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Abstract

This paper is the first of a pair that report the findings of a river rehabilitation project

centred on the reconnection of a formerly diverted headwater tributary (Ben Gill) to its

main-stem river (the River Ehen). The present paper describes the geomorphic evolution

of the tributary in the 2 years following its reconnection, with a particular focus on

assessing the volumes of sediment now being supplied to the main-stem Ehen.

Structure-from-Motion photogrammetry was used to produce Digital Elevation Models

(DEMs) of the newly connected tributary, with successive DEMs compared to assess

topographic changes in the channel and quantify volumes of material exported. 3D errors

in the DEMs were small relative to the scour and fill observed in the channel (error

0.016–0.056 m compared to up to 1.7 m vertical change between consecutive surveys).

Erosion was the dominant process in the tributary channel, though this varied spatially

and temporally. Over the 2-year period, an estimated minimum of 384 m3 of coarse sedi-

ment was exported from Ben Gill and delivered to the confluence zone, where a new bar

feature developed as a result. This estimate is twice as high as earlier ones. Analysis of

the growth of this bar suggested that much of the material supplied by Ben Gill remains

here temporarily, with onward conveyance constrained by the competence of the regu-

lated main-stem. The work shows that, thanks to the reconnection, this small (0.55 km2)

ephemeral tributary (flowing for only around 20% of the time) has become a key source

of sediment for the main-stem Ehen. The second in the pair of papers focuses on the

geomorphic responses of the main-stem to this renewed supply of sediment.

K E YWORD S

catchment scale, connectivity, river Ehen, river rehabilitation, sediment transport, SfM

photogrammetry

1 | INTRODUCTION

Catchment-scale connectivity is recognised as important for the

healthy functioning of fluvial ecosystems (Fryirs, 2013; Fuller &

Death, 2018; Wohl, 2017), with sediment connectivity considered an

important component of this (Bracken, Turnbull, Wainwright, &

Bogaart, 2015). Disconnection of rivers from their sources of water

and sediment (i.e., the loss of connectivity) affects their transport

capacity and sediment supply and, consequently, sediment dynamics

and loads in downstream river reaches. For instance, dams are capable

of trapping virtually all of the coarse sediment transported by rivers

(e.g., Batalla & Vericat, 2011; Tena, Batalla, & Vericat, 2012; Vericat,
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Batalla, & Garcia, 2006; Williams & Wolman, 1984), and this discon-

nection has major implications for fluvial processes and conditions

downstream (Gaeuman, 2012; Kondolf, 1997). Instream gravel mining

(Kondolf, 1994) and changes in land use and land cover also alter sedi-

ment supply (e.g., afforestation, Buendía et al., 2016), with the latter

influencing transport capacity due to changes in runoff. Small scale

flow regulation, including that resulting from weirs and the diversion

or disconnection of tributaries, can also affect sediment dynamics in

main-stem rivers (Quinlan, Gibbins, Batalla, & Vericat, 2015).

The consequences of disconnection for fluvial dynamics in down-

stream river reaches have been studied extensively, although less so

for small dams (e.g., “run-of-river” impoundments, Csiki & Rhoads,

2010), and depend on factors that include dam operation, the magni-

tude of changes in flow and flood regimes, and channel characteristics

(Kondolf, 1997). Disconnection results in adjustments to geomorphic

conditions that include incision, armouring, vegetation encroachment

and simplification of channel morphology, and such adjustments have

been observed in regulated rivers around the world (e.g., Batalla &

Vericat, 2011; Church, 1995; Kondolf, 1997; Pitlick & Wilcock, 2001;

Sear, 1995). In addition, aggradation can be observed in rivers where

flow regimes have been reduced to the point that they can no longer

carry the sediment supplied by tributaries (Kondolf, Podolak, &

Grantham, 2012), or when this sediment is coarser than that normally

transported by the receiving system (Ferguson, Cudden, Hoey, &

Rice, 2006). In such cases, the role of tributaries in downstream recov-

ery is crucial from both sedimentary (Tena et al., 2012) and hydrologi-

cal (Piqué, Batalla, & Sabater, 2016) perspectives. The supply of

sediments from such tributaries can also increase habitat heterogene-

ity (Rice, 2017), and so may be ecologically important.

Consequences of the physical alteration of rivers, and particularly

sediment depletion, extend across all aspects of their ecology

(e.g., invertebrates, Boon, 1988; fish, Allan & Castillo, 2007; algae,

Ponsatí et al., 2015) including processes and feedbacks (length of the

food-chain, Wootton, Parker, & Power, 1996; food-web transfer of

energy, Parker & Power, 1997; nutrient processing, Abril et al., 2015).

Recognition of the problems of sediment starvation and fluvial adjust-

ment has led to widespread river restoration or rehabilitation efforts.

There are two ways that sedimentary activity can be re-instated as

part of such efforts: (a) by feeding the river artificially (i.e., gravel aug-

mentation), or (b) by restoring connectivity pathways (e.g., sediment

pass-through and/or dam removal, Foley et al., 2017; Espa et al.,

2019). Gravel augmentation has become a widespread and common

practice to mitigate the effects of reductions or total cessation of sed-

iment supply (Brousse et al., 2019; Gaeuman, 2012; Habersack &

Piégay, 2008; Kondolf et al., 2014), and is most often used in upland

rivers where coarse sediment is a critical component of the habitat of

economically and culturally important salmonid fish. However due to

the high cost of such artificial augmentation, and the fact that benefits

may be short-lived (Harvey, McBain, Reiser, Rempel, & Sklar, 2005),

other options are needed. A high sediment conveyance can be

achieved when sediment connectivity is high (e.g., Fuller, Large,

Charlton, Heritage, & Milan, 2003; López-Tarazón, Batalla, Vericat, &

Francke, 2009). Restoring connectivity pathways with natural sources

of sediment, when possible, may therefore represent a more suitable

alternative to artificial augmentation. However, other than the

increasing number of dam removal initiatives, examples of projects

reconnecting affected channels to sediment source areas remain few.

The River Ehen (NW England) has suffered from reduced sedi-

ment supply and flow competence due to the construction of a weir

and the diversion of a tributary (Quinlan, Gibbins, Batalla, &

Vericat, 2015). The result of these changes is that riverbed conditions

have become suboptimum for the freshwater pearl mussel (Mar-

garitifera margaritifera L.), an endangered species threatened through-

out its Holarctic range (Young, Cosgrove, & Hastie, 2001) that is

present in the Ehen (the river supports the largest population

remaining in England, Killeen, 2006; O'Leary, 2013). Improving the

suitability of bed conditions for mussels is essential for their conserva-

tion (Quinlan et al., 2015), both at the reach and catchment scales

(Gumpinger, Hauer, & Scheder, 2015). Accordingly, over the last

decade the River Ehen has benefitted from a catchment-wide restora-

tion scheme, which most notably includes the reconnection of a head-

water tributary, Ben Gill. This tributary is recognised as being an

important source of fine and coarse sediment to the main-stem

(Marteau, Batalla, Vericat, & Gibbins, 2017, 2018), so the aim of the

reconnection has been to reinstate more natural (dynamic) fluvial pro-

cesses in the Ehen and counteract the ongoing degradation of physi-

cal habitat that resulted from flow regulation and tributary diversion.

The overarching goal of the work described in the present and its

companion paper (Marteau, Gibbins, Vericat, & Batalla, 2020) was to

understand how reconnecting rivers to their sources areas, as an alter-

native to artificial gravel augmentation at a given point in time and

space, influences fluvial processes and geomorphic conditions. The

present paper reports on the geomorphic evolution of the tributary

following its reconnection to the Ehen, as well as the volumes of

coarse material eroded from its channel and delivered to the main-

stem. Its specific objectives are: (a) to quantify the volumes and tem-

poral dynamics of coarse sediment delivered from the reconnected

sub-catchment, and (b) to assess the development of a newly formed

confluence bar and its role in mediating the interaction between this

sub-catchment and its main-stem. Marteau et al. (2020) present infor-

mation on the geomorphic responses of the river Ehen to this ren-

ewed delivery of coarse material.

2 | STUDY CONTEXT AND AREA

2.1 | The catchment and the river

The Ehen is a 24.6 km long river flowing south-westwards from

Ennerdale Water to the Irish Sea (Figure 1a,b). Ennerdale Water and

the upstream River Liza drain a 44.5 km2 catchment. The lake is a nat-

ural glacial relic and an important local supply of drinking water.

Actions were taken in the past to improve its storage capacity, includ-

ing the construction of a 1.3-m high weir (1902) and the diversion of

Ben Gill (the main headwater tributary of the Ehen) to the lake

(1970s). Ben Gill is a first order ephemeral tributary, with a small
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(0.55 km2) and steep catchment (mean catchment slope: 25%). It flows

for <25% of the time and is very responsive to local rainfall events

(Marteau et al., 2018; Quinlan, 2014). The diversion involved the low-

ermost 300 m of Ben Gill channel being filled, with water redirected

to the lake via an underground culvert. The upper part of the stream

(c. 85% of its total length) was left untouched, and sediment delivered

to the culvert entrance was retained by a grill and removed periodi-

cally and used by local people. In the 50 years since its diversion, Ben

Gill has been unable to deliver its water and sediment loads to the

main-stem Ehen.

2.2 | The Ehen restoration project

The presence of mature pearl mussels in the river Ehen (individuals

more than 100 years old, Killeen & Oliver, 1997) indicates that habitat

conditions must have been adequate for survival and reproduction

prior to the diversion of Ben Gill. However, the current lack of juve-

niles (indicating a lack of recruitment) implies that this is not the case

anymore (Killeen & Moorkens, 2013; O'Leary, 2013) and can be at

least partly attributed to shortage of suitably coarse sediment in the

Ehen and lack of geomorphic activity that have resulted in a heavily

paved bed (Brown, Butterill, & Bayliss, 2008; Quinlan, 2014; Quinlan,

Gibbins, Batalla, & Vericat, 2015).

Despite the relatively small size of Ben Gill catchment compared

to that of the Ehen, most of the geomorphic changes in the upper part

of the river can be attributed to the disconnection of this tributary.

Although changes in land-use and management practices have been

observed upstream from Ennerdale Water (deforestation, mineral

extraction, increase in grazing; O'Leary, 2013) the potential conse-

quences of these for the Ehen have been smothered by the presence

of the lake which acts as an efficient sediment trap from which virtu-

ally no coarse material escapes (Brown et al., 2008). During drawdown

periods, gravel deposits are evident along the shores of the lake

(Brown et al., 2008) and near the weir (pers. observations), from which

there may have been some limited extraction in the 1920–1940s

(Alvarez-Codesal & Sweeting, 2015). The engineering works related to

different phases of construction and enhancement of the weir, includ-

ing the addition of a fish pass, have contributed to the sediment clear-

ing and channel widening in the immediate vicinity of the weir

(Alvarez-Codesal & Sweeting, 2015; Brown et al., 2008), although

geomorphic conditions further downstream cannot be attributed only

to these local actions. Moreover, the age gap identified in the pearl

mussel population of the upper Ehen coincides with the disconnection

of the headwater tributary (Killeen, 2006). Geomorphic alterations are

dampened once the next downstream tributary, Croasdale Beck, pro-

vides an undisturbed supply of coarse material (Gibbins et al., 2004).

All evidence at hand therefore points to the importance of Ben Gill

for the geomorphic activity of the upper Ehen. Concerns over the

deterioration of geomorphic conditions in this part of the river created

the impetus for the reconnection of Ben Gill.

To reconnect Ben Gill catchment to the Ehen, the lower part of

the tributary channel (i.e., that below the diversion culvert) was re-dug

so as to follow its original (pre-diversion) course. This work took place

in late summer 2014. The new channel was 5 m wide and 0.5 m deep

on average, and designed to convey an estimated 100-year flood (esti-

mated as 80 m3 s−1 United Utilities, 2012). This re-engineered

section cuts across an alluvial fan and is approximately 300 m long,

with an average slope of 9.4%. It was lined with cobble-size material

(between 20 and 250 mm b-axis) with a few larger boulders along the

sides (see fig. 1C in Marteau, Vericat, Gibbins, Batalla, & Green, 2017

and Figure S1). The new channel was dug sequentially from top to

bottom, with the final section (i.e., where it meets the Ehen, c. 25 m

downstream from the weir, Figure 1c) excavated on October 3, 2014.

Completion of this final section effectively reconnected Ben Gill to

the Ehen, with the first flows occurring the following day. Since then,

F IGURE 1 Location of the river Ehen study area. (a) Within the UK. (b) Digital Elevation Model of the Ehen catchment. (c) The study site,
showing the upper Ehen, Ben Gill and the confluence area. The weir at the lake outlet is shown as a black line [Colour figure can be viewed at
wileyonlinelibrary.com]
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the new channel has been subject to processes driven by rainfall and

sediment supplied by the upstream contributing catchment, and is

potentially capable of eroding through the alluvial fan and delivering

water and sediment into the Ehen.

Ongoing monitoring since the reconnection has shown that its

goals are beginning to be achieved: large volumes of coarse material

are now being delivered to the Ehen (Marteau, Vericat, et al., 2017).

However, the tributary is also delivering large volumes of fine mate-

rial, and has become the main driver of fine sediment dynamics in the

Ehen (Marteau, Batalla, et al., 2017). The effects of this on suspended

sediment concentrations and in-channel storage in the Ehen are con-

trolled by the degree of asynchronicity between flows in the main-

stem and those in the ephemeral tributary (Marteau et al., 2018).

Although there are no data on the rates of coarse material export

from Ben Gill prior to its diversion, several pieces of evidence exist to

help build a sense of its geomorphic activity. Most notably, aerial

images from 1970 (before its diversion) show an extensive depositional

bar at the confluence (Figure 2). Since the diversion, sediment over-

spilling the culvert grid has been periodically removed (United

Utilities, 2012). Based on these lines of evidence, preliminary studies

estimated that an average of 100 m3 of coarse material was prevented

from discharging in the Ehen every year as a result of the diversion of

Ben Gill (Brown et al., 2008; United Utilities, 2012). Ben Gill bed mate-

rial is generally coarser than that found in the Ehen (median particle

size, that is, D50 is 77 mm in Ben Gill, and between 36 and 55 in the

Ehen, while larger sizes, for example, D84, reaches 149 mm in Ben Gill,

and between 59 and 103 in the Ehen; Quinlan, 2014, see Figure 2).

This paper presents information on changes in Ben Gill and on mate-

rial being delivered to the Ehen in the first 2 years following the

reconnection. Given the 40 years of water being diverted to the lake, the

removal of sediment from the grid and the infilling and associated

terrestrialisation of the original lower part of Gen Gill channel, the changes

reported here have to be considered as representing the early adjustment

phase. Rates of processes, sediment delivery and sediment characteristics

will likely change over time as the system adjusts to its new state.

3 | METHODS

3.1 | Characterisation of flows in Ben Gill

Because Ben Gill is not gauged, information on flow conditions was

collated from different sources, including field notes and observations.

In June 2015 a time-lapse camera was installed facing the confluence

with the Ehen. Flow events in Ben Gill were characterised qualita-

tively (i.e., classification into flowing or not flowing) using the images

acquired by the camera at 1 hr interval for the duration of the present

study; data are used as a proxy for discharge in Ben Gill. These images

were used in a previous study to assess the implications of

asynchronicity of flows in the Ehen and those in the tributary for fine

sediment transport and storage (Marteau et al., 2018).

3.2 | Estimating bed material supply from
topographic surveys

Ben Gill and the confluence bar were surveyed and topographic

changes between successive surveys computed separately for the

two features. These surveys are used to provide insights into the mini-

mum volume of material entering in the main-stem (the net balance of

F IGURE 2 Aerial photos of the confluence of Ben Gill with the river Ehen, at the outlet of Ennerdale Water. Flow direction in the main-stem
Ehen is from left to right. Arrow shows confluence bar. White square (D) on 2003 photograph shows location of the diverting grid. (Credit: 1970,
Environment Agency [Penrith]; 2003, Google Maps; 2016, Jason Hagon on the account of the University of Aberdeen) [Colour figure can be
viewed at wileyonlinelibrary.com]
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sediment in the active channel of Ben Gill) and the role in passive

transient storage played by the confluence bar, respectively.

Topographic point clouds and orthophotomaps for each survey

(n = 8) were obtained using Structure-from-Motion and Multi-View Ste-

reo photogrammetry (hereafter SfM), based on digital images collected

from an Unmanned Aerial Vehicle (UAV). Digital Elevation Models

(DEMs) were produced from 3D point-clouds, errors of DEMs were

assessed independently and, finally, successive DEMs were compared

(i.e., DEMs of Difference; DoDs) to monitor topographic changes and

quantify net volumes of change taking into account potential uncer-

tainties. Specific details of the workflow used to acquire and process

SfM data can be found in Marteau, Vericat, et al. (2017) based on the

analyses of the first three flights of the nine presented in the current

paper. The workflow is represented schematically in Figure 4 of that

paper. A summary of the main steps is given below.

3.2.1 | Data acquisition

A total of 196 fixed Ground Control Points (GCPs) were installed

around the 300-m long channel of Ben Gill and surveyed with a Leica

Viva® GNSS (Leica Geosystems) differential rtk-GPS. The 3D quality

of the coordinates varied between 0.009 and 0.024 m. Flights were

undertaken along three lines (both banks, then along the channel

centreline) to yield appropriate overlap. More than 1,000 images

were captured per survey. Surveys were conducted between

October 2014 and October 2016 (Figure 3). Flight altitude remained

between 10 and 20 m above ground, which was optimum given the

characteristics of the equipment used (Marteau, Vericat, et al., 2017).

3.2.2 | Photogrammetry

Aerial pictures were processed using AgiSoft® PhotoScan Profes-

sional (Version 1.2.6) (AgiSoft LLC, 2015). Poor quality images from

each survey were removed, based on (a) blurriness (b) over or under

exposure to light, (c) graininess due to high ISO values, (d) the obstruc-

tion of features of interest (e.g., due to legs of the UAV) and

(e) avoiding unnecessary overlap between images (i.e., when the UAV

was static). The remaining images (<500 per flight) were aligned, with

the centre of the GCPs identified and adjusted manually.

3.2.3 | Error analysis

The assessment of model accuracy was based on information

obtained from the GCPs (as per Brasington, Rumsby, & McVey, 2000).

This involved using some GCPs as markers (i.e., to georeference and

register the models, here 131 GCPs) and the remainder as “check

points” (ChP; to assess accuracy and precision of the models, here

65 GCPs). Registration error was calculated as the mean distance

between the real location of markers and their projection in the

georeferenced model (i.e., residuals). Accuracy was determined as the

mean distance of the real location of the ChPs to their projection in

the georeferenced model (i.e., residual), while precision was provided

by the standard deviation of the residuals. Mean relative error is the

true signed average distance of elevation residuals (i.e., z only). Here,

instead of selecting a proportion of GCPs as ChP in a static manner, a

bootstrapping algorithm was used to run this random selection 1,000

times, generating a value of registration error, precision and accuracy

F IGURE 3 Hydrograph of the river Ehen over the study period (from Bleach Green gauging station), indicating key aspects of the study.
Vertical grey bars show times when Ben Gill was flowing. Arrows show times of aerial surveys used to produce DEMs, and grey bars with letters
refer to the time periods captured by DoDs produced from successive DEMs. DEM, Digital Elevation Model [Colour figure can be viewed at
wileyonlinelibrary.com]
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for each GCP. Model precision was used to determine a minimum

level of detection (minLoD, Brasington, Langham, & Rumsby, 2003),

by calculating the spatial distribution of t-scores (Lane, Westaway, &

Hicks, 2003) which defines the probability of the change observed in

each cell to be “certain” (confidence interval [CI] used here was 80%),

as well as defining uncertainty bounds to gross and net volume esti-

mates. MinLoDs were used to compute thresholded DoDs. Recent

work by Anderson (2019) has highlighted the potential issues related

to the use of thresholded DoDs when estimating net volumes of

topographic changes, and these are discussed below.

3.2.4 | Outputs

The photogrammetry software generated aerial orthophotos in addi-

tion to 3D point-clouds. These were used complementarily. Dense

point-clouds were decimated using ToPCAT (Brasington, Vericat, &

Rychkov, 2012) to generate regularised point-clouds representing the

minimum observation within a 0.05 by 0.05 m grid cells (ToPCAT is

available from the GCD software, see http://gcd.riverscapes.xyz/).

The minimum observations within these regular cells were considered

the ground elevation. Triangulated Irregular Networks (TINs) were

computed from these, before the creation of DEMs (at 0.05 m cell

size). Orthophotos (at 0.025 m resolution) were used for image classi-

fication in order to differentiate vegetation from the riverbed (poten-

tially wrongly interpreted as topographic changes due to episodes of

growth and decay). Thresholded topographic changes were calculated

for every successive DEM by the production of DoDs taking into

account only changes considered certain at the 80% CI (i.e., changes

above the minLoD), and uncertainty bounds were calculated from the

spatial distribution of t-scores following Wheaton, Brasington, Darby,

and Sear (2010). Changes below the minLoD were considered uncer-

tain and not included in the computation of topographic changes.

A total of seven DoDs provided data on the volumes of erosion and

deposition in the channel over the study period (Figure 3), as well as

an estimate of the minimum volume of sediment exported from the

channel between successive surveys (net change). Similar information

was computed for the deposition bar developing at the confluence

with the Ehen, although some specific details needed to be

considered here.

Application of photogrammetry remains challenging for sub-

merged areas (Lane, 2000; Westaway, Lane, & Hicks, 2000). The

ephemeral nature of Ben Gill rendered survey and analysis of this

channel straightforward, as all flights were undertaken when it was

dry. However, modelling topography of the confluence bar was con-

strained by water surface elevation in the Ehen and the water turbu-

lence over the bar produced by the weir immediately upstream (such

factors were discussed by Woodget, Carbonneau, Visser, &

Maddock, 2014). Using the orthophotos of the confluence zone, sub-

merged areas were identified and DEMs corrected following the pro-

cedure of Westaway, Lane, and Hicks (2001) and Woodget

et al. (2014). The bed topography for submerged areas was corrected

by the refractive index of clear water (1.34, see previous references)

applied to water depth. DEM error also increases with depth

(Woodget et al., 2014), so values of model accuracy were adjusted

accordingly. In the absence of field data to create an empirical model

of error for submerged areas, the level of thresholding was multiplied

by 2 in shallow areas (>10 cm) and 4 in deeper areas, which can be

considered as being conservative relative to other studies

(e.g., Westaway et al., 2001; Woodget et al., 2014). Areas of high sur-

face turbulence were excluded altogether. As a consequence, one of

the surveys (November 2015) had to be removed from the analysis

because of limited bar exposure and high water turbulence.

UAV flights were undertaken on eight dates following the

reconnection of Ben Gill. The initial plan was to undertake a pre-

reconnection (baseline) aerial survey of the whole of the new channel

as soon as all the engineering work was completed, and the machinery

and related excavation equipment had been removed. This survey

was scheduled for the first day after the opening. However, heavy

rains and high flow in the channel prevented this survey going ahead.

Therefore, to produce a “time zero or initial” DEM of the channel that

could act as the reference (i.e., before any water was conveyed

through it), topographic survey data collected by engineering contrac-

tors (those constructing the new channel) were used. This survey used

an rtk-GPS and was based on 37 cross-sections along the 300-m long

channel (i.e., average spacing of 8.1 m).

This baseline was used for assessment of cross-sectional topo-

graphic change over the short period between completion of the

channel engineering works and the first aerial survey. For this, each

point of each cross-section of the initial GPS survey was intersected

with the first SfM-derived DEM (October 2014). Elevation of the

SfM-derived DEM was extracted for each of these cross-sections and

subsequently used to provide cross-sectional topography data. Thus,

both sets of data share the same extension and density of points. Vol-

umetric changes were calculated following Brewer and Pas-

smore (2002), with difference in cross-sectional channel planform

area divided between positive (elevation gain) and negative (elevation

loss) difference (i.e., deposition and erosion respectively). Volumetric

changes for each segment were calculated between cross-sections

assuming that the change in area at a cross-section is representative

over the half-distance to each adjacent cross-section:

ΔVi e;d½ � = L i,i+1ð Þ �
ΔAi e;d½ � +ΔAi +1 e;d½ �
� �

2
, ð1Þ

where ΔVi[e;d] is the volume of change (m3) associated with cross

section i, for erosion (e) and deposition (d), ΔAi[e;d] is the change in

area at cross-section i, ΔAi+1[e;d] is the change in area at the next

upstream cross-section, and L(i,i+1) is the distance between the two

cross-sections. Total volume of change (Vc) for a channel segment

a was then calculated as:

Vc að Þ =
X

ΔVa e½ � +ΔVa d½ �
� �

: ð2Þ

The sum of the volume of changes for each individual segment

then represents the total volume of change of the channel (i.e., 37
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segments). Uncertainties associated with this method are numerous

(Arnaud et al., 2017), but while complete assessment of uncertainties

is out of the scope of this paper, the error values produced are used

to determine the confidence in estimates of geomorphic change in

Ben Gill (as considered in Section 3.2.1).

In order to compare results for this initial period (period A,

Figure 3) with successive SfM-derived DoDs, a threshold of minimum

level of detection at the cross-sectional area of difference (minLoD2)

was applied as follows:

minLoD2 =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
εGPS2 + εDEM

2
p

� Wi

pi−1

� �
, ð3Þ

where εGPS and εDEM are the potential errors associated with each sur-

vey considered here,Wi is the width of cross-section i, pi is the number

of points on cross-section i. The second part of the equation is used to

take into account uncertainties related to the density of points.

No geomorphic feature existed at the confluence prior to the

opening of Ben Gill channel. As no topographic survey of the conflu-

ence at the same time was available as a channel baseline, the volume

of deposition was estimated using the SfM-derived point cloud from

October 2014. Using CloudCompare® (Version 2.8.1), the volume of

the newly formed gravel bar was estimated from a simulated plan sur-

face for the original bed. This did not allow for proper estimation of

errors but helped provide an estimate of the sediment export associ-

ated with this first period.

3.2.5 | Uncertainties in the estimates
of topographic change

Anderson (2019) argued that estimates computed from thresholded

DoDs potentially miss part of topographic changes by removing ero-

sion and deposition that maybe of low intensity but considered uncer-

tain, but which in fact are real changes. Most studies that use

thresholding do so with a CI of 95%, which is known to be quite strin-

gent and conservative (Wheaton et al., 2010). In our case, a CI of 80%

was used instead. The alternative approach proposed by Ander-

son (2019) relies on the computation of systematic, spatially corre-

lated and uncorrelated errors. Spatially correlated as well as

uncorrelated errors are calculated from the comparison of successive

DEMs in stable areas. In the case of our study, the only available

“truly” stable area was a 10 m2 path leading to and from the foot-

bridge at the bottom of Ben Gill channel, where mean elevation differ-

ences were low (<0.03 m, Table S2). So, given the absence of large

and spatially relevant stable areas, using the approach suggested by

Anderson (2019) was not possible. Moreover, systematic errors, which

represent an offset in elevation between successive topographic sur-

veys, are in part caused by technical or methodological differences

(Anderson, 2019; Lallias-Tacon, Liébault, & Piégay, 2014). In our case,

systematic errors were limited by the use of a fixed network of GCPs

which remained in place throughout the study. Because the exact

same GCPs were used for all topographic models, systematic errors

are considered as being low. Consequently, the error propagation

method, while based on the spatial distribution of t-scores, only

considers what Anderson (2019) refers to as the random

uncorrelated error. While the method used for Ben Gill has some

limitations, local conditions meant that it was the most appropriate.

Finally, the scale of topographic changes captured recorded (up to

1.7 m) greatly exceed the scale of model errors (<0.1 m). Thus, the

widely used method of thresholding was used to improve confi-

dence in gross and net estimates of change in Ben Gill. However, in

order to lower the conservative nature of this approach, an 80% CI

was used for the propagation of t-scores instead of the commonly

used 95%.

3.3 | Characterisation of particle sizes on the
confluence bar

Fluvial geomorphology has a long history of using remotely sensed data

to characterise particle sizes. Recent advances have explored the possi-

bility of using SfM-derived point cloud statistics to infer sediment sizes

based on values of bed roughness derived from point clouds

(Smith, 2014). However, as no single roughness metric is appropriate for

application to all river types, site-specific correlations are needed

(Brasington et al., 2012; Pearson, Smith, Klaar, & Brown, 2017;

Woodget & Austrums, 2017). Three metrics were tested for their suit-

ability to the Ehen confluence bar: roughness height rh, twice the local

standard deviation of elevations (2σz), and detrended local standard devi-

ation of elevations (dσz) (Pearson et al., 2017; Vázquez-Tarrío, Borgniet,

Liébault, & Recking, 2017). To determine how these performed at rep-

resenting particle size in Ben Gill, the b-axis of 100 particles were mea-

sured inside 1.5 × 1.5 m quadrats (Figure S2). Relevant particle size

statistics (i.e., D16, D50 and D84) were compared to their counterparts

obtained from each of the metrics using correlation analysis. This was

repeated for eight quadrats over the April 2016 survey in sections of the

channel with contrasting bed texture (i.e., different size range, degrees of

sorting and imbrication).

The detrended standard deviation (Brasington et al., 2012), at a

sub-grid level of 0.25 m, yielded the highest correlation coefficient

(Figure 4). Correlation was best for median particle size (i.e., 0.75 at

D50), so this statistic was used primarily for further analysis of the

temporal evolution of surface particle size across the confluence bar.

4 | RESULTS

4.1 | Hydrology

Flow in Ben Gill was recorded 19.4% of the time over the study

period, with a total of 112 flow events recorded (Table 1). “Events”

are considered as periods of flow lasting more than 2 hr (i.e., visible

on at least two successive photographs). The first event happened the

day after the reconnection and was the longest recorded (8.2 days)

over the period. Typically, flows responded rapidly to local rainfall
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events, and also recessed quickly; periods of flow lasted from just a

few hours to a few days. The highest number of events was recorded

in the 2 month period represented by DoD F (November 2015–

January 2016), which corresponds to a period of high hydrological

activity across the Ehen catchment as a whole (Figure 3). Activity in

Ben Gill was lowest during the summer months of 2015 and 2016,

when the channel was dry for extended periods.

4.2 | Observations in Ben Gill

4.2.1 | DEM errors and associated uncertainties

The 3D model accuracy of the successive point clouds was relatively

high and constant (between 0.016 and 0.056 m, Table 2), allowing for

the computation of high resolution DEMs and reliable estimates of

topographic change. The accuracies of the DEMs are considered the

same as those of the point clouds, and therefore errors associated

with the generation of the DEM from the point cloud were not con-

sidered. Systematic errors could not be properly assessed, given the

limitations detailed earlier, but estimates from the gravel path yielded

mean relative errors between 0.004 and 0.027 m (Table S2).

Uncertainties associated with the initial GPS survey (pre-

reconnection) are unknown. However, due to the simplified structure

of the channel at the time of survey (i.e., newly engineered, with no

water reworking) and the quality of the GPS equipment used, an error

of 0.1 m was assumed. By comparison, model accuracy of the first

SfM-derived DEM (for October 2014) was 0.044 m (Table 2).

4.2.2 | Topographic changes

Ben Gill channel experienced marked erosion following the reconnection

(Figure 5). Erosion was always the dominant process (between 66 and

91% of the volume of all change), with up to 1.7 m of scour observed in

some places (e.g., for period F, Figure 5). Histograms at the bottom of

Figure 5 show the distribution of the elevational changes and the associ-

ated volumes for each DoD. These histograms show that patterns of both

erosion and deposition processes varied over time, with greater differ-

ences observed for erosion. The histogram for period D is bimodal for ero-

sion, probably indicating two separate processes: a first “peak” driven by a

large localised erosion (−1 m) (e.g., bank erosion), and a second “peak”

(around −0.5 m) mainly representing small but frequent processes acting

to reshape the channel bed. Positive topographic change (deposition) was

mostly observed in the lower part of the channel, in the vicinity of the

bridge. Deposition was generally of lower magnitude than erosion,

although both covered similar plan areas. The mean thickness of topo-

graphic change was always higher for erosion than deposition. Period H

saw the most spatially extensive topographic change, with only restricted

parts of the channel experiencing neither erosion nor deposition.

4.2.3 | Bed material fluxes

The total estimated export of sediment from Ben Gill over the study

period was 384 ± 64.9 m3 (erosion = 679 ± 58.8 m3, deposition =

295.3 ± 27.5 m3, Table S1).

Bed material fluxes calculated from the DoDs for individual

periods varied between 3.8 ± 39.0 and 108 ± 29.9 m3 of sediment

TABLE 1 Summary table of flow
statistics in Ben Gill associated with
the DoDs Model Period

Number of
flow events

Total duration
of flow

Average duration
of events in period

Day Day

A September 2014–October 2014 1 8.2 8.2

B October 2014–January 2015 9 25.3 3.1

C January 2015–April 2015 10 20.9 2.1

D April 2015–July 2015 12 9.2 0.8

E July 2015–November 2015 16 11.6 0.7

F November 2015–January 2016 25 20.4 0.8

G January 2016–April 2016 19 24.4 1.3

H April 2016–October 2016 20 18.8 0.9

F IGURE 4 Regressions between between field-measured particle
size statistics (mm) and those estimated from detrended standard
deviation of elevation (mm) at a sub-grid level of 0.25 m
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and were lowest in period F (November 2015–January 2016) and

greatest in period C (January–April 2015, Figure 6a). Period F still

experienced appreciable topographic changes: the volumes of depo-

sition were the highest recorded (83.0 ± 18.3 m3), indicating the

active internal turnover of sediment despite the little export

suggested by the net flux values. Topographic changes for period A

were assessed from cross-sections. The estimated sediment flux

from Ben Gill for this period was c. 29.2 m3. Figure 6a shows the

evolution of erosion, deposition and net change for the entire study

period.

These values represent the minimum flux potentially transferred

to the Ehen since material delivered from the upstream part of Ben

TABLE 2 Summary table of statistics of the topography models obtained from SfM photogrammetry

Model
Number of
images

Average flight

altitude

Average pixel

resolution

Average point

density

3D registration

error

3D model

precision

3D model

accuracy

Mean relative

elevation error
m cm2/pix Point/m2 m m m m

January 2015 361 15.6 0.0729 1,370 0.060 0.030 0.056 0.0011

April 2015 475 12.4 0.0454 2,210 0.039 0.017 0.035 −0.0000

July 2015 341 13.8 0.0590 1,690 0.039 0.017 0.035 0.0012

November 2015 399 12.4 0.0502 2000 0.073 0.048 0.047 −0.0051

January 2016 441 14.1 0.0590 1,690 0.029 0.014 0.026 0.0003

April 2016 526 19.7 0.1340 784 0.019 0.020 0.016 −0.0011

October 2016 367 15.1 0.0686 1,460 0.011 0.011 0.022 −0.0011

Note: The extension of these is limited to Ben Gill and its confluence to the Ehen.

F IGURE 5 Topographic changes (DoDs) and associated histograms in Ben Gill channel. Letters refer to the different periods (see Figure 2).
Colours in histograms show erosion (red), deposition (blue) and uncertain change (grey) [Colour figure can be viewed at wileyonlinelibrary.com]
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Gill catchment (i.e., upstream from the diversion grid) is not included

in the (DoD-derived) calculations.

4.3 | Development and role of the confluence bar

4.3.1 | Topographic and volumetric changes

Topographic changes captured on the confluence bar were mainly

depositional (Figure 7). Periods A and C experienced only deposition,

with A being the largest episode of deposition experienced over a

short period of time (c. 90 m3 over 2 weeks). The highest proportion

of erosion (volumetrically, 66%) was observed over period G

(−11.0 ± 6.3 m3), which is also the only period where the erosion was

dominant (Figure 6b). Important reworking of the bar occurred between

July 2015 and January 2016 (EF, Figure 6b and Table S1) with the

highest volume of erosion observed despite a large volume of deposition.

Unfortunately, high water levels and turbulence at the confluence during

the flight survey of November 2015 prevented the use of this DEM for

geomorphic change detection (Figure 7). The total estimated storage of

sediment at the confluence over the entire study period was

296 ± 28.6 m3 (Erosion = 35.5 ± 8.1 m3, Deposition = 331 ± 28.2 m3).

The relative geomorphic changes in Ben Gill and the confluence bar

show that not all material eroded from the channel was deposited at the

F IGURE 6 Volumes of
topographic change: (a) in Ben Gill
channel and (b) at the confluence.
No data are available for periods
E and F at the confluence bar.
Instead, changes captured
between E and F are pooled
together (labelled “EF”). (c) Total
volume of topographic changes in
Ben Gill channel and the
confluence. *Volume of change
from DoD EF (confluence bar)
was divided equally between E
and F [Colour figure can be
viewed at wileyonlinelibrary.com]
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confluence (Figure 6c); rather, some material was progressively conveyed

down the main-stem Ehen. Period A was the only time over which the

net volume exported from Ben Gill was lower than deposition at the con-

fluence (c. 90 m3, Figure 6c). Although this could be related to the

“snapshot” nature of geomorphic change detection, or a large input of

sediment from upstream compensating for internal erosion after the

channel was engineered, this reversal of the normal pattern is considered

to stem primarily from the coarse resolution of the baseline (GPS-based)

F IGURE 7 Topographic change (DoDs) and associated histograms for the confluence. No data was available for November 2015 at the
confluence bar. Instead, the DoD was constructed as an “EF” period (i.e., between July 2015 and January 2016). See Section 3.2. for more details
[Colour figure can be viewed at wileyonlinelibrary.com]
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survey, especially because much visible erosion was observed following

the extremely high flow on the first day after reconnection.

The confluence bar grew in size (i.e., continual positive geomor-

phic change) at a rate which has likely been underestimated due to

issues related to detection of changes underwater. Comparing the

total export of material from Ben Gill (c. 384 ± 65 m3) and the total

storage at the confluence (c. 296 ± 28.6 m3), minimum volume of sed-

iment effectively available in the Ehen can be estimated conserva-

tively at around 88 m3 (c. 23% of the material supplied by Ben Gill).

It is worth stressing that the growth in size of the confluence bar

tells only part of the story of material newly available to the Ehen,

since some sediment may have been conveyed directly from Ben Gill

to the main-stem without being deposited on the bar (and hence not

quantified in the bar DoDs).

4.3.2 | Surface particle sizes

Median particle size on the bar was greatest during the first weeks

following the reconnection (D50 = 87 ± 12 mm, Figure 8). As erosion

continued in Ben Gill, the bar was covered with smaller particles and

the D50 decreased rapidly. It remained consistently between

35 ± 4.3 mm and 42 ± 4.3 mm throughout the remainder of study,

apart from the survey of July 2015 where all statistics (D16, D50 and

D84) increased to higher values (e.g., D50 = 68 ± 8 mm). This July sur-

vey was also the first time that some erosion was observed on the

bar, and it is likely that smaller particles deposited on the surface were

washed away during the period between April and July 2015, leaving

coarser particles exposed.

5 | DISCUSSION

5.1 | Bed material fluxes from Ben Gill

Results of the SfM photogrammetry suggest that Ben Gill exported

sediment at an estimated minimum rate of �192 m3 y−1 between

October 2014 and October 2016. Considering that virtually no

coarse material was delivered to the upper Ehen for over 50 years,

this represents a significant improvement. This estimated minimum

volume is approximately twice the volume that was estimated from

the (limited) available evidence prior to the reconnection (Brown

et al., 2008). Erosion was still the dominant process observed in the

newly constructed channel 2 years after its reconnection to the

Ehen. Different mechanisms of adjustment in the newly constructed

channel can be inferred from the spatial patterns of erosion and ero-

sion magnitude. Patterns were not constant through time, as indi-

cated by the shape of the frequency distribution of erosion

(Figure 5). High magnitude changes are interpreted as being driven

mainly by bank erosion, with the bottom of the bed assumed to still

experience local degradation; this bed process is of lower magnitude

but extends over larger areas than the bank erosion. Although part of

the eroded material is fine particles (Marteau et al., 2018; Marteau,

Batalla, et al., 2017), the development of a bar of gravel-sized mate-

rial at the confluence shows that it includes coarser sediment. Ero-

sional processes were evident following the rainfall event that

coincided with the completion of the new channel, which proved to

be the highest 24 hr precipitation ever recorded at the local weather

station. In addition to the large release of fine sediment transported

in suspension during the flows associated with this rainfall event

(>35 t, 14% of the annual load; Marteau, Vericat, et al., 2017), a mini-

mum of 90 m3 of coarse material was deposited at the confluence,

eroded from the new Ben Gill channel, and/or potentially transferred

from its upper catchment.

A higher internal reworking of sediment in Ben Gill was identified

for period F, with larger volumes of deposition compared to other

periods. This could be related to the regular rainfall events generated

by the two successive storms of winter 2015, during which a total of

25 short (mean duration = 0.8 days) but intense flow events were

recorded. As Ben Gill is not gauged, no data are available that might

be used to statistically assess relations between flow magnitude,

duration and frequency, and the geomorphic changes in the new

channel. Even with discharge data, assessing these relations is a con-

tentious subject (see summary by Dollar, 2002) and in the present

F IGURE 8 Evolution of particle size
statistics of the confluence bar
throughout the study. Error bars show
95% confidence intervals
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case is complicated by the fact that the channel is not (yet) in

equilibrium.

The morphological budgeting approach used to produce esti-

mates of sediment delivery to the confluence has some well-known

limitations. The static nature of the method, used to capture a

dynamic process, only offers a lower bound estimate of flux since

there is no accounting for sediment transfer (Ashmore &

Church, 1998). Compensating phenomena of scour and fill, which

depend partially on the variable sediment supply from upstream and

the number of competent events occurring between two surveys,

cannot be fully captured by this budgeting approach (Lindsay &

Ashmore, 2002). Nevertheless, it allows geomorphologists to make

the most of high quality and density topographic data, with uncer-

tainties and limitations that are not necessarily greater than other

methods (Vericat, Wheaton, & Brasington, 2017).

Raw and thresholded values for net volume changes can be com-

pared to see how bed material estimates are affected by the method

used to assess errors, as recently discussed by Anderson (2019). Raw

and thresholded values were rather similar for both Ben Gill channel

(raw = −424.7 m3, thresholded = −383.9 m3) and the confluence bar

(raw = +303.9 m3, thresholded = +296.1 m3, Table S1), showing that

in the present case, given the length of the study reach and the mag-

nitude of changes, the use of a more comprehensive approach to

assess and propagate different types of errors only had an approxi-

mately 6% impact on overall net change estimates (Table S1).

5.2 | The confluence bar as a sediment buffer

Field observations and SfM analyses indicated that very little erosion

of the confluence bar occurred during the first 2 years after the

reconnection (total erosion = 11.2% of changes at the confluence);

this is despite the high flows of winter 2015 (maximum discharge

equivalent to 30-year return-period flood) and the evidence of fresh

gravel deposits in the main-stem. This means that during the study

period the Ehen was not capable of transporting all the coarse mate-

rial delivered by the tributary. Because the confluence bar continues

to grow, it is likely that the material identified as “exported” has had

virtually no residence time in the bar. The behaviour of particles

reaching the confluence can thus be described as binary: when a parti-

cle is eroded from Ben Gill and transferred to the confluence, it is

either retained in the bar or transported directly to the main-stem.

Particles that are deposited on the bar have limited chances of

reaching the main-stem under ambient flow conditions, and hence

remain until the next competent event. The bar can therefore be con-

sidered as buffer, mediating sediment processes occurring in Ben Gill

and those in the Ehen.

This buffering effect of the confluence bar will continue until at

least one of the factors controlling its growth and sediment entrain-

ment changes. Of these, the main factor is the high sediment supply

from Ben Gill. This is a very dynamic ephemeral headwater stream

whose hydrologic and geomorphic activity contrast markedly with the

regulated river Ehen. However, it is likely that its geomorphic activity

will stabilise in the future to some degree as it tends towards a quasi-

equilibrium; adjustments in the slope and sinuosity of the newly cre-

ated lower 300 m of channel will reduce local erosion and the system

will mostly export material produced in the upper part of the catch-

ment. Inherent features related to the old alluvial fan sedimentology

may also play a role in this; for example, rocky outcrops may act as

knick-points, cohesive material may prevent lateral erosion, and so

forth. In fact, new knick-points were observed shortly after the first

event, and these have migrated upstream as a function of regressive

erosion (Figures S3 and S4) although their migration slowed down

somewhat over the 2 year period. The time required to reach such

equilibrium is difficult to assess, but a period of several years is likely.

The first flow event following completion of the new channel—

associated with the extreme magnitude rainfall event of October

2014—deposited relatively large particles on the bar. Successive

events delivered predominantly smaller particles, covering the bar as

it continued to grow in size. Only the July 2015 survey saw the bar

sediments increasing in size, with this considered as the first observa-

tion of proper local reworking of the bar (EF, Figure 7). Particle size

has remained constant since this period, despite the occurrence of

various erosion/deposition events. Ben Gill is capable of providing

large clasts, so the size of material on the gravel bar reflects the trans-

port capacity of the river Ehen. This capacity has been altered by the

weir, but also by the proximity of the confluence bar to the weir. As

visible in the aerial photographs (Figure 7), the bar now extends more

or less all the way to the weir. As it is rather wide (60 m), the energy

applied by the water when flow rises over the weir is dissipated over

a large area. Additionally, now that the confluence bar has expanded,

the distance available between the weir and the bar for the water to

gain momentum is limited - when the water reaches the bar it has

gained little kinetic energy and so has very limited competence. Thus,

pace of sedimentary and geomorphic changes in the Ehen in the first

period following the reconnection seems to be constrained more by

transport capacity than sediment supply.

5.3 | Lessons for system-scale restoration

The present indirect (i.e. SfM) estimates of sediment exported from

Ben Gill are at least twice as high as those anticipated from earlier

studies (c. 100 m3 per year, United Utilities, 2012). This difference

reflects the high activity observed in the new and adjusting channel

within the first 2 years following the reconnection. Practitioners are

faced with several challenges and uncertainties when designing artifi-

cial gravel augmentation projects, related to logistical and economic

issues as well as the geomorphic aspects of such work (Wheaton,

Pasternack, & Merz, 2004). Channel conditions (geometry, slope,

degree of armouring, grain-size distribution) as well as hydrological

factors (availability of flows to mobilise newly added sediment) have

to be taken into account in gravel augmentation projects (Pasternack,

Wang, & Merz, 2004); moreover the volume of gravel to be injected,

the grain-size distribution of this material, the timing and frequency of

augmentation, and the location of the injection (Bunte, 2004;
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Gaeuman, 2012) also have to be considered. Should the option of arti-

ficial gravel augmentation have been chosen for the Ehen instead of

reconnecting the tributary, volumes of sediment injected would have

been based on the preliminary estimates (United Utilities, 2012) and

so would have been half the supply actually achieved by the

reconnection to date. Artificial injection would also have required the

construction of new vehicle access routes, with timing constrained by

the fact that the river has several scenic and nature conservation des-

ignations (especially so as not to impact salmonid spawning and/or

mussels at key life cycle stages).

As shown by the example of Ben Gill and the river Ehen, rec-

onnecting affected reaches to their sediment source areas means that

the volume and sizes of material, as well as the frequency and timing of

supply, are controlled naturally by the system itself. As well as negating

access and timing issues, the provision of material this way is likely to be

sustained and so generate long-lasting geomorphological adjustments.

Examples of this “system-scale” approach to river rehabilitation through

the recovery of catchment connectivity pathways remain scarce, due to

high initial costs, uncertainties related to achieving projects goals, lack of

control, and public perception. Sediment connectivity is partially driven

by the (geomorphic) history of a given system (Fuller, Riedler, Bell,

Marden, & Glade, 2016). This, in turn, implies that actions taken to

restore connectivity may change the course of local history. The extent of

this change will depend on the scale of the processes that are restored.

To date, Ben Gill continues to supply large volumes of sediment,

with the confluence bar acting as a buffer between this tributary and

the Ehen. Although the new channel was designed to follow the origi-

nal (pre-diversion) course of the stream, it will need time to reach a

new “dynamic equilibrium,” with changes in slope, channel geometry,

sinuosity, bed configuration and sediment supply expected over the

adjustment period. The continued supply of material offers the poten-

tial for improved mussel habitat in the river Ehen, though constrained

by the fact that river remains regulated by the weir.

6 | FINAL REMARKS

Small sub-catchments can be significant sediment sources to main-stem

systems (Rice, 1998). Ben Gill has proven to be a significant source of

fine material (Marteau, Batalla, et al., 2017) and also exerts an important

control on coarse sediment supply and dynamics. The geomorphic

response of the upper Ehen to this renewed source of sediment is a func-

tion of both the nature of this source and that of the Ehen. As an impor-

tant fraction of the material exported from Ben Gill remains stored at the

confluence, the scale of the geomorphic response in the Ehen at present

appears to be less than that of changes observed in Ben Gill. Neverthe-

less, some of the exported material is transferred downstream in the

main-steam. The ability of the river to transport this material is key to

achieving the overall goal of the restoration project, which is focussed on

improving conditions for mussels in the main-stem Ehen. To some

degree the systemmay be hydraulically limited because of the regulating

effect of the lake on flows in the Ehen. This conclusion is supported by

old aerial photographs which show a large confluence bar prior to the

diversion of Ben Gill. Restoring sediment connectivity is therefore only

part of the project, and a key future element includes renaturalising flows

by removing the weir. What is evident from the data presented here is

that reconnecting the river Ehen with its small sub-catchment has been

successful in restoring sediment supply to the main-stem in ways that

would have been difficult to achieve through artificial augmentation.
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