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Abstract
Purpose In-channel sediment storage is a fundamental com-
ponent of a river basin’s sediment budget. Sediment remains
stored until a competent flow re-suspends and transfers it
downstream. The objectives of this paper are: (1) to quantify
in-channel sediment storage and its spatial and temporal dy-
namics in the River Isábena, a mesoscale mountainous catch-
ment draining highly erodible areas (badlands) in the south
central Pyrenees (Ebro basin) and (2) to analyse changes in
storage in the mainstem channel in relation to sediment yield
from the main tributaries.
Materials andmethods In-channel sediment storage wasmea-
sured seasonally (from winter 2011 to winter 2012) at 14
mainstem cross-sections using a re-suspension cylinder. A
minimum of three locations were sampled at each section,
and two levels of agitation were applied. Samples allowed
determination of the amount of sediment accumulated per unit
surface area at a given point in the river; estimates of the total
storage in the bed of the mainstem Isábena were derived from
these data. In addition, main five tributaries were monitored
for discharge and suspended sediment transport.
Results and discussion Results show an annual sedimentary
cycle, with the sediment being produced in badlands during

winter, transferred to the main channel during spring, stored in
the river during summer and, finally, exported out of the basin
by the autumn floods. Marked spatial variability was ob-
served; sections located immediately downstream from the
main tributaries (i.e. mainly Villacarli) generally held larger
amounts of sediment in the bed. Runoff and sediment inputs
from the tributaries were the most important factors determin-
ing sediment storage and its spatial and temporal dynamics.
The overall sediment yield of the Isábena was much higher
than the in-channel sediment storage, despite the large
amounts stored in the channel.
Conclusions This finding corroborates a previous published
hypothesis that fine sediment in the drainage network has a
mean residence time of the order of 1 year and that the basin’s
delivery ratio exceeds 90 %; both of these characteristics can
be related to the high connectivity between production areas
(badlands) and the river network, and to the role of baseflows
allowing continuous export of sediment from the catchment.

Keywords Badlands . In-channel sediment storage . River
Isábena . Storage variability . Suspended sediment

1 Introduction

In-channel sediment storage is an essential component of the
sediment budget of basins (Dietrich and Dunne 1978; Trimble
1983). The amount of sediment stored in the drainage network
varies greatly, from rivers in which it constitutes a relatively
small fraction of the total basin sediment yield to others where
it can be of similar or higher magnitude to the sediment export
(e.g. Walling 1983; Meade et al. 1990). Whatever the case, its
storage and episodic transfer downstream exert an important
control on both the temporal variability of the river’s load and
the instantaneous magnitude of sediment being transported.
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Bed sediment is mobilised during floods and transported
downstream; in periods between floods, water is generally not
sufficiently competent to transfer sediment so the material is
deposited on the riverbed surface (e.g. Wilson et al. 2004) and
within the gravel matrix (mainly silt and clay) (Walling et al.
1998). Thus, not all the available sediment (i.e. material
produced by erosion and transferred to the drainage network)
reaches the outlet immediately (Reid and Dunne 1996;
Walling et al. 1998). Once supplied from the catchment, the
transport capacity of the flow and channel morphology control
the distribution of sediment storage along the channel (Miller
and Shoemaker 1986; Pryor et al. 2011). Stored sediment can
remain from days to millennia, depending on the magnitude
and frequency of competent floods (i.e. as a function of the
relations between flow intensity to particle calibre and bed
sedimentary structure). Suspended sediment concentrations
increase on the rising limb of flood hydrographs with flood
intensity also entraining larger sediment and, if available,
releasing large amounts of sediments from the bed subsurface.
In particular, gravel-bedded rivers show marked spatial and
temporal variability of sediment storage, both in longitudinal
and transversal directions (Adams and Beschta 1980). The
riffle-pool structure found in such rivers implies continuous
variation in flow depth and water velocity (depending on local
morphology and slope) that ultimately controls fine sediment
accumulation. When flood discharges are competent enough
to mobilise both surface and subsurface material, the riverbed
acts as a sediment source (Diplas and Parker 1992).

The sediment budgets of river basins are conceptualised as
black-boxes in which inputs from sediment sources are related
(both in absolute terms, i.e. tonnes eroded vs. tonnes exported,
and relative terms, i.e. delivery ratio) to the sediment yield at
the outlet. However, generally, little or no attention has been
devoted to the transfer sequence through the drainage net-
work. Results of fine sediment stored in the channels are,
however, particularly important since storage may play a
critical role in controlling key aspects of the physical and even
biological functioning of a river. It may, for instance, control
the temporal variability and magnitude of the suspended sed-
iment concentrations and load at a given river reach and for
particular flow conditions. It may also affect channel form and
roughness, bank stability, bedload entrainment and porosity of
the riverbed, amongst others. The amount of sediment stored
in a given channel is a direct reflection of the degree of
connectivity between sources of particulate material and the
fluvial network. Furthermore, in-channel storage has impor-
tant effects on the composition, richness, distribution and
dynamics of benthic communities in stream channels (e.g.
Buendía et al. 2014). The paucity of studies on in-channel
sediment storage could be partly related to technical limita-
tions of sediment sampling, so as to ensure a desirable tem-
poral and spatial representativity, particularly in large rivers.
Despite difficulties in addressing this kind of study, some

authors have paid attention to in-channel sediment storage,
its magnitude and dynamics, using different methods to
quantify the amounts of material involved. Lambert and
Walling (1988) developed a technique consisting of a metal
cylinder that allowed quantification of the amount of sediment
stored in the bed at a given point and time. Recently, Gartner
et al. (2012) used radionuclides to measure the residence time
of stored fine sediment. Seasonal patterns of in-channel bed
accumulation have been also described by different workers.
For instance, Duijsings (1986) described a seasonal trend in
the River Schrondweilerbaach (Luxembourg), with dominant
storage in winter and re-mobilisation in summer, whereas
higher accumulations were found during spring months.
Furthermore, Collins and Walling (2007) described temporal
storage variations in two rivers of the UK (the Frome and the
Piddle). However, the dearth of studies characterising fine
sediment storage is still evident from the literature. Within
this context, results in the River Isábena—a highly dynamic
mesoscale catchment representative of the southern Pyrenean
region—offers an opportunity to highlight the importance of
channel storage, illustrating the fundamental link between
sources, transfers and yields of sediment in river basins.
Basic water and sediment budgets for the River Isábena were
established by López-Tarazón et al. (2012) from summer 2007
to spring 2009. Later, a quantitative assessment of in-channel
sediment storage and its relations with suspended sediment
was presented by López-Tarazón et al. (2011). This study was
carried out at four locations close to the basin’s outlet (in a 4-
km river stretch) for the period 2007–2008.

Building on these studies, and by following a similar
approach to that of López-Tarazón et al. (2011), the
current paper aims to further develop knowledge of in-
channel fine sediment dynamics in the River Isábena.
Sampling was thus extended to a larger number of
sampling sites, whereas sub-basins were simultaneously
monitored for runoff and suspended sediment transport.
The novelty of this work in relation to previous studies
in the Isábena and beyond relies on: (1) the analysis of
the temporal and spatial variability of sediment stocks
in the riverbed; and (2) the interpretation of these re-
sults in light of the water and sediment contributions
from the main sub-catchments. Specific objectives of the
paper are thus to: (1) determine the spatial and temporal
sediment storage along the whole mainstem of the
Isábena River and (2) assess the influence of the main
tributaries on the magnitude and variability of the in-
channel sediment storage. The first objective is achieved
by measuring in-channel accumulations at 14 sites dis-
tributed along ca. 38 km of the river in relation to
tributary inputs; the second objective is accomplished
by the analysis of the basin’s water and suspended
sediment loads, in relation to in-channel sediment
accumulations.
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2 The basin

The River Isábena is located in the northeast of the Iberian
Peninsula and is part of the Ebro basin (Fig. 1a). It flows into
the River Ésera, one of the main tributaries of the Cinca which
is, in turn, the second largest tributary of the Ebro.
Immediately downstream from the confluence, the Ésera-
Isábena drains into the Barasona Reservoir. The Isábena
catchment area is 445 km2, and its altitude ranges from 450
to 2,720 m above sea level. The basin is composed of five
main sub-basins (from north to south): Cabecera, Villacarli,
Carrasquero, Ceguera and Lascuarre (see Fig. 1b for location
details).

The climate of the Isábena can be classified as Continental
Mediterranean; however, owing to its altitudinal range, nota-
ble differences exist between the northern and the southern
parts of the basin. Mean annual temperature varies from 9 to
11 °C in the headwaters and from 11 to 14 °C in the lowlands.
Precipitation is also conditioned by the altitudinal and latitu-
dinal gradients, resulting in marked spatial variability. Mean

annual precipitation is 770 mm, ranging from 1,600 mm at the
headwaters to 450 mm in lower areas close to the reservoir
(for more details, see Verdú et al. 2006a).

The basin headwaters are located on Cretaceous massifs
that have been gradually excavated. Erosion has exposed
limestones in the higher parts and Eocene marls in the valleys.
Lowlands are on Mesozoic limestones and Tertiary clays and
conglomerates. In the central part of the catchment (mainly in
the Villacarli and Carrasquero sub-basins), easily erodible
materials (marls and shales) predominate and form extensive
areas of badlands that are especially active during periods of
rainfall.

The basin has a rain–snow-fed regime, with high variability
during the year. Maximum discharges occur during the spring
months, following snowmelt in the headwaters; however,
absolute maxima occur in autumn after torrential rains.
Minimum flows are registered at the end of the summer.
Mean annual runoff for the period 1945–2009 was 398 mm
(i.e. 177 hm3 with an interannual variation coefficient of
76 %), while mean annual discharge (hereafter, Q) for the

Fig. 1 a Location of the Isábena catchment within the Ebro basin, Iberian Peninsula, Spain. b The Isábena catchment showing the five main sub-basins
and location of sampling cross-sections and badland areas. c List of sampling sections in relation to the main tributaries
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same period was 5.6 m3 s−1 (σ=±2.2 m3 s−1) (measured at
Capella gauging station; López-Tarazón et al. 2009). The
Cabecera and Villacarli sub-basins provide 64 % and 20 %,
respectively, of the total water yield (hereafter, WY) (Verdú
et al. 2006b). The Carrasquero, Ceguera and Lascuarre sub-
basins supply less water, and the rest of the catchment is
formed by small episodic tributaries whose contribution is
almost negligible in total runoff terms.

Erosion and sediment supply from badlands control the
basin’s sedimentary dynamics. This is reflected in the unusual
sediment storage in the riverbed (in comparison to similar rivers)
and also in the acute siltation of the Barasona Reservoir.
Sediment transport in the Isábena is constant due to the high
connectivity between sediment sources and the drainage net-
work (Francke et al. 2008a, b). López-Tarazón et al. (2009)
concluded that one third of the sediment load is transported
during low flows. Badlands are located in the central part of
the basin (mostly in the Villacarli and Carrasquero sub-basins;
Penella 1997; Martínez‐Casasnovas and Poch 1998) and, de-
spite representing <1 % of the total basin area, are the main
sediment contributors to the catchment suspended sediment
yield (Francke et al. 2008a, b). On average (i.e. mean hydrolog-
ical period 2005–2008, as per López-Tarazón et al. 2009),
annual suspended sediment reaches 0.36 hm3 year−1, and mean
suspended sediment concentration (hereafter, SSC) is 0.63 g l−1

(σ=3.92 g l−1; CV=622 %); these values are associated with a
mean discharge of 3.4 m3 s−1 (σ=5.6 m3 s−1; CV=167 %).
During floods, mean SSC is 8 g l−1, and instantaneous values of
SSC of >300 g l−1 have been observed. Thus, SSC spans five
orders ofmagnitude in relation toQ (López-Tarazón et al. 2009).
This indicates that sediment transport in the Isábena is not solely
a hydraulic process but depends fundamentally on the sediment
supply from the catchment and, especially, on the availability of
fine sediment in the river network.

3 Methods

3.1 Field monitoring

Precipitation data were provided by the Ebro Water
Authorities (CHE) who measure rainfall (15-min interval) at
several sites along the catchment and neighbouring areas (see
Fig. 1b for details). Water stage (hereafter h) was recorded at
5-min intervals by means of TruTrack® WT-HR
probes (Intech Instruments LTD, Christchurch, New
Zealand) in five sites in total; four close to the outlets of the
Cabecera, Carrasquero, Ceguera and Lascuarre sub-basins
and one at a central location in the Isábena main channel
(Puebla de Roda, see Fig. 1b for exact location). Water stage
was subsequently transformed into Q by means of field cali-
brated h–Q rating curves. Discharges for different h values
were obtained from 1D modell ing by means of

WinXSPRO® (US Forest Service, Fort Collins, Colorado,
USA) (from channel topography andManning’s n derived from
direct roughness estimations, i.e. grain-size, vegetation) and later
calibrated by direct gaugings. The situation was different at: (1)
Villacarli, where h (thus Q) was recorded by a RQ24® radar
sensor (Sommer Mess-Systemtechnik, Koblach, Austria) and
(2) the main basin outlet where the Ebro Water Authorities
(CHE) register 15-min h data at the EA47 Capella gauging
station (Fig. 1b). Data from Capella were later transformed into
Q by means of the h–Q rating curve developed by López-
Tarazón et al. (2009). Due to technical problems, Q record in
Ceguera was interrupted between February and June 2011; the
WY for this period was estimated as a whole from the available
records at Puebla, Carrasquero, Lascuarre and Capella (Fig. 1b).
Subsequently, WYof Ceguera for that period was estimated as
the subtraction of the total runoff of Puebla, Carrasquero and
Lascuarre to the runoff in Capella.

Water stage samplers were installed at the TruTrack® lo-
cations to sample SSC during floods. At the Capella gauging
station, an Endress+Hauser® Turbimax WCUS41
probe (Endress+Hauser AG, Reinach BL, Switzerland) con-
nected to a Campbell CR510 datalogger (Campbell Scientific
Inc., Logan, Utah, USA) registered turbidity every 15 min.
Automatic water samplers ISCO 3700® (Teledyne, Lincoln,
Nebraska, USA) were also installed in the sub-basins and in
Capella to obtain samples during floods and base flows.
Samples from both automatic and stage samplers were
brought to the laboratory, filtered (through 1.2 μm pore-size
glass microfiber filters) or decanted (when the amount of
sediment was >2 g l−1) and dried, to determine SSC.

3.2 Load and storage computation

The marked scatter between Q and SSC at all monitoring sites
(as originally reported by López-Tarazón et al. 2009) precludes
the use of rating curves to estimate the river’s load. Instead,
Random Forests (RF) and Quantile Regression Forest (QRF)
models, in combination with direct samples (for those periods
where available), were the basis for load estimates. Random
Forest and QRF are non-parametric multivariate regression tech-
niques previously tested and used satisfactorily in the Isábena
(Francke et al. 2008a; López-Tarazón et al. 2012; Buendía
2013). Modelled data showed considerable agreement with ob-
served data. The use of RF andQRF allows the reconstruction of
continuous sedigraphs from continuous Q and rainfall data,
together with discrete suspended sediment samples as ancillary
variables. More details on sedigraph modelling can be found in
López-Tarazón et al. (2012) and Francke et al. (this issue).

In-channel fine sediment storage was sampled seasonally
from winter 2011 to winter 2012, on a total of five occasions.
Overall, 14 cross-sections along the Isábena mainstem were
surveyed; these were located immediately upstream and
downstream of the confluence of the Isábena with its main
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tributaries. The four sections previously studied by López-
Tarazón et al. (2011) were included in the sampling design.
Sediment in the bed was sampled following the technique
developed by Lambert and Walling (1988). In our case, it
consisted of a metal cylinder 0.6 m high and 0.5 m diameter.
The cylinder was placed on the riverbed without disturbing the
surface fine sediment and adjusted to the gravels to avoid losing
sediment. It was inserted into the bed by carefully spinning and
applying pressure simultaneously. A rubber ring in the bottom
of the cylinder helped to seal the contact with the gravels. Two
samples (N1) of running water were first taken as blanks. Then,
two levels of agitation were sequentially performed inside the
cylinder. The first (N2) involved agitation of the water column
in order to re-suspend the sediment stored on the bed surface,
and two samples were taken by submerging the bottles in the
cylinder immediately after water agitation. The second (N3)
involved, without moving the cylinder, agitation of the water
column and the top ~10 cm of the bed, to re-suspend the
remaining surface sediment and the fines retained in the upper
gravel matrix, and two more samples were taken after agitation.
To encompass storage variability, this procedure was repeated
at three to five points (depending on the section width) across
each section. The location of sampling points was different at
each sampling campaign to avoid the influence of the previous
disturbance. Values of sediment storage for the different sam-
pling points were averaged in order to smooth the influence of
local morphology on the accumulation of fine sediment, thus
obtaining a unique value for the cross-section as a whole.

As described for SSC, storage samples were filtered or
decanted in the laboratory. Equation 1 from López-Tarazón
et al. (2011) was used to estimate the amount of sediment per
unit surface area. The mean value for each cross-section and
for each level of agitation separately was calculated as the
average of the replicate local sediment storage values multi-
plied by the sampled area of the section (i.e. product of the
channel width and the cylinder diameter).

The value obtained was then extrapolated for the ~38 km
study reach for both N2 andN3 levels of agitation separately by
means of the Eq. 1 (also detailed in López-Tarazón et al. 2011,
adapted from the original equation developed by Walling et al.
1998), so the total storage (StSedT) can be estimated as:

StSedT ¼
Xn

x¼1

StSedSx þ StSedSxþ1

2

� �
� W Sx þW Sxþ1

2

� �
� L

ð1Þ

where StSedSx is the sediment stored within a given cross-
section (grams per square meter); WSx is the width of the
channel bed at a section (meters) and L is the representative
distance for each section (mid-point between consecutive
sections, meters). Results consequently relate to sediment
storage for the river length from section 1 (S1) to the basin
outlet (S14).

4 Results

4.1 Rainfall and runoff

Rainfall and runoff registered in the catchment are briefly
introduced to provide the hydrological context of the study
period (i.e. 1 year). Rainfall showed marked differences be-
tween the northern and the southern parts of the basin, with
values >650 mm in Las Paules, Calvera and Chordal, and
<500 mm in Capella and Castigaleu (Fig. 1b). The difference
was also noticeable between sampling periods (Table 1). It is
worth noting that very little precipitation was registered in the
whole catchment between the autumn and winter samplings
(e.g. <11 mm in Capella; <4 mm in Calvera and Chordal).

Runoff in the Isábena is known to be highly dependent on
precipitation and antecedent moisture conditions (López-
Tarazón et al. 2010); consequently, the largest floods during
the study period coincided with major rainfall events (e.g.
June and November 2011). The most important floods oc-
curred on the 15thMarch, 7thMay and 3rd and 4th November
2011 and were noteworthy in all sub-basins. Total runoff for
the period 24th February 2011 to the 15th March 2012 was
78.6 hm3 at the outlet (Table 2), thus the period can be
considered very dry in the context of the historical values
reported by López-Tarazón et al. (2009). Runoff distribution
followed the well-known pattern in the catchment, with
Cabecera contributing the highest amount of water (56 %),
followed by Villacarli (12 %); Carrasquero, Ceguera and
Lascuarre contributed less (4.4, 3.7 and 2.1 %, respectively)
and experienced drought in summer. Mean annual Q and
mean specific Q for the sub-basins and the whole Isábena
are shown in Table 2. Water yield in Capella does not match
the sum of the gauged sub-basins; this can be explained by
either the existence of transmission losses in the river bed
when runoff in Capella is less than the total runoff of the main
sub-basins (Francke 2009) and/or by the water supplied from
small ungauged sub-basins in the southern part of the basin
when runoff in Capella exceeds that measured in the main
sub-basins.

Table 1 Rainfall (in millimeters) for the periods between samplings
(Winter 2011–Winter 2012)

W-Sp Sp-Su Su-A A-W Total

Las Paules 196.4 159.4 307.4 5 668.2

Calvera 181.4 160.4 312 3.4 657.2

Chordal 171.4 224.6 278.8 3.6 678.4

Castigaleu 132.2 111.0 140.0 9.0 392.2

Capella 110 149.6 190.8 10.4 460.8

Location of rain gauges can be seen in Fig. 1 W winter, Sp spring, Su
summer, A autumn
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4.2 Sediment yield

Sediment yields for the sub-basin are shown in Table 3.
In contrast to runoff, the Isábena’s sediment yield was
not dominated by Cabecera (4.7 %) but by Villacarli
(58 %). The presence of badlands and their high con-
nectivity to the drainage network are the main factors
controlling the important sediment supply and down-
stream load. The Carrasquero, Ceguera and Lascuarre
sub-basins contributed less to the sediment yield of the
basin (2.5 %, 2 % and 1.1 %, respectively). The re-
maining 32 % corresponded to the ungauged area in the
southern half of the basin, encompassing areas that also
support badlands (see Fig. 1b). More than 197,000 t of
fine sediment reached the outlet of the basin, almost
three quarters of which was delivered between spring
and autumn, when the largest discharges were observed.
The winter–spring period carried 33,000 t of sediment
while, between autumn and winter samplings, very low
sediment transport was observed in almost all sub-basins
(e.g. 165 t in Capella).

4.3 Sediment storage

4.3.1 Spatial variability

Initial sampling in winter 2011 showed similar storage
at all locations (from 0.4 to 0.7 kg m−2), except S3 that
displayed values >1.8 kg m−2 (affected by the continu-
ous input from Villacarli). Storage experienced notable
changes in spring, with sections S6 to S11 displaying
the largest accumulations (>1 kg m−2) in almost all
cases. This may reflect the transfer of sediment during
snowmelt. Sites S1 to S5 and the lowermost down-
stream sections showed lower storage. Summer was
the season with the most marked differences, with S3
and S4 showing remarkable sediment accumulations (3.9
and 3.1 kg m−2, respectively), clearly influenced by
Villacarli. In turn, S11 (downstream from Lascuarre)
again showed large accumulations of fines. The rest of
the sites had similar concentrations of sediment per unit
surface area. Autumn data proved to be irregular, and
sections cannot be grouped according to storage; three

Table 2 Sub-basins’ hydrological values for the sub-basins for the study period (Winter 2011–Winter 2012)

Water yield (hm3) between samplings Mean Q Mean specific Q Max Q Max. specific Q

W-Sp Sp-Su Su-A A-W Total (m3 s−1) (l s−1 km−2) (m3 s−1) (l s−1 km−2)

Cabecera 21.7 6.7 13 2.3 43.7 1.3 8.9 31.3 214.4

Villacarli 1.5 0.91 3.7 2.9 9.0 0.2 4.8 21.5 511.9

Carrasquero 1.1 1.4 0.9 0.1 3.4 0.1 4 8.9 356

Ceguera 1.1a 1.7 0.1 2.9 0.08b 2.1 3.7 132.1

Lascuarre 0.73 0.4 0.2 0.3 1.6 0.05 1.1 4.11 91.1

Capella 30.6 16.5 26.0 5.5 78.6 2.4 5.4 50.5 113.5

Location of sub-basins can be seen in Fig. 1

W winter, Sp spring, Su summer, A autumn
aData were partially lost due to technical problems, and water yield cannot be exactly allocated to each of the two periods
b From 19/06/11 to 14/03/12

Table 3 Suspended sediment yield (SSY) and specific SSY for the sub-basins for the periods between samplings (Winter 2011–Winter 2012)

SSY (t) Specific SSY (g m−2)

W-Sp* Sp-Su* Su-A* A-W* TOTAL W-Sp* Sp-Su* Su-A* A-W*

Cabecera 6,600 856 1,483 334 9,272 45.2 5.9 10.2 2.3

Villacarli 3,133 18,408 46,389 10,013 77,943 926.7 438.3 1,104.5 238.4

Carrasquero 360 628 3,342 534 4,863 14.4 25.1 133.7 21.4

Ceguera 1,459a 2,215 273 2,488 26.1a 79.1 9.7

Lascuarre 708 660 583 145 2,096 15.7 14.7 13 3.2

Capella 33,016 91,916 72,273 165 197,370 76.8 213.8 168.1 0.4

Location of sub-basins can be seen in Fig. 1

W winter, Sp spring, Su summer, A autumn
aData were partially lost due to technical problems, and water yield cannot be exactly allocated to each of the two periods
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isolated sampling points (S3, S7 and S11) had the
highest concentrations. The final sampling occasion
(winter 2012) indicated once more that sections imme-
diately downstream from Villacarli and Lascuarre had
the higher sediment accumulations, suggesting the sig-
nificant influence of badland areas in controlling in-
channel storage. No clear pattern of within-section stor-
age was found at any site or in any of the sampling
occasions/periods of sampling.

4.3.2 Temporal variability

Figure 2 offers an overall view of where and when the channel
experienced increases and depletion of fine sediment storage,
together with the supply of water and sediment from each sub-
catchment that hypothetically controls such changes.
Sampling started in winter 2011. From that point until spring
a general increase in sediment storage was observed, and most
of the sections displayed values >0.8 kg m−2. S3 (~1 kg m−2),
far from winter values, and from S6 to S11, storage increased
notably (S10 and S11 reached 1.8 and 1.7 kg m−2, respective-
ly). General sediment depletion was observed from spring to
summer, although high accumulations were still measured in
the central part of the basin (i.e. S3–S5). This sediment
was supplied by Villacarli during spring floods, mainly
generated by rain episodes and deposited in the river
bed near its confluence with the main river. Chordal,
located in the Villacarli sub-basin, registered 225 mm of
rainfall during this period, 60 mm more than the mean
precipitation of the basin. Between summer and autumn
sampling occasions, a general increase of stored sedi-
ment was noted in most sections, especially in S7 and
S14; this trend, however, could not be observed at all
sections, and some experienced a reduction of sediment
stocks (e.g. S4, from 3.1 to 0.3 kg m−2); rain (>275 mm
in the northern part of the basin) may have contributed
to this reduction. Increase or reduction in sediment
storage is rather irregular between these two sampling
periods and grouping sites is thus not feasible. During
the months between the autumn and winter sampling
occasions, the whole channel experienced a reduction
of sediment storage, but changes were not as notable
as in other periods, coinciding with a low-rainfall period
and no floods (i.e. only baseflows exported sediment; as
per López-Tarazón et al. 2009). Winter 2012 showed
similar sediment storage to winter 2011, thus the sedi-
ment cycle returned to its initial position; the river bed
was generally dominated by moderate accumulations
(0.4–0.8 kg m−2), with S3 and the outlet again showing
the largest stocks.

Sections S3 and S4 are notable as regularly experienc-
ing large accumulations of fines and because they
displayed remarkable variation over the study year. In

particular, S3, located immediately downstream from
Villacarli, always showed very high accumulations
(>1 kg m−2, reaching 3.9 kg m−2 in summer) relative,
for instance, to upstream S1 and S2 (Figs. 3 and 4).
Sections S4 and especially S3 are both directly affected
by the input of fines from Villacarli, a phenomenon espe-
cially visible in summer. Downstream sections are, by
extension, also influenced by Villacarli, mainly in spring.
Notable fine sediment storage was also observed at the
outlet of the basin in all seasons except in summer, when
very low accumulations were observed (Fig. 4).

4.3.3 Patterns of sediment storage

Overall, two patterns of sediment storage can be ob-
served in the study period. Considering the whole basin,
sediment stored on the river bed surface (measured by
the N2 agitation method) had its maximum in spring
(124 t in total), whereas sediment determined by the N3
agitation method reached its maximum value in summer
(708 t, Table 4). This may indicate a regular washing of
the surface sediment between spring and summer sam-
plings (i.e. snowmelt period), with flows less competent
to mobilise fines from the gravel matrix. Method N2
from S1 to S5 shows a peak in winter 2012 while
maximum values in S6 to S14 appeared in spring. In
contrast, N3 had its maximum in summer for the up-
stream sections whereas the peak in the downstream
sites was in spring. Storage in the gravel matrix was,
in all cases, larger than that in the surface (Fig. 5).
Lowest concentrations (<500 g m−2 for N3 agitation)
were observed at the headwaters (S1 and S2, Cabecera)
and at the outlet (S13 and S14), whereas S3 (influenced
by Villacarli) and S11 (after the confluence with
Lascuarre) showed the highest values (>1.8 and
1.4 kg m−2, respectively, for N3 agitation). Central
reaches showed similar responses. Moreover, SD and
CV (Table 5) reflect the high variability between sam-
plings. Figure 5 shows sediment storage per unit surface
area for the two levels of agitation and for all sampling
seasons.

The whole channel showed distinct patterns of sediment
distribution (Table 4). Fines stored on both the surface and
the upper gravel matrix reached a maximum of 708 t in
summer (11 % in the surface and 89 % in the gravel
matrix), when baseflows were less capable of entraining
and transferring large amounts to downstream. Spring also
experienced notable storage of fines (665 t in total, with
18 % in the surface and 82 % in the subsurface). Both
winter sampling occasions showed slightly smaller accu-
mulations and similar distribution between layers (Fig. 4).
Specific sediment storage on the surface and the upper
matrix was between 17 and 19 t km−1 for spring and
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summer, and between 12 and 14 t km−1 for autumn and
winter. These results seem to be somehow contradictory to

what is shown in Fig. 4, since autumn shows more
reaches with high accumulations than summer. The reason

Fig. 2 Seasonal trends in fine storage in light of water and sediment
supply and differences in sediment storage for periods between sam-
plings. Due to technical problems, water and sediment supply in Ceguera

from winter to summer cannot be allocated exactly to each of the periods
and is presented jointly in the spring–summer map
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for this may relate to the fact that sediment in autumn was
distributed more homogeneously, whereas, in summer, just

two river reaches (S3 and S4) were responsible for the
large sediment stocks (up to 200 and 130 t, respectively).

Fig. 3 Seasonal evolution of in-channel sediment storage based on the
N3 level of agitation (see text for details). S1 to S14 indicate sampling
sections from upstream to downstream. Arrows indicate the confluence of

the main tributaries (V: Villacarli; Ca: Carrasquero; Ce: Ceguera; L:
Lascuarre; see Fig. 1 for more details)

Fig. 4 Temporal and spatial variability of in-channel sediment storage (including both the surface and the upper gravel matrix) in the River Isábena
mainstem for the study period
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4.3.4 The role of tributaries on sediment storage

Table 6 presents data on the ratio between sediment storage in
a group of sections (i.e. defined by sub-basin location) and the

specific sediment yield transported from the sub-basins
(i.e. storage–input ratio). The closer the ratio is to 1 the
more the in-channel sediment storage resembles inputs
from sub-basins. Ratios >1 mean that sediment stored is

Table 4 Storage (in tonnes) of in-channel fine sediment for the study period

Winter 2011 Spring 2011 Summer 2011 Autumn 2011 Winter 2012 Stretch

N2 N3 N2 N3 N2 N3 N2 N3 N2 N3 Length (km)

S1 2.8 25.0 2.7 11.6 2.7 15.6 1.7 25.5 9.7 9.9 2.6

S2 0.7 13.8 1.0 9.1 1.4 18.4 0.9 12.7 1.6 6.4 2.3

S3 18.6 110.8 17.5 64.8 48.3 201.9 6.4 69.0 20.9 58.9 3.2

S4 2.4 22.4 nd 10.4 4.4 135.6 2.9 16.5 15.0 67.8 1.6

S5 0.9 36.2 11.0 25.9 4.1 61.8 5.6 25.3 3.7 41.7 2.1

S6 11.1 30.7 12.1 98.3 0.7 36.1 12.9 42.6 1.2 28.2 3.8

S7 1.6 32.6 9.6 61.8 1.1 33.7 10.1 95.6 3.1 32.1 3.5

S8 2.7 13.9 8.4 34.5 2.1 17.8 3.7 14.8 3.3 23.1 1.9

S9 1.5 25.6 8.4 59.4 1.6 23.1 1.0 11.3 4.3 17.8 2.0

S10 3.2 37.5 16.8 102.0 2.3 40.1 6.1 28.8 3.4 33.3 3.0

S11 3.7 47.3 22.0 91.9 7.9 86.7 15.8 74.3 35.3 66.3 2.2

S12 1.8 28.7 5.6 16.1 0.3 11.8 0.8 22.0 1.7 27.4 1.3

S13 1.2 15.1 0.7 2.7 0.3 10.8 0.2 0.7 0.6 5.9 1.1

S14 4.3 78.5 8.1 76.7 1.9 15.1 20.1 88.9 1.9 52.7 7.2

Total 56.6 517.8 123.9 665.2 79.0 708.7 88.4 527.9 105.6 471.5 37.7

nd no data available

Fig. 5 Mean annual sediment storage at each monitoring section. The
two levels of agitation are plotted (N2 for surface sediments and N3 for
the remaining surface and the top gravel matrix). Arrows indicate the
confluence of the main tributaries in relation to sampling locations.

Cabecera correspond to the Isábena mainstem, and it is located upstream
from the confluence with Villacarli (S1 and S2). The gauging station of
Capella is located immediately downstream from S14
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greater than that produced in the corresponding upstream sub-
basin, and the larger the value the less the correspondence
between storage and input. Ratios <1 indicate that sediment
exported from the sub-basin is lower than sediment accumu-
lated in the channel. From winter to spring, a general increase
in sediment storage was observed; according to Tables 3 and
6, most sediment came from Villacarli. Sediment yield from
Cabecera was also considerable, a fact that can be related to
the large runoff observed here. Carrasquero, Ceguera and
Lascuarre showed higher storage–input ratios (Table 6) which
means that they did not contribute to storage to the same
degree as Villacarli and Cabecera. Between the spring and
summer sampling occasions, the river channel experienced a
decrease of fines, except for S3 and S4 (again with the lowest
storage/input ratio in Villacarli). Values for the remaining sub-
basins were high, suggesting that their sediment supply did
not significantly alter the magnitude of in-channel sediment
accumulations. From summer to autumn, the lower part of the

basin experienced a notable increase in storage. During this
period, Carrasquero and Ceguera (values of 6.3 and 4.3,
respectively) together with Villacarli (0.8) contributed consid-
erably to the increase in sediment accumulation; sediment
yield for these sub-basins (Table 3) during that period was
much higher than from previous ones, mainly due to the
November flood. Finally, from autumn 2011 to winter 2012,
general sediment depletion was observed in the channel, i.e.
no floods occurred during this period; badlands were contrib-
uting little, and baseflows had washed out any fines remaining
in the river. Inputs from Villacarli were low, whereas the
effects of Carrasquero, Ceguera and Lascuarre were weak.

5 Discussion

Figure 3 illustrates the clear effect that badlands located in
Villacarli exert on the Isábena’s mainstem. First, in-channel

Table 5 Sediment storage in the riverbed for both levels of agitation

Mean (g m−2) σ (g m−2) Cυ (%) Max (g m−2) Min (g m−2)

S1 N2 108.3 124.1 114.55 329.1 (A) 30.8 (A)

S1 N3 393.4 124.2 31.58 572.7 (W11) 248.1 (Sp)

S2 N2 25.4 9.9 38.91 37 (W12) 14.4 (W11)

S2 N3 270.8 118.7 43.84 455.7 (Su) 146.4 (W12)

S3 N2 416.3 315.7 75.83 934 (Su) 102.2 (A)

S3 N3 1835.6 1201.3 65.45 3906.4 (Su) 1029.7 (Sp)

S4 N2 127.5 117.3 91.95 300.3 (W11) 51 (W11)

S4 N3 1093.3 1207.0 110.39 3097.9 (Su) 217.9 (Sp)

S5 N2 106.4 78.6 73.87 231.2 (Sp) 18.2 (W11)

S5 N3 794.8 286.7 36.07 1213.2 (Su) 532.8 (A)

S6 N2 114.3 91.9 80.38 194.9 (Sp) 10.4 (Su)

S6 N3 736.6 480.2 65.19 1585 (Sp) 429 (W11)

S7 N2 77.0 57.0 74.06 132.62 (A) 15.9 (Su)

S7 N3 741.7 280.7 37.85 1089.3 (A) 429.9 (W11)

S8 N2 135.4 73.1 54.03 258.1 (Sp) 79.2 (Su)

S8 N3 724.8 293.9 40.56 1060.3 (Sp) 426.9 (W11)

S9 N2 75.8 64.5 85.01 159.8 (Sp) 20.22 (A)

S9 N3 595.7 332.6 55.84 1134.9 (Sp) 221.7 (A)

S10 N2 110.5 104.0 94.12 293.1 (Sp) 46.7 (Su)

S10 N3 859.1 530.8 61.79 1779 (Sp) 461.3 (A)

S11 N2 350.7 295.5 84.26 823.2 (W12) 58 (W11)

S11 N3 1439.5 415.0 28.83 1768.6 (Su) 737.5 (W11)

S12 N2 73.3 87.4 119.14 226.3 (Sp) 11.6 (Su)

S12 N3 681.7 173.7 25.47 848.7 (W11) 418.2 (Su)

S13 N2 29.1 16.5 56.85 53.7 (W11) 10.7 (A)

S13 N3 329.9 265.8 80.57 661.6 (W11) 32.1 (A)

S14 N2 50.4 47.2 93.53 129.7 (A) 17.3 (W12)

S14 N3 458.1 181.8 39.69 572.9 (A) 140.1 (Su)

Location of sites is described in Fig. 1

σ standard deviation, Cυ Coefficient of variation, Wx winter for the year x, Sp spring, Su summer, A autumn
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sediment storage in S3 was, in all seasons, higher than in S1
and S2, located in the upstream Cabecera sub-basin (despite
its larger catchment size and runoff). In the summer and winter
2012 sampling occasions, the Villacarli effect was also visible
in the downstream S4 site. Cabecera contributed most runoff,
being competent to re-suspend and transport accumulated
sediments downstream; nonetheless, sediment production in
Cabecera was low, which is reflected in the values of sediment
storage of S1 and S2 (<0.6 kg m−2) and corroborated by a
mean SSC of 0.2 g l−1 (in comparison to 10 g l−1 in Villacarli).
Despite supporting some badland areas, Carrasquero does not
seem to have a major influence on the accumulation of fines,
at least at the overall scale of the Isábena, despite the remark-
able instantaneous sediment transport that was normally ob-
served here. Hypothetically, local hydraulic conditions down-
stream of S4 and S5 may favour the conveyance of sediment
to downstream locations, but no data are available to corrob-
orate this. Ceguera and Lascuarre also had a minor impact on
fine sediment accumulations in the main Isábena, as a result of
their limited runoff and thus sediment loads. Although SSC
during floods was notable for Carrasquero, Ceguera and
Lascuarre, the magnitude and duration of floods seemed in-
sufficient to alter the magnitude and the temporal dynamics of
the in-channel accumulations, as Villacarli does.

It is worth discussing section S11, where important in-
creases of sediment storage in relation to the upstream S10
were observed on most sampling occasions. As discussed,
Lascuarre cannot be uniquely associated with such evident
increases; in contrast, sediments may again be the conse-
quence of channel topography (i.e. local reduction in slope,
or increase in width–depth channel ratio), which may induce
the deposition of fines on the river bed at the precise points
where the cylinder was deployed.

5.1 The annual sedimentary cycle

Results (Fig. 3) from this and previous work suggest that the
River Isábena has a marked annual cycle related to sediment
production, transfer, storage and export. This cycle is mainly
associated with the temporal and spatial dynamics of sediment
production and erosion from badlands, sediment loads from
tributaries and in-channel sediment storage (as previously
described by López-Tarazón et al. 2011, 2012). Freeze–
thawing processes in winter and early spring prepare the
sediment in the badlands (mainly in Villacarli); sediment
remains in the production areas as regolith until the first floods
(caused by snowmelt and spring rains) transfer it to the main
channel and progressively downstream to the outlet during
high discharges. In low flow periods (i.e. generally summer),
sections downstream from the tributaries are progressively
washed out and the Isábena experiences a depletion of fine
material. This phenomenon is especially clear in late summer
and autumn, when the lowest sediment accumulations were
observed. It is worth emphasising that the study period was
very dry compared with the historical record. This, together
with the lack of large floods and lower duration of baseflows,
may be the reason for the high sediment accumulations in the
lowest parts of the basin.

The total storage in the river channel (surface and upper
gravel matrix) varies between seasons, a fact that, as stated, is
related to the sediment input from tributaries. Stored sediment
varied from 450 to >700 t between study periods, which
suggests the existence of a minimum stock of sediment. In
spring, it equalled 2% of the SSY in Capella, while in summer
and autumn it represented <0.8 %. In winter 2012, sediment
storage represented more than twice the SSY at the outlet,
reflecting the fact that in periods of persistent low flows and
no floods the stocks in the bed controls sediment yield, so the
bed acts as the main source of sediment exported from the
basin.

Sediment storage also has important ecological implica-
tions. Increase and depletion of sediment in a given river reach
occur several times during the year, depending mainly on
hydrology and sediment supply. This dynamism implies that
communities living in environments such as the Isábena have
to be adapted to rapid changes in sediment accumulation and
also must have the capacity to live in different physical
conditions.

As has been stated previously, the vast amount of sediment
eroded and transported by the river comes from badlands
located in the middle part of the basin. The high connectivity
of these badlands to the drainage network is the key factor
controlling the high amount of sediment accumulated in the
river bed. Areas producing high quantities of sediment but far
from the main drainage network would not cause such re-
markable and sustained sediment storage. Results in the
Isábena suggest that work related to sediment dynamics of

Table 6 Ratio between in-channel sediment storage (N3) and specific
sediment yield from sub-basins (both in grams per square meter)

Spring Summer Autumn Winter

S1–S2 4.9 68.4 36.1 108.9

S3–S4 0.8 8.3 0.8 5.5

S5–S7 74.8 26.8 6.3 34.1

S8–S9 31.2 37.2 4.3 78.4

S10–S14 60.1 39.5 50.0 213.5

Sampling sites are grouped, and its sediment storage has been averaged
according to the length of the river influenced by every section (see
Table 5). Specific sediment yield for the sub-basins (Table 3) is applied
to the group of sampling points immediately downstream of its entrance
to the mainstem. S1–S2 are influenced by Cabecera; S3–S4 by Villacarli;
S5-S7 by Carrasquero, S8–S9 by Ceguera and S10–S14 by Lascuarre.
When values are close to 1, the amount of sediment storage resembles the
sediment input from the associated incoming tributary at the specific
period of time; the larger the value the less the correspondence between
storage and input. Results reflect the remarkable storage variation both in
temporal and spatial scales. Location of sites is presented in Fig. 1
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river basins should devote increasing efforts to assess the
degree of connectivity of source areas to river channels.

5.2 Design and method limitations

The re-suspension cylinder has demonstrated its validity for
the analysis of the variability of in-channel sediment storage
along a river. Although the use of this technique has been
adequate to achieve the objectives of this study, limitations of
the method have to be considered. During samplings, special
attention has to be paid to the sealing of the cylinder with the
gravels since sediment losses may occur. Besides, samples
have to be taken immediately after the agitation due to the
rapid settling of fines. Flow depth also limits the use of the
method, since the cylinder is difficult to keep in place for
water depths >0.5 m (depending on water velocity operational
depth could be even lower). It is also worth mentioning that
reported data represent only a snap-shot of the sediment stored
in a given section and at a given moment, thus continuous and
detailed evolution of the accumulation of fines cannot be fully
undertaken. For this, surveys should be done on a flood basis,
thus samplings could be repeated after each competent event,
in which case a more detailed assessment of the sediment
dynamics could be achieved.

6 Conclusions

The amount of fine sediment that accumulates in river chan-
nels can vary notably over short time and spatial scales,
especially when floods occur; the magnitude of a given flood
and its load are seen as key factors determining the amount of
stored sediment (e.g. Navratil et al. 2010). During inter-flood
periods, the river bed stores sediment, which is newly released
during subsequent high discharges, when the channel acts as a
sediment source. In the case of the Isábena basin, because of
the sampling design necessary for a river of this size, specific
variations between floods cannot be examined using the cur-
rent data. Nevertheless, hydrographs and sedigraphs from sub-
basins and the main catchment allow seasonal and site differ-
ences (temporal and spatial variations, respectively) to the
highlighted and help in the assessment of the role of in-
channel storage in the sediment budget for this dynamic
drainage basin.

Results of in-channel sediment storage described by
López-Tarazón et al. (2011) differ from the current ones,
while, in 2007–2008, winter was the season with the highest
amount of sediment stored (131 t km−1 in comparison to a
mean of 30 t km−1 in other seasons); in the current study
(2011–2012; for coinciding sampling sites and using a mean
of the agitation levels) spring and autumn were the seasons
with higher accumulations (up to 35 t km−1). Sampling sites

also showed differences. For example, for the 2007–2008
study, S13 for all seasons displayed largest accumulations,
whereas in the current study S11 and S14 were the sites
capturing most fines (sites from S1 to S10 were not taken into
account by López-Tarazón et al. 2011). Inter-annual differ-
ences, both in space and time, suggest that, although a sedi-
ment cycle was observed in the two periods, in-channel sed-
iment accumulations were not correlated in time or space.
Hydrology (i.e. flood magnitude and frequency, total runoff,
duration of baseflow, specific location of sediment eroding
storms) determine the transfer and storage of materials in the
drainage network and, consequently, the observed seasonal
and geographical differences.

The in-channel sediment storage for the very dry study
period equated to <1 % of the annual sediment load of the
catchment, although this relation may vary greatly amongst
seasons, with stored sediment occasionally reaching three
times the seasonal load. The Isábena value falls below those
reported in other rivers where in-channel storage have been
assessed, such as the Frome and Piddle (UK), where propor-
tions of 18 and 57 % were measured in 2003–2004 (Collins
and Walling 2007). The Schrondweilerbaach (Luxembourg)
also showed large quantities of stored material, i.e. up to 9 %
of the sediment load for the period 1979–1981 (Duijsings
1986). Although the Isábena is a highly active river and large
amounts of sediment storage were reported—also in compar-
ison to most rivers of a similar size—sediment export is high
in relation to storage, corroborating the hypothesis that sedi-
ment stored within the river bed has a short residence time
(<1 year, López-Tarazón et al. 2011) and that the delivery ratio
is typically very high (>90%, López-Tarazón et al. 2012). The
temporal and spatial dynamics of the sediment stored in the
channel of the Isábena also reflect the short distance to sedi-
ment sources and the relatively small scale of the catchment,
especially in comparison with process occurring in larger
systems such as the Ebro. There, the importance of the in-
channel storage on sediment transport dynamics may be less
relevant in relation to other factors, such as the amount of
runoff, the role of floodplains in storing and releasing fine
sediments, the role of land uses in supplying sediments and
even the presence of reservoirs capturing significant propor-
tions of the particulate load.

Despite the fact that tributaries appear to have a major
influence on the cycle observed in the Isábena (i.e. specially
regarding water and sediment yield from Cabecera and
Villacarli), further studies –with increasing sampling frequen-
cy and number of locations, and incorporating channel mor-
phology as a local factor – would help to improve the under-
standing of in-channel sediment dynamics, and allowing a
more complete picture of the sediment budget of the whole
Isábena catchment to be developed.

The Isábena drains into the Barasona Reservoir few hun-
dreds of meters downstream of its confluence with the River
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Ésera. Massive sediment loads from both rivers threaten the
long-term functioning of the reservoir, progressively reducing
its capacity. Even though sediment removals have been car-
ried out in the 1990s, the results presented in this study
emphasise: (1) the magnitude of the sediment load and (2)
the role of most sub-catchments, but especially the ones
having badlands and thus elevated sediment supply. Thus,
there is a need to develop and implement sediment manage-
ment actions with the aim to extending the reservoir’s lifespan.
Finally, and beyond this investigation, quantification of sedi-
ment loads transported by rivers mobilising such large
amounts of material (i.e. that are typically highly dynamic
and have contrasting fluvial environments) helps to under-
stand the role of sediment source areas on the basins’ physical
functioning in light of global change scenarios.
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