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1. Introduction
The recovery of water and sediment fluxes through an improvement of river and
reservoir management is a topic of increasing concern in the European Union and
worldwide. Environmental flows need to incorporate specific requirements for
sediment transport in order to avoid the loss of geomorphic functionality of rivers and
coastal areas. For instance, in the Mississippi delta, the sediment-rich freshwater
reintroduction for offsetting the effects of relative sea level rise is being successfully
used in some areas. There is also an increasing practice and knowledge concerning the
by-pass of sediment through the reservoirs, and the “flushing flood” technique is being
successfully used in many reservoirs around the world to maintain reservoir capacity
and restore hydromorphological dynamics downstream.
Close to 190 dams now impound the Ebro River basin and store approximately 60% of
the annual runoff. The largest dams (Mequinensa and Riba-roja) were built in the
1960’s and are located in the lower Ebro River and water is mainly managed for
hydropower purposes. Downstream the dams, some 60 km from the river mouth, two
irrigation channels (with a total capacity of 50 m3/s) were built at the latest 19th
century for the cultivation of the lower floodplain and delta. The Ebro delta (330 km 2)
nowadays contains productive areas of rice fields (210 km2) and protected wetland
areas (80 km2).
Quickly after dam construction, the progradation trend of the Ebro delta progressively
shifted towards the coastal retreat. Before that, the inputs of sediment from the river
to the delta were very high. In 1860’s, the first irrigation canal was built and used by
farmers to spread water with high suspended sediment loads over the wetlands to
create rice fields. During that period, high accretion rates were achieved. From 1860’s
to 1960’s, the traditional rice agriculture was further developed. The irrigation system
was used to transport large quantities of sediment to the rice fields and wetlands
(especially during moderate and high floods). Since 1960’s to present-days, the fluvial
regime of the lower Ebro river is being strongly altered by the Mequinensa-Riba-RojaFlix dam system. The mean annual water yield has been progressively reduced by 3040% mainly related to: i) the increase in water demand and the evaporation into
reservoirs; ii) the extensive increase of forest cover in the headwaters and, iii) the
general decrease in precipitation over the whole basin due to climate change.
Frequent floods (i.e. Q2 to Q25) have been reduced in 25%, on average. Overall,
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reduced and regulated water flow has caused an increase of the saline wedge in the
estuary, the riverbed encroachment and habitat changes like the deterioration of
riparian systems and the proliferation of the macrophytes in the lower Ebro River.

Figure 1. Map showing the area affected by the restoration of sediment fluxes in the lower Ebro River
and Delta.
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2. The sediment deficit of the lower Ebro river and its delta
The construction of dams has disrupted the sediment transport continuity, so the
lower Ebro River and its delta are facing a severe sediment deficit. In the lower Ebro
the reduction of the total suspended sediment load has been estimated to be circa
99% in relation to the beginning of the 20th century. Total annual suspended sediment
load was estimated at approximately 20-30 million tonnes/yr for the end of the 19th
century, while around 0.1 million tonnes/yr are transported at present. The substantial
reduction of sediment supply is related to the reservoir trapping capacity. Most of the
suspended load and all the bedload is captured by dams producing the riverbed
degradation, with a mean incision of 33 mm over the 28 km long reach channel
downstream dams, and the progressive riverbed armouring. The sediment transfer
disruption has leaded to a progressive change of the river channel morphology.
Overall, the loss of active sediment areas has been reported, mainly linked to the
riverbed encroachment and the progressive occupation of the floodplain by
agricultural activities.
This altered hydro-morphological dynamics is primarily related to the present flow
regime released from reservoirs which still retain sufficient capacity to entrain and
transport the riverbed particles. Water released from reservoirs has null or not
significant sediment load (term designed as “clean water”) producing the progressive
erosion of the riverbed downstream dams, and the progressive riverbed armouring. In
addition, the sediment deficit of the lower Ebro River has been accentuated by the
riverbed dredging to ensure the navigability of the river for tourism, contributing to
the disequilibrium of the sedimentary river system. Moreover, there is a practical
limitation of the maximum water discharge at 2000-2500 m3/s (Return period: 3.5
years) to avoid the flooding of the alluvial plain. Above this discharge several
settlements such as Miravet, Móra d’Ebre and Tortosa start to be flooded.
Regarding the Ebro delta, the severe reduction of fluvial sediments has led both to the
end of growth of the delta and the reshaping of the delta front by sea wave erosion.
The mouth area is retreating at fast rates (10-20 m/yr) and as consequence important
protected areas such as Buda Island wetlands are being lost. Some rice production
areas are starting to be lost too, and some infrastructures (roads, canals, pumping
stations) and buildings are already being affected. Along the present century, unless
the sediment flux is recovered, a severe retreat of the coastal line and the loss of delta
plain elevation below sea level due to subsidence and sea level rise is expected.
Nowadays, the mean subsidence rate for the Ebro delta is estimated to be 2-3
mm/year, while the eustatic rise (absolute) of the sea level (due to global warming) is
estimated at 3-4 mm/yr, yielding a relative sea level rise (RSLR) of 5-7 mm/yr.
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Nevertheless, the predictions of the Intergovernmental Panel of Climate Change (IPCC)
consider an absolute rise of the sea level from 40 to 90 cm for the year 2100. Thus,
considering a mean subsidence rate of 2 mm/year, and an absolute sea level rise of 50
cm for 2100 year, the RSLR at the end of the next century would be about 70 cm. It
means that approximately 50-60% of the emerged delta will be under the mean sea
level. Overall, the present sediment flux in the lower Ebro River is not enough to
supply the material needed to maintain the delta elevation and to stop the coastal
retreat.
3. Designing a sediment management plan for the lower Ebro River
As it has been shown, the alteration of the balance between the sediment input from
the Ebro River versus the coastal erosion and subsidence is causing the progressive
degradation of the fluvio-deltaic system. In that context, two different approaches can
be considered in order to stop or mitigate the impacts of sediment deficit on the delta:
i)

The classical engineering approach: impounding the low-lying areas by means
of defence structures, following the example of the Po delta or the Dutch
polders.

ii)

The ecological engineering approach: restoring the sediment fluxes to the
delta to stop coastal retreat and maintain land elevation in a relative sea level
rise scenario. This approach is being implemented in some parts of the
Mississippi delta.

The first approach (business as usual) is very expensive in economic and energetic
terms. In addition, that system is land use limiting and very difficult to maintain in the
long run, causing at the end wetland loss. Furthermore, this approach does not solve
the present fluvial sediment deficit of the lower Ebro River and delta caused by dams
which will conduce to the progressive degradation of the fluvial system.
The second approach is the most sustainable and innovative solution, but it implies a
substantial change in dam management. Overall, the stocks and inputs of sediment in
both reservoirs are large enough to provide significant accretion rates in the whole
deltaic plain. In the Mequinensa reservoir it is estimated that (in 2003) around 259
Hm3 of sediments were trapped. In the Riba-Roja dam total sediment volume retained
into the reservoir can be of several tens of cubic hectometres. Unfortunately, more
recent field data on sediment trapping in the Riba-Roja reservoir are not available.
Thus, new sediment deposition data are needed to better estimate the sediment
entrance and the volume of sediment trapped in the reservoirs. Based on the existing
data, the estimated total sediment stored into the Mequinensa and Riba-Roja
reservoirs (around 280 Hm3) is large enough to increase the delta plain elevation up to
65 cm, if all sediments are pass-through downstream dams and deposited in the delta.
In addition, existing data give a mean annual yield of 1.6 Hm3/yr of suspended
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sediment entering in the Mequinensa reservoir. That value (without any consideration
of the load from the Segre-Cinca system) is almost the same than the amount of
sediment per year estimated to offset the coastal retreat and elevation loss in the
delta.
In that context, a sediment management plan for the lower Ebro and delta is
recommended to contain the following main elements:


Restore the sediment continuity of the fluvial system by means of a new
concept of reservoir management, including a permanent system of sediment
by-pass. The present plan is focused on the removal of the sediment stored in
Riba-Roja reservoir.



Minimize the sediment imbalance within the lower Ebro River by releasing
controlled floods (with sediments) designed at restoring river’s
hydromorphology.



Stop or reduce the coastal retreat of the river mouth area by releasing
controlled floods with sandy sediments to be deposited in the coastal front.



Offset the elevation loss due to sea level rise and delta plain subsidence by
releasing fine sediments to be transported to the rice fields via irrigation
network.

Sediment removal and by-pass from dams. The different options analysed to transfer
the sediment were: the generation of flushing floods, the construction of a by-pass
system (canal or pipe), and the mechanic dredging and transference of sediment by
road or boat (Table 1). All this methods have been applied in other basins around the
world, in countries like China, United States, Costa Rica, Taiwan or Germany.
Nevertheless, it has to be pointed out that the main objective of the Riba-Roja by-pass
system is to achieve the restoration of the sediment transport continuity of the lower
Ebro River, not only the increase of reservoir capacity, looking for the minimal cost to
by-pass the sediment through the dam. From an economic point of view, the “flushing
flood” method has the lower costs. The estimated cost was computed as the loss of
benefit of the hydropower company, defined as the total loss of production due to
flushing operations divided by the energy cost per hour paid by a costumer
(euro/Kwh).
Table 1: Costs of extraction and transport to remove the sediment stored into the Riba-Roja dam.
Transport cost refers to removing the sediment from Riba-Roja dam to downstream Flix reservoir.
Updated from Martín-Vide et al. (2005).
Method

Extraction cost
(Euro/m3)

Transport cost
(Euro/m3)

Additional cost
(Euro/m3)

Mechanic
dredging

7.2– 8.3 if <10 m

Cargo boat

2.3

Constructions

Road

12.2

Wharf, etc.
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Suction
dredging
Mechanic +
suction
Flushing
flood

3.1– 5.3 if < 20m
10– 13 if > 20 m

Pipe

1.4

3-5

Floating
pipe

0.2

0.5 - 1

0

Pumping
and
stocking
Compensations
for emptying

The flushing flood method consists in partially or totally emptying the reservoir in
order to erode the stored sediment, and evacuate it through the bottom outlets by
using the water column pressure (in the first case) or by temporally restoring the water
flow through the reservoir bed (in the second case) (see Fig. 2). From a technical point
of view, the “flushing flood” method is the most adapted to transfer the sediments
retained into the Riba-Roja dam, because: i) The appropriate features of the dam: the
reservoir is relatively narrow (the ratio width dam/width crest is close to 1) and has an
small hydrological size (quotient between the useful volume and annual water yield);
ii) The existence of 2 out-level outlets with a 3 m diameter size and 5 additional outlets
with 5 m diameter size, all located near to the bottom of the crest dam, that have
enough capacity to release the water discharge outlets, that can be used to carry out
the flushing flood operations. However, some of these outlets have probably not been
manoeuvred since the construction of the dam in 1969. iii) The existence of the
Mequinensa dam at the tail of the Riba-Roja reservoir, which allows an almost
absolute control of the water discharge used during the flushing flood operations and
the possibility to generate different hydrographs to entrain the different grain particles
sizes stored into the reservoir.
The estimation of the discharges to release from the Riba-Roja dam out-level outlets
and the timing needed to emptying and filling the reservoir are showed in Table 2.
Emptying times were obtained by considering a constant rate of water release and a
210 hm3 dam capacity. Filling rates were obtained by considering different water
inputs from the Mequinensa reservoir and again, a 210 hm3 dam capacity. Extra water
inputs coming from the Segre-Cinca and Matarraña tributaries were not considered.
Calculations to fill the dam were done by considering a minimum flow of 100 m 3/s and
a maximum of 400 m3/s. Maximum water input is determined by the capacity of the
turbines to generate power in the Mequinensa reservoir and thus, reduce the cost of
the flushing flood procedures. Moreover, 200 m3/s of water are considered to circulate
downstream the reservoirs to guarantee the minimum flow for environmental and
economic purposes, which means a minimum flow of 300 m3/s released from the
Mequinensa dam.
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Fig. 2: Scheme of general flushing flood procedures in the Riba-Roja dam. a) Starting point: reservoirs
filled. b) Drying Riba-Roja dam. Sediment located close to the dam bottom out-levels outlets can
partially be removed by using the water pressure column. c) Generation of a flood from Mequinensa
reservoir. Sediment stored into Riba-Roja dam should be remobilised by water erosion. d) Closure of
Riba-Roja bottom outlets and refilling of the reservoirs.
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Table 2: Estimated duration of the empting operations and time needed to refill the Riba-Roja reservoir.
Modified from Martín-Vide et al. (2005).
Output discharge, all outlets
(m3/s)

Drying time
(days)

694.1
591.9
483.3
341.7

3.5
4.1
5.0
7.1

Input
discharge
(m3/s)
100
200
300
400

Filling time
(days)
24.3
12.2
8.1
6.1

Prior to flushing operations, a detailed analysis of the required operations of the
Mequinensa-Riba-Roja-Flix system, and the associated economical costs (i.e.
opportunity and marginal) has to be performed. Different scenarios have been
analysed by means of the pilot injections and theoretical computations of the model: i)
the required discharges to entrain and transport the different particle sizes (i.e. sand,
gravel and pebbles) trapped into the reservoir; ii) timing (i.e. hydrograph) of water
released from reservoir; iii) dams manoeuvre (i.e. simultaneous or progressive opening
of the bottom outlets); iv) role of the Flix dam (i.e. partial settling of the sediments
flushed from the Riba-Roja and effects on Flix hydropower plan operations) and v)
lateral inputs of water and sediment from Cinca-Segre tributaries. As a next step, the
morphology (bathymetric map) of the pool reservoir, the quantification of the total
amount of sediment trapped into the dam, the spatial distribution (grain size
distribution) of the sediments and its quality must be analysed.
Sediment transport through the river channel. In terms of suspended sediment
transport restoration, a goal of 2 million tons/yr represents about 5,500 t/day at a
distance of about 100 km, giving a mean sediment concentration of 0.191 g/l all along
the year, considering the present annual water runoff of the Ebro River at Tortosa
(10,431 hm3). This mean suspended sediment concentration (0.191 g/l) is similar to the
measured one upstream the Mequinensa reservoir (0.130 g/l) and a relatively low
value in relation to the past suspended sediment load before dam construction. At
present, a mean suspended load concentration of only 0.01 g/l can be considered
downstream dams, while at the end of the XIX century suspended sediment load
measures at Tortosa ranged from 0.1 to 10 g/l, with a value of 0.9 g/l for mean flow
conditions and 7.3 g/l for annual flow conditions. Simulations with the 2D model
developed for the project show suspended sediment values in the range of 1-5 g/l with
river flows in the range 1000-2000 m3/s. Thus, in case a sediment by-pass system is
constructed in Riba-roja reservoir, the goal of 2 millions tons/yr could be achieved with
controlled floods lasting a short period of 10-20 days.
Distribution of sediment to the delta plain. Once the sediment is transferred
downstream the reservoirs and transported by the river, it has to be deposited in the
adequate areas of the delta. The transport and deposition of sand to the coastline can
be done without human intervention. The sand is naturally deposited in the mouth
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area, where the highest rates of coastal retreat occur. The fine sediments (silt and clay)
are naturally deposited in the delta front area (offshore); but some human
intervention is needed to deliver part of them to the delta plain, unless floods are big
enough to overflow the river banks and inundate the delta plain, but this situation
would cause problems to the human activity. An alternative way is to divert, via the
irrigation system, part of the sediment released from the reservoirs to the delta rice
fields and wetlands, contributing to the vertical accretion to compensate sea level rise
and subsidence. This “ecological engineering” system was designed by the engineers at
the end of the XIX century and widely used by local farmers until the construction of
the Mequinensa and Riba-roja dams. Therefore, the two canals which deliver river
water at a rate of 50 m3/s to both sides of the delta, permit the transport of up to 17%
(i.e. 930 t/day) of the total sediment transported in suspension. Thus, approximately
340,000 t/yr (of a total of 2 x 106 t/yr) of sediment could circulate through the
irrigation canals, giving a net accretion rate of about 1 mm/year on the delta plain. This
is only considering the inorganic accretion, but it is known that the vertical accretion
rates can be increased by means of stimulating wetland plant productivity and organic
soil formation.
Sediment monitoring network. Different authors have reported that the delivery of
sediment at lowermost river reaches is not well monitored (over space and time). In
consequence, the obtained data often does not properly quantify the sediment
dynamics and loads from the river to the sea. In addition, the coarse component of the
fluvial sediment load is often not sampled due to monitoring limitations, although this
load is a relevant key component to understand and assess sediment flux variability,
channel dynamics and habitat features. Thus, in order to properly monitor sediment
dynamics in the lower Ebro River, an extensive monitoring network must be designed
to continuously measure the sediment transport, especially during and after the
flushing floods and natural floods. The transference of sediment along the Ebro River
channel and estuary requires a careful control of sediment concentrations and
characteristics (especially the suspended sediment) released from the reservoirs, in
order to avoid too high sediment loads (and contaminants) that could negatively
impact the fluvial ecosystem. Overall, five control points placed from the reservoirs to
the river mouth are being established along the lower Ebro river course. In addition,
two more control points have been placed at the tail of the Mequinensa and Riba-Roja
dams with the purpose of controlling the sediment inputs to the reservoirs. At each
control point, water discharge and suspended sediment concentrations are
continuously monitored. In addition, automatic water and sediment samplers (i.e.
ISCO) are installed for calibration purposes and sediment analysis. Furthermore, water
and sediment samples are collected manually by means of a depth integrating sampler
(i.e. DH76). Samples are taken at different discharges (i.e. low discharges and flood
events) in different points of the river channel cross-section in order to analyse the
variability of the suspended sediment concentrations of the water column across the
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river section. The monitoring network also considers to collect bedload transport
samples in two different sections (Móra d’Ebre and Tortosa) by means of different
bedload samplers (i.e. Helley-Smith sampler 76 mm intake and Helley-Smith sampler
152 mm intake). Samples are collected during flood events (i.e. discharges higher than
700 m3s-1).
4. Conclusions and recommendations
1) The pilot actions carried out to assess the feasibility of the restoration of the
sediment fluxes in the lower Ebro River and delta show that it is technically
possible to transport significant amounts of suspended sediment to regenerate
the lower Ebro River hydromorphology and mitigate coastal erosion and
elevation loss in the delta. The estimate is that an amount of 500,000 –
2,000,000 tonnes/year can be transported with the present river flow regime,
depending on the hydrological year.
2) This outcome brings to the recommendation of starting the feasibility analysis
for a pilot action of sediment by-pass through the Riba-roja reservoir. In this
sense, three main elements must be considered: the detailed characterization
of the sediments to be mobilized, the definition of the technical options to bypass the sediments and the determination of the safety levels of turbidity in the
Ebro River to avoid adverse effects on the biodiversity and economic activities
downstream the dam.
3) At this point, the implication and participation of all the relevant public
administrations and stakeholders is essential to build consensus and discuss the
technical, economics, social and environmental aspects related to the design of
the pilot action. The implication of the hydropower company is essential, as it is
the participation of the Ebro Basin Authority (CHE), the Water Agency of
Catalonia (ACA) and the main users of the lower Ebro River.

Figure 3: Riba-roja Dam.
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