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Abstract

The sediment transport of the highly regulated lower Ebro River is estimated on the basis of a measuring programme carried out
between 2002 and 2004. Total sediment transport, including both suspended load and bedload, was measured upstream and
downstream from the Mequinenza and Riba-roja reservoirs, with special attention to the transport during floods. Annual total load
upstream from the dams is estimated at around 1.64·106 t, of which at least 99% is transported in suspension. Annual total load
downstream from the dams is estimated at around 0.45·106 t, of which 60% is transported in suspension and the remaining 40% as
bedload (mean D50-bl in the range of 32mm). Total load represents 3% of what was transported at the beginning of the 20th century
in the delta plain. Sediment yield is three to four times lower below the dams, a fact that is caused by the trapping of sediment
within the reservoirs (around 90% in the case of suspended sediment and 100% in the case of bedload). As a consequence,
sediment that is transported downstream from the dams is all entrained from the riverbed and eroded from the banks. The sediment
deficit causes a mean riverbed incision of 30mm per year, as estimated from bedload measurements and by means of scour chains
and painted pebbles located between the lowermost dam and the measuring section 28km downstream. Since floods have been
reduced on average by 25% but sediment supply from upstream has been reduced to almost nothing, the river channel of the lower
Ebro River will continue exporting sediment both during floods (N2000m3/s, mostly bedload) and frequent high flows (1000m3/s
to 2000m3/s), making the incision progressive unless restoration steps are taken.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Rivers carry sediment continuously from headwaters
to deposition zones, being finally responsible for the
equilibrium between fluvial and marine processes in
deltas and on beaches. Alluvial channel morphology is,
over the long-time scale, maintained in a dynamic quasi-
equilibrium whereby sediment exported from a specified
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reach is roughly equal to the supply from upstream
(Williams and Wolman, 1984). Within this context, the
sediment budget in a fluvial system could be expressed
as In−On=ΔSn, where In is the sediment coming into the
nth reach, On is the export of sediment from the reach,
and ΔSn is the change in sediment storage in that reach.

Dams interrupt the continuity of the sediment transfer
along fluvial channels, causing morphological changes
to downstream fluvial and coastline ecosystems (e.g.,
Kondolf and Matthews, 1993). Sediment deficit is not
only an environmental issue but also, in some cases, a
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socio-economic problem, for instance due to loss of
reservoir capacity (e.g., Fan and Springer, 1993). In the
Trinity River, California, after the construction of the
Lewiston Dam, ecologically desirable instream alluvial
features such as gravel bars were gradually lost during
periods of sediment transport (Trinity River Flow
Evaluation, 1999). In the Colorado River the annual
suspended load was reduced more than three orders of
magnitude after the construction of the Hoover Dam,
Nevada–Arizona (Meade and Parker, 1985). A general
sediment deficit downstream from dams is generated
under such conditions. In addition, dams alter the down-
stream flow regime of rivers (Williams and Wolman,
1984), which controls many physical and ecological
aspects of river form and processes, including sediment
transport and nutrient exchange (Poff et al., 1997).

Hydrological alterations caused by dams include
changes in flood frequency and magnitude, reduction in
overall flows, changes in seasonal flows, and altered
timing of releases (Ward and Stanford, 1979; Petts,
1984; Ligon et al., 1995; Ward and Stanford, 1995;
Kondolf, 1997). In different rivers of the Sacramento–
San Joaquin River system of California, frequent floods
(Q2–Q10) were reduced in magnitude below dams from
2% to 95% in comparison with pre-dam values (Kondolf
and Matthews, 1993). Batalla et al. (2004) reported
reduction of the flood magnitude as the most important
flow alteration in the whole of the Ebro basin (NE
Iberian Peninsula). Geomorphological consequences of
flood reduction on downstream reaches are two fold.

On one hand, if flows released from dams have suf-
ficient capacity to move coarse sediment, water becomes
‘hungry water’ (Kondolf, 1997), which may transport
sediment downstream without replacement from up-
stream (InbOn). Main effects of the ‘hungry water’ on
the fluvial dynamics are: (a) ecological degradation of
the fluvial and deltaic systems (e.g., Day and Templet,
1989; Kondolf and Wolman, 1993), (b) geomorpholog-
ical degradation of the river channel (e.g., Kondolf and
Matthews, 1993; Kondolf, 1997; Shields et al., 2000)
that includes riverbed incision, riverbank instability,
upstream erosion in tributaries, groundwater overdraft-
ing, damage to bridges, embankments and levees (e.g.,
Kondolf, 1997; Rinaldi and Simon, 1998; Batalla, 2003),
and changes in channel width (e.g., Williams and
Wolman, 1984; Wilcock et al., 1996; Shields et al.,
2000), and (c) propagation of riparian vegetation into
previously unvegetated or lightly vegetated areas (e.g.,
Inbar, 1990; Church, 1995; Vericat and Batalla, 2004).

On the other hand, if floods do not have sufficient
competence to transport sediment from incoming
tributaries or other sources, the river bed suffers
sedimentation (ΔSnN0) (Howard and Dolan, 1981). In
the Trinity River downstream from Trinity Dam, the
capacity of the river to transport sand decreased and the
sediment yield from tributary watersheds increased as a
results of road construction and timber harvest, resulting
in channel aggradation and a decline of invertebrate and
salmonid spawning habitat (Wilcock et al., 1996).

River sedimentary processes are thus disrupted after
the dam is set into operation (In≈0). Furthermore, at the
outlet of the basin the balance between fluvial and
marine processes on beaches and in delta regions is
altered (e.g., Brownlie and Taylor, 1981; Milliman and
Meade, 1983). The erosion of the Nile Delta (150m/yr),
1000km downstream from the Aswan High Dam,
Egypt, dramatically illustrates the effects at the delta
as a consequence of the reduction of sediment yield
downstream from dams.

Different management and ecological restoration
efforts to compensate the sediment deficit downstream
from dams are conducted in some rivers (Kondolf, 1997).
For instance, controlled flow releases (flushing flows) and
beach nourishment with imported sediment dredged from
reservoirs and harbours have been implemented along
many rivers (Inman, 1976; Allayaud, 1985; Everts, 1985).
However, the high costs of these operations prevent the
general application of such restoration techniques (Inman,
1976). In spite of the amount of literature on geomorphic
effects of dams on downstream channels, we are aware of
no attempt to quantitatively assess the sediment deficit
caused by large dams on a large river system, based upon
regular, systematic and extensive direct measurements of
total load (both in suspension and as bedload) upstream
and downstream of the reservoirs.

The objective of this paper is, therefore, to analyse
the sediment transport through a highly regulated fluvial
system, the lower Ebro River, during two consecutive
hydrological years (2002–2004). Total sediment trans-
port was measured upstream and downstream from the
largest complex of dams in the Ebro basin. Results
establish the sediment deficit in the lower Ebro River
and may assist in assessing which are the main
consequences on fluvial dynamics in the lowermost
part of the river.

2. Study area

2.1. The Ebro basin

The Ebro basin drains an area around 85,530km2 and
is located in the north-eastern part of the Iberian
Peninsula. Water divides are the south-facing slopes of
the Cantabrian Range and the Pyrenees in the northern
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part of the basin, and the north-facing slopes of the
Iberian Massif in its southern part. The Ebro River
debouches into the Mediterranean Sea downstream from
the city of Tortosa, which is located 180km south of
Fig. 1. Location of the study area in the
Barcelona (Fig. 1). Precipitation varies greatly across
the basin due to its topographical and climatological
diversity. Mean annual precipitation ranges from more
than 2000mm in the Pyrenees to less than 300mm in the
Ebro basin (NE Iberian Peninsula).
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arid interior. Mean annual discharge in Tortosa is
450m3/s, which means an average annual water yield
of 14,300hm3 (where 1hm3=1·106 m3; data from
1913). Runoff varies substantially from year to year:
maximum annual runoff was 30,821hm3 in the
hydrological year 1914–1915, whereas the minimum
was 4284hm3 during the year 1989–1990. Maximum
peak flow was estimated at around 12,000m3/s in
Tortosa in 1907 (Novoa, 1984).

Close to 190 dams now impound almost 60% of the
annual runoff in the Ebro basin. In more humid regions
and for basins of similar size, the impoundment
calculated is much lower (Batalla et al., 2004). Almost
all the main tributaries of the Ebro River are dammed
(Fig. 1). In the Ebro basin water is mainly used for
hydropower production (60,000hm3/yr, 12,600 of which
passes through the downstream-most power house in
Flix, including all base-flow and an important part of the
flood-flows), followed by irrigation (6300hm3/yr) and to
cool a nuclear power plant (3350hm3/yr). Virtually all of
the dams were constructed during the 20th century. In
particular, a total of 5200hm3 of water were impounded
during the period 1950–1975 (67% of the current
reservoirs' capacity). Only 25 of the dams in the whole
of the basin have a capacity larger than 50hm3, but they
possess 90% the total basin storage capacity (Batalla et
al., 2004). Maximum discharge at the Tortosa gauging
station in the post-dams period has been 3300m3/s in
1982.

2.2. The lower Ebro River

For the purpose of this study, we have considered the
lower Ebro River as the river reach between Sástago,
2km upstream from the Mequinenza reservoir, to Móra
d'Ebre, 28km downstream from the Flix Dam (Fig. 1).
In this reach, the river flows as a single thread
meandering channel through the Ebro depression,
which is constrained by bedrock outcrops where it
crosses the Coastal Ranges (e.g., Pas de l'Ase). The
largest complex of reservoirs in the whole Ebro Basin is
located in this area. Mequinenza (in operation since
1966) is the largest reservoir in the basin with a capacity
of 1534hm3, while Riba-roja reservoir (in operation
since 1969) has a capacity of 207hm3 and impounds the
two largest tributaries of the Ebro, the Segre and the
Cinca rivers. The lowermost dam is Flix (in operation
since 1948) with a capacity of 11hm3 (Fig. 1). The most
important tributary downstream from the Flix Dam is
the Siurana River which, in turn, is heavily regulated by
three dams and has suffered from intensive gravel
mining since the 1980s.
In Sástago (above the dams) the median size of
riverbed material (D50) is 17mm, no difference being
observed between surface and subsurface. Riverbed
material is bimodal (B=2.6, where B is the bimodality
index reported by Wilcock, 1993) with well defined
modes, one fine mode at the coarse sand fraction and one
coarse mode at medium gravel. Below Flix Dam surface
(s) material is coarser than the subsurface (ss) material.
Surface material is unimodal coarse gravel (B≈1). Mean
D50-s measured in active bars is 38mm, and varies from
8 to 70mm. Subsurface deposits are predominantly
bimodal sandy-gravel materials (BN2). Mean D50-ss is
17 mm, ranging from 8 to 30mm. The sand fraction
comprises between 20% and 30% of subsurface deposits,
the median size of the sand being 1mm (i.e., coarse
sand). Mean channel slope is 8.5·10−4 and channel
length (Lr) is 307km, while the straight-line valley length
(Ls) is 190km. Therefore, the lower Ebro shows in most
part of its course a clear meandering pattern (Lr /Ls=1.6,
Leopold et al., 1964). Channel width ranges from 50m to
more than 160m along the study reach.

Estimated total annual sedimentation in the reservoirs
of the Ebro basin is 15hm3 (Sanz et al., 1999; Batalla,
2003) which corresponds, approximately, with the annual
sediment contribution of the Ebro River to its delta at the
beginning of the 20th century (Bayerri, 1934–1935;
Nelson, 1990). The lack of sediment delivery down-
stream from the dams has caused changes in river channel
morphology, mainly vegetation of formerly active areas
(Sanz et al., 1999; Avendaño et al., 2000; Vericat and
Batalla, 2004, 2005a), and can be identified as the main
reason for the retreat of the Ebro delta. In addition, over 4
years, the riverbed has been continuously dredged
downstream from Móra d'Ebre to Tortosa to ensure the
navigability of the river for tourism purposes (Fig. 1),
affecting fish habitat and contributing to the disequilib-
rium of the river's sedimentary system (Batalla, 2004).

3. The lower Ebro River sediment sampling
programme

3.1. The hypothesis

The degree of alteration of river processes down-
stream from the dams depends upon the relation between
the original and altered flow regimes, especially floods,
and the sediment load. In the case of the lower Ebro
River dams have reduced relatively frequent floods (e.g.,
Q2 to Q25) by around 25%, on average (Batalla et al.,
2004). The alteration of flow regime (affecting compe-
tent discharges for sediment transport) is much lower
than that affecting the downstream sediment transfer
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(dams capture all bedload and most of the suspended
load). Changes in the frequency of competent flows can
be assessed by means of the dimensionless ratio T*,
calculated as the quotient between the pre-dam and post-
dam frequency of sediment transporting flows (Grant et
al., 2003). Using flow data taken from Batalla et al.
(2004), the ratio calculated for the lower Ebro River is
0.97, reflecting almost the same flow competence during
both pre and post-dams periods. Changes in sediment
supply can also be analysed by the dimensionless ratio
S*=SB /SA, where SB is the sediment supply below-dam
and SA is the sediment supply above-dam (Grant et al.,
2003). In the lower Ebro, sediment supply downstream
from the dams has been remarkably reduced. The
combination of high T* and low S* leads to a number
of riverbed adjustments such as riverbed scour, bank
erosion and channel degradation, which we hypothesize
to be the dominant fluvial processes.
Fig. 2. Flow hydrographs at the monitoring sections (upstream and downstrea
MEMS.
3.2. The measurements

Between 2002 and 2004, a research group from the
University of Lleida undertook a sediment sampling
programme in the lower Ebro River in order to determine
the sediment load upstream and downstream from the
large Mequinenza, Riba-roja and Flix reservoir complex.
The sampling programme included monitoring of sus-
pended and bedload transport at the Sástago Monitoring
Section (SMS, channel width 110m) upstream from the
dams and at the Móra d’Ebre Monitoring Section
(MEMS, channel width 160m) downstream from the
dams (Fig. 1). Special attention was devoted to the mea-
surement of sediment transport during floods. The sam-
pling programme was established to obtain reliable data
on sediment transport, both to assess the magnitude of the
changes to sediment supply in the river and to inform on-
going restoration projects in the river and in its delta plain.
m from the dams) for the 2002–2004 hydrological years. (a) SMS; (b)
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4. Discharge

4.1. Measurements

Flow was calculated at the two monitoring sections by
routing hydrographs from upstream gauging stations
operated by the Ebro Water Authorities (Vericat and
Batalla, 2005a). Discharges for the SMS were obtained
from the gauging station located in Zaragoza (n.11, 85km
upstream), and discharges at MEMSwere estimated from
the gauging station located in Ascó (n.163, 15km
upstream) and further compared with discharges in
Tortosa (n.27, 49km downstream) (Fig. 1). The Musk-
ingum method (Shaw, 1983) was used to route hydro-
graphs to the monitoring sections (Fig. 2).

At a single vertical discharge measurements were
used to corroborate flood hydrographs. Velocity of the
flow was measured from a bridge by means of an OTT
C31 current meter which was attached to a cable-sus-
pended US DH74 sampler. Six velocity profiles were
compiled at SMS for instantaneous discharges between
750 and 2135m3/s. Eleven velocity profiles were
obtained atMEMS for instantaneous discharges between
750 and 2160m3/s. Mean velocities were calculated
from velocity profiles and subsequently used to verify
routed discharges from upstream gauging stations.
Simultaneously, we measured channel width by means
of a laser telemeter and flow depth from the corrected
Table 1
Flow regime at the monitoring sections of the lower Ebro River during the s

Monitoring section Mean discharge (m3/s)

Pre-dama Post-damb 2002–2003

Sástago bridge — SMSc

(section upstream dams)
244 208 251

Móra d'Ebre bridge — MEMSd

(section downstream dams)
581 332 415

Water yield (hm3/yr)

Pre-dam Post-dam 2002–2003

Sástago bridge — SMSc

(section upstream dams)
7708 6576 7913

Móra d'Ebre bridge — MEMSd

(section downstream dams)
16,664 10,473 13,080

See also Fig. 3.
a Pre-dam period: 1913–1974; 1974 was the year when most reservoirs w
b Post-dam period: 1974–2004 (Batalla et al., 2004).
c Pre and post-dam values from the flow series of the upstream gauging s

the upstream section of Zaragoza (see text for discussion).
d Pre and post-dam values from the flow series of the downstream gauging

the upstream section of Ascó (see text for discussion).
e Maximum daily discharges of the flows series, except for the pre-dam p

Values of 2002–2003 and 2003–2004 are maximum instantaneous discharg
vertical of the crane cable. The Muskingum method
tended to systematically overestimate discharges at the
monitoring sections, especially for low flows. Mean
overestimation is about 10% (σ=±3%, where σ is the
standard deviation) at SMS and 3% at MEMS (σ=±1%).
Due to the limited number of data and the low bias
observed, being probably close to the error of measure-
ment (e.g., water-level recording, stage-discharge rating
curves), the bias was not corrected.

4.2. Flow regime

The study years 2002–2003 and 2003–2004 were
average hydrological years at the two monitoring
sections compared to both the pre-dam and the post-
dam flow records (Table 1). At SMS the year 2002–
2003 showed mean discharge and water yield similar to
the pre-dam mean value. Values of the year 2003–2004
were slightly lower than the mean pre-dam and higher
than the post-dam discharges. In contrast, at MEMS,
both years show slightly lower mean discharge and
water yield than the pre-dam mean values, and slightly
higher than the post-dam observations. Overall differ-
ences are small between study years and flow series at
the two monitoring sections, as the flow duration curves
indicate (Fig. 3a, b). More than 99.5% of the flow range
was sampled for suspended sediment and 96.5%
for bedload during the study years. Mean monthly
tudy years 2002–2004 in relation to long-term flow records

Median discharge (m3/s)

2003–2004 Pre-dam Post-dam 2002–2003 2003–2004

235 129 115 125 166

465 413 224 217 382

Peak dischargee (m3/s)

2003–2004 Pre-dam Post-dam 2002–2003 2003–2004

7263 3843 3065 2604 1035

14,656 12,000 3303 2498 1355

ere already constructed and in operation (Batalla et al., 2004).

tation of Zaragoza; values of 2002–2003 and 2003–2004 routed from

station of Tortosa; values of 2002–2003 and 2003–2004 routed from

eak discharged of 12,000m3/s estimated by Novoa (1984) in Tortosa.
es routed from related gauging stations.



Fig. 3. (a) Flow duration curves calculated for the pre and post-dam discharge series at the Zaragoza gauging station, and for the study years (2002–
2004) at SMS. Mean monthly discharges are also presented. (b) Flow duration curves calculated for the pre and post-dam discharge series at the
Tortosa gauging station, and for the study years (2002–2004) at MEMS. Mean monthly discharges are also presented.
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discharges of the study period present a distribution
pattern similar to the pre and post-dams series at both
monitoring sections (Fig. 3a, b). Peak discharges in both
sections and years are lower than the annual maximum
daily discharges of the whole flow series. Maximum
discharge at SMS during the study period (2604m3/s)
had a recurrence interval of 10 years (Q10), estimated
from the post-dam flow series at the Zaragoza gauging
station, while at MEMS maximum discharge was
2498m3/s (Q8), estimated from the post-dam flow series
at the Tortosa gauging station. Overall, several floods
occurred during the study period and all of them were
monitored for sediment transport.
5. Suspended load

5.1. Measurements

Calculation of suspended sediment load at the two
lower Ebro River monitoring sections has been based on
the analysis of 414 depth integrated water and suspended
sediment samples collected between 2002–2003 (255
samples) and 2003–2004 (159 samples). The samples
were regularly obtained during floods, in which most
sediment load is transported, and sparsely collected
during low flows (i.e., below mean discharge). As
indicated, almost the whole range of discharges for
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each of the two hydrological years was sampled. Sam-
ples were obtained at a single vertical section by means
of a 28kg cable-suspended depth-integrating US DH74
sampler. The vertical was located at the centre of both
monitored sections, the same vertical where flow
measurements were done. Around ¾l of water were
collected in every sample. Samples were carried to the
laboratory and filtered using 1.2μm cellulose filters.

Single vertical samples were compared with the
mean cross-section samples to determine the ratio
k=Cs /C1, wherein Cs is the mean concentration of
suspended sediment determined from three vertical
samples at SMS, and six vertical samples at MEMS, and
C1 is the mean concentration determined at the same
time from the usual single vertical section (e.g., McLean
et al., 1999). Six and three sets of vertical samples were
collected to assess the k ratio at SMS and MEMS,
respectively. The k ratio varied randomly with discharge
at the two monitoring sections and values ranges from
1.02 to 1.12. Hassan and Church (in McLean et al.,
1999) found that small spatial bias is offsetting and has
no significant effect on the computation of the annual
load. Due to the restricted number of simultaneous
samples and the low bias observed between Cs and C1,
the variation was not explicitly incorporated into the
analysis of this paper.

5.2. Precision of the measurements

A measure of relative precision of a single instanta-
neous load is given by the coefficient of variation of the
estimates (CVi), which can be expressed as (modified
from McLean et al., 1999)

CVi ¼ ½ðrC=CÞ2 þ ðrQ=QÞ2�1=2

wherein σC /C and σQ /Q represent the relative error
terms for the concentration measurements and dis-
charge, respectively. Determination of measurement
precision was done by analysing instantaneous concen-
tration obtained from replicate single vertical samples
collected at the two monitoring sections for each of the
two sampling years 2002–2003 and 2003–2004, and the
flow measurements precision by estimating the RMSE
deviations from stage-discharge rating curves. At SMS
replicate single vertical samples included eight (2002–
2003) and twelve (2003–2004) sets of at least two
samples each over almost all the range of flows and, at
MEMS, ten sets of samples (in both years), of at least
two samples each over all the range of discharges. The
results yielded estimates of CVC (=σC /C)=0.06 at SMS
and 0.19 at MEMS, and CVQ (=σQ /Q)=0.09 at MEMS
(no data are available at SMS, so we have adopted also
0.09), so the relative precision of a single instantaneous
load would be CVi=0.11 at SMS (i.e., ±10%) and 0.21
at MEMS (i.e., ±20%).

Sediment load estimation can also be biased by
technical measurement errors. For instance, depth
integrated sampling misses a portion of the suspended
load near the bed (e.g., Nordin and Richardson, 1971).
In this study, the original data of both sections have been
used and no adjustment has been made.

The α=0.95 confidence limits have been calculated
above and below the regression lines (rating loads) for
each year. The RMSE of both limits have been
subsequently calculated to determine the mean error
estimates. At SMS themean error estimates of suspended
sediment measurements is ±14% for the year 2002–
2003 and ±7% for the year 2003–2004. At MEMS the
mean error estimates is ±23% for the year 2002–2003
and ±6% for the year 2003–2004.

5.3. Computation of sediment yield

Annual suspended sediment yield at the monitoring
sections was calculated from load-rating relations
between discharge (Q in m3/s) and suspended sediment
concentration (C1 in mg/l) using the Flow Duration
Curve method (Walling, 1984). Annual statistically
significant relations were used to estimate suspended
sediment concentrations, and thus loads, during periods
or discharges for which measurements were unavailable.
Since sediment-rating curves are based on instantaneous
measurements of discharge, they possibly underestimate
the sediment loads (Walling, 1984), especially for the
very high flows. In the case of the lower Ebro River,
unsampled discharges were equalled or exceeded 0.5%
of time at SMS and 0.1% of time at MEMS in both
years. Therefore, the suspended load was probably not
underestimated.

In order to compare results from the Flow Duration
Curve method, annual sediment was also estimated as
the product of the 15-min interval discharge and the
suspended sediment concentration obtained from the
annual Q–C1 rating curve. The results by this method
show loads similar to those obtained with the Flow
Duration Curve method (i.e., −10% difference, on
average).

5.4. Patterns of suspended sediment transport and yield
at SMS

Suspended sediment concentrations (C1) of the Ebro
River at the Sástago Monitoring Section (SMS) showed
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a positive and statistically significant relation with
discharge (Q) (pb0.01) for the two study years,
2002–2003 and 2003–2004 (Table 2, Fig. 4a, b). The
degree of scatter is, however, very high, indicating
important temporal variability which can be related
both to seasonal effects and to hysteretic effects during
floods (Fig. 5). The relatively high values of
suspended sediment concentration during 2002–2003
suggest that suspended sediment dynamics are not
extremely affected by upstream regulation. The main
tributaries draining the Central Pyrenees (e.g., Gál-
lego) and, especially, the Iberian Massif (e.g., Jalón)
contribute large quantities of fine sediment to the Ebro
mainstream. As an example, maximum concentration
observed in the Jalón during the February 2003 flood
attained 4g/l (unpublished field data collected by the
authors). Lower concentrations and less variability
during 2003–2004 could be related to comparably
smaller sediment availability and presumably to lesser
contribution of fine sediment from the tributaries.

The mean suspended concentration (estimated as the
mean of the measured concentrations) was 530mg/l for
a mean sampled discharge of 1280m3/s in 2002–2003,
and 215mg/l for a mean sampled discharge of 725m3/s
in 2003–2004. The maximum concentrations were
recorded during 2002–2003 (1.5g/l) under discharges
close to 2000m3/s.

The mean annual suspended sediment load passing
the upstream section of SMS and entering the Mequi-
nenza reservoir was calculated at around 2.30·106 t
Table 2
Rating curves between discharge and sediment transport in the lower Ebro w

Monitoring section Sediment t

Sastago bridge — SMS (section upstream dams) In suspensi

As bedload

Mora d'Ebre bridge — MEMS (section downstream dams) In suspensi

As bedload

C1=suspended sediment concentration (mg/l).
Q=discharge (m3/s).
ε=standard error of the coefficient.
ib=specific bedload rate (g/ms).
(#*) Samples excluded from the analysis (see text for details).
1 Q–C1 best fit rating curve for 2002–2003 (statistically significant at pb0.
2 Q–C1 best fit rating curve for 2003–2004 (statistically significant at pb0.
3 Q–ib best fit rating curve for 2002–2003 for discharges higher than 1900
4 The relation betweenQ and ib is not statistically significant. Bedload yield ha
(see text for details).
5 Q–ib best fit rating curve for 2002–2003 (statistically significant at pb0.0
6 Q–ib best fit rating curve for 2003–2004 (statistically significant at pb0.0
(±0.32·106 t) for the year 2002–2003 and 0.97·106 t
(±0.07·106 t) for the year 2003–2004, which represent
specific sediment yields of approximately 47t/km2·yr−1

and 19t/km2·yr−1 (Table 3). These values are lower
than others reported for smaller basins in the Mediter-
ranean region (Walling and Webb, 1983; Lvovich et al.,
1991; Inbar, 1992; Batalla et al., 1995; Walling and
Webb, 1996). According to data from Bayerri (1934–
1935) and further estimates by Nelson (1990), specific
sediment yield at the beginning of the 20th century,
before most dams were constructed, was of the order
of 200t/km2·yr−1. Reduction may reflects upstream
sediment retention.

Suspended sediment loads show a different pattern
between the two years (Fig. 6). Suspended load was
transported in less time during 2002–2003 (e.g., 10% of
time carried 90% of the load) than during 2003–2004
(10% of time carried 60% of the load). This fact is a
reflection of the different hydrological behaviour of the
two study years (Fig. 2). During 2002–2003 higher
magnitude events occurred in comparison to 2003–
2004, so that most of the load was transported by less
frequent discharges (e.g., 50% of the load was
transported by discharges equalled or exceeded only
1.5% of the time).

The seasonal variation in suspended sediment load is
illustrated in Fig. 7. Seasonal variation is expressed as
the relation between mean discharge (Q in m3/s) and
mean suspended sediment concentration (C1 in mg/l) for
each season. Suspended sediment samples covered
ith error estimates (see Figs. 4 and 10 for data)

ransport Rating curve r2 N ε

on 1 C1=0.42·Q+1.01 0.23 80 (3*) 0.08
2 C1=0.37·Q−61.50 0.24 65 (6*) 0.08
3 ib=0.35·Q−660.70 0.34 15 0.13
4 – 19 –

on 1 C1=0.09·Q−89.12 0.40 175 0.008
2 C1=0.06·Q−25.48 0.20 94 (9*) 0.01
5 ib=0.34·Q−210.31 0.15 130 0.07
6 ib=0.17·Q−103.10 0.32 51 0.03

01).
01).
m3/s (statistically significant at pb0.01, see text for details).
s been calculated as the product of discharge times average bedload rate

1).
1).



Fig. 4. Suspended sediment load rating curves at the monitoring sections (a and b at SMS and c and d at MEMS) in the lower Ebro River for the
hydrological years 2002–2003 and 2003–2004. Dashed lines represent the α=0.95 confidence limits above and below the regression line (solid line)
(see Table 2 for equations). Data represented by open squares have not been included in the analysis.
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almost the whole range of discharges in each season.
Within the year 2002–2003 there is a clear anticlockwise
hysteresis, reflecting the progressive supply of sediment
from the catchment and the upstream tributaries, which
mostly arrived at SMS and entered the Mequinenza
reservoir during February–March and May high magni-
tude floods (Vericat and Batalla, 2005a). Mean sus-
pended sediment concentration in winter is more than
two orders of magnitude higher than in summer. The year
2003–2004 shows a visible clockwise hysteresis,
indicating that the supply of sediment was still higher
during autumn and winter, possibly due to reworking of
sediment remaining from the previous year, which
became limited at the end of the spring season.
5.5. Patterns of suspended sediment transport and yield
at MEMS

Suspended sediment concentrations (C1) in the Ebro
River at the Móra d’Ebre Monitoring Section (MEMS)
downstream from the dams showed a positive and
statistically significant relation with discharge (Q)
(pb0.01) for the two study years, 2002–2003 and
2003–2004 (Table 2, Fig. 4c, d). The positive relation of
the load rating curves indicates that the increment of the
suspended load is related to the increase of discharge
during floods (i.e., hydraulically dependent). Taking
into account that almost all fine sediment supplied from
the upstream catchment gets trapped in the large



Fig. 5. Hysteretic behaviour during the April 2004 flood at Sástago
Monitoring Section (upstream from the dams). The relation between
discharge and suspended sediment concentrations shows a well
defined clock-wise hysteresis, indicating progressive exhaustion of
sediment during flood. Each point represent a single measurement.

Fig. 6. Frequency of suspended load at the two monitoring sections
(upstream and downstream from the dams) during the hydrological
years 2002–2003 and 2003–2004.
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Mequinenza and Riba-roja reservoirs (120-km long), the
river channel would act as the main source during high
flows. Concentrations may be the consequence of the
unusual sediment supply from the riverbed and banks
after two years of intense drought (2000–2002). As in
the case of SMS, the degree of scatter is very high,
indicating notable temporal variability. This again can
be related mainly to seasonal effects. In contrast to SMS,
no hysteresis has been observed during floods.

The mean suspended concentration (estimated as
the mean of the measured concentrations) was 38mg/
l for a mean sampled discharge of 1284m3/s in 2002–
2003, and 27mg/l for a mean sampled discharge of
910m3/s in 2003–2004. The maximum concentrations
were recorded during 2002–2003 (0.55g/l) under
discharges close to 2440m3/s. Mean and maximum
concentrations are an order of magnitude lower than
those obtained at SMS under similar discharges. This
fact reflects clearly the influence of the reservoirs in
Table 3
Sediment yield of the lower Ebro River for the period 2002–2004

Monitoring section Sediment

Sastago bridge — SMS (section upstream dams) Suspended
Bedload (
Total load

Mora d'Ebre bridge — MEMS (section downstream dams) Suspended
Bedload (
Total load

(#) Percentage of sediment load within total load.
a Calculated by means of the Flow Duration Method (Walling, 1984).
b Estimated using the Meyer-Peter et al. (1934) bedload transport formul
c Calculated as the product of the discharge times the average bedload ra
trapping fine sediment that otherwise would circulate
downstream.

The mean annual suspended sediment load passing
the downstream section of MEMS was calculated at
around 0.26·106 t (±0.06·106 t) for the year 2002–2003
and 0.29·106 t (±0.02·106 t) for the year 2003–2004,
which represents a specific sediment yield of approx-
imately 3 t/km2·yr and 3.4 t/km2·yr, respectively
(Table 3). These values are much lower than the ones
obtained at SMS, indicating the major role of the 120-
km chain of reservoirs in trapping the river's solid load.
No flood occurred in the Siurana River during the study
period and, consequently, the sediment supply was
negligible.

Suspended sediment load shows a different pattern
between the two years, very similar to the one described
transport 2002–2003 2003–2004 2002–2004

load (t)a (99)2,297,000 (99.8)972,200 (99.5)3,269,200
t) (1)15,300b (0.02)155c (0.5)15,455
(t) 2,312,300 972,355 3,284,655
load (t)a (48)257,580 (79)294,500 (60)552,080

t)a (52)279,000 (21)77,000 (40)356,000
(t) 536,580 371,500 908,080

a.
te (see text for details).



Fig. 7. Seasonal variation of suspended sediment concentration at SMS
and MEMS during the two hydrological years (2002–2004).
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for SMS. Suspended load was transported in much less
time during 2002–2003 (e.g., 10% of time carried
around 99% of the load) than during 2003–2004 (10%
of time carried 45% of the load) (Fig. 6). This fact is a
reflection of the different hydrological behaviour
between study years one and two (Fig. 2). On one
hand, during 2002–2003 several floods occurred and
they were responsible for most of the load (e.g., 50% of
the load was transported by discharges equalled or
exceeded only 2% of the time). On the other, during
2003–2004 sediment was more constant through time
and relatively frequent discharges achieved most of the
transport (e.g., 50% of the load was transported by
discharges equalled or exceeded 20% of the time).
Similarities between sediment transport patterns in each
year and between sections would suggest that the river
downstream from the dams keeps most of its capacity to
transport suspended sediment, an observation that can
be of interest to inform on-going restoration measure-
ments in the river, including the possibility of carrying
out artificial feeding and transport of fine sediment into
the delta. This conclusion is supported by the hydro-
logical analysis of Batalla et al. (2004).

In the year 2002–2003 seasonal variation (Fig. 7)
shows an anticlockwise hysteresis, reflecting the
progressive supply of sediment from the river channel
which passed MEMS during February–March high
magnitude floods (Vericat and Batalla, 2005a). Mean
suspended sediment concentration in winter was more
than one order of magnitude higher than in summer. The
year 2003–2004 exhibits a poorly defined clockwise
hysteresis, indicating that the availability of sediment
was still very high during autumn and winter, possibly
due to sediment remaining from the previous year, and
became limited during summer. Concentrations during
periods of low sediment transport (i.e., summer months)
are relatively similar between the two sections, while
maximum concentrations occurring in winter are clearly
higher at SMS than at MEMS.

6. Bedload

6.1. Measurements

Bedload was sampled during floods at the same ver-
tical as suspended sediment load. Bedload analysis has
been based upon 215 samples, 145 during 2002–2003
and 70 during 2003–2004. At SMS we used a 29-kg
cable-suspended Helley–Smith sampler with a 76-mm
intake and an expansion ratio (i.e., ratio of nozzle exit
area to entrance area) of 3.22. Bedload was measured at
MEMS by means of a 76-kg cable suspended Helley–
Smith sampler with a 152-mm intake and an expansion
ratio of 3.22. The bedload samplers were operated from a
bridge using a manual crane and an automatic crane at
SMS andMEMS, respectively. In order to keep sampling
efficiency as high as possible, sampling time did not
exceed 5min, thus preventing the sampler bag being
filled to more than 50% of capacity (Emmett, 1980;
Habersack and Laronne, 2001). Sample catches typically
ranged from a few grams to 13kg. The sampling interval
was 30min. Samples were collected and taken to the
laboratory, where they were dried, sieved and weighed to
obtain the total mass and grain size distribution.

Using a suspension criterion based on the particle
settling velocity (Dietrich, 1982), the grain size distri-
butions of the bedload were truncated at 0.5mm in order
to exclude the suspended load (Emmett, 1980). Effi-
ciency of the Helley–Smith sampler is known not to be
constant. Calibrations are certain not to be applicable to
all situations in which this sampler is being used.
Emmett (1980) reported for the 76mm intake Helley–
Smith sampler an efficiency of 1.0 (100%) for particles
between 0.5 and 16mm. Efficiency decreases as grain
size and bedload rates increase. Similar results were
found by Hubbell (1987) for different Helley–Smith
type samplers. In the Drau River, a coarse gravel
channel, Habersack and Laronne (2002) calculated for
the 152mm intake Helley–Smith an efficiency close to
unity by comparing the Helley–Smith bedload rates and
slot sampler bedload rates. The median size of the Ebro
River bed sediments at SMS is 17mm and maximum
particles attain 55mm, thus the 76mm Helley–Smith
sampler provides, in principle, an efficient sampling for
most grain size classes that may be entrained upstream



Fig. 8. Bedload variability at a single vertical (MEMS, 2002–2003).
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from the dams. At MEMS the median size of surface
bed-material is close to 50mm and maximum particles
on the surface reach 117mm, thus the 152mm Helley–
Smith ensures an efficient sampling of bedload for
almost all grain size classes downstream from the dams.
For more details on device's efficiency at MEMS see
Vericat et al. (2006a).

6.2. Precision of the measurements

Bedload transport can be highly variable (e.g.,
Gomez et al., 1989), a circumstance that poses important
problems for the calibration and use of bedload samplers
(Emmett, 1980; Hubbell, 1987). Several authors have
attempted to estimate such errors (e.g., Gibbs and Neill,
1972; Csoma, 1973) in relation to the minimum number
of samples needed to obtain an estimate of the mean
bedload transport rate under given confidence levels.
Hamamori (1962) described temporal variations in
relation to the movement of bedforms. The maximum
relative bedload transport rate that may result from the
Hamamori probability distribution function is 4, that is,
the actual maximum bedload transport rate cannot
exceed four times the mean rate. In the case of the
Ebro River at MEMS, the maximum measured bedload
rate exceeds by almost 3.5 times the mean rate,
indicating that temporal variability is expectedly high,
possibly in relation to the movement of primary and
secondary waves of sand and gravel on the river bed.
Similar results have been obtained in other large rivers,
such as the Fraser River, British Columbia, Canada
(McLean et al., 1999).

Bedload variability in the Ebro River increases with
discharge (Fig. 8). Discharges were grouped into regular
intervals of 200m3/s and the cumulated frequency of
bedload transport rates was calculated for each group of
discharges. As an example, discharges between 600 and
800m3/s showed bedload rates between 0 and 143g/m s,
while discharges between 1400 and 1600m3/s showed
bedload rates between 1.5 and 1230g/m s. These facts
can be related to the progressive entrainment of bed-
material of coarser sizes as flow increases and, even-
tually, to the breaking up of the armour layer that
releases large quantities of subsurface fine materials to
be transported. For instance, during the first flood that
occurred at MEMS (December 2002) the first finite
bedload sample was collected under 1525m3/s. The
ratio τo /τc was 1.7, where τo is the estimated mean bed-
shear stress at the flow peak and τc is the critical bed
shear stress according to Shields's (1936) equation. This
ratio is much lower than that estimated by Powell et al.
(2001) (≈4.5) for equal mobility in an ephemeral river-
bed with loose sediment, but close to the estimates in
flume experiments with armoured beds. Riverbed
material was set in motion 6h after critical shear stress
was reached. Delay in the onset of bedload transport can
be attributed to the strength of the armour (i.e., stable
armour) after almost two years with no competent flows
(Vericat et al. 2006b).

Sources of variability are believed to be both actual
fluctuations in bedload transport (e.g., spatial and
temporal variability) and operational effects caused by
misalignment of the sampler on the river bed and
sampler dragging during raising and lowering (McLean
et al., 1999). In order to have a first-order estimation of
the spatial variability of bedload transport and to assess
the deviation of samples taken at the usual vertical in
relation to the mean bedload rate at the section, five sets
of seven equally spaced vertical samples were taken at
MEMS under constant discharges between 800 and
900m3/s (discharges equalled or exceeded between 13%
and 25% of time) (Vericat and Batalla, 2005b).
Sampling interval between verticals was 15min and
sampling time was 5min for all the flows. A ratio
between the bedload rate at the vertical where samples
in this study were obtained and the weighted mean
bedload of the channel cross-section, composed by the 7
equally spaced verticals, was calculated to assess the
spatial variability (e.g., k factor for the suspended
sediment explained above). The ratio was close to 1 in
two of the experiments (i.e., bedload sampling at the
single vertical represents exactly the mean bedload of
the section), and ranged from 4 to 6 in the other three
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sets (Vericat and Batalla, 2005b). Cross-sectional
measurements in the Ebro River at MEMS are not
sufficient to allow us to establish a factor to correct the
spatial bedload variability. We have no information on
the actual cross-channel variation at SMS.

α=0.95 confidence limits have been calculated above
and below the regression lines (rating loads). The RMSE
of both relations have been subsequently calculated to
determine the mean error estimates. The mean error esti-
mates of bedload measurements for the year 2002–2003
and for discharges higher than 1900m3/s at SMS is
±29%. At MEMS the estimated annual load for the year
2002–2003 could be specified only within ±110%,
which reflects the high bedload variability under similar
discharges. The estimated annual load for the year 2003–
2004 could be specified within ±50%, which reflects a
better fit regression line (Table 2).

6.3. Computation of bedload yield

As for the suspended sediment load, annual sediment
yield at the monitoring sections was intended to be
calculated from load-rating relations between discharge
and bedload transport rates using the Flow Duration
Curve method (Walling, 1984). However, due to tech-
nical problems only 15 bedload samples were obtained at
SMS during 2002–2003, all of them under discharges
higher than 1900m3/s. In order to calculate bedload rates
for discharges below that value, we applied the Meyer-
Peter et al. (1934) bedload transport formula, which is
fully applicable to the physical characteristics of the river
reach (slope and particle size). Samples were used to
check the accuracy of the model (Vericat and Batalla,
2005a). The adjustment between the computed bedload
rates by the Meyer-Peter et al. (1934) bedload transport
formula and the observed rates had an average value of
0.94 (94%) (Vericat and Batalla, 2005a). No statistically
significant relation was found between discharge and
bedload transport rates at SMS during the year 2003–
2004. Bedload yield was thus calculated as the product of
the discharge times the average bedload rates. Bedload
rates were very small (b5g/m s) and may be within the
range of error due to, for example, scooping. Bedload
was probably nonexistent during that year, in which
critical discharges were almost never attained.

At MEMS, annual statistically significant relations
were used to estimate bedload rates, and thus loads,
during periods or discharges for which measurements
were unavailable. Unsampled discharges were equalled
or exceeded 3.5% of time in 2002–2003 and all dis-
chargeswere sampled in 2003–2004. Therefore, bedload
was sampled under most discharges and probably
bedload yield was not underestimated. As for the
suspended sediment load, annual bedloads calculated
from the Flow Duration Curve method are compared
with the annual loads estimated as the product of the
15-min interval discharge and the bedload rate ob-
tained from the annual Q–ib rating curve. Results are
similar in both methods (i.e., −20% difference, on
average).

6.4. Patterns of bedload transport and yield at SMS

Bedload rates of the Ebro River at the Sástago Moni-
toring Section (SMS) showed a positive and statistically
significant relation with discharge (Q) (pb0.01) for the
study year 2002–2003 and for discharges higher than
1900m3/s. The degree of scatter is, however, very high,
indicating expected fluctuations in gravel transport (see
Section 6.2) and operational effects caused by misalign-
ment of the sampler on the river bed and sampler drag-
ging during raising and lowering. As indicated in Section
6.3, no statistically significant relation was found be-
tween discharge and bedload transport rates at SMS
during the year 2003–2004 (Table 2).

The mean bedload rate (estimated as the mean of the
measured rates) was 41g/m s for a mean sampled
discharge ofQ=2012m3/s in 2002–2003, and 2g/m s for
a mean sampled discharge of 894m3/s in 2003–2004,
which represents a daily transport of 389 and 19t/day,
respectively. For comparison, in the Clearwater River,
Idaho, bedload rates close to 40g/m s were estimated for
discharges around 2000m3/s (Jones and Seitz, 1980).
Median bedload size (D50-bl) at SMS ranged from 21 to
40mm in 2002–2003 and from 11 to 22mm during
2003–2004, which represents D60 and D84 of the bed
grain size distribution (in absence of a surface layer) for
the sizes collected in the first year, and D40 and D60 for
the sizes collected in the second year. The mode of the
bedload was 21mm in both years.

The mean annual bedload carried downstream from
SMS and entering the Mequinenza reservoir was calcu-
lated at around 15,300t (±4440t for the year 2002–
2003) and 155 t for the year 2003–2004, which
represents specific sediment yields of approximately
0.3 and 0.003t/km2·yr, respectively (Table 3). Bedload
was transported over a greater duration in 2002–2003
(e.g., 3% of time carried 95% of the load) than in 2003–
2004 (1% of time carried 95% of the load) (Fig. 9). This
fact is a reflection of the different hydrological behaviour
between the two years (Fig. 2). Critical discharge
(865m3/s, estimated by means of the Shields, 1936
equation) was equalled or exceeded 7% of the time in
2002–2003 and only 1% of the time in 2003–2004.



Fig. 9. Frequency of bedload upstream and downstream from the dams
during the hydrological years 2002–2003 and 2003–2004.
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6.5. Patterns of bedload transport and yield at MEMS

Bedload rates (ib) of the Ebro River at the Móra
d'Ebre Monitoring Section (MEMS) downstream from
the dams showed a positive and statistically significant
relation with discharge (Q) (pb0.01) for the two study
Fig. 10. Bedload rating curves downstream from the dams at the Móra d'Ebre
2004. Dashed lines represent the α=0.95 confidence limits above and below
years, 2002–2003 and 2003–2004 (Table 2, Fig. 10a, b).
As in the case of SMS, the degree of scatter is very high,
indicating the importance of bedload variability and
possible operational effects (sampler uncertainty).

Mean bedload rate (estimated as the mean of the
measured rates) was 146g/m s for a mean sampled
discharge of 1050m3/s in 2002–2003 and 68g/m s for a
mean sampled discharge of 1020m3/s in 2003–2004.
For comparison, Jones and Seitz (1980) reported for the
Snake River, Idaho, under discharges close to 1000m3/s,
bedload rates around 16g/m s. For a given discharge,
bedload rates were, on average, double during the first
study year what they were during the second. Maximum
rates were recorded during 2002–2003 (1200g/m s)
under discharges close to 1500m3/s. Maximum rates are
an order of magnitude higher than those obtained at SMS
under higher discharges (135g/m·s under 2025m3/s).
This fact clearly reflects the different bedload transport
in each section. The D50-bl in samples collected during
2002–2003 varied from 1 to 72mm. During 2003–2004
the D50-bl varied from 4 to 44mm. The upper limits (72
and 44mm) correspond toD75 andD50 of the bed surface
grain size distribution at MEMS, respectively. The lower
limits (1 and 4mm) are not present in the surface
sediments, and represent D5 and D22 of the subsurface
grain size distribution. The range of variability in D50-bl

at MEMS is higher than at SMS and similar to the values
reported by McLean et al. (1999) for the Fraser River in
Monitoring Section for the hydrological years 2002–2003 and 2003–
the regression line (solid line) (see Table 2 for equations).
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British Columbia, Canada. The mode of bedload D50

was 18mm in 2002–2003 and 21mmduring 2003–2004,
similar to that at SMS. Dmax-bl was 90mm in bedload
samples collected during 2002–2003 and 75mm in
samples collected during 2003–2004.

The mean annual bedload yield at the downstream
section of MEMS was calculated at around 0.28·106 t
(±0.30·106 t, reflecting the high variability; see Section
6.2) for the year 2002–2003 and 0.08·106 t (±0.04·106 t)
for the year 2003–2004, which represents a specific
sediment yield of approximately 3.4t/km2·yr, and 0.9
t/km2·yr, respectively (Table 3). The specific sediment
yield is between 1 and 2 orders of magnitude higher than
that obtained at SMS for 2002–2003 and 2003–2004,
respectively.

Bedload shows a different pattern between the two
years (Fig. 9). Bedload was transported inmuch less time
during 2002–2003 (e.g., 10% of time carried around
75% of the load) than during 2003–2004 (10% of time
carried 50% of the load). Again, this fact is a reflection of
the different hydrological behaviour between study years
one and two (Fig. 2). In 2002–2003 the most important
floods of the study period occurred, and they were
responsible for most of the load (e.g., bedload yield
during the February and March 2003 floods was around
the 80% of the total load in 2002–2003). Bedload
transport during 2003–2004 was more constant through
time (e.g., during 45% of the time the flow had sufficient
competence to transport coarse sediment) but bedload
rates were lower than in the previous year.

Dams in the lower Ebro River trap 100% of coarse
sediment moving from upstream, breaking the continu-
um of bedload material transfer. Under these conditions,
the river bed of the lower Ebro should itself be the main
source of coarse sediment. Possible sources from
downstream tributaries are insignificant. The major
tributary, the Siurana River, suffers from a large sediment
deficit due to dams and instream gravel mining. These
elements must be taken account in order to understand
the incipient changes in river channel morphology (e.g.,
river bed degradation) observed in the Ebro River (e.g.,
Vericat and Batalla, 2004).

7. Total load and sediment budget

7.1. Total load upstream from the dams

Total sediment load upstream from the dams (es-
timated as the sum of the measured suspended and bed
loads collected at the same time) was, on average,
894kg/s for a mean sampled discharge of 1350m3/s in
2002–2003, and 175kg/s for a mean sampled discharge
of 726m3/s in 2003–2004. The suspended load
represents more than 99% of the total load. The
maximum total load was recorded during the flood of
February 2002–2003 at 3t/s under a discharge close to
2000m3/s. The minimum measured load was 0.4kg/s.

The Ebro River at SMS transported a total of
2.31·106 t of sediment in 2002–2003 (Table 3). Almost
all load was carried during the February and March
floods (Vericat and Batalla, 2005a). The suspended load
during this year is higher than the annual maximum
reported by Sanz et al. (1999), estimated from
intermittent, non-frequent suspended sediment sampling
upstream from Mequinenza Dam between 1975 and
1992. During our study period, only 1% of the total load
was transported as bedload, indicating the low percent-
age of the coarse sediment transport within the annual
sediment transport at this section. Total load was
0.97·106 t/yr in 2003–2004. The proportion of sus-
pended load was even higher (99.8%) during that year.
Only 155t of coarse sediment were transported as
bedload during the 1% of the time in which the flow
equalled or exceeded the critical discharge. During the
two study years (2002–2004), the river at SMS
transported a total of 3,285,000t into the Mequinenza
reservoir, as we have indicated almost all in suspension
(99.5%) (Table 3, Fig. 11).

7.2. Total load downstream from the dams

Total sediment load downstream from the dams
(estimated as the mean of the measured suspended and
bed loads collected at the same time) was, on average,
34kg/s (Q=1050m3/s) in 2002–2003 and 56kg/s
(Q=1020m3/s) in 2003–2004. Around 48% of the
total load was carried in suspension and 52% as bedload
in 2002–2003. The proportion of suspended load within
the total load was considerably higher in 2003–2004
(79%), while bedload attained only 21%. The different
hydrological behaviour between years (especially the
magnitude of floods) is the main element that explains
the different proportion between loads and years.
Maximum load downstream from the dams was
210kg/s, recorded during February 2002–2003 under
a discharge around 1500m3/s. This value is one order of
magnitude lower than the maximum load measured at
SMS upstream from the dams. The minimum measured
load was 2.7kg/s for a discharge close to 900m3/s, and it
is six times higher than the minimum recorded upstream
from the dams during the study period. The ratio
between maximum and minimum load is 7500 at SMS
and 80 at MEMS for a similar range of discharges. This
fact (i.e., load variability) appears to be controlled by the



Table 4
Scour and fill in the riverbed and maximum particles mobilised in 7
experimental sections of the lower Ebro River for each hydrological
year (2002–2004)

Measuring
section

Distance
from
Flix
Dam
(km)

2002–2003a 2003–2004b

Net
scour/
fill
(mm)c

Dmax

mobilised
(mm)d, e

Net
scour/
fill
(mm)c

Dmax

mobilised
(mm)d, e

Presa Flix 0.850 −18 180 4 163
Meandre Flix 2.700 −175 70 −3 70
Flix 5.600 +523 71 26 35
Pas de l'Ase 18.300 −13 78 −9 116
Móra d'Ebre 1 25.200 −115 115 19 105
Móra d'Ebre 2 25.500 −22 70 −2 91
Móra d'Ebre 3
(MEMS)

27.800 −145 113 −41 150

Weighted mean −4 97 0 104
Weighted mean
without Flix
section

−60 −3

a Maximum discharge at MEMS during the hydrological year 2002–
2003 was 2498m3/s.
b Maximum discharge at MEMS during the hydrological year 2003–

2004 was 1355m3/s.
c Scour chains /− net scour, + net fill. Two scour chains were

installed in each cross section from 2002. Measurement error is
established as ±20mm.
d Painted pebbles.
e Mean slope is 0.00085.

Fig. 11. Sediment budget in the lower Ebro River for the period 2002–2004.
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sediment availability, much limited in the lower reach of
the river, which prevents the flow carrying as much
sediment as its capacity under unlimited supply.

The Ebro River at MEMS transported a total of
0.54·106 t of sediment in 2002–2003 (Table 3), around
85% of which was transported during the February and
March major floods. The load in suspension represents
only 11% of what was transported by the river at SMS,
upstream from the dams. Considering that bank erosion
downstream from the dams may supply fine material,
trapping efficiency of the reservoirs easily could have
reached values around 90% during that year. A similar
percentage of retention was estimated by Avendaño et
al. (1997), based on reservoir sedimentation, Sanz et al.
(1999), based on infrequent sampling, and Vericat and
Batalla (2005a) following the method by Brune and data
from two single floods.

At MEMS the river transported a total of 0.37·106 t of
sediment in 2003–2004, a value close the total load in
the previous year (Table 3). However, the proportion
between suspended load (79%) and bedload (21%) is
different. This fact has been previously explained as the
consequence of the different hydrological behaviour
between years (Fig. 2). Moreover, the 2002–2003 high
floods changed the bed grain size distribution (i.e.,
percentage of material finer than 8mm increased 10%,
on average). Within this context, frequent discharges
(1000m3/s) were able to carry more sediment in sus-
pension, explaining the different proportion between the
two modes of transport. The annual suspended load in
2003–2004 is more than the value reported by Sanz et
al. (1999) obtained immediately downstream from Flix
Dam (0.26·106 t/yr). The difference between the values
of Sanz et al. (1999) and values in this paper gives an
indication of the potential amount of fine sediment that
can be eroded from the river channel and transported by
high mean discharges between the lowermost dam and
the downstream monitoring site. Lateral erosion of the
order of 0.5m has been observed in some experimental
sections upstream from MEMS (e.g. sections Móra
d'Ebre 1 and 2, Table 4) during floods occurring be-
tween 2002 and 2004. The load in suspension represents
30% of what was transported by the river at SMS,
upstream from the dams, illustrating again the high
efficiency of the reservoirs in trapping fine fractions.
Similar retentions have been calculated in the Colorado
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River at Glen Canyon Dam, Arizona, where the supply
of fine sediment was reduced between 81% and 85% for
high flows (Topping et al., 2000).

Suspended transport downstream from the dams was
very similar during the two study years. The difference
concerns the proportion of suspended load and bedload
within the total load, and this fact can be related to the
different nature of the flow between the two years: (a)
the lesser competence of floods to carry coarse sediment
during 2003–2004 explains the remarkable reduction of
bedload during that year, and (b) the higher occurrence
of frequent discharges during 2003–2004 resulted in an
increased capacity of the river to transport suspended
sediment during that year. A total of 0.91·106 t of
sediment were transported at MEMS during the period
2002–2004, 60% in suspension and 40% as bedload
(Table 3, Fig. 11).

7.3. Sediment budget of the lower Ebro River

The sediment budget of the lower Ebro River is
characterized by two main factors: (a) almost all the
sediment load is trapped by dams and, (b) below the dams
the river transports around 0.45·106 t of total load per
year. The observed annual load is close to 3%ofwhat was
delivered at the beginning of the 20th century, according
to the estimates of Bayerri (1934–1935) and Nelson
(1990). At that time most sediment came presumably
from the catchment (as suggested by concentrations up to
10g/l), while now sediment is mainly entrained from the
riverbed and the river channel. The annual load between
the Flix Dam and MEMS is 3.8 times greater than the
estimates by Guillén and Palanques (1992) from
sediment transport measurements at the delta plain
(120,000t/yr), therefore sedimentation may be occurring
between MEMS and the delta plain (Fig. 1).

Bedload constitutes an important part (40%) of the
total load downstream from the dams. Consequently, the
river channel downstream from Flix Dam has to be the
only source of coarse sediment for the river (i.e.,
356,000t during the study period 2002–2004). Assum-
ing a regular supply of bedload over the 28-km study
reach, an average channel width of 150m, a dry density
of 2.65t/m3, and a porosity of riverbed deposits of 0.26
(data obtained experimentally in the field by the authors),
mean incision after seven floods during the period 2002–
2004 would have been around 42mm. The greatest
incision took place in 2002–2003 when the largest
floods occurred (Fig. 2), and when bedload had the most
important role in the total annual load (52%) (Table 3).
Most movable particles are in the range of 32mm as
indicated by lines of painted pebbles.
According to scour chains at seven experimental sites
located between the Flix Dam and MEMS (Vericat and
Batalla, 2005a), mean weighted erosion during 2002–
2003 was 4mm, with a measurement error of ±20mm
(Table 4). If we do not take into account the extreme
value of 523mm of net deposition in a single bar down-
stream from the Flix hydropower dam, mean erosion
would be higher (60mm) and much closer to the budget
estimated from bedload measurements. The difference
between the values of erosion estimated from bedload
measurements and scour chains can also be attributed to
the type and operation of the measuring techniques: (a)
bedload is measured in the active channel, while scour
chains are located in bars that are not active the same
amount of time in terms of bedload and, (b) bedload at
MEMS gives a temporal and spatial integration of
bedload dynamics over a 28-km study reach, therefore
assuming that all that is measured during one flood or
one year is the product of upstream fluvial dynamics
during that particular flood or year, in comparison with
scour chains that inform on local dynamics in represen-
tative bars (in the case of the lower Ebro almost all
available bars have been monitored with chains). Scour
chains are a technique that in a river as large as the Ebro
will inform on erosion/deposition process over a long-
term (i.e., decade), but the information should not solely
be applied in short-term analysis. In this paper we report
the data from scour chains to contextualize the order of
magnitude of the riverbed incision extrapolated from the
sediment budget, and to show that the tendency observed
is consistent with the appearance that degradation is
actually occurring. Net erosion/deposition was almost
negligible during 2003–2004: 9mm of mean erosion
estimated from bedload measurements and 3mm of
erosion from scour chains, both values within the mea-
surement error (Table 4).

Maximum size of mobilised particles (Table 4) gives
the order of magnitude of riverbed mobilization. Maxi-
mum mobilised particles, determined by means of
painted pebbles, ranged between sections from 70 to
180mm during 2002–2003 and between 35 and 163mm
during 2003–2004. These values illustrate the compe-
tence of the river to remove almost all grain size classes
in the riverbed, which are not replaced from upstream,
therefore causing the long-term riverbed degradation
that is occurring in the lower Ebro River.

8. Summary and final remarks

Sediment transport in a highly regulated large
Mediterranean river (the lower Ebro) has been assessed
from direct measurements during two average hydro-
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logical years (2002–2003 and 2003–2004). Special
attention has been devoted to measuring sediment
transport during floods upstream and downstream
from Mequinenza, Riba-roja and Flix reservoirs. Main
conclusions can be drawn as follows:

1. Mean annual total load upstream from the dams
(SMS) is estimated at around 1.64·106 t, of which
99.5% is transported in suspension. Mean annual
total load downstream from the dams (MEMS) is
estimated at around 0.45·106 t, of which 60% was
transported as suspended load and the remaining
40% as bedload. This represents around 3% of what
was transported at the beginning of the 20th century
in the delta plain.

2. Specific sediment yield is three to four times higher
at SMS than at MEMS. This fact is the consequence
of the trapping of sediment by the dams (around 90%
of suspended load and 100% of bedload), which
otherwise would reach the lowermost reaches of the
Ebro River and its delta plain.

3. Sediment load at SMS is mainly controlled by supply
from the tributaries in the catchment, while at MEMS
sediment is almost all entrained from the riverbed
and eroded from banks, causing a mean riverbed
incision of 30mm per year. Suspended sediment is
mainly supplied after bank collapses, as erosion pins
installed in the banks indicate at Móra d'Ebre 1 and 2
measuring sections.

4. At SMS the proportion of suspended load and
bedload was very similar in both years. At MEMS
the main difference pertains to the proportion of
suspended load and bedload within the total load.
This fact can be related to the different nature of the
flow between the two years; the larger floods in
2002–2003 were able to carry larger amounts of
bedload, while the higher occurrence of frequent
discharges during 2003–2004 resulted in a higher
capacity of the river to transport suspended sediment.

This study has pointed out the alteration of sediment
transport and, subsequently, of the fluvial dynamics due
to dam regulation in a large river system. What makes
this case study of special interest is the combination of a
relatively small reduction of sediment transporting
flows (T*=0.97, Grant et al., 2003, i.e., the river
keeps the competence and the capacity to entrain and
carry sediment since the main dams were put into
operation 40 years ago), and the almost complete
disappearance of sediment supply. According to the
initial hypothesis, the sediment supply downstream
from the dams is remarkably lower than that observed
upstream, a fact that is confirmed by the low S* ratio of
0.27 (Grant et al., 2003). Under present conditions the
riverbed and channel of the lower Ebro River will
continue exporting sediment both during floods
(N2000m3/s, mostly bedload) and frequent high flows
(1000 to 2000m3/s), causing continued degradation.
Once the actual sediment deficit has been established,
sediment transport information could be of use to design
restoration programmes based on artificial sediment
feeding and flow releases to ameliorate the sediment
disequilibrium within the river channel and between the
river and its delta and coastline. Experimental flow
releases (Fig. 2) have already been designed by member
of the University of Lleida and carried out by Endesa,
the Hydropower Company operating the dams in the
lower Ebro (Palau et al., 2004). Sediment transport
information obtained in the Ebro River could also be of
use to inform restoration programmes in other large
regulated fluvial systems, especially in the Mediterra-
nean region.
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