment load and channel geometry (Kondolf, 1997; Hooke, 2006; Downs et al.,
2013; Calle et al., 2017; Sanchis-lbor et al., 2017). Aggregate extraction produces
sediment exhaustion, gravel bed compaction and a decrease in hydraulic
roughness, among other phenomena, affecting river landform development,
sediment transport and connectivity (Hooke, 2006). Our findings pointed out that
the role of in-stream mining was critical in increasing sediment yields downstream
from reworked alluvium. In those sites, the increased flow competence through
channel incision, lead to coupling the longitudinal channel components (Fryirs
and Brierley, 1999) which suffers the next decoupling due to subsequent intense
deposition and formation of lobe-shaped bars (Figure 6, black dashed line).
These bars are diagnostic landforms of altered rivers by gravel mining (Figure 5;
Calle et al., 2015) and were also described in eastern Spain by Sanchis-lbor et
al. (2017), in southern Spain by Hooke (2003), and in other Mediterranean rivers
(Calle et al., 2017). The methodology presented here can automatically detect
these features, which have been redefined in this paper as ‘depositional
boundaries’. The potential of this method lies precisely in the automatic
identification of these diagnostic features that can be now used to detect
sediment-related environmental problems in any river system where a DoD is

obtained.

6 Conclusions

In this paper, we propose a reproducible and automated method for analysing

repeat topographic models of river channels, which focuses on to the
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geomorphological interpretation of a DoD. The described method allows
objectively to infer i) the spatial pattern of morphological change, ii) the sediment

transfer volumes and distances, and iii) the functional sediment connectivity.

This new approach of understanding outputs of DoD applied to the example of
Rambla de la Viuda has resulted in a deep understanding of the geomorphic
processes acting in the studied reach. Bed and bank erosion were pointed out to
be the main source of sediment contributing to a self-adjustment of the reach
exerting a positive influence on morphologic reactivation and short-term river
recovery. Further analysis discovered and mapped a sequence of coupled
erosion-deposition segments (clusters) at reach scale. The length and sediment
volume of these sequences is sensitive to the channel dynamic equilibrium.
Larger clusters (>400 m) occurred in areas of historically intense mining and a
higher degree of instability. Shorter clusters denoted proximity to the transport
threshold and thus a higher degree of morphodynamic balance or geomorphic

recovery.

Estimation of sediment transfers and transport distances is an additional tool that
helps understanding the reach scale sources and sinks of sediment that this
method provides. The method used a longitudinal strip division of the studied
reach to estimate maximum (a) and minimum (b) transport from upstream (1) and
to downstream (2) of key boundaries (Type#1). The range of sediment transfer
based on DoD maps, together with the presented method, was found to correlate
well with surveyed travel distances from tracers located in erosive clusters, i.e.
maintained erosive conditions. Conversely, the estimated displacements of

tracers allocated on depositional segments did not match most likely due to
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buried tracers. In this sense, additional tracer information, by adding more
frequent tracer stations or new recovery method, would increase validation of the

model over the whole studied reach.

Functional sediment connectivity (Cv-strip) was estimated as the ratio between the
sediment exported (erosion) and retained (deposition) in each channel strip (10
m in length). High longitudinal connectivity was associated with long erosive
clusters and low longitudinal connectivity to long depositional clusters. Higher and
lower values of connectivity were found associated with sediment disruptions
caused by mining, in our case at the downstream reach. Balanced values of
erosion and deposition gave Cvstip values close to 1. These values are
associated with shorter clusters, indicating a certain degree of adjustment or a

dynamic equilibrium of channel conditions.

From an environmental perspective, the degree of sediment connectivity strongly
influences the system geomorphic resilience to natural (e.g. floods) and human-
induced disturbances (e.g. land use change or instream mining). This new
method of understanding DoD will contribute to: i) a more effective interpretation
of morphosedimentary dynamics and connecitivity, ii) increase river behavioural
predictability (Hooke and Mant, 2002), iii) improve the quantification of its
environmental state (Wohl, 2017), and iv) also help to establish acceptable
geomorphic recovery targets that may contribute to implement realistic and
sustainable river rehabilitation practices from an hydromorphological point of view

in the framework of the EU Water Directive.
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Table 1: Summary of photogrammetric survey characteristics. ‘Overlap’ is the mean number of
projections of points. ‘N. of targets’ refers to the number of targets used for the topographic
reconstruction and ‘Target type’ to mobile targets (M) and fixed targets (F). Further information may
be accessed in the photogrammetric reconstruction table of the supplementary information and in

Calle et al. (2018).

Fight Nomin Sensor Sens Came Focal O N.of Tar Point- DEM

al or ra lengt ve targ get cloud resoluti
flight Size res. h rla ets typ density on
height (mm) (pix) (mm) p e (pts/m?  (cm/px)
(m) )
F-1 120 Cannon 7.6x 4000x 74 21 143 M 515.8 5.58
PowerS 5.7 3000
hot G9
F-3 75and Nikon 23,5 6000x 18-36 29 138+ M+ 1295.4 3.11
150 D5500 X 4000 67 F
15.6
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Table 2: Total volume and mobilized volumes at clusters.

Segment Number Segment Deposition Erosion Net volume Total

of length (m3) (m3) (m?3) mobilized
clusters (m) volume

(m?)
1 1 120 1083 -2924 -1841 4007
2 1 330 8518 -4581 3937 13098
3 5 450 1903 -4173 -2270 6076
4 7 690 7566 -2987 4579 10552
5 10 680 2373 -5166 -2793 7538
6 3 1360 2090 -14501 -12411 16591
7 3 740 10206 -4257 5948 14463
8 2 140 3729 -7849 -4120 11578
9 1 200 7610 -1040 6569 8650
10 1 830 6466 -21409 -14943 27874
11 1 1050 40950 -4917 36033 45867
Total 34 6590 92493 -73803 18690 166296
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Table 3: Estimated maximum and minimum displacements at type #1 boundaries. Boundaries are
numbered from downstream (0) to upstream (660) according to the direction of movement in the
code calculations. Upstream maximum displacement: theory 1a. Downstream maximum
displacement: theory 2a. Upstream minimum displacement: theory 1b. Downstream minimum

displacement: theory 2b.

Upstream Downstream Upstream Downstream

Boundary maximum maximum minimum minimum
(#) displacement displacement displacement displacement
(m) (m) (m) (m)

647 *130 170 *130 80
576 10 480 10 360
573 10 90 10 10
569 90 50 40 20
554 250 60 50 20
543 *1170 20 520 10
513 *1470 40 280 30
485 20 4470 20 370
455 10 4150 10 230
452 10 4110 10 10
437 20 3960 10 230
433 60 10 10 10
366 20 3240 10 930
296 500 2490 470 670
223 20 250 10 10
208 1550 100 100 90
105 *5550 570 2030 500
Mean 605 207 1366 201




792 Table 4: Table with the tracer results showing only the pebbles that were transported more than one
793 strip (~10 m). The upstream site is represented with the letter “U”, and the middle site with “M”. None
794 of the particles in the most downstream segment were displaced and are therefore not displayed in

795 this table.

Displacement . Weight Axes (cm) Sieve
Code P (m) Strips g(g) a b c (mm)
U31 22.9 2 520 10.1 8.9 4.2 64
ue7 31.7 3 1137 11.2 9.6 74 64
U62 328.5 31 847 10.2 9.6 6.9 64
Us8 162.7 17 2020 13.2 11.2 95 90
M21 11.6 1 1518 13.4 11.5 6.4 90
M24 12.2 1 1551 11.7 10.8 74 0
M08 13.9 1 2226 14.7 12.6 84 90
M16 23.5 2 273 7.3 6.0 5.0 45
MO01 33.3 3 362 8.1 7.6 4.5 45
M70 52.9 6 215 8.0 6.1 3.9 45
M10 594 6 1091 12.3 10.1 74 64
Mo06 72.6 7 246 8.2 59 3.5 45

796

797
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750000

Normal faulting
and alluvial
graben fill deposits

Figure 1: Rambla de la Viuda River in the European and watershed contexts (a) and reach context

(b). The figure on the right shows two examples of erosive (c) and depositional (c) areas in the field.
The labels of the main towns correspond to Castellén (Cas.), Vall d’Alba (Val.), Costur (Cos.),

Villarreal (Vil.) and Benicasim (Ben.).

Type #1 Type #2 Legend

Flow

V1<O VO>0 V1>O V0>0 3 direction
Deposition

D area
Erosion

D area

Depositional boundary Depositional continuity

Type #3 Type #4 Type #5
V>0, V<0 V,<0, V<0 ViV,

Erosive boundary Erosive continuity Mixed

Figure 2: Conceptual boundary definition and types. “Vx” denotes estimated volume from DoD
calculations. Boundary type #1: V0>0 and V1<0 (depositional boundary): upstream erosion and
downstream deposition; type #2: V0>0 and V1>0 (depositional continuity): upstream deposition and

downstream deposition; boundary type #3: V0<0 and V1>0 (erosive boundary): upstream deposition
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and downstream erosion; boundary type #4: V0<0 and V1<0 (erosive continuity): upstream erosion
and downstream erosion; and a hypothetical type #5 boundary: V0=V1 (balanced limit) was found:

net volumes are balanced or close to 0 both upstream and downstream.

Erosive segment

Depositional segment

oy B P Accumulated NET
<2 8 = volume: +275 m3
& -25m’ __1
¥ o 1
L Y s 3
& 50m | \
“ e |

Approach 1

Approach 2

Downstream deposition (275 m?) needs an
extra sediment input from upstream (175 m?) to
be explained.

Upstream remobilization of sediment (175 m?) can be fully
explained with downstream deposition (275 m?).

Thus, sediment particles must have come from Thus, sediment particles must have been displaced at least
> 50 m (will appear as *50 m? in Table 3). 20m (=175 md).

Figure 3: (A) example of path length calculations at depositional boundaries (type #1).
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Figure 4: a) Spatial pattern of morphological change (erosion and deposition areas) obtained from
DoD. b) Strip segmentation results with the net volumes of each segment, proposed segments and
sediment volumes (cylinders). c) Clustering and boundary type definition. d) Results of approach 1b
and 2b, i.e. minimum estimated travel lengths. Note that the yellow lines show displacements

measurd with tracers.
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Figure 5: a) Deposited and eroded volume b) net volume and c) connectivity value (Cv.strip) across
the reach plotted in a logarithmic scale. Dotted lines divide the 34 clusters and correspond to

boundary #1 and #3.
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Lobe-shaped bars

Boundary

Flow directions

Figure 6: Boundary type #1 (a) and #3 (b and c). The middle and lower pictures show the differences
between type #3 with no sediment continuity (b) and sediment continuity (c) indicating different

states of sediment connectivity. Flow is always from left to right.
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Figure 7: Example of pebbles used as tracers for the

segment 11 (a and b) and erosive segment 6 (c).

analysis. They are shown in depositional



