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ABSTRACT: The impacts of high-stage fluvial discharge events on the Upper Guadalquivir River 
(Southern Spain) as well as the Guadalbullón and Guadiana Menor tributaries are studied in this work. 
Better insight into the recent morphological evolution of the rivers was derived from consideration of the 
association of sediment deposits, modelled two-dimensional hydraulic conditions, riparian vegetation and 
instrumental data. We alert on the continuous channel narrowing of Guadalquivir River and the coloni-
sation of bars by non-flexible riparian vegetation as observed in high-resolution orthophotos from 1956 
up to present days, opposite to non-regulated tributary widen (e.g. Guadabullón river). Highly-accurate 
two-dimensional numerical simulations in the presence of riverbank defences and dams, which are veri-
fied with radar images from Terrasar-X satellite, show that the predominant mode of sediment transport 
(bedload) can be impeded by actual dams promoting sedimentation, higher water surface elevation during 
floods and higher risk. The main anthropogenic factors identified in the present study that increase the 
flood potential are: the land use legacy in the basin since Roman period, soil management and destruction 
of the vegetation cover in rural areas, owing to larger runoff and contributing to reservoir sedimentation, 
soil and gully erosion processes; non-optimised hydraulic structures that promote aggradation in the main 
channel and the formation of slackwater deposits that are later colonised by non-flexible riparian vegeta-
tion, decreasing consequently the water drainage capacity of the Guadalquivir River.

weeks leading to slowly variations of the water 
level and hydrograph.

Flood impacts and damages were as severe as for 
the most catastrophic episode occurred in 1963 that 
routed 2850 m3s−1, i.e. between fifty and one hun-
dred percent more than during recent floods, cor-
responding with return periods of about 50–100 yr. 
Taking into account the previous series of floods 
during years 20–30 and 58–63, and the future sce-
narios affected by climate change (Solomon et al. 
2007, Vargas-Amelina and Pindado 2013), the risk 
of occurrence of new events requires mitigation 
strategies based on better knowledge of flooding 
processes. So this work is aimed at better under-
standing the circumstances that contributed to 
increase the impacts of recent floods with lower 
peak flow rates than 1963 yr by presenting an inte-
grated description and multidisciplinary study of 

1 INTRODUCTION

Exceptional rainfalls during winters 2009, 2010 
and spring 2013 provoked extraordinary inun-
dations of the Guadalquivir floodplains in the 
province of Jaén (Andalucía, Southern Spain). 
The situation in a transition zone between differ-
ent climate influences of the Mediterranean Sea 
and the Atlantic Ocean and the complex topogra-
phy favour the occurrence of heavy precipitation 
events in the current study site (Hidalgo Muñoz 
et al. 2011). Figure 1 shows hourly-average water 
flow discharges measured at Marmolejo dam (see 
location map in Fig. 2a) since September 2009, 
which reached peak values of 1925, 1434 and 
1353 cumecs in February 2010, December 2010 
and March-April 2013, respectively. The duration 
of extreme rainfalls ranged between one and two 
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the fluvial processes including the analysis of most 
relevant tributaries and the main river.

For the sake of brevity, the main aspects linked in 
the present study were limited to: inundated areas dur-
ing high stage fluvial processes obtained from accu-
rate two-dimensional numerical simulation of shallow 
water flows that are verified with radar images from 
Terrasar-X satellite of February and December 2010 
floods; temporal evolution of the channel geomor-
phology based on field works and analysis of aerial 
photographs and its interaction with vegetation; 
evaluation of sediment transport modes for the most 
predominant sediment size in the river bed; analysis 
of both dammed and non-regulated torrential tribu-
taries to evaluate the effects of anthropogenic actions 
on the cycle of sediment transport.

2 LAND USE AND 
GEOMORPHOLOGICAL  
FACTORS PROMOTE FLOODS

The recent catastrophic consequences of excep-
tional rainfalls on the Guadalquivir River dynam-
ics clearly show that the river is actually more prone 
to inundations than it was in the past. Indeed, the 
damages caused by peak flow discharge of about 
1500–2000 m3s−1 between 2009 and 2013 were of 
the same order of magnitude than those experi-
enced in 1963 with a much higher discharges of 
nearly 3000 cumecs. The first factor that may con-
tribute to increase the risk of flooding is the main 
channel narrowing process that can be easily identi-
fied by inspecting the series of orthophotos avail-
able from 1956 year to present days. The absence of 
natural cover in the intensively cultivated soil in the 
province of Jaén promotes soil erosion and owns to 
an infinite source of fine sediments that are trans-
ported through the torrential tributaries and gul-
lies to the Guadalquivir River. Sediment deposits 
in areas close to the river banks and the dry surface 
of lateral bars have been colonised by riparian veg-
etation (see forinstance tree line in Figures 3 and 
4). Potential riparian vegetation corresponds to the 
basophilic lower meso-Mediterranean and thermo-
Mediterranean Hispalensean edaphohygrophilous 
geoseries (EH9) which develops all over the Guad-
alquivir valley riverbanks (Salazar & Valle 2004). 
Although the climax vegetation is dominated with 
white poplar (Populus alba), they alternate with pre-
forest communities such as tamarisk groves, bram-
bles or rushes, along with several lower herbaceous 
formations (reeds, grasslands, pastures, etc.).

2.1 The role of land use legacy and soil erosion

Most of the tributaries streams in the Upper 
Guadalquivir Basin are deeply incised and totally 

Figure 1. (a) Daily average water flow discharge since 
October 2009 and (b) peak annual water flow discharge 
during the last century at Marmolejo dam in the Upper 
Guadalquivir River. The lack of data between the years 
31–45 coincides with the Spanish Civil War.

Figure 2. (a) Inundated areas during 2010 floods in 
Upper Guadalquivir River (flow from right to left): the 
main channel is depicted in red, flooded areas the date of 
24th February 2010 are coloured in blue, urban areas are 
labelled in black and highlighted in yellow, and motor-
ways are shown in orange. (b)-(e) Water surface eleva-
tion simulated for the flow discharges of 500, 1000, 1500 
and 2000 m3s−1 at Marmolejo dam. The computational 
domain extent coincides with the area shown in panel (a) 
though simulation results (b)-(e) are depicted only in the 
dashed square area for clarity.
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confined (laterally contained) in alluvial units which 
consist of non-consolidated deposits (mainly marl, 
clay, sand and gravels). The top of banks elevation 
for the streams are above 8–12 m, so much greater 
than the bankfull stage (see e.g. Fig. 3), and are 
covered by non-riparian climatic vegetation or 
artificial groves. Top bank vegetation plays a mar-
ginal role in streambank stability due to the typi-
cally very high bank heights which extend beyond 
the rooting depth of non-riparian plants. The last 
deep incision stage started after 2700 cal yr BP (the 
age of the bank top in most valleys) and it is linked 
to mainly fires and deforestation due to changes of 
land use (agriculture practises, mining and others). 
The deeply incision results in the abandonment of 

former floodplains, developing a new one inside of 
the bankfull channel. Recent agriculture practice 
(olive trees) at this last flood plain and artificial 
aggradation of the levees decrease the bankfull 
wide. The lateral constrained channel increases 
the bank erosion and the flood power downstream 
the confined reach. Stream bank erosion rates 
are very high due to side slope rejuvenation and 
mass- wasting processes which enhance the fluvial 
entrainment of eroded bank materials.

Beyond the management of the fluvial systems at 
channel and floodplain scales, the original cause of 
floods could be sought by soil degradation and ero-
sion at the basin scale. Two parameters were deeply 
affected by high soil erosion rates: the sediment 

Figure 3. (a)-(c) Serial images (1956 to 2011) of the Guadalbullón tributary which discharges into the main Guad-
alquivir river close to Mengíbar dam showing: the avulsion channel and bar migration zone in 1956 image (white 
area), the state of riparian vegetation in 2004 image covering the same area (green area), and the lateral migration of 
the largest meander between the 2004 and 2011 images. The main migration stage occurred during the 2009-10 winter 
flood events (55 m). (d) Line drawing interpreted from pictures (a) to (c) showing the channel morphological evolution 
during the last 60 years. (e) Laterally confined tributary of the Guadiana Menor river.
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Figure 4. (a)-(c) Aerial orthophotographs from 1956 (year of dam building: maximum extension of water surface), 1977 
(the reservoir tail is reduced to a pond of a channel crevasse) and 2009 (google earth image) showing the shrinkage in 
surface area of a reservoir (Doña Aldonza dam) in the Upper Guadalquivir River. Look at the youngest image when the 
reservoir has turned into a river channel as before dam installation. (d) Panoramic view of another reservoir (Puente de la 
Cerrada dam) from the Upper Guadalquivir River showing the lakeward migration of the shore in above 50 years.

supply and the expected runoff. These combined 
factors could even form sedimentary structures, 
as fluvial terraces, alluvial fans and deltas (García-
Ruiz 2010). Hence, mean soil erosion rates in the 
Upper Guadalquivir basin has been established in 
32 Mg ha yr− −.1 1  (INES 2006), which supposes a 
sediment supply higher than 70 × 106 m3 per year. 
Besides geo-ecological factors (lithology, topogra-
phy, climate), these erosion rates respond to land-
use and plant cover changes (García-Ruiz 2010).

The extent of olive groves on natural areas or 
other crops has been the most important land-
use change in the last 250 years in the study zone. 
This increase may be estimated at 92% (Garrido-
González 2005), to occupy a current surface of 
6000 km2 (44% of the Upper Guadalquivir basin). 
Also, acceleration in erosion rates per plot during 
the same period, due to agriculture intensifica-
tion, would have added to the increase in size of 
the olive groves area. This increase reaches the 
50%, from 30 1 1Mg ha yr− −.  (in 1750) to more than 
60 1 1Mg ha yr− −.  (in 2011), according with RUSLE 
estimations by Vanwalleghem et al. (2011) who 
estimated an average soil truncation that can reach, 
in particularly sensitive lithologies such as marls, 
0.52 m, with occasional peaks of up to 1.64 m.

Works with rainfall simulators in experimental 
plots inside the study area (Torredelcampo, Jaén) 

support the RUSLE models. Lozano-García et al. 
(2011) estimate runoffs of 4.8 m3ha−1 with sedi-
ment loads of 36 kgm−3 for events of 240 mmh−1, 
which supposes runoff coefficients of 55% and soil 
losses of 55 1 1Mg ha yr− −. . Such runoff coefficients 
were also supported by other Authors. In base of 
the latter data, Romero et al. (2007) established a 
Curve Number (CN) ranging between 71 and 83 
for conventional olive groves. On the contrary, CN 
for organic olive groves with cover crop decreases 
to 57 (Romero et al. 2007), with decreases in run-
off coefficients and soil losses of more than 90% 
(Lozano-García et al. 2011). So, an increase in soil 
infiltration rates induced by changes in the agri-
cultural management could suppose a significant 
decrease in water flow discharges, silted-up res-
ervoirs and all other risk factors affecting cata-
strophic floods in the Guadalquivir River.

2.2 The role of dams

This effect is also evident in silted-up reservoirs in 
the Guadalquivir River as it is shown in Figure 4. 
For instance, the shoreline of Doña Aldonza dam 
has experienced a continuous reduction since 1956 
up to present days. Between years 1956 and 1977 the 
reservoir was filled with fine sediments that leads 
to the grey surface shown in Figure 4b. The growth 
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of vegetation on the arising surface is illustrated in 
panel 4c which shows the current situation of the 
reservoir. The dam at Puente de la Cerrada reser-
voir, see panel 4d, has experienced a similar silting 
process with the lateral migration rate of 4.5 m/yr. 
Benefits of flexible riparian vegetation (Gurnell 
2014) competes in this case with the drawback 
of non-flexible vegetation by increasing surface 
roughness and flood risk (Darby 1999).

Reservoir silting is a frequent problem in dams 
located in Mediterranean alluvial basins. Frequent 
droughts together with periodic torrential rainfall 
lead to heavy erosion of detrital substrate headwa-
ters with poor ground cover and therefore increased 
sediment supply to these artificial lakes. The reser-
voirs of the Upper Guadalquivir River are rapidly 
silting; in 50 years the storage capacity of some 
of the reservoirs in the Upper Guadalquivir River 
have shrunk by 80–90% (Viseras et al. 2009) and 
their perimeter has decreased by 90–100%. This 
pattern of siltation is directly affecting the water 
management and flood control downstream of the 
dams. The Guadalquivir channel downstream dams 
have experienced morphological changes during 
the second half  of the 20th century: colonisation 
of formerly active areas by riverine vegetation and 
reduction of the channel width. Changes have been 
accelerated after dam installation since the fifties. 
Reduction of flow competence has also diminished 
river capacity to transport bedload and the subse-
quent channel morphological adjustment.

2.3 The role of tributaries

The channel morphology and sedimentary dynam-
ics of non-regulated tributaries of the Guadalquivir 
River have experienced major changes during the 
last 60 years. These morphological changes are 
chiefly showed at the tributaries mouthing into 
the main river water reservoirs located upstream 
of dams. During droughts periods and normal 
rainfall years, the complete bankfull wide has been 
colonized by riverine trees, the channel has been 
stabilized and has become narrower. Conversely, 
exceptional floods induced by extreme rainfall 
events impacted the fluvial geomorphology of 
non-regulated tributaries and made them wider. In 
addition these channel reaches have become high-
sinuosity in trajectory in contrast with the mainly 
straight reaches 60 years ago (see panels 3a-d). 
Although the channel dynamics is slowed by ripar-
ian vegetation, the lateral migration of the mean-
ders by outer bank erosion is accelerated during 
flood events. After the 2009–10 winter floods, 
some reaches developed a channel lateral migra-
tion at almost the same scale order that the mean-
ders recorded at the last 50 years (see Figs. 3a-c). 
All of these changes are in agreement with an 

evolution of the fluvial system type. Old braided 
fluvial systems are nowadays evolving into mean-
dering rivers. The former were sedimentologically 
represented by bank-attached bars and channel 
avulsions into a sedimentary dynamic wide zone 
without riparian cover (see Fig. 3a). The recent 
channels are sedimentologically represented by 
point bars at the inner bank and lateral erosion at 
the outer bank of the meanders (see Fig. 3c).

The changes above described have been mainly 
observed at tributaries flowing into reservoirs at the 
main river (i.e. Guadalbullón River and Guadiana 
Menor River). The morphological evolution of the 
rivers decreased the gradient of the streamwise tal-
weg profile. These changes just started after dams 
were built in the main river. It is interpreted that 
the tributary profile and then the river morphol-
ogy are searching an equilibrium profile in adap-
tation to the local base levels represented by the 
dams. The change of fluvial systems from braided 
to meander-type provokes a change of the flood 
scenario upstream dams. Stable, narrow sinuous 
channel enhances the floodplain development and 
a new land use at the riverside (agriculture and 
urbanization) where unstable braided channels 
occupied a wide area of the valley bottom (white 
zone in Fig. 3d).

3 RECONSTRUCTION OF THE FLOODS 
USING 2D SHALLOW WATER 
EQUATIONS

Two-dimensional hydraulic modelling has been 
adopted in a number of recent studies to generate 
flooding maps that are required by the European 
Directive 2007/60/EC on the assessment and man-
agement of flood risks. The Spanish government 
has adopted this approach as one of the standard 
hazard mapping methodologies (MMAMRM 
2011). Following previous works (Bohorquez and 
Darby 2008, Bohorquez et al. 2013), the open-
source, two-dimensional, unsteady shallow-water 
model implemented in Dassflow (Honnorat et al. 
2007, Couderc et al. 2012) was employed to recon-
struct the hydraulic characteristics of the river flow 
during high stage fluvial regimes. Ensuing flood-
ing maps can also be employed for the European 
Directive 2007/60/EC.

The original topography of the main river and 
floodplains with spatial resolution of 5 m was 
mapped with new resolutions of 30, 25, 20, 15 and 
10 m to perform a mesh sensitivity study. Numerical 
simulations for a water flow discharge of 500 cumecs 
were performed in the different meshes. The relative 
errors between the velocity magnitude and the flow 
depth with cell sizes of 10 and 15 m were lower than 
4% and, consequently, the resolution of 15 m was 



1716

selected to perform the final numerical simulations 
for 100 3000≤ ≤Q  cumecs. To give an idea of the 
computational requirements of the problem, the 
running time of a serial simulation in a single core 
of an Intel Nehalem x5670 processor was between 
two and three months.

3.1 Catastrophic inundations of winter 2009/2010

Numerical simulations were performed for inflow 
discharges from 100 to 3000 3 1m s− . This range 
includes low water discharges observed during 
the normal river regime as well as extreme flow 
rates measured during winter 2009/2010 and the 
last century (see Fig. 1). To illustrate the tempo-
ral evolution of the water surface during the rais-
ing stage of 2009/2010 inundations, Figures 2b-e 
show the sequence of water surface elevations 
for 500, 1000, 1500 and 2000 cumecs. At moder-
ate flow rates of 500 m3s−1, see panel (b), water 
flows in the channel and the floodplains mostly 
remain dry upstream of Andújar. A small por-
tion of cultivated soil was covered by water down-
stream of the confluence with the Jándula River, 
where flooding commences. When the water dis-
charge increases (see e.g. panel c for 1000 m3s−1) the 
region near the confluence with the Jándula river 
is more affected and the wave propagates upstream 
up to Andújar. By evaluating the Froude number 
Fr w g h≡ /  upstream of Marmolejo dam (where 
w is the magnitude of the velocity vector, h is the 
flow depth and g the acceleration due to gravity) 
it is found Fr < 1 for the range of simulated flow 
discharges. This fact indicates a subcritical flow 
regime in the river reach upstream of Marmolejo 
dam which induced a backwater effect. As a matter 
of fact, when the flow discharge further raises the 
flood retreats on the floodplain and urban areas in 
Andújar are affected.

Figure 5 illustrates these phenomena and the 
realism of the numerical simulation. It is found 
an excellent agreement between the numerical 
results, the radar image of Terrasar-X satellite and 
the helicopter photographs for the peak discharge 
of 1800 3 1m s−  experienced in February 2010. The 
damage caused in urban and agricultural areas 
is readily shown in Figures 5d-e. Such extreme 
inundations have been reported uniquely in 1963 
and corroborates the exceptional character of the 
episode.

3.2 Levee system defences employed in 2013

Recently, in March 2013, a third episode of  floods 
occurred. The river reached two critical states 
when the water flow discharge attained the val-
ues of  1078 3 1m s−  (13/03) and 1353 3 1m s−  (2/04) 
in Marmolejo dam. The situation experienced 

in 2009/2010 did not repeat because of  channel 
maintenance actions, preventive discharges of  the 
reservoirs and streambank defences by means of 
levee system strengthening and heightening. The 
river flow discharge and water surface elevation 
were regulated by a set of  dams that attained a crit-
ical situation in the end with water levels slightly 
below the top of  the reservoirs. The positive effects 
of  the levee system in the city of   Andújar were 
observed in Mach 2013 when the peak water dis-
charge was similar to winter 2010 but lesser urban 
areas were affected. Now we study the dynamics 
of  the flood in the presence of  the levee system 
shown in Figure 6.

River bank defences were designed to protect 
the city of Andújar and the nearest urban areas, 
allowing controlled inundation of certain loca-
tions further downstream. The damage was mini-
mised through policies of appropriate land-use 
planning. In particular, flooding was allowed near 
the confluence of the Guadalquivir and Jándula 

Figure 5. (a) Zoom of the flooded areas simulated 
for 1800 m3s−1 downstream of Andújar. Radar image 
from Terrasar-X satellite at (b) the merging point of the 
Guadalquivir and Jándula River and (c) downstream of 
Roman bridge of Andújar during the peak flow in Febru-
ary (yellow) and December (blue). Solid and dashed box 
in (a) corresponds with (b) and (c), respectively. Aerial 
photographs from helicopters of zones (b) and (c) are 
shown in panels (d) and (e), respectively, with the view 
point directions indicated in (a) with arrows.
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river. Instead of continued levee heightening, a 
transversal  hillock was prepared to isolate the 
expected flooded areas from the protected ones. The 
elevation of the computational grid was updated in 
the refined cells according to the field data taken 
by CHG during their construction. A portion of 
the ensuing mesh is shown in Figure 6. It is read-
ily observed the presence of three refinement levels 
of 15, 5 and 0.5 m in the floodplain, channel and 
levees, respectively. Such a decrease of the spatial 
resolution is required to represent with accuracy 
the streambank defences. Figure 6 also shows the 
simulated water surface for the flow discharges 
of 1300 that nearly corresponds with the value 
measured in March 2013. Fortunately, the levees 
successfully protected the city when the river eleva-
tion raised up to the critical level. The numerical 
simulation predicts the good response of the stre-
ambank protection and the absence of inundated 
urban areas, as it happened in reality.

Unfortunately upstream of the levee system 
the water level raised up to inundate the meanders 
similar to February 2009 (recall Fig. 2a). Several 

towns and rural areas were isolated and flooded, 
respectively, and were classified as catastrophic 
zone, e.g. Villanueva de la Reina. Hydraulic struc-
tures as riverbank defences can be employed to 
mitigate the impacts of extreme fluvial regimes in 
localised points but, as we show below, actions at 
the basin scale will be required to reduce channel 
narrowing and reservoir sedimentation processes 
that increase the risk potential.

3.3 Sediment transport processes during floods

To gain better inroads into the predominant mode 
of sediment transport that owns to channel squeez-
ing and reservoir sedimentation, the non-dimen-
sional excess grain shear stress also called transport 
stage parameter (van Rijn 1993), T c≡ −θ θ/ 1, has 
been evaluated for fine sediments by using the out-
puts of the numerical simulations. Fine sediments 
in the Guadalquivir River are massively sourced 
from soil erosion and tributaries during extreme 
rainfalls, dominating the sediment grain size distri-
bution over scarce gravel and boulders, as described 

Figure 6. (Top) Levees system in the riverbanks near Andújar and zoom of the computational grid in the squared 
region showing the three refinement levels employed in the levee (0.5 m), near the channel (5 m) and in the floodplain 
(15 m). (Bottom) Simulated flood in the presence of levees and hillocks for 1300 m3s−1. The colour bar indicates water 
surface elevation in meters.
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in Section 2.1. The range of values corresponding 
with bedload transport (T ≤ 100) has been subdi-
vided into smaller intervals to have a better idea 
of the sediment transport capacity of a particu-
lar water flow discharge. The intervals have been 
selected according to possible bedforms (Carling 
2013). The dimensionless Shields parameter θ  and 
the critical value for the onset of sediment motion 
θc were evaluated following Yalin & da Silva (2001) 
as described in our previous work (Bohorquez 
et al. 2013). Developing bedforms can be classified 
as ripples (0 2< ≤T  or 0 076 1 152. < ≤ .θ ), dunes 
(2 10< ≤T ), upper-regime plane bed (10 50< ≤T  
or 1 152 4 8. < ≤ .θ ) and antidunes (50 100< ≤T  or 
4 8 8 6. < ≤ .θ ). Table 1 shows the percentage of the 
wetted area where T ranges between these intervals. 
Note that there is a wide area where sediment is at 
rest (T ≤ 0). It decreases from 42% to 32% as the 
flow rate raises. Weak sediment transport owing to 
the formation of ripples occurs within the 20–37% 
(Q < 300) and 11–16% (Q ≥ 300) of the area. Dunes 
can develop approximately in the 20% of the wet 
region for Q = 100 and ≥ 500, being the most pre-
dominant bedform for 200 500≤ ≤Q . Intense sedi-
ment motion associated with larger values of the 
transport stage parameter of 10 50< ≤T  is found 
between the 16% and 29% of the inundated area 
for Q ≥ 300 and nearly vanishes for lower flow 
rates. Finally, it is found that regions with T > 50 

are negligible for Q ≤ 1000 and reach a maximum 
of 11% with Q = −3000 3 1m s .

4 CONCLUSIONS

The multidisciplinary study described in this 
paper reveals a decrease of  drainage capacity of 
the Guadalquivir River since 1956 up to present 
days owing to larger impacts of  floods between 
years 2009–2013. The main channel of  the 
Guadalquivir River is developing an aggradation 
stage that decreases the effective cross section. 
The consequences are particularly evident dur-
ing extreme floods, as shown in Figures 2–5. We 
attribute the drainage capacity decrease to anthro-
pogenic factors such as land-use and plant cover 
changes, soil degradation and erosion at the basin 
scale, alteration of  the natural fluvial regimes by 
hydraulic structures that prevent the river from 
transporting sediment as bedload, filling natu-
ral reservoirsup to fully silted-up levels after the 
construction of  man-made dams during the last 
60 years, and the alteration of  riparian vegetation 
because of  the excessive presence of  pesticides and 
human actions on the floodplains, among others 
described in the main text.

Conversely, the dynamics of non-regulated 
tributaries that can behave as dictated by their 
natural fluvial regimes is rather different. During 
long time of low discharges typical of the semi-
arid Mediterranean areas, tributaries present a low 
sedimentary dynamics and the channel stability 
dominates. During flood events, sedimentary activ-
ity is accelerated and the channel develops a rich 
collection of geomorphological features. We believe 
that tributary rivers search new equilibrium forms 
during high-stage fluvial regimes in response to 
causes which could be well occurred long time ago 
(i.e. dam constructions). Indeed, the flow regime of 
the tributaries near the confluence with the Guad-
alquivir River is usually subcritical (Fr < 1) because 
of the very shallow slope of the talweg. The modi-
fication of the water surface elevation after dam 
building near confluences might induce new equi-
librium shapes that deserve a further analysis.
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Table 1. Percentage of the inundated area where the 
transport stage parameter T c= −θ θ/ 1 for fine sediments 
(θc = .0 076) lies in the range of no motion (T ≤ 0) and 
bedload (0 100< ≤T ). The bed load range has been sub-
divided into sub-intervals according to bedforms clas-
sification: static bed (T ≤ 0), ripples (0 2< ≤T ), dunes 
(2 10< ≤T ), upper-regime plane bed (10 50< ≤T ) and 
antidunes (50 100< ≤T ). Suspended sediment transport 
may occur for T > 100.

Q 
(m3/s)

Static 
bed Ripple Dune

Plane 
bed

Anti- 
dune

Suspen- 
sion

100 42 37 20 1 0 0
200 42 20 31 7 0 0
300 40 16 28 16 0 0
400 38 14 27 21 0 0
500 40 16 23 21 0 0
600 39 14 21 25 1 0
700 38 14 19 28 1 0
800 36 14 19 29 2 0
900 36 14 19 29 2 0
1000 38 14 18 28 2 0
1500 33 12 19 31 4 1
2000 32 12 18 31 6 1
2500 34 11 17 30 7 1
3000 32 11 17 29 9 2
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