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Sediment accumulation in reservoirs is frequently a problem, impelling dam managers to implement strategies
such as drawdown flushing to limit siltation. Drawdown and other sediment removal methods may induce
riverbed clogging downstream of dams, especially in river sections where water is diverted, thereby reducing
transport capacity. In this study, we investigate the effects of drawdown flushing downstream of the Plan d’Arem
run-of-the-river dam (Upper Garonne, Spain — France border) using an adaptive inter-site comparison strategy to
consider a range of spatial and temporal conditions, which allow us to separate the effects of dam storage and
flushing from other potential factors. Drawdown flushing has been undertaken three times during the study
period over a short span of time (2 months). We couple bed material sampling, which provides direct information
on bed composition, with airborne infrared thermal imaging to better interpret whether fine sediment interstitial
storage within the bed is associated with clogging. We also measure bed surface grain size and bed mobility in
order to investigate their potential role in controlling fine sediment dynamics. We identify surface grain size and
water diversion as the main factors controlling fine sediment spatial distribution, with coarse-grained bed-sur-
faces and by-passing promoting fine sediment enrichment. As a result, sites located upstream and within the by-
passed reached of the Plan d’Arem dam show higher fine sediment interstitial storage than sites downstream
from the by-passed reach. Results from thermal imagery demonstrate such interstitial storage does not induce
clogging effect. The reaches with the most important sediment storage host a high number of cool-water patches,
indicating water exchanges with the hyporheic zone. Post-flushing bed composition indicates systematic export
of fine sediments from the bed matrix at all sites after the first operation, afterwards fine levels remain low after
the second and the third flushing. The low impact of dam flushing in term of clogging is interpreted by the fact
that the interstitial material is very sandy.

1. Introduction

In mountain streams, fine sediments (< 2mm) are commonly
transported as suspended load (Walling and Moorehead, 1989; Owens
et al., 2005; Misset et al., 2019, 2021), with this transport occurring
mostly during flood events (e.g. Marteau et al., 2018). These sediments
partly originate from erosion within the catchment, and partly from the
resuspension of sediment stored within the riverbed matrix, channel
banks and floodplains (Wood and Armitage, 1997). Fine sediments form

an essential component of the sediment budget of river basins (Trimble,
1983) and as such, the infilling of and release from the riverbed matrix
with fine material is a common and natural process in alluvial channels.
When fine sediment infilling is excessive, either due to natural or
anthropogenic factors (Owens et al., 2005), it can become problematic
for species that rely on clean subsurface material to complete all or part
of their life cycle (e.g. salmonids, Soulsby et al., 2001, Greig et al.,
2005). The deleterious effects of excessive interstitial storage are well
documented in the scientific literature (see for instance Wood and
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Armitage, 1997 and Wharton et al., 2017 for reviews), and often referred
to as clogging (or colmation). Clogging can be defined as the deposition
of fine organic and inorganic particles on the benthic zone and their
infiltration within the hyporheic zone (Gayraud et al., 2002) in
gravel-to-cobble-bed rivers, leading to a reduction of pore volume,
consolidation of the sediment matrix, and decreased permeability of the
stream bed (Brunke and Gonser, 1997). Early attempts to describe the
dynamics of this process date back to the 1980’s (Bloesch and Burns,
1979; Bretschko and Klemens 1986), when anthropogenic fine-sediment
inputs to river systems increased in response to the intensification of
agricultural practices (Owens et al., 2005, Collins and Zhang, 2016). In
brief, clogging-associated biological impacts ensue from the decreased
connectivity between the surface and the hyporheic zone, which notably
results in reduced intra-gravel dissolved oxygen concentrations. When
this occurs, the variety and abundance of benthic macro-invertebrates
and the available habitats for fish spawning and egg incubation are at
risk. Moreover, clogging may persist across time because reduced
intra-gravel flows are unable to flush out interstitial fine sediments, and
bed-consolidation inhibits bedload transport during floods, and thus
also flushing (Brunke, 1999).

However, some effects of riverbed clogging still need studying, one of
these being the thermal regime of the river, which can potentially be
affected by clogging (Brunke and Gonser, 1997; Packman and MacKay,
2003; Caissie, 2006), and which to the best of our knowledge, has not
been specifically studied. Caissie (2006) classifies factors influencing the
thermal regime into four categories: (1) atmospheric conditions (i.e. the
potential amount of exchangeable energy between air and surface
water) at the macroscale, (2) relief and riparian vegetation which can
reduce the direct effect of solar radiance on surface temperature through
shading, and in-stream flow conditions such as (3) discharge and (4)
hyporheic flows which can influence surface temperature through the
three-dimensional mixing of water bodies from different sources at
different temperatures. The latter may be particularly affected by human
activities, as water retention and diversion have profoundly affected the
hydrology of rivers, with sometimes significant effects on thermal
regime (Hockey et al., 1982; Bartholow, 1991; Sinokrot and Gulliver,
2000 - cited in Caissie, 2006). In addition, changes in sediment yield
caused by river engineering, land use changes and even gravel mining
can promote enrichment of fines over and into the bed, with potential
effects on hyporheic exchanges. A loss of permeability caused by sedi-
ment infilling can reduce hydraulic conductivity within the hyporheic
zone, potentially preventing the upwelling of cooler (in summer)
hyporheic water towards the surface. However, groundwater inflow
originating from deeper and longer pathways at the valley scale (Poole,
2010) may still be able to flush through the bed matrix and generate
patches of cooler water (Schalchli, 1992) in the flow channel. The pre-
sence/absence of patches of cooler water in areas where groundwater
inflows are found and hyporheic exchanges are expected can then be an
indication of the presence/absence of hyporheic water exchanges, thus
providing a potential method for an initial assessment of the degree of
riverbed clogging.

In Europe, the Water Framework Directive adopted in 2000 aims at
providing a “good ecological status” for hydrosystems by 2027, with
clogging suspected to be one cause of limited achievements since 2015
(Noack, 2021). Recent developments in understanding interstitial
fine-sediment storage and its release processes point towards a highly
dynamic process that often shows large spatio-temporal variability
(Misset et al., 2021). Consequently, assessment of the temporal dy-
namics of clogging often implies important field efforts with
high-frequency sampling (e.g., Marteau et al., 2018) and extrapolation
of field observations over long reaches, which leads to substantial un-
certainties (Misset et al., 2021). The complexity of the interacting factors
influencing clogging increases the difficulty of producing general clog-
ging threshold values (above which a substrate should be considered as
clogged) based on only a few measurements (Descloux, 2011). Such
thresholds may be developed considering ecological aspects (e.g.,
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macro-invertebrate abundance and diversity, survival of eggs; Cou-
lombe-Pontbriand and Lapointe 2004; Seitz, 2020), or the degree of
perturbation to physical functioning (e.g., thermal exchanges). More-
over, metrics that are commonly used to assess clogging (percent fines,
porosity, hydraulic conductivity, O level) only allow assessment of
specific aspects of the process (e.g., sediment dynamics in Piqueé et al.,
2014 and Marteau et al., 2018; biological effects in Coulombe-Pont-
briand and Lapointe 2004) within a given area that can be characterised
by macro-scale (i.e., topography, hydrology, geology, nature and in-
tensity of human disturbances), meso-scale (i.e., river morphology), and
micro-scale (i.e., grain size distribution) parameters.

Furthermore, issues concerning fine sediment are increasingly
important in dam management, especially in regard to accumulation
within the reservoir (Annandale, 2013; Wang and Kondolf, 2014), and
sometimes also downstream from the dam (Owens et al., 2005). Siltation
is responsible for a loss of total reservoir storage capacity of 0.5 %-1 %
yr ! worldwide (Morris et al., 2008), impelling dam managers to
implement methods to limit such accumulation, such as sediment
dredging and pass-through, the use of bottom-release structures, and
drawdown flushing (see Kondolf et al., 2014 for details). Recent research
topics involving the assessment of clogging downstream from dams
include armoured sections affected by coarse sediment starvation and
infrequent bed mobility, delivery of fine sediment by downstream trib-
utaries and its accumulation in a section with reduced transport capacity
(Loire et al., 2019), and drawdown flushing performed by dam managers
to prevent reservoir siltation (Loire et al., 2021).

Tackling the question of clogging along river reaches requires more
case-studies and methodological developments, to better link discrete
field observations with larger-scale physical behaviour. Recent work in
this direction has highlighted the need to use multiparameter ap-
proaches, i.e. combine methods capable of assessing different aspects of
“clogging” (e.g. physical, chemical and/or biological components, Seitz,
2020). To help fill this thematical and methodological gap, we aimed to
assess the effects of a dam on riverbed clogging by combining field
measurements and airborne infrared thermal imagery (TIR). We
focussed on the Plan d’Arem run-of-the-river (hereafter RoR) dam
(Upper Garonne, Central Pyrenees, Spain-France border area) because it
potentially combines two of the three processes generating clogging
downstream of dams: i) sediment starvation due to sediment trapping
within the reservoir, and ii) drawdown flushing operations that result in
potential changes in riverbed composition. Reaches were sampled for
sedimentary characteristics based on a control-impact strategy (i.e.
comparing sites subject to drawdown flushing with sites that are not),
while airborne TIR imagery was collected over the entire study reach at
a time of low discharge and high thermal contrasts between surface and
sub-surface water compartments. We hypothesised that (1) the effects of
the dam on riverbed infilling could be explained by geomorphological
and hydrological parameters, and that (2) TIR imagery could help
interpreting whether Fine Sediment Interstitial Storage (hereafter
referred to as FSIS) effectively alter riverbed permeability by reducing
the number, size, and/or density of cool-water patches, which could be
explained by geomorphological, sedimentary (i.e., grain size) and hy-
drological parameters.

2. Study area

The River Garonne (Garona) is located in the Central Pyrenees and
flows over Spain and France (Fig. 1). The mountain catchment of the
upper Garonne has an area of 1265 km? and encompasses a wide range
of elevations from 415 to 3220 m a.s.l (Fig. 1C). The abundance of
granitoids (Palaeozoic) all over the upper catchment helps explaining
the large amount of sand present in the river network. The study reach
starts at River Kilometre 35 (RK35), i.e. 35 km downstream from the top
of the river and close to the village of Bossost (Spain), and extends until
RK66. The Pique River (the main tributary) confluences with the Gar-
onne River at RK55, which increases both the catchment area and
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annual water yield by around 50 %. From the upstream limit of the study
site to the village of St Béat (RK50), the Garonne River flows within a
narrow valley less than 1 km wide, with alternation of wider reaches and
a narrower glacial lock. Downstream from St Béat, the valley widens
significantly, especially in the Marignac and Fronsac basins (RK53-56
and RK58-63, respectively), where the valley width reaches up to 3 km.

In the catchment headwaters, a network of dams (built between 1955
and 1965) and penstock pipes feed successive hydropower plants,
(hereafter HPP), completely by-passing the natural channel until RK39
and producing hydropeaks (Fig. 1B). Further downstream, the Plan
d’Arem RoR dam located at RK40 started operation in 1970, and is the
only dam directly impounding the mainstem of the Garonne. The dam
has two functions: to feed the two downstream HPPs of Fos and Arlos
(Fig. 1B), and to buffer the effect of upstream hydropeaking by deliv-
ering a smoothed hydrograph to the Garonne. From this dam, water
travels to downstream HPPs through a penstock pipe and an aerial canal,
after which it returns to the river. The main channel is by-passed for
6 km, with an ecological discharge of 4 m® s~ Because of its size and
position on the Garonne mainstem, the Plan d’Arem dam disrupts
sediment conveyance (Bulteau et al., 2022). Moreover, diversion of
water for electricity production also affects the river’s hydrology (as is
the case for the upstream by-passing) by decreasing base and peak flows
by up to 34 m3s7! (i.e., 37 % of a biannual return flood), which rep-
resents the maximum operating discharge of the Fos-Arlos hydroelectric
complex (i.e., maximum discharge that is by-passed when flow entering
the reservoir are between 4 and 70 m® sfl; minimum flow is 4 m® s~!
and flushing flows occur >70 m® s~ 1). When the construction of the dam
and the derivation canal was achieved in 1970, the water storage ca-
pacity was 0.35 hm®. Since then, the dam reservoir has been continu-
ously filling with sediments, mostly fine sand, silt, and clay. After over
40 years of operation, its capacity was reduced to a critical value of
0.053 hm? in 2013, leading managers to dredge sediment and imple-
ment drawdown flushing actions to reduce sediment accumulation.
When discharge exceeds 70 m® s™! (ca. 1-year flood), operators stop
electricity production and open the bottom gate to lower the lake level
and maximise sediment transfer, thereby restoring critical slope condi-
tions. Drawdown flushing actions have minimised the effects of the dam
on the downstream reach, since they have no impact on peak flows and a
relatively low impact on sediment transfer, while limiting sediment
accumulation within the dam lake (Bulteau et al., 2022). The recent
hydrology of the Garonne River was marked by an exceptional flood on
June 18th 2013, when discharge peaked at 350 m®s™! at St Béat, which
corresponds to a 100-year return period flood. This flood followed over
one century of channel narrowing, bed incision and coarsening, land-
scape simplification and vegetation encroachment because of upstream
damming and afforestation (Bulteau et al., 2022). The 2013 flood had
major morphological effects, with major sediment inputs from up-
stream, from the slopes (reactivation of torrential production) as well as
from the banks, together with a complete reshaping of the channel
planform (i.e., active channel widening, bank erosion, development of
alternate mobile gravel bars, etc). The effects were more the closer to
Plan d’Arem dam and appear to have remained since 2013, likely thanks
to drawdown flushing.

The Garonne River channel presents various degrees of geomorphic
activity over the study reach, with the by-pass reach (hereafter BPR)
showing higher diversity and dynamism than sections downstream of
the restitution. The BPR is characterised by a relatively wide active
channel due to active bank erosion processes, with gravel bars occu-
pying 21 % of the active channel. Furthermore, this reach presents only
limited bed incision. Reaches within the lower half of our study area
show mainly straight channels, significant incision, and a low propor-
tion of gravel bars (ca. 10 %; Bulteau et al., 2022).
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3. Material and methods
3.1. Site selection and sampling strategy

To assess the effects on the riverbed of the Plan d’Arem dam and the
associated by-passing on fine sediment dynamics with a focus on clog-
ging, a multi-control-impact sampling strategy was undertaken. This
strategy relied on selecting sites upstream from the dam (UP1-2; Control
1), within the by-passed reach (BP1-3; Impact 1), and downstream of
the restitution, in other terms, where the diverted water returns to the
river mainstem (DS1-2; Impact 2). To this scheme, we added two other
sites on the Pique River (Pil-2: Controls 2 and 3): one in a full-discharge
reach, and the other in a by-passed reach. The nine selected sites (Fig. 1)
are presented in Table 1, and were sampled on between two and eight
occasions between April 2019 and November 2021, according to the
river hydrology and dam operations (Fig. 2). Hydrological data from the
stations of Bossost, Fos, St Béat, Chaum, and Cier-de-Luchon (Fig. 1;
sources: SAIH Ebro, EDF, HydroPortail) were compiled at a 1-hour
resolution. Since riverbed sediment storage often shows large vari-
ability depending on the sampled morphological unit, we chose to sys-
tematically sample glides because this unit typically shows less
variability than riffle-pool sequences (Marteau et al., 2018). To char-
acterise potential intra-site variability, three samples along a transect
were taken for each site and for each sampling occasion. We further
assessed local variability at sites UP1 and DS1 by taking seven and eight
samples, respectively, in a 4 m? grid during the campaign of November
2021.

3.2. Sedimentary analysis

3.2.1. Fine sediment interstitial storage (FSIS)

In this study, fine sediments correspond to sediments smaller than
2 mm. This class is subdivided into two sub-classes. Sediments with a
size comprised between 0.05 mm and 2 mm are referred as “sands”.
Sediments smaller than 0.05 mm are referred as “silts and clays”. We
justify the choice of the silt-clay upper limit by its closeness with the
upper limit defined in the Wentworth scale (0.063 mm; Wentworth,
1922) and the very low proportion of this fraction in the streambed (see
Section 4.1.1.). In the case of the Garonne River, sand is expected to be
the dominant riverbed infilling material. We propose to investigate the
spatio-temporal pattern of each sub-class as they may not have the same
effect on hyporheic flows, in relation with the cohesive nature of silts
and clays on one side, and the granular nature of sands on the other.

The fine sediment proportion of the riverbed was estimated using a
method that moreover allowed sampling of the entire grain size distri-
bution (hereafter GSD) over a defined area. This involved a hybrid
method (Fig. 3A) that combined manual sampling for coarse sediments
(McNeil and Ahnell, 1964; Rex and Petticrew, 2011) with water sam-
pling for finest fraction (silt-clay, considered as suspended sediments)
(Lambert and Walling, 1988; Lopez-Tarazon et al., 2011; Piqué et al.,
2014; Marteau et al., 2018). This method relied on a cylinder-corer of
16 cm diameter and 70 c¢cm in height with 2 cm-long teeth at the bottom,
adapted from the method developed by McNeil and Ahnell (1964). Prior
to bed material sampling, a 500-mL clear water sample was taken and
considered as a blank to assess the suspended sediment concentration of
the river. This concentration was subsequently subtracted to the con-
centration of the test water samples. Three samples were collected at
each site and on each occasion, distributed laterally (left, centre and
right side of the channel). The sampler was driven into the streambed to
a depth of approximately 15 cm to isolate the sampled area from river
flow, thus limiting the fine sediment losses during sampling. Therefore,
fine sediments (silt and clay) losses were only observed while driving the
sampler in the streambed, but these losses were not observed subse-
quently. Bed sediments contained in the sampler were manually
removed into a clean bucket until the upper limit of the sampler teeth
was reached. The water column in the sampler (Dw, Fig. 3A) was
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Table 1
Characteristics of the sediment sampling sites.
Site Position Flow Location relative to Plan Channel D16 Dso Dg4 Moment of Number of
regulation d’Arem slope (mm) (mm) (mm) sampling samples
UP1 42°49°47.6°N By-passed Upstream 0.008 21 64 179 S5-8 8
0°43’42.9E
UP2 42°51°04.4"’N Full discharge Upstream 0.005 25 51 87 S1-6 & S8 18
0°44°07.3"E
BP1 42°51°32.1”"N By-passed BPR 0.007 11 39 106 S5-8 9
0°44°46.1"E
BP2 42°52°06.5"N By-passed BPR 0.007 11 74 240 S1-7 18
0°44°29.4°E
BP3  42°53'13.4"’N By-passed By-pass reach 0.007 - S1-3 & S5 11
0°42’47.0°E
DS1 42°54°56.6"N Full discharge Downstream 0.007 27 63 115 S1-8 21
0°41°29.3"E
DS2  43°00°41.3"N Full discharge Downstream 0.002 20 39 69 S1-8 20
0°36’59.1”E
Pil 42°50°44.6"N Full discharge Other river 0.004 26 44 77 S1-7 21
0°36’07.9”E
Pi2 42°53°53.2"N By-passed Other river 0.01 29 77 134 S5-6 6
0°37°33.8"E
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Fig. 2. Hydrology over the study period and field campaigns for clogging measurements (Survey 1 to Survey 8; red triangle), RFID surveys (green triangle), GSD, and
TIR mapping (the various techniques are described in the following sections). Black line: 1-hour discharge. Red line: daily mean discharge. Dashed lines: selected

reference flood return-periods.

measured and two replicate samples of 500 mL of turbid water were
taken after stirring and waiting for around 10 seconds (i.e., for the sand
to re-deposit; Misset et al., 2021). Immediately after sampling, the
collected coarse sediments were wet-sieved at 64, 45, 32, 22, 16, and
8 mm. Before weighing, each fraction was cleaned with clear water to
collect any sand and finer particles that may have remained stuck to
coarser material. Material finer than 8 mm, typically representing
0-2 kg of the sediment per sample, was then brought to the laboratory
for drying at 130°C for 4 hours, followed by dry-sieving at 4, 2, 1, 0.5,
0.25, 0.125, and 0.05 mm. Water samples were filtered using 1.2-um
glass microfiber filters. The filters were dried at 110°C for 4 hours and
weighed to determine the concentration in the samples. The quantity of
fines released from the bed was then calculated as follows
(Lopez-Tarazon et al., 2011):

B=CxV (@)

where B is the quantity of fines released from the bed (in kg), C is the
concentration in the samples (in kg L™1), and V is the volume of water in
the corer above the sediment surface (in L).

The sediment mass calculated from the water sample filtration was
added to the grain size distribution obtained from the finest fraction (<
0.05 mm) of the coarse sediment sieving. Calculation of the percent of
fines (< 2 mm) required prior truncation of the sample at 64 mm (Rice,
1995; Bunte and Abt, 2001).

Considering the high variability in FSIS between sites, assessment of
the temporal trends required a nondimensionalisation of the observa-
tions. To do this, a simple min-max procedure was used, given its
simplicity and its relevance to our data (Eq. 2). P;* gives a value between
0 and 1 that reflects the proportion of the considered fraction of a given
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site at a given date in comparison with the minimum and maximum
values observed at that site over the entire study period:

Pr: Pi_PMIN (2)
PMAX - PMIN

with P;* = the nondimensionalised proportion of the considered fraction

for a given site and sample, P; = the proportion of the considered frac-

tion for a given site and a given sample, Pyy = the minimum proportion

of the considered fraction for a given site, and Pyax = the maximum

proportion of the considered fraction for a given site.

3.2.2. Bed texture and mobility

The surface GSD is known to influence near-bed flow conditions,
having significant effects on bedload mobility and FSIS (Staudt et al.,
2017; Raus et al., 2019). We assessed GSD over the study reach by
sampling 20 bar heads in winter 2019, picking 100 particles (Wolman,
1954; Rice and Church, 1998; Bunte and Abt, 2001) on both surface and
subsurface layers (Buffington, 1996). Bed mobility can be an important
factor influencing FSIS and the release of sediment from the streambed.
The sediment sampling sites were then equipped with natural passive
radiofrequency identification (RFID) tracers and resurveyed on three to
five occasions to determine critical discharges (Fig. 2). Field data helped
in calibrating a generalised threshold model (GTM) (Recking, 2016;
Vazquez-Tarrio et al., 2019) that allowed determination of critical
discharge for various size classes, and the computation of the frequency
of exceedance of these threshold over the study period. Together with
passive RFID tracers, active RFID tracers were injected into the substrate
column (seven particles, z-axis = 30 mm, column height = 210 mm) to
assess the maximum active layer between April 2019 and November
2021 (Brousse et al., 2018; Boutault, 2020).

3.3. Surface temperature mapping

3.3.1. Data acquisition

Airborne Thermal Infrared (TIR) remote sensing has successfully
been used to map river surface temperature over long reaches during the
last two decades (see review by Dugdale, 2016). As stated in the intro-
duction, it is known that riverbed clogging may disrupt
surface-subsurface water interactions, notably the upwelling of colder
groundwater and hyporheic flows. Mapping of river temperature can
thus be used to identify, localise, and characterise the presence/absence
of cool-water patches (also called thermal anomalies) generated by
upwelling. To maximise the temperature contrast between surface and
subsurface water (i.e., to better distinguish temperature anomalies), the
TIR survey was carried out during a warm summer day (15/09/2019, up
to 27.4°C in Bagneres-de-Luchon, close to the study area, see details in
www.infoclimat.fr) at around 13:00 central European time. A thermal
imaging camera (VarioCam HR Research 600®, InfraTec GmbH, Dres-
den, Germany, 640 x 480 pixels) with a standard 30-mm lens and a
Reflex camera (D7000, Nikon®, 4928 x 3264 pixels) with a 35-mm lens
were mounted on an autogyro (ELA® 07 S) to collect both thermal im-
ages and classic (RGB) photographs. Both sensors were set to take im-
ages in time-lapse mode every 1-2s. The survey lasted for 1 hour
(12:35-13:35), long enough to cover the entire study reach back and
forth to ensure sufficient overlap. The thermal images were corrected for
differences in the ‘true’ kinetic temperature using an empirical cali-
bration (R? = 0.87) comparing radiant temperature (from TIR images)
with temperature measured by 15 submerged VEMCO Minilog II® log-
gers placed in the river (~10 cm below the surface, logging at 5-minute
intervals) over the entire survey. For more details on the airborne TIR
survey, see methods in Marteau et al., (2022a),b).

3.3.2. TIR data processing
Both RGB and thermal orthomosaics were created separately using
structure-from-motion  photogrammetry  (SfM)  with  Agisoft
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MetaShape® software (version 1.6.0), and were exported at 0.1 m
pixel ! for the RGB orthophotographs and 0.4 m pixel ! for the thermal
orthomosaic (Fig. 3B — Step 1). After manual digitisation of the main
channel components (active and wetted channels, gravel bars, islands),
the channel centreline was automatically detected using the Flu-
vialCorridor 10.1 ArcGIS® toolbox (Roux et al., 2015). To produce a
longitudinal temperature profile, a 3.2-m-wide buffer was created along
this centreline and segmented at 100 m steps (Fig. 3B — Step 2). The
median temperature and standard deviation were extracted for each
polygon.

The main goal of the TIR mapping was to detect cool-water patches,
used to assess open water exchanges between subsurface and surface
and so representing a proxy of a more or less clogged riverbed. To do this
in a semi-automated way, the surface temperature was compared with
the local median temperature determined above (at 100 m steps), and
areas cooler than the local median were considered to be thermal
‘anomalies’. However, only anomalies below a threshold of 0.43°C were
considered as cool patches. Calculation of this threshold was approached
as a limit of detection, and was based on known uncertainties stemming
from camera accuracy, empirical correction, and local variability (see
Supp. Mat. in Marteau et al., 2022b for more details on the threshold
calculation). Cool-water patches were then individually classified from
the orthophotographs according to their shape, size, and position within
the channel (Fig. 3B — Step 3). We differentiated four types of cold
patches likely to provide information on the presence/absence of clog-
ging, with inspiration from Torgersen et al. (2012) and Wawrzyniak
et al. (2016). ‘Riffle exfiltration’ refers typically to water that infiltrates
upstream of a riffle crest and exfiltrates downstream (i.e., upwelling),
after circulating within the hyporheic zone. A ‘lateral seep’ can be
observed along the banks at the channel margin, and corresponds to
groundwater input into the channel. Although not directly influenced by
clogging, lateral seeps are dominant where riverbed incision is high and
hyporheic control is low. ‘Bar exfiltration’ is somewhat similar to riffle
exfiltration but with cool water coming from inside-bar flows and
exfiltrating along the bar margin. A ‘pool’ corresponds to cold water
coming from a stratified pool.

3.3.3. Segmentation

Analysis of the longitudinal temperature profile was first performed
by looking at changes in thermal gradients. To do this, the temperature
profile was segmented into sections of homogeneous gradient or “trend”
using the EnvCpt® package in R (Killick et al., 2021). The resulting
segmentation was further tested for changes in variance, which could
indicate changes in underlying processes, despite a constant trend or
gradient. Finally, geographical constraints were added when necessary
to simplify the analysis, such as those associated with the restitution of
diverted water and a confluence with a major tributary. The thermal
gradients and cool-water patches characteristics were then analysed for
each sub-reach and linked with the geomorphological variables at the
different scales to assess how these parameters could help interpret the
degree of alteration caused by clogging from a “functional” perspective.

3.4. Geomorphic analysis

A dataset from Bulteau et al. (2022) was used to characterise the
local-to-large-scale geomorphic settings and assess their potential for
controlling fine sediment dynamics and water temperature patterns. The
river planform (namely, active channel width, wetted channel, and
vegetated islands) was digitised from the orthophotographs (see Section
3.5). Gravel bars were then extracted by subtracting the wetted channel
from the active channel area. Valley width was digitised from aerial
photos taken in 2016 (French National Geographic Institute) when
discharge was low (Q ~13 m? s~1). Patterns of vertical evolution were
extracted from two low-flow long profiles of water surface elevation
taken in 1922 and 2014, following Liébault et al. (2013). Both were
measured in September month, Q<30 m®s!in 1922, Q<13 m®s'in
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2014 (see Bulteau et al., 2022 for details), and the main zones of bed
degradation were identified.

4. Results
4.1. Fine sediment interstitial storage

4.1.1. Longitudinal pattern

Riverbed storage showed a decreasing trend from upstream to
downstream for all size classes considered as fines (silt-clay, and sand,
Fig. 4) albeit with high variability in the by-passed reach. Overall, the
average silt-clay, and sand, proportions decreased from 0.34 % and
17.8 %, respectively, at UP1, to 0.15 %, and 6.5 % at DS2. Sand is by far
the dominant fraction, and exceeded the proportion of silt-clay by one to
two orders of magnitude (see Fig. S2 in Supplementary Material). The
BPR showed higher proportions of silt, clay and sand than upstream and
downstream reaches, demonstrating a local fine sediment enrichment
(Fig. 4). D1 was rather similar across all sites (20-27 mm), except in the
BPR where it fell to 11 mm, confirming the enrichment of the by-pass
with finer fractions, as indicated by the surface GSD. This enrichment
could be largely explained by the effects of by-passing on hydrology and
bed mobility. Sediment tracing provided information on bedload
behaviour over all sites, and over a range of discharges involving partial
to total mobility of the injected tracers. Table 2 summarises the main
results from sediment tracing, which help explaining the spatio-
temporal dynamics of the fine sediment. Indeed, computation of the
exceedance frequency for moving particles of 2 mm (Qca mm) showed
that sand mobility occurred for only 6.5 % of the time in the BPR, mostly
during flood events, while this threshold was surpassed 34 %, 11 %, and
98 % of the time at the UP, DS1, and DS2 sites, respectively.

Through its effects on bed mobility, roughness and near-bed flow
conditions, bed armouring seems to influence the FSIS in several ways.
The following observations should be considered to be unrelated to the
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Silts and clays (< 0.05 mm, %)
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Table 2

Characteristics of the bedload transport over the study sites. UP = pooled values
of UP1 and UP2. BP = pooled values of BP1, BP2 and BP3. Qcpso,s4: critical
discharge to move particles of the sizes Dso/Dga.

Sites 18)3 BP DS1 DS2 Pil

n 331 315 334 322 293
Recovery rate (%) 39-47 33-51 12-32 12-36 25-53
QCo mm (m®s71) 15 25 35 10

Qcpso (m® s™) 45-50 55-65 75 80 30
Qcepgs M3 s 60-70  70-90 87 120 40
Active Layer Thickness (m) 0.06 0.10 0.19 0.15 0.05

Plan d’Arem dam because they concern reaches both upstream and
downstream, as well as the control station on the Pique River. On the
one hand, the inter-site variability of FSIS (measured from the “volu-
metric” cylinder-corer method) was fairly correlated with the bed
armouring ratio (measured from “areal” Wolman method). Spearman
rank correlation (used because of highly heteroscedastic data) values of
the statistical relationship between the armouring ratio and the FSIS
were equal to 0.57 for silt and clay, and to 0.55 for sands (p < 0.01,
Fig. 5A & 5B). These observations corroborate the results from sediment
tracing experiments: within the most armoured sections, the bed expe-
riences less frequent full mobility which promotes FSIS. On the other
hand, we observed a positive correlation between bed armouring and
the standard deviation of silt-clay proportion, confirming the effect of
bed structure on the intra-site variability of this fraction (r(4) = 0.77, p
= 0.02; Fig. 5C). This correlation was not significant for the sandy
fraction of FSIS (r(4) = 0.42, p = 0.10).

4.1.2. Temporal dynamics

As a matter of general results description, we observed a remarkable
temporal variability in the fine sediment proportion in the bed (Fig. 6A).
Each site presented specific FSIS dynamics, according to its position
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within the study reach (i.e. upstream of the dam ‘UP’, in the by-passed
reach ‘BP’, downstream from the restitution ‘DS’). Within each sec-
tion, the response of fine sediments to the occurrence of flood events was
specific, and apparently related to local geomorphic features (i.e. bed
structure controls on bed mobility, see Section 4.1.1. and Bulteau et al.,
in review). Finally, sand and silt-clay proportions displayed very distinct
trends, which may mean that the processes of storage and release were
different and occurred independently.

A more extensive investigation of the temporal dynamics of inter-
stitial sands highlights that, independently from the section considered
(i.e. local geomorphic features), two main factors seem to influence the
response of this fraction to flood events. The first factor is the occurrence
of a competent flood event. For all section, competent floods (Q >
Qcpsg4) corresponding to flood discharge sufficiently high to trigger
drawdown flushing actions at the Plan d’Arem dam resulted in rather
low values of sand storage after both the first drawdown episode (23/
10/2019; with nondimensional proportion of sand at sampling 5 [Ps5*]
equal to 0.10, 0.51 and 0.04 at sections UP, BP and DS, respectively),
and the second drawdown episode (13/12/2019 and 20/12/2019; Pge*
equal to 0.10, 0.51 and 0.04 at sections UP, BP and DS, respectively),
whereas values were higher at the previous campaign (Ps4* = 0.50, 0.30
and 1 at sections UP, BP and DS, respectively; Fig. 6A). Contrarily to the
effects of competent flood events, the response of FSIS to smaller floods,
typically just sufficient to initiate motion of the surface Dsg, was site-
dependant and less clear. At sections UP and BP, the proportion of
sand, although displaying high values before the spring 2019 snow-melt

(Ps1* > 0.75) increased again with the small floods of May 2019 and
reached among the highest values recorded over the study period (i.e.
Psy* ~ 1). Interestingly, at the same sections, the response of interstitial
sands to spring 2020 snow-melt was different, despite hydrological
characteristics of both periods being similar. Proportions of sands, which
was rather low at the beginning of the period (Psg* < 0.51), increased at
the section UP, and decreased at the section BP (Fig. 6A). Thus, both
sections show very similar response to large floods but respond unevenly
to smaller events. A second factor arising from these observations and
potentially controlling the during-flood decrease of interstitial sand
storage is the proportion of sand readily available in the bed before a
competent event occurs. Low proportions of interstitial sand before a
flood (Ppre* < 0.25; Fig. 6B) lead to either a stable level or an enrich-
ment of sand proportion after the flood (Ppost* - Ppre* > 0; Fig. 6B).
Conversely, a relatively high proportion of sand before a flood (Pprg* >
0.50) increases the variability of FSIS response to that event. This
variability is controlled by bedload transport characteristics, i.e. partial
transport is associated with a high variability in the response of inter-
stitial sands (e.g. UP and BP), whereas full transport leads to systematic
decrease in sand proportion (e.g. DS; Fig. 6B).

The behaviour of silt and clay differed from that of sand and also
between sites. The proportion of silt and clay is positively correlated
with that of sand at sites UP1 and BP1 (* = 0.6 and 0.77, respectively),
negatively correlated at BP2 (r* = 0.45), and did not correlate signifi-
cantly at the other sites (% < 0.15). Downstream from the Plan d’Arem
dam, the highest proportions of silt and clay were observed in November
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2019, between two competent floods that involved flushing actions, but
these proportions dropped after the second competent event (January
2020). This indicates that, if flushing actions may have temporarily
increased storage, fines were quickly remobilised. No clear trend was
observed in changes in silt and clay over non-competent flood periods. It
is worth keeping in mind that surveys S7 (July 2020) and S8 (November
2021) were one and a half years apart, which is a long period consid-
ering the high temporal variability of the processes analysed, and which
must force us to exercise caution when interpreting the results from that
period.

Interesting trends arise from the analysis of post-flood changes in
FSIS (Fig. 6C). For this analysis, the values from the first and the last
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campaigns (S1 in April 2019 and S8 in November 2021, respectively)
were removed (because S1 had no previous flood and S8 no subsequent
flood on records). In general, silt-clay and sand proportions displayed
opposite post-flood trends. Highest values of silt-clay storage were
observed at all sections shortly after a flood occurred, independently
from the flood considered (i.e. 26 days after the flood of 12/06/2020 at
section UP, 33 days after the flood of 23/10/2019 at sections BP and
DS). These values dropped afterwards, to reach a low FSIS level some 76
days after the flood of 04/06,/2019 at section UP, 86 days and 114 days
after the flood of 25/05/2019 at sections BP and DS, respectively. These
results highlight that (1) high levels of silt-clay storage post-flood did not
persist and may then be rather associated with a transitory state, with
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potentially low risk of bed clogging, and that (2) these fine sediments are
more rapidly flushed in the uppermost sections that are coarse and
armoured than from lowermost sections which experience frequent full-
mobility of the active layer during floods (i.e. with more heterogeneous
material and lower bed porosity).

Contrarily to silt-clay, sand storage is at the lowest immediately after
a competent event (Fig. 6C), and progressively increases to reach
maximum values some 76 days after the flood of 04/06,/2019 at section
UP, 86 days and 114 days after the flood of 25/05/2019 at sections BP
and DS, respectively. We may interpret this increasing trend as an effect
of residual sand transport. During a given competent flood, the inter-
stitial sand is exported and leave available pore space. After the flood,
residual and intermittent sand transport during small floods and
hydropeaks progressively fill available space. This result is consistent
with the study of Blaschke et al. (2003), which reports that a new
quasi-stable state is reached a few weeks after a flood reset the clogging
cycle.

Anthropocene 47 (2024) 100444
4.2. Longitudinal pattern of water temperature

The longitudinal profile of water temperature was segmented into
eight sub-reaches (A-H) characterised by similar gradients and consid-
ered as homogeneous (Fig. 7). Upstream from the Plan d’Arem dam,
reach A is marked by a negative temperature gradient (—1°C km™1),
although this may not reflect any significant trend considering the
shortness of this reach (~700 m). Reach B, corresponding to the reser-
voir, shows a positive gradient (+0.32°C km ™) probably related to high
insolation and longer residence time. Water temperature drops at the
dam outlet, reducing by approximately 1.4°C. Over reaches C and D, the
BPR recorded an important increase in water surface temperature, rising
from 13.1°C at the dam outlet to 15°C at the restitution, with the
gradient becoming less important heading downstream (Fig. 7A). Note
that this observation was not related to water diversion because the dam
did not operate on the day of the TIR mapping and the BPR therefore
conveyed the entire discharge from upstream. Reach E was marked by a
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large variability in water temperature (ATyn-Tvax = 2.24°C) and an
overall negative gradient of —0.14°C km ™!, with the highest tempera-
ture recorded between RK49 and RK50 due to an old water diversion.
From RK52.6 to the downstream limit of the study reach, we identified
three reaches characterised by a low temperature gradient (—0.07°C to
+0.05°C km ™), with locally important variability of about +1°C.

Observation of the cool patch types and density provides compre-
hensive information on riverbed thermal functioning. River morphology
exerted substantial effects on the distribution of cool-water patches (see
Fig. S1 in Supplementary Material). The highest density of cool-water
patches associated with riffle upwelling was observed in the BPR,
especially in reach C with 276 m?ha~?, indicating a zone of rather active
exchanges between surface water and the hyporheic zone. We also
observed a lower number of cool-water patches over reaches F, G, and H
(83, 114, and 116 m? ha!, respectively), with an important proportion
of patches being attributed to lateral seeps over reach H (44 %, 51 m?
ha™1). The two reaches located at RK53-55 and RK59-62 were char-
acterised by the absence of such patches, which coincided with valley
widening (Fig. 7B).

The TIR survey was carried out the 15/09/2019, one day before the
campaign S4. At this campaign, FSIS values were moderate at sections
UP and BP, comprised between 0.25 and 0.5 for both sand and silt-clay
fraction (Fig. 6A). At the same campaign were recorded the highest
value of sand storage and the lowest value of silt-clay storage at section
DS. Overall, we may state that the day the TIR images were captured,
FSIS level was rather representative of a time-integrated average value
of storage over the study period, although more belonging to the lower
range of observations.

5. Discussion

5.1. Is there interstitial storage of fine sediment downstream from the Plan
d’Arem dam?

The FSIS within the coarse sediment matrix of the channel showed a
general decreasing downstream trend over the study reach. Fine sedi-
ments mostly consisted of sandy material, typically representing 4-20 %
of the sample mass, and perhaps even less of the total bed material
considering the sampler mouth size and sample truncation. Silt and clay
accounted for less than 0.5 % of sample mass, and for an average of
4.7 % of the fines, i.e., probably not very different from typical wash-
load (e.g., Gayraud and Philippe, 2003). These proportions are gener-
ally low but in the range of values given in the literature; for example,
Gayraud and Philippe (2003) found an average of 1.03 % of silt and clay
in the bed material of 15 French streams, Ryan and Packman (2006)
showed that silt and clay represented 6-25 % of fines on two streams
from an urbanised watershed in the USA, and Descloux, (2011) found
that fines represent between 8.3 % (unclogged) and 55.2 % (very clog-
ged) of freeze core samples.

The main effect of the Plan d’Arem dam on FSIS is caused by changes
in the local hydraulics through water diversion. This lowers the ex-
ceedance frequency for mobility of the finer fractions (e.g. sand),
resulting in fine sediment enrichment in the BPR (Impact 1). FSIS drops
downstream from the restitution thanks to a restored transport capacity,
and remains rather low over the rest of the study reach (Impact 2).
Drawdown flushing actions and associated fine sediment releases from
the dam may temporarily increase storage, but subsequent floods are
sufficiently competent to mobilise bed material and flush the deposited
material. As such, FSIS levels are lower after flushing actions than at the
end of long low-flow periods. Nevertheless, the role of suspended sedi-
ments in controlling riverbed clogging is frequently discussed, and other
factors such as connectivity with sediment sources within the basin
(Marteau et al., 2018), hydrology (Piqué et al., 2014), and local hy-
draulics and sediment characteristics (Misset et al., 2019) often exert
stronger effects.

The surface GSD was partly independent of the Plan d’Arem dam,
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and appeared to be a dominant factor controlling fine sediment storage
and release through two main processes. Large structural elements have
hiding effects that allow fines to settle and rest under flow conditions
that would otherwise lead to their transport in the absence of cobbles
and boulders. Moreover, such coarsening also testifies of some local bed
armouring, resulting in less frequent and more partial bed mobility
during floods. As a consequence, sites with bed armouring show higher
FSIS. Additionally, coarse features create local fixed-bed conditions,
allowing patches of mobile material to settle within the upper layer.
Here, the method used only allowed us to assess how this sieving process
affects sediment enrichment within the top layer of the riverbed (i.e.,
10 cm). However, we argue that sieving into deeper layers is unlikely in
the Garonne River since it would affect hyporheic exchanges (see dis-
cussion below), but also because Bulteau et al. (in review) showed that
sites with fixed-bed conditions only had a shallow scour layer.
Conversely, sites with a smaller surface GSD and better particle sorting
show a higher mobility (even total mobility) of bedload and higher
scouring (>15 cm, Table 2). These observations of bedload mobility
relate to the specific dynamics of the FSIS behaviour, which shows
higher intra-site variability in sites characterised by the presence of
large cobbles and boulders, especially for silt and clay. A number of
authors reported the importance of bed grain size and distribution (i.e.,
hiding effect), as well as bed mobility, in the control of incipient depo-
sition and of the depth of fine sediment infiltration (e.g. Wharton et al.,
2017), which supports our observations. Coarse beds were shown to
promote initial particle deposition and intrusion within the top layer
(Evans and Wilcox, 2014). If the poor sorting often observed in
transport-limited coarse-bed natural streams leads to reduced porosity
(Wooster et al., 2008), it is not the case on the Upper Garonne which
experiences a long-standing and structural sediment deficit (Bulteau
et al., 2022). Similarly, Gayraud and Philippe (2003) found a significant
positive correlation between the sediment sorting index and the pro-
portion of silt-clay (p = 0.30) and sand (p = 0.77, where p is the Pearson
correlation coefficient).

Following our first hypothesis, we can then compare observations
from our different sites to separate out the potential effects of the dam on
FSIS from other factors. Downstream from Plan d’Arem, FSIS is more
affected by the reduction in peak flows than by sediment starvation. As
such, the dam and associated drawdown flushing actions do affect FSIS.
However, increase in FSIS remains relatively low, (e.g., lower than that
observed upstream from the dam at some of the sites with similar bed
texture and hydrological conditions) and the grain size characteristics of
the fine sediments prevents interstitial storage from impeding hyporheic
exchanges.

5.2. Can FSIS be defined as clogging when thermal patterns are
examined?

We analysed the longitudinal structure of thermal gradients and the
distribution of cool-water patches. Information on the geomorphological
setting described by Bulteau et al. (2022) provides elements of inter-
pretation of river temperature patterns. At the large-scale, the shape of
the valley (i.e. alternance of tarns and locks, of wide and narrow valley
bottom) may cause the river to feed the aquifer where the valley is large,
and the groundwater to re-surface where the valley narrows (e.g. Dug-
dale et al., 2015). The dominant downward direction of exchanges in
areas where the valley widens results in a lower density of cool-water
patches, but with no impact on thermal gradients apart from a
decrease in the local variability of surface temperature (e.g. reach F and
middle of reach G, Fig. 7A). At a more local-scale, we identified the Plan
d’Arem dam as a key factor controlling downstream surface tempera-
ture. The dam outflow is cold, but then rapidly warms up within
approximately 4 km, to reach an equilibrium temperature of ca.
14.5°C-15°C until the downstream end of the study reach. Surface
temperature rises locally in areas of heavy ongoing in-channel roadwork
(e.g., St Béat village, RK48-50) and upstream of weirs and bridges



T. Bulteau et al.

(RK56, RK58, and RK64). The by-passed reach which is also located in a
wide valley characterised by a fairly wide active channel with a series of
riffles displays numerous evidences of upwelling. This reach with sig-
nificant hyporheic (i.e., vertical) exchanges contrasts with areas of
incision further downstream that show more lateral seeps due to outflow
of the local aquifer from the banks (i.e., lateral exchanges). While both
types of features result in a net inflow into the river, the processes (and
potential use/benefits to the biota) are different.

In the light of these different elements, we can state that fine sedi-
ment infilling of the riverbed matrix does not impede exchanges be-
tween hyporheic water and surface water in the upper Garonne River.
Indeed, reaches with high FSIS (e.g., BPR) still host a number of cool-
water patches, indicating that storage does not inhibit water ex-
changes with the hyporheic zone. We make the assumption that because
the fine material stored in the riverbed is mostly sandy-granular, it is less
likely to alter hydraulic conductivity (Wharton et al., 2017). Similarly,
the sediments stored in Plan d’Arem dam present non-cohesive char-
acteristics albeit rather fine-grained (global D5y between 1.6 and
5.6 mm, and the fines D5y between 0.6 and 0.8 mm, UWITECH, 2014). It
is this sediment that is being released during drawdown flushing actions,
but its characteristics combined with the relatively high mobility of the
riverbed provides the physical support to maintain functional hyporheic
exchanges. The bed armouring that is occasionally observed in the study
reach is not generalised, explaining the temporal variability of FSIS. A
highly armoured and degraded bed would have led to a relatively
continuous build-up in fine sediment storage with little or no release of
fines (Brunke, 1999) with potentially deleterious effects on hyporheic
exchanges.

These observations support our interpretation that fine sediment
infilling in the upper Garonne, which can be triggered by drawdown
flushing actions, does not generate clogging in the sense that it would
impede flow exchanges with the hyporheic zone. In this case, airborne
acquisition of temperature data helped interpret whether FSIS should be
considered as clogging. These results also underline the need to be very
careful when defining clogging solely based on FSIS measurements.

5.3. Lessons learned from a methodological perspective

While the benefits of using multiparameter approaches to assess
riverbed clogging is not new (Negreiros et al., 2023), there are still needs
to explore new methods to refine our understanding of the processes and
its consequences (Seitz, 2020). Here, the coupling of in-field sediment
sampling and TIR mapping offered an interesting perspective on such
assessment. Field sediment sampling provides a direct and discrete in-
formation on riverbed composition and is easily repeatable over time to
assess temporal dynamics, whereas the TIR mapping can be used as a
proxy to assess whether FSIS can actually be considered as clogging from
a more functional (i.e., hyporheic exchanges) perspective. We can use
results from the by-passed reach as an illustration of the benefits of our
method: based on fine sediment sampling only, this site could have been
considered as suffering from high level of clogging because it showed
high FSIS values, yet the observations of functional water exchanges
proved otherwise.

FSIS is a complex problem to assess because it is time and space
contingent. To control these conditions, a strategy based on inter-site
comparison is needed with consideration of a range of (1) spatial con-
ditions in terms of grain size, relative position to the dam, and water
diversion, and of (2) a range of temporal conditions in terms of sediment
mobility, hydrology, and dam operation. Acknowledging and inte-
grating the different forms of variability in the sampling strategy is the
only way to properly assess the respective effects of all these factors and
determine their relative contribution in controlling FSIS.

The variety of morphological contexts and human disturbances
found in rivers does not always allow for such distinction on the basis of
spatial segmentation and inter-comparison of homogeneous reaches,
and therefore other complementary approaches are needed to provide
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additional information to that provided by the spatio-temporal frame-
work. In our case, although the observed effects of surface GSD on FSIS
were apparently independent from the dam, in-situ study of the bedload
behaviour and calculation of critical discharges for various size classes
were required to distinguish the effects of surface GSD from those of
water diversion, especially given that the sections with the coarsest
surface layer on both the Garonne (Control 1, Impact 1) and Pique
(Control 3) rivers were also the by-passed sections. The repetition of
high-frequency FSIS measurements can help to overcome high intra-site
variability and to improve the robustness of the method. Finally, a more
detailed assessment of the direct unitary effects of drawdown flushing
actions and their persistence through time and space, which could not be
conducted here given the limited number of field campaigns, would
provide further information on how dam operation and management
could further help control the dynamics of fine sediment storage.

6. Conclusion

The present study aimed to characterise the Fine Sediment Intersti-
tial Storage (i.e. FSIS, encompassing sand, silt and clay) and release
processes in the vicinity of a RoR dam, and their potential role in
inducing riverbed clogging. This was accomplished by coupling sedi-
ment sampling with the acquisition of high resolution airborne TIR
imagery. This innovative approach, in line with previous recommen-
dations to use multi-parameter approaches when studying riverbed
clogging, relied on a spatio-temporal sampling framework to identify
and assess the relative contribution of individual factors on the control
of interstitial fine sediment dynamics. Our two working hypotheses, i.e.,
that (1) the effects of the dam on riverbed infilling could be explained by
geomorphological and hydrological parameters, and that (2) TIR im-
agery could help interpreting whether FSIS effectively generates clog-
ging, were validated. The upper reach of the Garonne River is subjected
to contrasting levels of FSIS, varying both spatially and temporally, and
sometimes reaching relatively high levels. However, none of the sites
were determined as suffering from ‘clogged’ conditions according to the
definition given in the introduction (analysed here ‘through the lens’ of
hyporheic exchanges). Drawdown flushing plays a role in maintaining
sediment dynamics downstream from dams by providing flood-like
discharges. In addition, flushing contributes to limiting sediment infill-
ing in the reservoir while providing material downstream in an other-
wise sediment-starved channel. Although encouraging results such as
the ones presented here offer interesting management perspectives, the
authors would like to emphasise the unique character of each study site,
and the requirement for careful in-situ analysis and diagnosis before
implementing any new dam management procedure.
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