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Resumen  
 
El objetivo general de este trabajo es la caracterización de la evolución hidrogeomorfológica del 
sector central del río Ebro (de una longitud aproximada de 250 kilómetros, a comienzos del siglo 
XXI), en el periodo de tiempo comprendido entre los años 1927 y 2003, y el análisis de sus 
implicaciones ecológicas, como marco para proponer su restauración integral. El sistema fluvial del 
Ebro cuenta con una gran importancia en la red de drenaje española, y en la propia cuenca 
mediterránea. El río Ebro es el segundo río más largo de la Península Ibérica, y también el segundo 
río con mayor aportación de agua al mar. El sector central del río Ebro presenta un patrón 
meandriforme libre, y ha sufrido notables alteraciones en su régimen hidrológico y en los usos del 
suelo a lo largo de su llanura de inundación. La alteración física y ambiental de sus principales 
atributos es, no obstante, muy heterogénea entre sus diferentes sub-tramos.  
 
Alrededor de este objetivo general, el trabajo desarrolla un análisis de los cambios sufridos por el 
régimen de caudales del río, en su sector central, a lo largo del siglo XX, y una caracterización de la 
alteración experimentada por sus principales componentes (caudales de estiaje, caudales bajos 
invernales, crecidas ordinarias y extraordinarias). El documento aborda, igualmente, la evolución 
espacial y temporal de sus principales parámetros geomorfológicos, y analiza la conveniencia del 
uso de un amplio conjunto de parámetros en la caracterización geomorfológica de un tramo fluvial 
de elevadas dimensiones, como el que representa el sector central del río Ebro. Adicionalmente, el 
trabajo describe la evolución espacio-temporal sufrida por los bosques riparios de la llanura de 
inundación del Ebro, evaluando las modificaciones sufridas por su conectividad longitudinal y 
transversal, y relacionando su evolución con las modificaciones desarrolladas en su patrón 
hidrogeomorfológico. Finalmente, el documento evalúa los principales procesos ecomorfológicos 
generados durante el siglo XX, y permite conocer el funcionamiento del sistema fluvial en el 
intervalo de tiempo 1927-2003, con especial atención a aquellos procesos que presentan una mayor 
significación ambiental, estudiando las implicaciones ecológicas de los cambios sufridos en la 
dinámica fluvial, y proponiendo las medidas necesarias para su restauración, así como los 
procedimientos precisos para la rehabilitación de los tramos que cuentan, en la actualidad, con una 
mayor presión antrópica.  
 
El análisis desarrollado muestra la alteración sufrida por el régimen hidrológico del río, concentrada 
en la variación de los caudales de estiaje. Esta alteración ha favorecido el desarrollo y 
predominancia de nuevos procesos ecológicos y geomorfológicos, muy diferentes en su 
funcionamiento a los que regían el comportamiento del sistema a comienzos del siglo pasado. La 
homogeneización del régimen de caudales ha acelerado la reducción de la variabilidad física y 
ambiental del tramo de estudio. Este cambio ha propiciado la aparición de condiciones idóneas para 
la creciente ocupación de la llanura de inundación del río, y para la modificación de los paisajes 
fluviales, a lo largo de todo el área de estudio. La actividad geomorfológica del cauce y de su llanura 
de inundación ha sufrido una completa transformación, durante el horizonte temporal analizado. La 
alteración global de los parámetros geomorfológicos se concentró, con especial intensidad, en la 
segunda mitad de siglo, y en aquellos sub-tramos del río, que a comienzos del siglo pasado, aún 
mostraban una mayor actividad ecológica y geomorfológica. Por su parte, la vegetación riparia 
reaccionó de manera acusada ante la transformación hidrogeomorfológica del sistema: la estructura 
original en mosaico evolucionó hacia una estructura lineal, y próxima al thalweg del río. La 
alteración del corredor ripario ha sido generalizada, pero de nuevo se ha acelerado a lo largo de las 
últimas décadas. Desde los años 60, la actividad biogeomorfológica del río retroalimenta la 
homogenización ecológica del sistema fluvial, y su tendencia hacia un equilibrio geomorfológico de 
tipo estático. El funcionamiento actual del corredor ripario puede derivar, en los próximos años, en 
una estructura dominada por especies no pioneras, en el seno de una matriz caracterizada por los 
usos agrícolas y forestales (plantaciones de chopos, fundamentalmente). Este proceso de 
empobrecimiento ecológico puede favorecer, a medio y largo plazo, una pérdida acusada de 
biodiversidad en el sistema Ebro, una reducción en la calidad de los hábitats fluviales, y una 
colonización progresiva de los hábitats existentes por especies exóticas de fauna y flora.  
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La mejora del funcionamiento del río Ebro, con el fin de promover su restauración ecológica, 
obliga a la recuperación de algunos de sus procesos hidrogeomorfológicos básicos. La necesaria 
mejora de la integridad hidrogeomorfológica y ecológica del Ebro medio requiere el desarrollo de 
un escenario de gestión adaptativa y participativa, suficientemente flexible para (i) incorporar los 
avances en el conocimiento sobre el funcionamiento del sistema fluvial; (ii) adoptar los 
requerimientos normativos de la legislación española y europea en materia de agua y biodiversidad; 
(iii) permitir que todos los agentes sociales implicados en la gestión del sistema fluvial sean 
conscientes de su fragilidad, singularidad e importancia. El buen estado ecológico del sector central 
del río Ebro, en el futuro, significará también un adecuado nivel de bienestar y desarrollo para las 
poblaciones que dependen, de manera más directa, de sus funciones y valores, y ofrecerá, al 
conjunto de la sociedad, un rango de valores ecológicos, culturales y recreativos de primera 
magnitud, en el ámbito mediterráneo.    
 
Abstract 
 
The general target of this work is the characterization of the hydrogeomorphological evolution of 
the central sector of the Ebro River (ca. 250 kilometers long in 2003), between 1927 and 2003, and 
the analysis of its ecological implications, as a framework for proposing its integral restoration. The 
Ebro river system has a huge importance in the Spanish drainage network, and in the 
Mediterranean basin. The Ebro River is the second longest river in the Iberian Peninsula and also 
the second in the volume of water debouched into the sea. The central sector of the Ebro River has 
a free-meandering pattern, and has suffered remarkable alterations in its flow regime and land uses 
along its floodplain. The physical and ecological alteration of its attributes is, however, 
heterogeneous and variable among its different sub-reaches. Around this main goal, this work deals 
with the analysis of the changes suffered by the flow regime in the middle Ebro, along the 20th 
century, and characterizes the alteration suffered by its main components (summer flows, low 
flows, ordinary and extraordinary floods). It also studies the spatial and temporal evolution of the 
main geomorphic parameters of the river system and analyzes the convenience of the utilization of 
a wide range of parameters in the geomorphological characterization of a long and large river reach. 
Additionally, it depicts the spatial and temporal evolution suffered by the riparian forests of the 
Ebro floodplain, assessing the changes in their longitudinal and transversal connectivity and relating 
their evolution to the modifications of the hydrogeomorphological pattern of the river. Finally, the 
document evaluates the main ecomorphological processes generated during the 20th century, and 
explains  the river functioning in the interval 1927-2003, with special focus on those processes with 
a larger environmental meaning, studying the ecological implications of the changes of the 
hydrogeomorphological pattern of the Ebro River, and proposing the required measurements for 
its integral restoration, and the necessary procedures for the rehabilitation of the most human-
pressured sub-reaches.   
  
The analysis conducted shows that the river system has witnessed a large alteration of its hydrology, 
concentrated on the large changes suffered by the summer flows. This hydrological alteration has 
fostered the development of new ecological and geomorphological processes, very different from 
those dominant in the early 20th century. The homogenization of the flow regime has accelerated 
the reduction of the physical and environmental variability of the study reach. This has generated 
proper conditions for the growing occupation of the river margins and for the modification of the 
fluvial landscape in the whole system. The geomorphological activity of the channel and its 
floodplain has suffered an utter transformation along the temporal scenario analyzed. This 
alteration of the geomorphic parameters became a most common process along the study reach, 
but was concentrated, at the time, on the second half of the last century, and on those sub-reaches 
where the ecological and geomorphological dynamism was higher in the early 20th century. The 
riparian vegetation reacted briskly to the hydrogeomorphological alteration of the study reach: the 
original mosaic spatial structure of the riparian forest stands changes, in the 21st century, to a linear 
and thalweg-close structure. The alteration of the forest corridor has been progressive, but 
accelerated through the last decades. From the 60´s, the biogeomorphic activity of the river 
feedbacks the ecological homogenization of the fluvial system and its trend towards a 
geomorphological static equilibrium. The nowadays functioning of the forest corridor may drive, in 
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future decades, into a structure dominated by non-pioneer species, inside a matrix characterized by 
agricultural and forest cultivations. This process of ecological impoverishment could enhance a 
drastic loss of biodiversity, a decrease of the fluvial habitats quality, and the progressive 
colonization of the river habitats by alien species.  
  
The improvement of the functioning of the Middle Ebro, with the objective of promoting its 
ecological restoration, obliges to the amelioration of some of its basic hydromorphological 
processes. The necessary rehabilitation of the ecological and hydrogeomorphological integrity of 
the middle Ebro requires a scenario of adaptative and participative management, flexible enough 
for (i) incorporating further improvements in the knowledge of the river system, (ii) implementing 
the legal requirements of the European and Spanish legislations, and (iii) allowing that all social 
agents related with its management become effectively conscious of its singularity, fragility and 
importance. The good future status of the middle Ebro will mean well-being and development for 
the populations that most directly depend on its functions and values, and it will offer, to the whole 
society, a range of first-order cultural, ecological and recreative values, in the Mediterranean 
environment.  
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GENERAL INTRODUCTION 
 
 
 

Un río es algo que tiene una fuerte y marcada personalidad, es algo con fisonomía y vida propias. Uno de mis más vivos deseos es el 
de seguir el curso de nuestros grandes ríos: el Duero, el Miño, el Tajo, el Guadiana, el Guadalquivir, el Ebro. Se les siente vivir. 

Cogerlos desde su más tierna infancia, desde su cuna, desde la fuente de su más largo brazo, y seguirlos por caídas y rompientes, por 
angosturas y hoces, por vegas y riberas. La vena de agua es para ellos algo así como la conciencia para nosotros; unas veces, agitada y 
espumosa; otras, alojada de cieno, turbia y opaca; otras, cristalina y clara, rumorosa a trechos. El agua es, en efecto, la conciencia del 

paisaje; en el agua, cuando queda quieta y serena, se reflejan los árboles y las rocas, en el agua se ven como en espejo, en el agua se 
desdoblan, adquieren reflexión de sí; el agua es, repito, la conciencia del paisaje. Donde hay agua aparece el paisaje vivo. Y el agua del 

río es conciencia viviente, conciencia movediza.  
 

Miguel de Unamuno 
 
 

 
1. BACKGROUND  
 
During the last centuries, and with higher 
intensity along the 20th century, humans have 
increased the utilization of natural resources, in 
order to satisfy their basic needs and to assure 
their own well-being. This trend of growing 
use of the resources was especially remarkable 
in the case of water, a core resource for most 
of man´s necessities and for the productive 
processes developed by the diverse human 
societies. This progressive increase of the 
pressure on water, and on the ecosystems most 
directly dependent on it, have produced a wide 
range of effects on their structure and 
functioning.  
 
The first analyses conducted about the 
behavior and evolution of the river systems 
were mainly based on the assessment of their 
geomorphology. For decades, the focus of 
scientists was centered on the analysis and 
characterization of fluvial forms, on the 
fundamentals of erosive and sedimentary 
processes, and on the influence of geomorphic 
changes on human activities. With that aim, 
major research was fulfilled concerning the 
cause-effect relationships between hydraulic 
and geomorphic processes and their 
consequences on human interests. This 
included the analysis of the change of river 
flows, land uses and physical attributes of the 
channels. Among others, some of the most 
renown were the works of Gilbert (1917), 
concerning the changes in downstream 
sediment transport due to placer mining, 
Sonderegger (1935) on the modification of the 
physiographical balance by interference with 
natural conditions, illustrated by the effects on 
the Rio Grande downstream of Elephant Butte 

dam, and Lane (1955), concerning the 
influence of fluvial morphology on hydraulic 
engineering.  
 
After them, Strahler (1956) identified the 
consequences of a wide array of erosive and 
sedimentary processes on the drainage 
network. Wolman (1967) studied the 
relationships between land use changes and 
channel attributes. Schumm (1969, 1977) 
underlined the importance of river 
metamorphoses and functioning thresholds. 
Graf (1977) applied a rate law, involving 
reaction–and relaxation–times as parts of the 
response time pertinent to changing from one 
equilibrium condition to another. The research 
conducted by Leopold (1973) and Gregory 
(1977), based on the human role in changing 
river channels were also regarded as important 
individual papers.  
 
The outcome of numerous studies of river 
channel adjustment has been that the 
magnitude of river channel change, described 
by terms including enlargement, shrinkage and 
metamorphosis, has become broadly known, 
but it has not always been possible to predict 
what will happen in a particular location, 
because of complex response and contingency 
(Schumm, 1979; Gregory, 2006). Thus, the 
variety of changes which may occur after 
crossing a geomorphic threshold, and the 
dependence of the state of systems or 
environment on one or more previous states or 
events in the past (Phillips, 2001), difficult the 
prediction of future behavior of river systems.  
 
However, the better comprehension of the 
river functioning, and the progressive social 
and environmental changes enhanced a shift of 
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the attention of researchers, exclusively 
centered, until then, on the geomorphic 
processes, to the relationships between 
geomorphology and the ecology of river 
systems. Gradually, the interaction of biotic 
and abiotic factors was identified as a key 
component in the structural and functional 
complexity of those systems (Gurnell & Petts, 
2002; Milner & Petts, 1994; Milner et al., 2001; 
Robinson et al., 2002). Physical processes were, 
furthermore, recognized as most responsible 
for the maintenance of the basic characteristics 
of river systems, including their spatial-
temporal dynamics (Amoros & Petts, 1993), 
and their ecological integrity (Petts, 2000). 
 
The fundamentals of the interaction between 
the geomorphological and sedimentary 
dynamics and the composition, structure and 
functions of the river systems were proposed 
by Ward & Stanford (1983), and developed by 
Ward et al. (1999). Later on, other works have 
highlighted the importance of lateral river 
dynamics, after the reconnaissance of the 
ecological implications of the connectivity of 
channels and floodplains (Ward & Stanford, 
1995). Other authors underlined the role of the 
flood regime evolution and the channel 
dynamics on the protection of the river 
biodiversity (Pautou & Decamps, 1985; Salo et 
al., 1986). Also, other papers explored the 
impacts produced by river regulation on the 
geomorphic evolution of channels, and how 
these changes were related to the alteration of 
the benthic fauna (Petts & Greenwood, 1985; 
Petts, 1980a, 1980b). Bravard et al. (1997) 
analyzed, in detail, the effects of channel 
incision on river ecosystems, considering the 
riparian vegetation, the aquatic invertebrates, 
the fish communities and even the ecosystems 
of non-active secondary channels, and showed 
a decrease of the habitats heterogeneity. 
Finally, other papers have focused on a smaller 
scale, giving attention to the temporal variation 
of flow regimes (liquid and solid) and aquatic 
habitats (Petts et al., 1993; Gore et al., 1994; 
Stalnaker et al., 1996; Valentin et al., 1996; 
Milhous, 1998). 
 
Regarding the long period of time that the 
readjustment of the channel morphology may 
take (from decades to millenniums, depending 
on the flow and channel attributes and 
according to different authors), the importance 
and influence of riparian vegetation on the 
morphological response of channels, and the 

interaction between geomorphic and ecological 
changes, Petts & Gurnell (2005) emphasize the 
necessary improvement of the modelization of 
the sequence of transitional states, in order to 
make them assumable in the current 
management (Petts, 1987). In this sense, 
Richards et al. (2002) propose the development 
of combined models of river dynamics and 
vegetation succession, to promote a better 
understanding of their influence on the river 
biodiversity, to offer quantitative analyses of 
qualitative hypothesis, and to allow the 
simulation of the consequences of hydrologic 
changes on river ecosystems. Some transitional 
states may sustain larger habitat diversity than 
in natural channels, but other may be 
associated to much lower rates of biodiversity. 
The succession sequence of those transitional 
states may depend on a wide range of factors, 
namely the type of natural channel, the channel 
attributes during the affection of pressures on 
the system, the sediments mobility, the rate of 
vegetal colonization and establishment, or the 
characteristics of the regulated flow regime.  
 
In this context of better understanding of the 
interaction between biogeomorphic and 
hydrological processes, new questions may be 
arisen regarding the influence of the alteration 
of flow and land use on river systems. 
Particularly, (i) how these changes affect the 
river landscape dynamics, and (ii) what lessons 
may be derived for the global 
hydrogeomorphological management of rivers, 
in the current legal framework1. 

                                                 
1 The spread of works based on ecohydrology and 
biogeomorphology, and the progressive 
improvement in the understanding of these 
questions have been accompanied by a slow, but 
constant advance in the legal context. In the 
European scale, the publication of the Water 
Framework Directive (2000/60/EC) and the Flood 
Risk Directive (2007/60/EC), accordingly with 
other Directives published before 2000 (like the 
Habitat or Birds Directives), have totally modified 
the context of the management of water and of 
those territories most directly linked to the water 
bodies. This new context requires, in all the 
European basins, the development of a 
management model based on a participative, 
adaptative and ecosystem focus, capable of 
assuring, in the medium and long term, the 
consecution of a wide set of environmental 
objectives. Among these, the improvement of the 
ecological status of the water bodies, according with 
their typology and initial status. The determination 
of the ecological status comprises the analysis of a 
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2. STUDY AREA IN THE 
MEDITERRANEAN CONTEXT 
 
2.1 Election and characteristics of the study 
area  
 
The analysis of the evolution and functioning 
of the central sector of the Ebro River has 
been conducted in order to answer some of the 
questions formulated in the former chapter. 
The selection of the Ebro River as the area of 
interest for those analyses was based on the 
following reasons: 
 

i. The central sector of the Ebro River has a 
free-meandering pattern, and has suffered 
remarkable alterations in its flow regime 
and land uses along its floodplain. The 
physical and ecological alteration of its 
attributes is, however, heterogeneous and 
variable among its different sub-reaches.  
  
ii. There are historical data and records that 
make it possible the development of a 
thorough analysis of the geomorphological 
and ecological effects of the changes in the 
river system, in a long reach (ca. 250 
kilometers in 2003), and for a long time 
interval (the last 80 years).  
 
iii. The Ebro river system has a huge 
importance in the Spanish drainage 
network, and in the Mediterranean basin. 
The Ebro River is the second longest river 
in the Iberian Peninsula (930 km) and also 
the second in the volume of water 
debouched into the sea (ca. 12,000 hm3 / 
year). 

                                                                     
range of biological, physico-chemical and 
hydromorphological indicators.  
 
In the Spanish scale, the transposition of the 
European Directives and the own development of 
new national laws and decrees (Water Law –RDL 
1/2001-, Hydrological Planning Decree –RD 
907/2007- , Hydraulic Public Domain Decree –RD 
9/2008, Law of Natural Patrimony and Biodiversity 
–Law 42/2007, Spanish Strategy for River 
Restoration (MARM, 2010), among others) have 
also modified the framework for the management, 
protection and restoration of the aquatic and 
riparian ecosystems, and have allowed the legal 
uptake of new methodologies for the control and 
management of the flow regimes and fluvial 
territories.  

iv. The last legal modifications in Spain and 
Europe offer a unique opportunity for 
incorporating hydrogeomorphological and 
ecological criteria in the management of 
this system.  

 
The river area analysed in this study comprises 
the floodplain of the free meandering reach of 
the Ebro River (NE Spain) between Rincón de 
Soto (La Rioja) and the small dam of Alforque 
(La Zaida, Zaragoza). This reach includes the 
majority of the active meandering area of the 
channel. Upstream of the upper end of the 
study area, a short meandering sub-reach may 
be still found. However, no historical 
cartographic materials are available for this 
area, and it was therefore not used in our 
analysis. The chosen reach is located in the 
centre of the Ebro Depression and in the 
central sector of the Ebro Basin (fig.1). 
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Fig.1.- Location of study reach in the Ebro basin. The 
reach is located in the central sector of the river 
planform, and is characterized by a meandering pattern 
and a wide alluvial plain. 
 

 
The Ebro River has, in its central sector, a 
wide floodplain, whose average width is 3.2 
km, with a maximum of 6.0 km. The 
floodplain area in the central sector of the 
Ebro River is 739 km2. Its sinuosity index was 
1.505 in 2003 (Ollero, 2007, 2010). The 
floodplain is occupied by mature riparian 
forests of Populus spp. and Tamarix spp. and 
large agricultural and poplar cultivations. 
 
The Ebro basin is the second largest river 
basin in the Iberian Peninsula, covering an area 
of approximately 85,530 km2. Its planform is 
triangular. Its largest side is constituted by the 
foothills of the Cantabrian Range, the Vasque 
Mountains and the Pyrenees. The second 
largest side is formed by the Iberian System, 
which also separates the Ebro Depression and 
the Castilian Plateau, along its NW-SE axis. 
Finally, the third side of the triangle is 
constituted by the Catalan Coastal Range, 
orientated from NNE to WSW. 
 

The Ebro Depression is fit between the 
Iberian System, and a leading folding range, the 
Pyrenees, constituting a trough covered by two 
main tectonic lines, almost orthogonal. One of 
them is the own Ebro valley, and the other the 
alienation of the rivers Segre and Guadalope. 
These lines represent subsidence areas, parallel 
to the massifs that acted as maximum 
resistance pillars. After the emergence of the 
Catalan Coastal Range, the sea that was 
occupying the Ebro Depression during the 
Mesozoic Epoch turned into a lake. Its 
deposits filled progressively the zone. The 
alpine uplifting that formed the present 
Pyrenees increased the slope of the current 
Ebro valley, enhancing the disposal in 
successive steps, characteristic of both sides of 
the river. As for the altitudinal distribution in 
the basin, about 51% of its area is occupied by 
lands over 1000 m-high, or for lands under 400 
m-high, with a slight advantage for the first. 
The remnant 49% is distributed between 
intermediate heights (CNPC, 1985). 
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Fig.2.- Average rainfall in the Ebro basin, in the 82 years period between October-1920 and September-2002 

(García-Vera, 2005). The spotted line indicates the location of the study area, in the central sector of the river. It 
may be seen that the middle Ebro flows along a very xeric area.   

 
The distribution of rainfall in the Ebro basin, 
in the interval 1920-2002, is shown in figure 2. 
It may be seen the large gradient from the 
Pyrenees and Cantabrian zones, where the 
average rainfall is over 1,500 mm. Then, it 
harshly decreases into the Ebro valley, 
showing, in a large inner area, average values 
less than 300 mm.  
 
As for the evolution of the rainfall in the 20th 
century, the analyses conducted by the Basin 
Agency (García-Vera et al., 2002) show how, 
considering a wide temporal interval (1916-
2000), there are no signs of a decreasing trend 
of precipitations in the Ebro basin, that could 
suggest a local climatic change in the referred 
time interval. Rainfall suffers oscillations inside 
a stable regime, except for the area of influence 
of the Iberian system (right margin), where a 
decreasing tendency may be effectively 
observed, from the final years of the 30´s. 
Nevertheless, if the analysis centres on the 
most recent time (mid 60´s to final 80´s), a 
statistically significant reduction of the average 
rainfall is clear in most of the basin. The 
tendency to reduction would be minimized in 
the 90´s.  
 

The simulation and analyses of future climatic 
changes, in the context of the Ebro basin, do 
anticipate, on the contrary, a notorious change 
of the temperatures and precipitations in the 
horizon 2010-2100. The results derived from 
the modelization of these parameters (CHE, 
2005), in different sub-basins of both river 
margins, show large and homogeneous 
increments of the temperatures, specially 
during the summer months. Regarding the 
predictions of the evolution of precipitations, 
bigger spatial and temporal discrepancies are 
found, but in all models, they show a trend to 
reduction, severe in some regions. The 
development of these tendencies could result 
in large hydrogeomorphological and ecological 
alterations in the basin. Their influence must 
be taken into account in the description of 
future management scenarios.  
 
2.2 Biogeomorphology and hydrology in 
the Mediterranean environment 
 
The study area is part of the Mediterranean 
basin, a geographical environment 
characterized by a singular climatologic, 
ecological and socio-economical behavior. 
Regarding the river functioning, it may be 
stated that in the Mediterranean areas, the great 
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variations in the flow regimes and the marginal 
growth of vegetation in the basis, foster the 
instability and the large temporal variability of 
channels (Graf, 1988). The climate 
characteristics and the abundance of 
mountainous areas enhance a higher flood risk 
in many Mediterranean regions. Poesen & 
Hooke (1997) and López-Bermúdez et al. 
(2002) have shown an increase in flood 
frequency in the last eight centuries, especially 
in the 18th and 19th centuries. Those authors 
explain this higher frequency on the basis of 
the progressive deforestation of these regions. 
A new rise of this activity should also have 
been detected along the 20th century.  
Roberts (1989), working with polinic records, 
indicates that the alteration of the vegetal cover 
is clearly distinguishable from 2000 BC. 
Wainwright & Thornes (2004) show that the 
slow but constant transition of agriculture, for 
about six thousand years, was the most striking 
factor that influenced the landscape evolution. 
It would have produced large changes in the 
hydrologic cycle, and an increase of the erosion 
rate of several orders of magnitude. The initial 
impacts would be, after these authors, slight 
and local.  
 
The alluvial stratigraphy evidences the outburst 
of significant changes in the hydrological 
regimes and in the fluvial morphology in 
different Mediterranean regions.  
 
Vita-Finzi (1969) found two different phases 
with high rates of accretion. First would be 
associated to the Pleistocene Epoch, and the 
second one, known after Younger Fill, is 
related to medieval and late-roman epochs 
(250-1450 AD), and has a basic human 
background, although some authors insist on 
the existence of other factors, mostly climatic, 
that could have also influenced that process 
(Grove, 2001).  
 
In the early 20th century, many Mediterranean 
regions still kept a strong rural and agricultural 
activity. However, in subsequent decades, and 
hampered by different reasons, a phase of 
decay of these activities should have 
flourished. This was the case in the Iberian 
Peninsula, along the period 1950-1980. The 
progressive abandonment of rural areas may 
have, in the global scale, positive and negative 
effects on the sediments emission, according to 
different factors. Llorens et al. (1997) and 
Lasanta et al. (2001) show that the emission of 

sediments may increase after the land 
abandonment, but the vegetation cover tends 
to increase with time, provoking a reduction of 
the erosion rate in the medium and long term. 
Osborne & Woodward (2001) indicate that the 
increment of the cover may be enhanced by 
the increase of the average temperatures in the 
global scale.   
 
On the other hand, a high number of reports 
show the current trend of many Mediterranean 
rivers to narrowing and incision. On many 
occasions, channel patterns have changed from 
braided to meandering or sinuous. This trend, 
observed from 1850, may be originated in the 
climatic changes followed since the end of the 
Little Ice Age, and in the trend to stabilization 
of several basins, formerly very instable due to 
human activities. This stabilization could have 
also been enhanced by the fixation of torrential 
channels. This human-based works would have 
reduced the arrival of sediments to the main 
channels, and would have fostered, accordingly 
with the river regulation and the growing 
occupation of the floodplains, the colonization 
of channels by vegetation. In most recent 
times, the increase of forested areas and the 
land abandonment would have additionally 
reduced the sedimentary load in the main 
watercourses (Hooke, 2006). 
 
After the spread of the processes of 
incision, colonization and stabilization of 
the riparian vegetation, and loss of 
connectivity of the channels with their 
floodplains, due to human activities, all of 
them may interact and feedback, fostered 
by the lack of sediments in the channels. 
The connectivity of the different 
components of the river system plays an 
essential role in the extension and 
importance of those changes, and in their 
ability to propagate (Hooke, 2006).  
 
 
3. MATERIALS AND METHODOLOGY 
 
The sequence of analysis of the evolution and 
functioning of the Ebro River is based on the 
own genesis of the fluvial processes. Thus, it 
starts from the hypothesis that the river flow 
regime is the fundamental engine of the 
geomorphological activity (Poff et al., 1997, 
2006). So, it is necessary to wonder which 
aspects and components of the flow regime 
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have changed, and how these modifications 
affect the geomorphological dynamics.  
 
Attending to this sequential methodology, and 
with the aim of characterizing the 
hydrogeomorphological processes of the 
system, two fundamental questions must be 
consequently analyzed:  
 

- First, considering that the 
geomorphological activity materializes 
in its in-channel dynamics (aquatic 
biotope), bank dynamics (aquatic-
terrestrial ecotone), and riparian 
dynamics (terrestrial biotope), it is 
essential to analyze how the 
geomorphological activity of the 
channel and the riparian corridor has 
changed, along the study reach and 
time interval recorded.  

- Second, assuming that the main 
geomorphological pattern of a river 
system is its planform (meandering in 
the middle Ebro), it is necessary to 
study how the meander corridor has 
changed, and how this dynamics is 
related to the evolution of the 
geomorphological activity of the 
system.  

 
After the analysis of these questions, and 
recognizing that the structure and dynamics of 
a riparian landscape is one of the core factors 
that determine the integrity of the river 
ecosystems, the following step would be the 
analysis of the changes suffered by the riparian 
landscape in the study area, and the 
establishment of the relationship of those 
changes with the alteration of the 
hydrogeomorphological processes in the 
system.  
 
Once the former questions are answered, the 
sequential methodology used deals with the 
integration of the results, and their global 
interpretation, extracting the main lessons 
derived around the functioning of the middle 
Ebro system, and proposing, after them, the 
necessary recommendations for its future 
management.   
 
 
4. OBJECTIVES 
 
The general target of this work is the 
characterization of the hydrogeomorphological 

evolution of the central sector of the Ebro 
River, between 1927 and 2003, and the analysis 
of its ecological implications, as a framework 
for proposing its integral restoration. Around 
this main goal, it is possible to list the 
following specific objectives: 
 

i. Analyze the changes suffered by the flow 
regime in the middle Ebro, along the 20th 
century, and characterize the alteration 
suffered by its main components (summer 
flows, low flows, ordinary and 
extraordinary floods).  
 
ii. Study the spatial and temporal evolution 
of the main geomorphic parameters of the 
river system and analyze the convenience of 
the utilization of a wide range of parameters 
in the geomorphological characterization of 
a long and large river reach.    
 
iii. Analyze the spatial and temporal 
evolution suffered by the riparian forests of 
the Ebro floodplain. Assess the changes in 
their longitudinal and transversal 
connectivity and relate their evolution to 
the modifications of the 
hydrogeomorphological pattern of the 
river.  
 
iv. Evaluate the main ecomorphological 
processes generated during the 20th 
century, and explain the river functioning in 
the interval 1927-2003, with special focus 
on those processes with a larger 
environmental meaning.  
 
v. Study the ecological implications of the 
changes of the hydrogeomorphological 
pattern of the Ebro River, and propose the 
required measurements for its integral 
restoration, and the necessary procedures 
for the rehabilitation of the most human-
pressured sub-reaches.  

 
 
5. RELATED WORKS 
 
Different authors have analyzed, in the last few 
years, the behaviour of diverse aspects of the 
middle Ebro reach. Among them, the most 
remarkable for its continuity in time and for 
the wide area assessed are those of Ollero 
(1992, 2007a, 2007b, 2010), pioneer in the 
integrated analysis of the geomorphic changes 
of the free-meandering reach of the Ebro 
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River and the low reaches of its main 
tributaries. Other authors, such as Cabezas 
(2008) and Gallardo (2009) have focused on 
the ecohydrological and geochemical processes 
in this river reach, and specially on those 
related to the evolution of the river habitats. 
Domenech et al. (2009) analyzed the 
hydrometeorological functioning of the Ebro 
River, from the perspective of the flood risks 
in its floodplain. Finally, González et al. (2010) 
have studied the ecological behaviour of the 
riparian forests in the middle Ebro, including 
the succession processes and their relation with 
the alteration of the flow regime.  
 
 
6. DISSERTATION SCOPE 
 
The main contributions of this work, regarding 
the afore-mentioned background, may be 
classified according to its core research lines 
(fig.3):   
 
Chapter 1 studies the hydrological alteration of 
the middle Ebro, on the basis of the evolution 
of its geomorphological parameters and its 
riparian forests, in a 106 km long reach. The 
selected sub-reach is the portion of the study 
area that can be linked to the available flow 
data. The analysis focuses, unlike the preceding 
research, on the role of the different 
components of the flow regime on the 
evolution of the referred parameters. Thus, it 
deals with the evolution of ordinary and 
extraordinary floods, low and summer flows, 
after the growing regulation of the basin. The 
hydrological alteration of the flow regime is 
related to the ecomorphological changes, 
proposing the actions for the recuperation of 
the core pattern of the river system. Chapter 1 
has been published, with minor modifications, 
in River Research and Applications (26: 1-14).  
 
Once the alteration of the hydrological regime 
of the river is assessed, and after the 
identification of the most altered flows and 
their role in the ecomorphological 
modifications of the system, chapter 2 
develops a detailed characterization of the 
geomorphological evolution of the study reach 
(ca. 250 km), from 1927 to 2003. Thus, it 
assesses a wide range of geomorphic 
parameters, and describes the spatial and 
temporal changes suffered by those 
parameters, along the whole study reach. This 
chapter defines the differentiated behaviour of 

the river sub-reaches, accordingly with the 
pressures typology and their historical 
evolution. Besides, it shows the inefficient 
utilization of certain parameters, usual in this 
kind of analysis, due to the high complexity 
and length of the river reach. It finally 
proposes, thus, an array of parameters and 
indicators to better know the inner functioning 
of the river system, from an ecomorphological 
perspective, and a set of procedures for the 
improvement of this functioning and for the 
restoration of the ecological integrity of the 
system. Chapter 2 has been accepted in the 
journal Earth Surface Processes and Landforms.   
 
Chapter 3 makes further advances and 
proposes new procedures for the analysis of 
the Ebro meander corridor. With that aim, it 
develops a thorough review of the most 
common parameters in similar researches, and 
shows their lack of sensitivity in middle Ebro 
like-systems. Completing the analysis 
conducted in chapter 2, it proposes a large set 
of indicators of the morphological activity of 
meanders. These indicators inform, in a most 
effective way, of the corridor behaviour, and 
illustrate about the core causes of the decay 
suffered by the ecomorphological processes in 
the study reach. The work is planned, once 
more, from a two-fold spatial and temporal 
perspective. Thus, it provides further 
information about the recuperation-prone sub-
reaches, and about the procedures for the 
integral improvement of the hydrological, 
geomorphological and ecological processes in 
the study reach. Publication of chapter 3 has 
been accepted in the journal Geomorphology.  
 
After the development of the hydrological and 
geomorphological fundamentals of the 
dissertation, chapter 4 goes into further detail 
on the ecological functioning of the study 
reach. To that end, it displays an exhaustive 
analysis of the evolution of the riparian forests 
in the middle Ebro floodplain. The chapter 
describes the modifications suffered by the 
longitudinal and transversal connectivity of the 
forest corridor, considering a two-fold 
approach: the assessment and evolution of the 
fragmentation and connectivity of the riparian 
corridor. With that aim, some common 
indicators in landscape ecology are used, but 
also new indicators are proposed, in order to 
depict, with higher resolution, the evolution of 
the middle Ebro landscapes, interpret the 
reasons of their degradation, analyze the 
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ecological implications for its restoration, and 
propose the required measures for its effective 
recovery, accordingly with the 
hydrogeomorphologic improvement of the 
whole study reach.  
 
 

Finally, chapter 5 includes the final synthesis of 
the dissertation results, and proposes a wide 
protocol of actions, that may make possible the 
restoration of the ecological integrity of the 
study reach, in the context of the European 
and national legal requirements, the 
hydrological planning in the basin, its current 
and future pressures and the overall 
management of the Ebro drainage network.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.3.- Schematic view of the structure and contents of the thesis dissertation.  
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CHAPTER 1. HYDROMORPHOLOGICAL ALTERATION OF A LARGE 
MEDITERRANEAN RIVER: RELATIVE ROLE OF HIGH AND LOW FLOWS ON THE 
EVOLUTION OF RIPARIAN FORESTS AND CHANNEL MORPHOLOGY 
 
 
 
1. INTRODUCTION 
 
The paradigm of the natural flow regime (Poff 
et al., 1997; Poff & Zimmerman, 2009), which 
is widely accepted (Postel & Richter, 2003; 
Tharme 2003), recognises the vital role of the 
flow regime in sustaining fluvial ecosystems. 
River regulation may affect high flows 
(ordinary and extraordinary floods) and low 
(summer) flows. This alteration commonly has 
effects on all the basic components of the flow 
regime (magnitude, frequency, duration, 
seasonality and rate of change). All of these 
components are associated with a range of 
biological and physical thresholds that 
determine the river dynamics and integrity and 
the presence of different flora and fauna 
communities. In the Mediterranean rivers, 
which are capable of hosting high biological 
diversity, this interdependence is especially 
remarkable (Magalhães et al., 2002; Prenda et 
al., 2006) due to the extreme variability of their 
flow regimes (Blondel & Aronson, 1999; 
Naiman, 2008).   
 
The hydrological variability of Mediterranean 
rivers and the lack of rainfall in their basins 
during the summer form the basis of a 
particular mechanism of hydrological planning 
and management. These rivers are usually 
subjected to a high rate of regulation (ratio 
between dam capacity and annual runoff). 
Large storage of flows is possible during the 
humid seasons to assure the water supply 
during the long and intense dry seasons. There 
are currently more than 1,200 large dams in 
Spain, with a total capacity of 56,000 hm3. 
Spain has the fifth highest number of large 
dams worldwide, exceeded only by China, the 
United States, India and Japan (CEDEX, 
2006). Most frequently, rivers are used as 
channels to carry the stored water for 
agricultural use in the floodplains. This 
management system determines the discharge 
of large amounts of water during the summer 
months. Thus, rivers are commonly subjected 
to a partial or total inversion of their natural 
hydrological cycle (García de Jalón et al., 2007). 
 

Biological communities react in an irregular 
way to these alterations. The influence of the 
changes of the flow regime on riparian 
vegetation has been widely analysed for rivers 
with very different alterations (Merritt & 
Cooper, 2000; Nilsson & Berggren, 2000; 
Bunn & Arthington, 2002; Gurnell et al., 2004; 
Stromberg et al., 2005). Effects on hydrophytic 
vegetation have also been studied (Batalla & 
Vericat, 2009). Similarly, other works have 
investigated the impact of river regulation on 
fish communities (Tavares et al. 2004) and 
macroinvertebrate communities (Argerich, et al. 
2004; Bello & Alba, 2004). All of these studies 
show that such alterations affect the 
composition and abundance of species and 
also the age structure of communities.  
 
With respect to river geomorphology, a special 
focus has been placed on the 
geomorphological behaviour of rivers whose 
natural floods have been largely altered by 
regulation. These works have studied the 
elimination or lamination of floods, especially 
bankfull floods, given their influence on the 
physical habitats of the rivers (Brandt, 2000; 
Graf, 2006). Other works have explored the 
alteration of low flows and its effects on 
various vital mechanisms of autochthonous 
species both in aquatic and in riparian 
ecosystems (Dakova et al. 2000). However, less 
attention has been paid to direct or indirect 
effects on the whole ecosystem; these include 
the geomorphic dynamics of a hydrological 
alteration of low (summer) flows.   
 
The Ebro River is the longest of the European 
natural channels draining to the Mediterranean 
Sea (930 km compared with 812 km for the 
Rhône River or 652 km for the Po River). 
Since the central decades of the twentieth 
century, the Ebro River has been subjected to 
a progressive and intense regulation of its 
flows. At the same time, its floodplains have 
been subjected to increasing occupation by 
human activities. Other significant pressures 
have involved the construction of defences on 
the banks and margins, especially near urban 
segments of the river. Aerial photographs from 
1927, when the river was lightly regulated, 
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offer a geomorphological scenario that can be 
designated as the natural, reference status. 
Comparison with the scenario of 2003 shows 
evidence of profound changes in the 
geomorphic dynamics of the river (Magdaleno 
& Fernández, 2005). 
 
Analyses to date have focused on the global 
effects of regulation (Ollero, 2009) or on 
specific aspects of the dynamics, such as 
sediment transport (Batalla et al., 2004) or 
ecological dynamics of short segments of river 
(Cabezas et al., 2009). A thorough analysis of 
the alteration of high and low flows, the 
magnitude of their modifications as a 
consequence of river regulation, and their links 
to geomorphic dynamics, both direct and 
indirect, is needed (in the latter case through 
analysis of the effects on the evolution of the 
riparian forests).  
 
This chapter investigates a) the effect of river 
regulation on the floods and droughts in the 
river; b) the effect of alteration of the high and 
low flow regimes on the geomorphic dynamics 
of the river; and c) the evolution over eight 
decades (1927-2003) of diverse indicators of 
riparian vegetation, which is closely associated 

with the river morphology. We subsequently 
propose a range of good practices for river 
regulation from the vantage point of the 
hydrogeomorphological status of the river.  
 
 
 
2. STUDY AREA 
 
The Ebro basin is situated in the northeast 
quadrant of the Iberian Peninsula (fig.I.1). It 
drains a territory of 85,362 km2. Its major 
runoffs have their origin in three mountain 
ranges (the Pyrenees, the Cantabrian Range 
and the Iberian Massif), in all cases with a 
mixed pluvial and nival origin. The altitudinal 
range of the basin varies between 3,400 m, in 
the central sector of the Pyrenees, and sea 
level, at the river mouth in the Mediterranean 
Sea. The Ebro River debouches near the city of 
Tortosa, in a large deltaic area, due to the high 
volumes of sediments historically transported 
by the river into the sea. The mean annual 
precipitation varies in the basin (2,000 mm in 
some areas of the Pyrenees to 330 mm in 
certain regions in the interior of the Ebro 
valley).  

 
Fig.I.1. Location of study reach in the Ebro River (NE Spain). The dotted square indicates its situation in the 

Ebro basin, and the white circular symbol indicates the location of Zaragoza city and streamflow gauging station. 
 
The study reach was located in the central 
sector of the Ebro River, approximately 
between the cities of Tudela and Zaragoza. Its 
total length is 106 km (in 2003). Generally, the 

river crosses agricultural landscapes and some 
urban areas. In this sector, the Ebro River has 
been historically characterised by its free-
moving meandering planform in the interior of 
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a wide floodplain. Riparian forests are mostly 
dominated by mature formations of Populus 
and Tamarix. This reach was selected because 
of its dynamism, the intense 
hydrogeomorphologic evolution during the 
twentieth century, and the availability of 
cartographic and hydrologic data from the past 
8 decades (from 1927 on). This date was prior 
to the construction of the large dams that are 
mostly responsible for regulation of the river. 
Thus, a reference scenario is available where 
the alteration of the flow regime is not affected 
by large hydraulic facilities that are currently 
present in the system.  
 
The final cross-section of the reach is located 
at the stream-gauging station of the city of 
Zaragoza. This section, at an altitude of 201 m, 
reflects the runoff of a large basin (40,434 
km2). The station has recorded flow data since 
the hydrologic year 1912-13, and it is still active 
today. The annual runoff recorded at the gauge 
varies from 2,282.5 hm3 (year 2002) to 15,227.9 
hm3 (year 1936). The mean volume (1912-
2004) is 7,384.7 hm3. The maximum monthly 
runoff is recorded in January (1,054.6 hm3) and 
the minimum in August (113.2 hm3). The 

width of the channel at the gauge section is 
128 meters.  
 
The Ebro River is regulated by 187 reservoirs, 
impounding 57% of the mean annual runoff 
(Batalla et al., 2004). The study reach is 
regulated by 53 reservoirs, impounding 30% of 
the mean annual runoff. All of these dams 
were built for human and agricultural supply 
and production of hydroelectricity. None was 
designed for flood control, although their large 
storage capacities may have harsh effects on 
the characteristics of these extreme events. 
Regarding the temporal evolution of the river 
regulation, the study reach kept a “quasi-
natural” flow regime until the operation of the 
Ebro dam (1945). This large dam was followed 
by a second large reservoir formed by the Yesa 
dam (1959). Until 2001, there were no 
significant modifications of the reservoir 
capacity. In that year, the operation of Itoiz 
dam began. These reservoirs affect the whole 
study reach. Figure I.2 shows the temporal 
evolution of the storage capacity of the dams 
in the basin of the stream-gauging station in 
Zaragoza.  

 

 
Fig.I.2. Storage capacity of the dams in the basin of the stream-gauging station in Zaragoza  

(Data from the database of the Confederación Hidrográfica del Ebro) 
 
 
 
3. MATERIALS AND METHODS 
 
The study reach is located in the meandering, 
central sector of the Ebro River. This sector 
has suffered an intense transformation, 
traditionally attributed to the river regulation 
and the progressive utilisation of the large river 
floodplains. The reach is subjected to a wide 
range of significant pressures. IMPRESS 
analysis, developed in the hydrological 
planning process demanded by the Water 
Framework Directive, reflects the main 
pressures and impacts in the reach 

(Confederación Hidrográfica del Ebro, 2008). 
Punctate and diffuse pressures have been 
identified along the reach, with the most 
significant being water abstraction for 
agriculture and the alteration of the original 
structure and function of the riparian areas.  
 
3.1. Hydrology 
 
Flow records from the stream-gauging station 
in Zaragoza (code EA9011) were used. Data 
series included flow records from hydrologic 
years 1912/13 to 2003/04 (in Spain, hydrologic 
years start on October 1st and end on 
September 30th of the following year). This is 

15
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the only representative series of the study 
reach to include a range of time long enough 
to compare data from the natural and altered 
regimes of the river.  
 
Data records were available on the Web site of 
the Confederación Hidrográfica del Ebro, the 
government agency responsible for water 
management in the Ebro basin 
(http://www.oph.chebro.es), and on the Web 
site of the Centro de Estudios Hidrográficos – 
CEDEX, public organism of R+D+i on water 
subjects, dependent on the Ministry of Public 
Works and the Ministry of the Environment 
and Rural and Marine Affairs 
(http://hercules.cedex.es). Flow series were 
analysed and refined to avoid the utilisation of 
fragmented annual records. For this reason, 
three hydrologic years were omitted (1912/13, 
1928/29 and 1942/43). 
 
The hydrologic analysis was based on the 
utilisation of the whole data series and two 
sub-series to identify temporal tendencies. The 
first sub-series extended from 1913/14 to 
1943/44, and its main attribute was a practical 
lack of significant hydrologic regulation. The 
second sub-series included data from 1959/60 
to 2003/04, when a large regulation of the 
natural flow regime was recorded. The inter-
period 1944/45 – 1958/59 was not considered 
because it was associated with an intermediate 
degree of alteration.  
 
The analysis of river regulation in the study 
reach was completed on the basis of the data 
supplied by the Confederación Hidrográfica del 
Ebro and the Centro de Estudios Hidrográficos – 
CEDEX. Information was also selected 
concerning the life cycle of all reservoirs in the 
Ebro basin, their storage capacity and their 
historic and present utilisation. This 
information was refined in order to work 
exclusively with the gauge basin in Zaragoza. 
Thus, only the regulation of the study reach 
was analysed. Storage capacity values refer to 
the total reservoir and include the dead storage.  
 
The flow regime was analysed based on aspects 
that most strongly affect the fluvial 
geomorphology and riparian vegetation. Thus, 
this analysis was designed to answer the 
following questions: a) what are the main 
changes in the flow duration curve? b) were 
there any seasonal changes? c) what are the 
main changes in the annual daily maximum 

flows? and d) what are the main changes in the 
annual daily minimum flows? 
 
3.1.1 Flow duration curves 
 
Daily records were ordered in an increasing 
manner for every year. The percentage of time 
in a certain year that a flow record in the 
position “n” was not exceeded was calculated 
as [n/365]*100. Only quantiles reflecting 
increments of 5% [Q(5%), Q(10%), Q(90%) 
and Q(95%)] were used. 
 
The data treatment proceeded in the following 
manner: 1) for each quantile, and considering 
the complete series (1913/14 to 2003/04), a 
Spearman test was applied (McCuen, 2002) to 
determine significant tendencies for increased 
or decreased flow with time; 2) in quantiles 
where a significant tendency was detected, the 
series was segregated in two sub-series, one 
reflecting the natural flow regime (1913/14 to 
1944/45) and the other reflecting the altered 
flow regime (1959/60 to 2003/04); a Mann-
Whitney test (McCuen, 2002) was then applied 
to test the hypothesis that two data series, 
natural and altered, belonged to the same 
population; and 3) if the hypothesis was 
rejected, the most habitual statistics were 
calculated to quantify the differences.  
 
3.1.2 Changes in seasonality 
 
The flow duration curve does not offer 
information about the seasonal sequence of 
flow data nor does it show the seasonal effects 
of river regulation. However, these subjects 
may alternatively be studied by generation of 
the mean daily flows in a monthly series and 
proceeding with the aforementioned protocol 
for the flow duration curves, but working with 
months instead of quantiles. 
 
3.1.3 Changes in floods and droughts  
 
The analysis of the evolution of floods in the 
study reach was conducted through the study 
of the annual maximum daily flow series for 
the natural and the altered period, QcNAT and 
QcALT, respectively. The evolution of droughts 
was analysed using the annual minimum daily 
flow series, QsNAT and QsALT, respectively. In 
both situations, the same methodology was 
followed: 1) for both series, the flow data were 
adjusted with the function GEV - PWM 
(Generalised Extreme Values – Probability 

16
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Weighted Moments (Coles, 2001); 2) using the 
median of the natural flow data as a reference, 
a comparison of the magnitude, frequency 
(return period) and duration [number of days 
in the year with Q>Median(QcNAT) or 
Q<Median(QsNAT)] was performed. 
 
3.2 Channel morphology 
 
The evolution of the geomorphic parameters 
in the channel was determined through the 
analysis of aerial photographs and 
orthophotographs. Cartographic information 
was accessible for 1927, 1956 and 2003. Aerial 
photographs from 1927 showed a fluvial 
system that was lightly regulated, with a 
moderate number of significant pressures in its 
floodplain. In 1956, there was a remarkable 
increase in regulation due to the construction 
of the first reservoirs with a large storage 
capacity. The floodplain and the riparian areas 
were more intensively used than in 1927. 
Orthophotographs from 2003 showed the 

geomorphic structure of a totally regulated 
channel and also use of the banks and margins 
(fig.I.3) (Magdaleno & Fernández, 2005; 
Ollero, 2007, 2009).  
 
Geomorphic indicators were selected to assess 
the spatio-temporal modification of the 
channel. These indicators were the mean 
length (LCH) of the channel, the mean width 
(WRC) and surface (SRC) of the active river 
corridor, the mean wavelength (LW) and the 
mean amplitude (AW) of the meanders, and the 
surface (SI) and perimeter (PI) of in-channel 
islands. 
 
The active river corridor includes the active 
channel and the territory occupied by natural 
riparian vegetation. The width of the active 
river corridor was measured in 72 transects, 
located along the study reach. Transects were 
distanced ca. 1 km, measured on the channel 
axis. The in-channel islands included vegetated 
and non-vegetated islands.  
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Fig.I.3.- Evolution of the planform morphology of the Ebro River in a segment close to the town of Alcalá de 
Ebro. Images are from 1927 (a), 1956 (b) and 2003 (c). 

 
3.3 Riparian vegetation 
 
The evolution of riparian vegetation was 
determined by a range of indicators measured 
on the aforementioned cartographic materials. 
Only woody vegetation was used in the 

analysis, identifiable in the aerial photographs 
and orthophotographs by a well-defined 
crown. Only this vegetation was measured due 
to its relevant geomorphic role in the evolution 
of the channel planform. Selected indicators in 
the analysis are shown in Table I.1.  

 
Table I.1. Indicators of the evolution of the structure and distribution 

of riparian vegetation in the study reach 
 

Indicators Abbreviation  Unit 
perimeter of contact between active 

channel and riparian vegetation 
LC-V meters 

number of patches NP n 

average length of each patch LP meters 

largest patch index LPI % 

distance of vegetation 
to channel thalweg DV meters 

surface of riparian forests SV hectares 

(b(a) 

(c) 
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The indicators LC-V (perimeter of contact 
between active channel and riparian [natural 
woody] vegetation), NP (number of patches), 
LP (average length of each patch) and LPI 
(largest patch index) reflect the longitudinal 
connectivity of the riparian forest. This 
connectivity is closely linked to river dynamics 
through the interaction of the riparian (woody) 
vegetation and the channel geomorphology. 
The indicators DV (distance of vegetation to 
channel thalweg) and SV (surface of riparian 
forests) reflect the transversal connectivity of 
the riparian forest and the colonisation of the 
channel by the vegetation.  

 
4. RESULTS 
 
4.1 Hydrology 
 
4.1.1 Curves of flow durations 
 
The Spearman test supports the existence of 
significant changes in time (p ≤ 0.01) only for 
low flows [Q≤Q(20%)]. In these four cases 
(Q5%, Q10%, Q15%, Q20%), with a positive 
correlation (fig.I.4).  

 
Fig.I4. Temporal 
tendency of Q(n%) 
in the period 
1913/14 to 2003/04. 
Q(n%) = Flow that 
is not exceeded in 
n% of days during 
the year. 
 
 
 
 
 
 
 
 

 
In those quantiles where a significant tendency 
toward increased flow with time was detected 
[i.e., Q(5%); Q(10%); Q(15%); Q(20%)], a 
Mann-Whitney test was applied to the natural 
series (1913/14 to 1944/45) [Q(n%)NAT] and 
to the altered series (1959/60 to 2003/04) 
[Q(n%)ALT].  

 
 
In those four cases, the hypothesis that 
Q(n%)NAT and Q(n%)ALT were samples of the 
same population was rejected (p ≤ 0.01). 
Figures I.5, I.6 and I.7 show the magnitude of 
the changes in Q(n%)NAT and Q(n%)ALT, in 
total and relative terms.  
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Fig.I.5. Average, median, maximum and minimum values of the series Q(n%)NAT and Q(n%)ALT. [Q(n%)= Flow 
that is not exceeded in n% of days during the year; NAT: natural flow series (1913/14 to 1944/45); ALT: altered 

flow series (1959/60 to 2003/04)]. 
 
 

 
 

Fig.I.6. Coefficient of variation of the series Q(n%)NAT and Q(n%)ALT. 
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Fig.I.7. Relative variation of the mean flow of the quantiles 5% to 20% in the flow duration curve:     AC(%) = 
[100*(AverageQ(n%)ALT - AverageQ(n%)NAT)/ AverageQ(n%)NAT ]. 

 
Thus, the river regulation in the study reach 
has had a significant effect on low flows 
[Q≤Q(20%)]. These flows have grown over 
60% in comparison to the natural flow regime. 
The natural variability of the flow regime 
during the summer has been homogenised. 
The increase in the variability of low quantiles 
was about 300%, whereas the decrease in high 
quantiles was about 133% when compared 
with the natural flow regime. 

4.1.2 Changes in seasonality 
 
The Spearman test, calculated from the 
monthly mean daily flows for the total length 
of the series (1913/14 to 2003/04), supports 
the existence of significant changes with 
respect to time (p ≤ 0.01) in August and 
September. In both cases, an increase of those 
flows over time is clear (fig.I.8).  

 

 
Fig.I.8. Temporal tendency of monthly mean daily flows, Q(month),    

from 1913/14 to 2003/04. 
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In August and September, the natural and the 
altered flow series were significantly different 
(test of Mann-Whitney; p ≤ 0.01). Table I.2 

shows the average, median, maximum, 
minimum and relative variation values of the 
natural and altered flow series for every month.  

 
Table I.2. Quantitative characterisation of the alteration of monthly mean daily flows in August and September. 

CV= coefficient of variation; C(%) Relative change of the variable = [100*(Variable valueALT – Variable 
valueNAT)/Variable valueNAT ] 

 
 MONTHLY MEAN DAILY FLOWS 
 MIN AVERAGE MEDIAN MAX C V 
 m3/s C(%) m3/s C(%) m3/s C(%) m3/s C(%)  C(%)

August 
NAT 

6.3 24.1 17.5 112.5 0.82 

August 
ALT 

25.2 

300.0 

57.2 

137.3 

49.8 

184.6 

175.0 

55.6 

0.55 

-32.9

September 
NAT 

9.0 35.7 24.9 96.5 0.65 

September 
ALT 

32.4 

260.0 

73.1 

104.8 

67.7 

171.9 

194.2 

101.2 

0.50 

-23.1

 
The results reflect a large increase in flow 
values during August and September as an 
effect of the river regulation. These are the 
driest months of the year under natural 
conditions. This result is predictable because 
the stored water is mostly used for agriculture. 
During these months, water is in high demand 
for crops cultivated along the Ebro floodplain.   

 
4.1.3 Changes in floods and droughts.  
 
Figures I.9 and I.10 show the frequency 
distribution for floods and droughts in the 
natural and altered flow regime. 

  
 

Fig.I.9. Frequency distribution of floods at he gauge of Zaragoza  
and in the natural and the altered flow regime. 
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Fig.I.10. Frequency distribution of droughts at the gauge of Zaragoza 
and in the natural and the altered flow regime. 

 
To assess the core changes in magnitude, 
frequency and duration of flows, the median 
value for the series (QcNAT or QsNAT) was 
calculated.  
 
Change in magnitude: 

C(%)=100*[(median QALT - median 
QNAT)/ median QNAT] 

 
Change in frequency: 

C(%)=100*[median QNAT of return 
period in the altered flood frequency 
law – median QNAT of return period in 
the natural flood frequency law / 
median QNAT of return period in the 
natural flood frequency law] 

 
Change in duration: 

C(%)=100*[(average number of days 
in the year when Q≥median(QNAT) in 

the altered period – average number of 
days in the year when 
Q≥median(QNAT) in the natural 
period)/ average number of days in 
the year when Q≥median(QNAT) in the 
natural period] 
 
The same expression was used for Qs, 
but considering Q≤median(QsNAT). 

 
Table I.3 shows the results for these indicators 
of change. Changes in droughts were drastic 
for these three indices, supporting a radical 
increase in the magnitude and duration of the 
low (summer) flows. These changes eliminate 
ordinary droughts in the natural regime. Only a 
slight decrease in the magnitude of floods and 
a moderate change in their frequency and 
duration were observed. 

 
Table I.3. Indicators of change in extreme hydrologic events (floods and droughts). 

 
 FLOODS DROUGHTS 
 NAT ALT C(%) NAT ALT C(%) 
Median (m3/s) 1,859.1 1,718.5 -7.6 11.1 27.6 147.5 
Return period of the median NAT  
(years) 

1.85 2.54 37.3 1.97 146.4 7,316.0

Duration of median Q NAT (days/year) 1.78 1.42 -20.1 12 0.00 -100.0 
 
Cabezas et al. (2009) linked the bankfull flow 
(Qb) to a return period of 1.58 years, modelled 
after Dury (1981). However, the return period 
for bankfull flows in Spanish basins has 
recently been studied (CEDEX, 2009).  

 
Application of the values from this work to the 
gauge station in Zaragoza gives a return period 
of 4.2 years for the bankfull flow. This value 
was applied in this study. Considering the 
geomorphic implications of this bankfull flow, 
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the associated indicators of change have also 
been studied (Table I.4):  
 
Change in magnitude: 

C(%)=100*[(QcALT(4.2 years) - 
QcNAT(4.2 years))/ QcNAT(4.2 years)] 

 
Change in frequency: 

C(%)=100*[return period (QbNAT) in 
the altered flood frequency – 4.2 
years)/ 4.2 years] 

Change in duration: 
C(%)=100*[(average number of days 
in the year when Q ≥ QbNAT (4.2 
years) in the altered period – average 
number of days in the year when Q ≥ 
QbNAT (4.2 years) in the natural 
period)/ average number of days in 
the year when Q ≥ QbNAT (4.2 years) 
in the natural period] 

 
 

Table I.4. Changes in Qbankfull [T(Qb) = 4.2 years)] 
 
 NAT ALT C(%) 
Qbankfull (m3/s) 2,396 2,205 -8.0 
Return period -  
Qbankfull (years) 

4.2 5.8 38.1 

Duration (days/year) 0.45 0.33 -26.7 
 
Large alterations were found in the percentage 
reduction in frequency and duration. The 
magnitude, normally selected as the 
independent variable in equations that allow 
determination of the channel width (Schmidt 
& Potyondy, 2004), was only slightly altered. 
From these results, it can be assumed that the 
alteration of geomorphic flows in the Ebro 
River cannot be linked to changes in the 
planform morphology.  
 
Cabezas et al. (2009) analysed the same flow 
series from the Zaragoza gauge, but considered 
three subseries: 1927/57, 1957/81 and 
1981/03 (associated with the existence of aerial 
photographs). A lack of alteration of flood 
magnitude, frequency, and duration was shown 

in the first two periods. Changes in floods in 
the third period did not significantly affect the 
flows that were higher or equal to the bankfull 
flow.  
 
4.2 Channel morphology 
 
Analysis of geomorphic indicators including 
length (LCH) of the channel, width (WRC) and 
surface (SRC) of the active river corridor, 
wavelength (LW) and amplitude (AW) of 
meanders, and surface (SI) and perimeter (PI) 
of islands in the channel are shown in Table 
I.5. The defence works in the study reach have 
been measured and are shown in Table I.5 as 
well.  

 
Table I.5. Evolution of geomorphic indicators in the study reach from 1927 to 2003. 

 
Indicator Year Value % (1927) % (1956) 

1927 106,354.42   
1956/57 106,589.91 +0.05  

LCH - Length of the 
channel (m) 

2003 105,977.34 -0.35 -0.57 
1927 496.63   

1956/57 323.53 -34.85  
WRC - Width of the active 
river corridor (m) 

2003 247.79 -50.11 -23.41 
1927 3,677.95   

1956/57 3,307.39 -10.08  
SRC - Surface of the active 
river corridor (ha) 

2003 2,514.34 -31.64 -23.98 
1927 2,263.86   

1956/57 2,531.93 +11.84  LW – Wavelength (m) 
2003 2,783.75 +22.96 +9.95 
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1927 930.16   
1956/57 1,046.97 +12.56  AW – Wave amplitude (m) 

2003 1,167.26 +11.49 +9.60 
1927 112   

1956/57 107 -4.46  Number of waves 
2003 94 -12.15 -16.07 
1927 114.28   

1956/57 136.50 +19.44  
SI - Area of in-channel 
islands (ha) 

2003 69.34 -39.32 -49.20 
1927 22,934.42   

1956/57 31,058.55 +35.42  
PI - Perimeter of in-
channel islands (m) 

2003 21,676.13 -5.49 -30.21 
1927 -   

1956/57 -   Length of rip-raps (m) 
2003 5,731.82   
1927 -   

1956/57 -   Number of groynes 
2003 41   

 
The indicator “length of channel” varied 
almost inappreciably. However, the 
modifications of the other indicators were 
remarkably large. The width of the active river 
corridor was significantly reduced (50%, from 
1927 to 2003). Additionally, the surface of this 
corridor was intensively reduced (around 30% 
in the same period). In both cases, reduction 
was already evident in 1956/57 (35 and 10%, 
respectively). Both “wavelength” and “wave 
amplitude” in the meanders increased during 
the twentieth century. This increase was about 
10-12% for both indicators during each of the 
inter-periods (1927 – 1956/57 - 2003). An 
increase in the surface and perimeter of in-
channel islands was observed in 1956/57 

(+20% and +35%, respectively, when 
compared with 1927). However, 2003 showed 
a huge decrease of 50% and 30%, respectively, 
in comparison to 1956. Finally, the defence 
works, which were only observed only in the 
2003 orthophotographs, reached a value of 5.7 
km for rip-raps and 41 units for groynes along 
the study reach.  
 
4.3 Riparian vegetation 
 
Analysis of the indicator Lc-v [perimeter of 
contact between active channel and riparian 
(woody) vegetation in both banks, in meters] 
shows a large increase (Table I.6). 

 
Table I.6. Evolution of the indicator Lc-v in the study reach, from 1927 to 2003. 

 

Indicator Year Value 
% 

(1927) 
% 

(1956/57) 
1927 117,158.60   
1956 128,160.33 +9.4  Lc-v 
2003 188,738.66 +61.1 +47.3 

 
Table 6 shows that the largest increase took 
place in the period 1956-2003 and was 
associated with the largest increase in river 
regulation. During this time, the length of the 
woody vegetation in contact with the active 
channel became 1.5-fold larger. In the total 
term, the increase from 1927 to 2003 exceeded 
60%. The measurement of the indicator NP 
(number of patches) assumed that a patch 
would be added if its distance to the closest 

patch of vegetation was greater than 100 
meters and its own length was at least 100 
meters. Thus, we avoided considering isolated 
micro-patches of vegetation. The 100 meter 
threshold was selected in both cases by 
considering the dominant species in the 
riparian forests and the existing literature on 
the subject (Bentrup & Kellerman, 2004). 
Results are shown in Table I.7.  
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Table I.7. Evolution of indicators NP, LP and LPI in the study reach from 1927 to 2003. 
 

Indicator Year Value 
% 

(1927) 
% 

(1956) 
1927 114   

1956/57 125 +9.6  
NP (number 
of patches) 

2003 62 -45.6 -50.4 
1927 1,027.71   

1956/57 1,025.28 -0.23  
LP (average 

length of 
patches) 2003 3,044.17 +196.21 +196.91 

1927 4,808.65   
1956/57 10,337.17 +114.97  

LPI (largest 
patch index) 

2003 14,284.25 +197.05 +38.18 
 
Results for the indicators Dv (mean distance 
from vegetation to channel thalweg) and Sv 

(surface of riparian vegetation) are shown in 
Table I.8. 

 
Table I.8. Evolution of indicators Dv and Sv in the study reach from 1927 to 2003. 

 

Indicator Year Value 
% 

(1927) 
% 

(1956) 
1927 233.14   

1956/57 197.09 -15.46  
Dv (mean distance of 
vegetation from the 
thalweg) 2003 122.67 -47.38 -37.76 

1927 1,127.87   
1956/57 1,159.03 +2.76  

Sv (surface of riparian 
vegetation) 

2003 940.73 -16.59 -18.83 
 
The distance of the vegetation from the 
channel thalweg was reduced about 50% from 
1927 to 2003. The distance was, at the time, 
much more homogeneous along the reach, as 
shown by the standard deviation and the 
coefficient of variation of the indicator. 
Meanwhile, the reduction in the surface area of 
riparian vegetation was around 16% over the 
same time period. 
 
 
5. DISCUSSION 
 
Several studies have analysed the effects of the 
alteration of flow regime on riparian forests 
and channel morphology. These works deal 
with the effects of the most frequent 
alterations due to flood lamination, 
hydropeaking and water abstractions for 
agriculture, among other causes (Tockner et al., 
1999; Richter et al., 2000; Church, 2006; 
Domenech et al., 2009). 
 
A significant modification of the magnitude, 
frequency and duration of floods results in 
intense geomorphic changes in the channel 

downstream of reservoirs. These processes 
may drive channel narrowing or widening and 
the displacement of riparian vegetation. 
Additionally, the reduction of low flows has 
been studied with respect to these phenomena 
(Smakhtin, 2001). 
 
Nonetheless, analyses of the alteration of 
processes affecting the flow regime in the 
central reach of the Ebro river have been less 
frequent (Frutos et al., 2004). This process is 
based on a large increase in the minimum flow 
associated with the summer months and the 
maintenance of the fundamental characteristics 
of the core geomorphic floods.  
 
Overall, the results shown in this chapter 
indicate that the only significant alteration of 
hydrologic processes was detected for the 
lowest flows. This change in low flows 
occurred during the driest months, August and 
September. The increase in summer flows is 
large when compared with the reference 
scenario. The minimum monthly mean daily 
flow recorded in the altered period was higher 
than the median of the natural series. In 
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contrast, as we previously determined, river 
regulation hardly modified the most relevant 
attributes of those floods with a documented 
geomorphic role.  
 
The discussion of the effects of this singular 
hydrologic alteration on the riparian forests 
and the channel morphology must consider the 
peculiar conditions of summer flows in 
Mediterranean environments. We already 
commented on the extreme variability of these 
phenomena and the multiple links of fauna and 
floral communities (via biophysical thresholds 
in the river) to the hydrological singularities of 
the Mediterranean regimes.  
 
Regarding the riparian forests, the summer 
droughts determine their composition, 
structure and location relative to the channel 
thalweg due to the inability of woody 
vegetation to colonise environments where 
summer droughts reduce the regular contact of 
the root systems with water and winter floods 
submerge the active channel. These 
phenomena generate a wide arid strip along the 
banks and the development of channels with a 
high width/depth (w/d) ratio. This scheme, 
which links the presence, development and 
stabilisation of riparian forests to water 
disposability, is characteristic of semiarid 
regions (Hupp & Osterkamp, 1996). 
 
A several-fold systematic increase in low 
(summer) flows over the low natural flows 
make water disposability a non-limiting factor. 
Arid banks disappear as a consequence of the 
colonisation and stabilisation of the riparian 
forest. The evolution of indicators associated 
with the vegetation clearly support this 
process. The perimeter of contact between 
vegetation and the active channel increased by 
around 60% from 2003 to 1927, but this 
change was particularly intense with the 
increased river regulation in the second half of 
the century. In the period from 1956 to 2003, 
the perimeter length was 47% larger. Hadley & 
Emmett (1998) show a very similar process in 
the analysis of a reservoir in Bear Creek 
(Colorado).  
 
The former indicator is not the only one 
depicting strong colonisation of the channel by 
vegetation. The riparian forest also became 
much more continuous. The evolution of the 
number of forest patches underlines this 
process. In 2003, this number was halved when 

compared with 1927 (the period 1956-2003 
showed a decay of 45%). The continuity of the 
forest is a reality along the channel, and this 
process was almost totally completed between 
1956 and 2003. 
 
The evolution of the average length of the 
patches and the length of the longest patch of 
the forest also reflect the robustness of vegetal 
colonisation in the channel. An increase of 
about 200% was seen for both indicators since 
1927. Nonetheless, the largest increase was 
recorded in the more regulated period, 
especially for the first of these two indicators.  
 
Thus, the results clearly show the colonisation 
of the channel by vegetation. The forest lost its 
fragmentised structure of the first half of the 
century and became a linear element that lined 
the channel entirely in both banks along the 
study reach.   
 
The establishment of a continuous riparian 
forest has been complemented by a relative 
change in forest location with respect to the 
channel thalweg. The results for this indicator 
are also clear. The distance from the forest to 
the channel thalweg was reduced by around 
50% from 1927 to 2003 (~40% from 1956 to 
2003). At the same time, the surface of the 
riparian vegetation decayed in the study reach 
by about 20%.  
 
These results collectively describe the utter 
transformation of the structure of the riparian 
vegetation. In 1927, the riparian forest 
consisted of isolated but extensive patches, 
located relatively far from the channel thalweg. 
This structure is associated with the 
hydrogeomorphologic characteristics of a free-
meandering channel. The channel showed a 
large variability of high and low flows in 1927, 
when the large floods and the dry summer 
constituted the core attributes of the flow 
regime. When increased river regulation began 
in 1956, vegetation was only minimally 
transformed from the reference scenario. 
However, in 2003, after decades of hydrologic 
regulation (characterised by a large increase in 
summer flows), the river supported a vegetal 
structure that was totally modified. The 
riparian forest lost its mosaic structure and 
became a linear formation along the river 
channel, situated on the former active channel. 
The progressive occupation of the margins by 
humans and the construction of defence works 
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even further boosted the decay of the large 
alluvial, vegetal patches. Vegetation was 
relegated to the former active channel and 
became an element of stabilisation for the 
natural dynamics of the river.  
 
The large modification of forest dynamics has 
also affected the dynamics of river morphology 
(Batalla et al., 2008). In the regime for channel 
geometry, the width is directly proportional to 
the square root of the bankfull flow. In sand-
bed and gravel-bed channels, the coefficient of 
proportionality decays rapidly in well-vegetated 
banks (Hey & Thorne, 1986; Soar & Thorne, 
2001). In fact, well-vegetated channels 
maintain a stable width that is 20-50% 
narrower than comparable channels lacking 
vegetation (Fischenich & McComas, 2007; 
Millar & Quick, 1993). In the study reach, river 
regulation did not intensively modify the 
geomorphic floods. When these floods flow 
along the channel, the dense and continuous 
forest becomes an efficient deflector for 
erosive energy and an efficient attenuator of 
natural morphological dynamics.  
 
Enhanced by these processes and helped by 
the construction of new defences in the 
channel (rip-raps, groynes, and even lateral 
dykes), river dynamics show a remarkable 
tendency towards stabilisation. The meander 
wavelength became higher, but also the wave 
amplitude increased (10% for both in every 
period of time). The channel lost a percentage 
of its width, and the mobility of the meander 
train became restrained. At the same time, the 
modification of the sedimentary dynamics 
(López-Moreno, 2006;  Batalla, 2008; Roura, 
2008) and the stabilisation of the channel 
transformed the channel width. The loss of a 
high percentage of shallow in-channel islands 
(~50% from 1927 to 2003) reflects the 
development of this geomorphic process.  
 
 
 
6. CONCLUSIONS 
 
1. This chapter deals, in detail, with the 
alteration of the flow regime of the Ebro River 
in its central reach. Analysis of the evolution of 
the core hydrologic phenomena (floods and 
droughts flows) determined the most 
significant modifications to the flow regime 
during the twentieth century. Intense river 
regulation, especially in the second half of the 

century, has not significantly altered the flood 
regime. Geomorphic floods (those with a core 
role in the refreshment of the channel) showed 
minor changes. These changes cannot explain, 
on their own, the large morphological 
modifications recorded in the study reach 
during the past century. However, we have 
shown a large increase in summer flows, 
especially during August and September.  
 
2. Geomorphologic analysis confirmed 
the intense changes in planform morphology 
that could be observed in aerial photographs 
and orthophotographs from 1927, 1956 and 
2003. The morphological indicators showed 
stabilisation of the channel. The central reach 
of the Ebro River has lost, almost entirely, its 
natural dynamics, becoming a quasi-rigid 
channel. The active river corridor has lost most 
of its width, and a large percentage of the in-
channel islands has also disappeared.  
 
3. The riparian vegetation reacted quickly 
to the hydrogeomorphological alteration of the 
channel. The maintenance of the geomorphic 
components of floods (magnitude, frequency 
and duration) and the large increase in summer 
flows, in combination with the reduction of 
the width and surface of the active river 
corridor, have completely modified the 
structure of the riparian forest. The vegetation 
colonised practically all of the original active 
channel (1927). The initial distribution of the 
forest (in mosaic) changed to a linear and 
continuous structure and grew much closer to 
the channel thalweg.  
 
4. The artificial increase in summer flows 
is not traditionally considered in the literature 
as a core source of alteration of natural river 
dynamics. This chapter shows, on the contrary, 
the intense relationship of river morphology 
and riparian vegetation to the increase of low 
flows in fluvial environments where water is 
the main limiting factor for development of 
the forest. Thus, protocols for pressure and 
impact on rivers (necessary in the context of 
the Water Framework Directive) should 
include indicators associated with this 
hydrologic alteration and its potential effects.  
 
5. This work offers a range of results that 
may be integrated into the management of the 
central reach of Ebro River. The 
hydrogeomorphological alteration of the study 
reach in the twentieth century has made 

28



1. Hydrological characterization: relative role of high and low flows 

 

 24

necessary a management scenario capable of 
rehabilitating, at least partially, the natural river 
dynamics. The rehabilitation should be based 
on reducing the alteration of the most 
degraded components of the flow regime. In 
this sense, it is important to recover the 
magnitude, variability and seasonality of the 
natural summer flows. At the same time, 
human activities in the riparian areas should be 
reduced. The recuperation of river dynamics is 
a core tool for improving the ecological status 
of the Ebro River.  
 
6. The hydrogeomorphological 
complexity of the central reach of the Ebro 
River and the structural variability of its 
tributaries necessitates the development of new 
analyses of its ecohydrological behaviour. 
Important advances have been made in the 
past few years with respect to determining the 
sediment balance in the basin and analysing the 
role played by land-use changes. However, it is 
necessary to know in greater detail, and also 
for the whole territory, the effects of these and 
other related aspects (for instance, the 
construction of different hydraulic and defence 
works) on the hydrogeomorphological 
dynamics of the Ebro River. The global 
analysis of these processes must be 
accompanied by detailed studies of critical 
segments in the river. This methodology will 
allow a thorough knowledge of the river 
dynamics at very different scales. It will also 
serve as a mechanism of prediction for the 
future evolution of the central reach and for 
deciding the most appropriate tools for its 
management, taking into account present day 
characteristics.  
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CHAPTER 2. CHARACTERIZATION OF THE GEOMORPHOLOGICAL 
EVOLUTION OF THE EBRO RIVER (NE SPAIN) IN THE 20th CENTURY 
AND ITS ECOLOGICAL IMPLICATIONS 

 
 

 
1. INTRODUCTION  
 
The links between the geomorphological 
changes in rivers and the evolution of their 
fluvial ecology is becoming progressively better 
known. Physical processes are responsible for 
maintaining the basic attributes of river 
systems and their spatial-temporal dynamics. 
These processes protect the ecological integrity 
of rivers (Amoros & Petts, 1993; Petts, 2000). 
 
The core elements in the relationship among 
the geomorphological and sedimentary 
dynamics, composition, structure and 
functioning of river systems were first 
discussed by Ward and Stanford (1983) and 
developed by Ward et al. (1999). Later works 
reinforced the importance of lateral 
connectivity and recognized the ecological 
implications of channel–floodplain interaction 
(Ward & Stanford, 1995). Brandt (2000) 
discusses the relationship of river regulation 
and alteration to the geomorphic response of 
rivers. He proposed a classification system that 
included nine possible behaviors of the 
channel in response to changes in the flow 
regime and the solid transport regime.  
 
Brandt (2000) shows that many channels do 
not respond clearly to an alteration in the flow 
of a river caused by the construction of a dam. 
The origin of these uncertainties may be a lack 
of adequate information or the difficulty of 
distinguishing the natural or artificial basis of 
the largest changes. Church (1995) argued that 
a key aspect of these analyses should be the 
extension of observations beyond the limit of 
25-50 years used in many papers.  
 
In the 1980s, the analyses conducted led to an 
understanding of the geomorphic response of 
channels to dam construction. However, two 
basic questions have not yet been answered 
(Carling, 1988). First, the rate or velocity of the 
changes is not precisely known, and second, 
the relation between the processes and the 
responses is poorly understood. In the last 
three decades, research has notably advanced 
in these areas because of the utilization of 

high-quality data collected over long time 
scales. Such data were obtained from field 
observations, monitoring, and other techniques 
such as remote-sensing.  
 
A new line of research has been conducted, 
focusing on the links between the ecology and 
geomorphology of river systems. Tools such as 
fractal geometry have improved the 
quantitative description of territorial 
parameters and the relation of changes in 
physical habitats with biota evolution (Nestler 
& Sutton, 2000). Numerous authors have 
demonstrated the potential application of 
geographical information systems (GIS) and 
remote sensing to map the morphology of 
channels (Gilvear & Winterbottom, 1992; 
Winterbottom & Gilvear, 1997), quantify the 
riparian habitats (Whited et al., 2002) and 
predict channel erosion (Winterbottom & 
Gilvear, 2000). The utilization of GIS is of 
special importance because these systems allow 
the integration of data from different sources. 
Errors that originate from the digitalization 
and analysis of different monitored attributes 
need to be controlled (Gurnell, 1997; Gurnell 
et al., 1998).  
 
The riparian vegetation plays a key role in the 
reduction of channel width, particularly in 
channels that are wide and shallow before 
construction of a dam. A reduction of the 
flooding frequency typically enhances the 
growth of vegetation inside the channel 
(Sherrard & Erskine, 1991; Merritt & Cooper, 
2000). The artificial increase of summer flows 
may be the ultimate cause of the growth and 
stabilization of vegetation in the channel 
(Magdaleno & Fernández, 2010). The role of 
vegetation in the morphological evolution of 
the river system is assumed to involve an active 
process. Once established inside the channel, 
the vegetation may dominate diverse local 
processes in the river. Vegetation affects the 
flux resistance,  sedimentation and  erodibility 
of the channel (Church, 1995; Johnson, 2000). 
 
Tabacchi et al. (2000) suggest the following 
three basic processes to explain the influence 
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of vegetation on hydrological fluxes: (i) the 
physical impact of stands and the woody debris 
on fluvial hydraulics; (ii) the effect of plant 
physiology on water cycles; and (iii) the effect 
of aquatic and riparian vegetation on water 
quality.  
 
Gurnell and Petts (2002) studied the physical 
impact of vegetation on fluvial hydraulics and 
describe four types of mechanisms that cause 
the large influence of riparian vegetation. Two 
of these mechanisms are abiotic: the resistance 
of vegetation to water flow and the effect of 
root systems on the erodibility of sediments. 
The two biotic mechanisms are the 
reproductive strategies adopted by plant 
species and the nature, magnitude and 
seasonality of propagule generation and 
dispersion. The second is extremely important 
because they influence the temporal 
distribution and the potential colonization of 
riparian vegetation. Many other biotic and 
abiotic controls influence the spatial-temporal 
establishment of those species (Gurnell et al., 
2004). 
 
The geomorphological evolution of the central 
sector of the Ebro River system has been 
analyzed from a general perspective and in 
detailed studies of morphological changes and 
trends in dynamic reaches (Ollero, 1992, 2007, 
2010) and through detailed observations of the 
changes in short segments of the channel 
(Cabezas et al., 2009). The complex 
hydrological, geomorphological and ecological 
functions of the river system in its free 
meandering sector require larger and more 
involved analyses to understand the prevailing 
geomorphic mechanisms in the last century 
and to link these mechanisms to the basic 
ecological processes of the channel and the 
floodplain.  
 
This chapter investigates the following 
questions: 
 

i. How did the main geomorphic 
elements of the free-meandering 
central sector of the Ebro River (~250 
km long) change from 1927 to 2003? 

ii. What was the associated evolution of 
the riparian forests in the whole river 
floodplain in that sector? 

iii. What was the spatial-temporal 
evolution of the changing 
mechanisms? 

iv. What ecological issues face the river 
management community in the 
coming decades? 

 
By analyzing these questions, this chapter 
contributes to the understanding of the 
geomorphological dynamics of the Ebro River 
in the last eight decades. Over this time period, 
the river system has experienced large changes 
as a result of human pressures, from the 
moderate human activity on specific segments 
of the river in the first decades of the 20th 
century to the generalized and intense current 
activity. The changes in external activity have 
had a huge influence on the parameters that 
affect the geomorphological impact of the river 
on the channel and floodplain conformation.  
 
Aerial photographs were used to characterize 
the geomorphic structure of the river in 1927, 
1956/57 and 2003. The image from 1927 is 
considered the initial reference status. This 
image represents a reference range associated 
with the complex physical reality of the river. 
The river at that time was characterized by a 
high degree of natural variability in the channel 
and the floodplain. This chapter analyzes the 
evolution of the river system from this 
reference point, which is both a static image 
and an expression of a complex and dynamic 
reality.  
 
 
2. MATERIALS AND METHODS 
 
2.1 Study area 
 
The Ebro River is the second longest and 
largest river in the Iberian Peninsula and the 
second longest river debouching into the 
Mediterranean Sea. The Ebro is the fourth 
largest river in this sea basin in terms of water 
volume at its mouth after the Nile, the Rhone 
and the Po. The average width of its large 
floodplain is 3.2 km, and the maximum value is 
6.0 km. The floodplain area covers 739 km2. 
The sinuosity index was 1.505 in 2003 (Ollero, 
2007, 2010). 
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Fig.II.1.- Compilation of historical maps of the 
Ebro river. These maps show the active river 
dynamics in the reach close to the town of Pastriz 
at the end of the 19th century and in the beginning 
of the 20th century. 

 
The Ebro River was chosen for this work 
because in the third decade of the 20th 
century, the Ebro was the Iberian channel with 
the most active fluvial dynamics and the most 
remarkable spatial-temporal evolution 
(Fig.II.1). Its dimensions, geomorphological 
processes and the singularities of its flow 
regime are useful for understanding the fluvial 
geomorphology of the largest Mediterranean 
channels. 
 
The study area includes the floodplain of the 
free meandering reach of the Ebro River 
between the town of Rincón de Soto (La Rioja) 
and the small dam of Alforque (La Zaida, 
Zaragoza). The total length of the study area 
exceeds 250 km. This area is located in the 
center of the Ebro Depression and of the Ebro 
Basin.  
 
The Ebro Basin occupies 85,530 km2 and is 
the second largest basin in the Iberian 
Peninsula (Fig.I.2). Its form is triangular, and 
the longest axis is formed by the last part of 
the Cantabrian Mountain Range, the Basque 
Mountains and the Pyrenees. The second 
longest axis of the triangle is formed by the 
Iberian Massif, which separates the Ebro 
Depression from the Castilian Plateau through 
its NW-SE directrix. The triangle is closed by 
the Catalan Coastal Mountain Range, which is 
orientated NNE-WSW. About 51% of the area 
is occupied by land over 1,000 m or under 400 
m (the proportion is slightly bigger for the 
higher range). The remaining 49% of the area 
occupies intermediate altitudes (CNPC, 1985). 
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Fig.II.2.- Location of the Ebro basin and study area in NE Spain. The study reach (~ 250 km long) of the Ebro 
River is between the towns of Rincón de Soto (La Rioja) and La Zaida (Zaragoza). The city of Zaragoza is the 

main urban center crossed by the river in its middle course. 
 
2.2 Materials and methods 
 
This work was based on the analysis of aerial 
photographs from 1927 and 1956/57 and 
digital ortho-photographs from 2003. The 
1927 photographs [black & white; approx. 
scale, 1:10 000 (Ollero & Pellicer, 1989)] and 
the 2003 ortho-photographs (color; scale, 1:1 
000) were donated by the Ebro Basin Agency 
(Confederación Hidrográfica del Ebro). The 
1956/57 photographs (black & white; approx. 
scale, 1:10 000) were donated by the Centre of 
Hydrographic Studies of CEDEX (Centro de 
Estudios y Experimentación de Obras Públicas) 
(Fig.II.3).  
 
The 1927 and 1956/57 photographs were 
digitized on a scanner table with a resolution of 
600 dpi. After the images were digitized, they 
were geographically referenced with Erdas 8.3 
and exported into a Geographical Information 
System (Esri—ArcGis 9). At least six control 
points were used during the georeferencing 
process, and in most cases, ten control points 
were used. The projection system used was the 
Universal Transverse Mercator (UTM)—Zone 
30. The chosen spheroid was International 
1909, and the selected datum was European 
1950. The resampling method used was 
“nearest neighbor.” 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.II.3.- Historical evolution of the Ebro river 
near Burgo de Ebro. The white circle, which is 
located on the mouth of the San Julián Creek on 
the Ebro valley, serves as a spatial reference. 
 

 

1927

1956

2003
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The control points were chosen to avoid the 
concentration of points in specific regions of 
the images. The reference points were always 
easily identifiable features that are not subject 
to fast spatial-temporal variations (Hughes et 
al., 2006). The 1927 and 1956/57 images were 
co-registered on the 2003 ortho-photographs 
to use a unique reference material and thus 
avoid an accumulation of errors. The errors 
generated during this process were of low 
magnitude compared with errors associated 
with the study area and the study attributes. 
The total error analysis (eT) generated during 
the geographical referencing of the 
photographs was performed with the root 
mean square error (RMSE) for the linear unit 
of the channel on the basis of the partial errors 

generated for each photogram (eP1, eP2,...ePn). 
In the following expression, Lr represents the 
total length of the channel axis in the study 
reach: 
 
eT = [(eP1+ eP2 +... + ePn)1/2]/Lr (m/km) 

eT (1927) = 0,20036 m/km 
eT (1956/57) = 0,07444 m/km 
 
The parameters were analyzed in each of the 
three temporal scenarios (Table II.1). 
Geomorphological and land occupational 
parameters were used to characterize the 
evolution of the fluvial dynamics of the Ebro 
River system in the period between 1927 and 
2003.  

 
Table II.1. Parameters used in the analysis of the evolution of the Ebro River system in the 20th century. 

 
Parameter Abbreviation  Unit 

P1   Reach length  Lr meters 

P2  Bank length Lb meters 

P3  Bankfull width Wb meters 

P4 Riparian width Wr meters 

P5 River system width Wf meters 

P6 Fluvial territory Ft hectares 

P7 Riparian forest area               Sv hectares 

P8 Area of islands Si hectares 

 
The reach length (Lr) was calculated by 
digitizing the channel axis, defined as the line 
equally distant from both banks. The bank 
length (Lb) was calculated by digitizing the 
perimeter of the active channel. This perimeter 
is defined as the portion of the channel that is 
covered by water or active sediments.  
 
The bankfull width (Wb) was calculated as the 
average of the bankfull width in 125 sections 
of the channel in the study reach. These 
sections were separated by approximately 2,000 

meters. The bankfull level was defined as the 
highest level of recent sediment bars, where 
the woody vegetation (especially Salix spp and 
Populus spp) was recently established. In the 
same sections, the width of riparian areas (Wr) 
and the total width of the river system (Wf) 
were calculated. The total width of the system 
includes the width of the active channel, the 
width of the riparian areas and the width of the 
in-channel islands (Fig.II.4).  
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Fig.II.4.- Linear geomorphological parameters 
included in the analysis. 
 

 
The fluvial territory (Ft) was defined as the 
total area occupied by the active river system, 
including the aquatic, riparian and terrestrial 
spaces, which are directly dependent on the 
river dynamics.  
 
The area occupied by riparian vegetation (Sv) 
was determined by calculating the aggregated 
area of woody vegetation spots (trees and 
shrubs) in the channel and in its margins. The 
measurement of Sv was complemented by a 
calculation of the area occupied by forest 
plantations (Sp) in the fluvial environment. 
The forest plantations are normally composed 
of Populus species. These species were not 
present in 1927 or 1956/57 but were abundant 
in 2003.  
 
Finally, the area occupied by in-channel islands 
(Si) was determined by the digitization and 

measurement of the area of all of the islands. 
These islands consist of woody-vegetated, 
herbaceous-vegetated and non-vegetated 
islands.  
 
The quantification of the rate of change of the 
geomorphological parameters of the channel 
from a temporal sequence of aerial 
photographs is only valid if the measured 
change of the parameters is superior to the 
inherent spatial error of the processed images 
(Downward et al., 2004). Thus, an analysis of 
the estimation of the total error must be 
fulfilled in all cases. This analysis accompanies 
the results of the temporal evolution of the 
geomorphological parameters. This analysis 
has been omitted in several studies in this field 
(Mount et al., 2003; Hughes et al., 2006).  

 
 
 
3. RESULTS 
 
The measurement of the parameters indicated 
in Table 1 are highlighted in Table II.2. The 
coefficients of variation for parameters P3, P4, 
P5 and P6 are included in the table.  
 
The reach length (Lr) decreased by ~4,000 m 
between 1927 and 1956. This parameter (Lr) 
remained stable from 1956 to 2003. However, 
the total length of the banks (Lb) experienced 
a large decrease during the two inter-periods 
(1927-1956 and 1956-2003). During the first 
inter-period, the reduction reached 55,000 m 
(about 8.0%). In the last inter-period, the 
decrease was ~35,000 m (about 5.5%). Despite 

the low percent variation experienced by the 
channel axis (and consequently, by the channel 
sinuosity), a substantial reduction of the 
sinuosity of both banks occurred. The 
perimeter of the contact between the aquatic 
and the riparian ecosystems decreased by 
90,000 m from 1927 to 2003. This remarkable 
reduction implies a fundamental change in the 
mechanisms of ecological connectivity between 
both ecosystems.  This change creates further 
environmental pressure on the aquatic sub-
system because the human pressures are 
delivered on a much shorter bank 
perimeter.  
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Table II.2. Eight parameters that characterize the evolution of the Ebro River system in the 20th century. 
 

 Parameter 1927  1956/57 2003 

P1 Reach length – Lr (m) 249,314.47 245,549.44 245,308.75 

P2 Bank length – Lb (m) 688,381.23 633,334.02 598,336.10 

Bankfull width (average) – Wb (m) 212.90 162.72 107.02 
P3 

Bankfull width (coefficient of variation) 0.53 0.37 0.41 

Riparian width (average) – Wr (m) 483.59 286.82 198.85 
P4 

Riparian width (coefficient of variation) 1.54 1.12 1.00 

Fluvial system width (average) – Wf (m) 709.35 469.86 322.91 
P5 

Fluvial system width (coefficient of 
variation) 1.05 0.73 0.62 

Fluvial territory – Ft (ha) 11,965.83 9,270.45 6,381.79 
P6 

Fluvial territory (coefficient of variation) 0.95 0.67 0.49 

P7 Riparian forest area – Sv (ha)  3,693.51 3,402.64 2,389.02 

P8 Area of islands – Si (ha) 685.20 503.48 427.40 

 
The widths of the spaces occupied by the 
active channel, by the riparian areas, and by the 
total river system (including in-channel islands) 
were also greatly reduced. The decrease in the 
bankfull width (Wb) was 50.18 m between 
1927 and 1956 (23.6%) and 55.70 m between 
1956 and 2003 (34.2%). The total modification 
of the average bankfull width was 105.88 m 
(49.7%). The width of the riparian areas 
actively connected to the channel (Wr) 
decreased by 196.77 m in the period from 1927 
to 1956 and by 87.97 m from 1956 to 2003 

(40.7% and 30.7%, respectively), and the total 
change was 284.74 m (58.9%). The width of 
the whole river system (Wf) was reduced by 
239.49 m from 1927 to 1956 (33.8%) and by 
146.95 m from 1956 to 2003 (31.3%). The total 
change from 1927 to 2003 was 386.44 m 
(54.5%). The temporal decrease of these 
parameters is considered progressive because 
the reductions of the three values are between 
25 and 40% in any period. The human 
occupation of the river floodplain was a 
continuous process during the past century.  
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Table II.3. Percentage of change of all the parameters (and coefficients of variation) measured in the Ebro River 
system from 1927 to 1956 and 1927 to 2003. 

 

Parameter 
% change 

1927-
1956/57 

% change 
1927-2003 

P1 -1.51 -1.61 

P2 -8.00 -13.08 

P3 -23.57 -49.73 

P4 -40.69 -58.88 

P5 -33.76 -54.48 

P6 -22.53 -46.67 

P7 -7.88 -35.32 

P8 -26.52 -37.62 
Coefficients 
of variation 

  

CV-P3 -30.19 -22.64 
CV-P4 -27.27 -35.06 
CV-P5 -30.48 -40.95 
CV-P6 -29.47 -48.42 

 
 
 
 
 
The reductions in the width of the fluvial 
system are not homogeneously located along 
the study reach (>250 km). The reductions are 
concentrated in certain regions (see Figures 
II.5a–d). These regions were determined from 
the analysis of the change overcome in the 

selected river sections (125 along the whole 
reach). The sections that experienced the most 
change were identified as those where the 
change (i.e., the difference of the value of the 
parameter i between 1927 and 2003) exceeded 
the 75th percentile for all of the river sections.   

 

 
 

Fig.II.5a.- Spatial-temporal distribution of the width of the river system. 
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Fig.II.5b.- Spatial-temporal distribution of the bankfull width. 

 

 
 

Fig.II.5c.- Spatial-temporal distribution of the width of riparian areas. 
 

 
Fig.II.5d.- Spatial-temporal distribution of the area occupied by the fluvial territory. 

 

 
Fig.II.6.- Diagram with the spatial distribution of the sub-reaches that experienced a large (higher than the 75th 
percentile of changes registered in all of the selected sections) change in the parameters P3 to P6 between 1927 

and 2003. 
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These sub-reaches coincide with the areas that 
had the most intense fluvial dynamics in the 
beginning of the 20th century. These areas also 
had remarkable ecological connections, given 
the dimensions and structure of the active 
channel, the floodplain and the riparian stands. 
In the first decades of the 20th century, the 
remnant portions of the channel experienced 
an agricultural and urban occupation of the 
river valley that strongly influenced the eco-
morphological evolution of the river system. 
Table II.3 shows that in the second half of the 
century, the percentage of the river system 
width that was occupied by the active channel 
increased. This fact, combined with the 
progressive decrease of the width of this active 
channel, explains some of the mechanisms of 
change of the river system and the loss of a 
large portion of its original size. The river 
turned into an almost artificial system and 
included a larger portion of the aquatic 
component than of its riparian and terrestrial 
counterparts.  
 
This process of progressive narrowing of the 
river system has contributed to an advanced 
homogenization of the conditions of the fluvial 
environment (Table II.3). The coefficients of 
variation of the parameters P3, P4, P5 and P6 
testify to this behavior. The large decrease of 
these coefficients (30 to 40% in 1927-2003) 
shows that the system has lost almost the 
entire range of the widest river spaces. The 
fluvial system is currently narrower than it 
once was and forms an almost homogeneously 
wide corridor along the valley.  
 
The fluvial territory was reduced during the 
eight decades of the analysis. It occupied ~ 
12,000 ha in 1927. In 1956, this area was 
reduced by 2,700 ha (22.5%), and in 2003 this 
area was reduced by an additional 2,900 ha 

(31.2%). The total amount of the decrease was 
5,600 ha (46.7% from the initial reference 
date). The space where the river may develop 
an active dynamics was halved. This intense 
alteration was a result of the human 
occupation of the semi-natural territory where, 
until the final decades of the century, 
periodical processes of connection of the 
fluvial ecosystems existed because of the 
singular flow regime of the river (Magdaleno & 
Fernández, 2010). The loss of the fluvial 
territory was, like the deterioration of the 
system width, continuous and progressive 
during the 20th century. (The percentage of 
the reduction is quite similar in 1956 and 
2003.) The spatial distribution of the decrease 
is not homogeneous (Fig.II.5d, Fig.II.6) but is 
concentrated in the same regions where a 
larger decrease of the river system occurred.  
 
The area occupied by the autochthonous 
woody riparian vegetation (Sv) was also 
modified. From 1927 to 1956, this area was 
reduced by 290.87 ha (7.9%), and in 2003, the 
area was reduced by an additional 1,013.62 ha 
(29.8%). The total amount of this decrease was 
1,304.49 ha (35.3%). However, the parameter 
P7 shows an increase in the percentage of the 
fluvial territory occupied by the riparian forest. 
These data suggest another result: profound 
transformations have taken place in riparian 
forests. The original structure of the stands, 
which was based on an irregular mosaic of 
large patches distant to the river thalweg, has 
been converted into a linear and narrow 
structure close to the river axis. Part of the 
vegetation remains, but it is now directly 
associated with the river banks. In many areas, 
this vegetation forms a linear boundary 
between the aquatic ecosystems and the human 
activities in the river margins.  
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The area occupied by forest plantations, which 
are composed almost entirely of commercial 
varieties of the genus Populus, were non-
existent in 1927 and 1956/57. The 1,500 
hectares observed in 2003 were developed in 
the second half of the 20th century (Fig.II.7). 
This is about 60% of the area occupied by 
natural riparian vegetation. That result 
demonstrates the importance of the plantations 
close to the channel axis to the ecological 
balance of the river system and to the river 
dynamics. In 2003, the total area occupied by 
woody vegetation in the fluvial environment 
(natural or cultivated) was three-fifths the size 
of the fluvial territory. The stabilization of the 
river dynamics by the natural forest stands is 
powered by the new forest plantation in the 

formerly active margins of the channel. The 
action of the woody vegetation, which is 
closely connected with the active channel, 
influences the development of many core 
erosive and sedimentary processes in the river 
system (Brierly & Fryirs, 2005).  
 
The results for the area occupied by in-channel 
islands show a continuous decrease (-181.72 ha 
and -76.08 ha), indicating a reduction of 26.5% 
(1927-1956) and 15.1% (1956-2003). The 
modification of this parameter over the entire 
time studied was 257.80 ha (37.6%). However, 
this parameter was influenced by the 
instantaneous flow during the capture of the 
aerial photograph. Thus, these results must be 
analyzed with caution.  

 
Fig.II.8.- Example of one of the sub-reaches of the 
Ebro river. This sub-reach is near the town of 
Gelsa (Zaragoza), whose morphological variation 
was low in the period from 1927 to 2003.  

 
Table II.4 shows four non-dimensional 
indicators that relate to the values of the 
parameters in Table II.2 for each of the 

temporal scenarios considered. These 
four indicators represent the ability of the 
fluvial system to generate habitat diversity 
and to maintain equilibrium among its 
different physical and ecological 
components. These indicators are also 
eco-morphological indicators that 
establish the joint evolution of some of 
the core processes in the river system 
functioning, on the basis of the changes 
experienced by the geomorphological 
parameters (linear or areal). If the value 
of any change of the parameters changes, 
the final value of the indicator would not 
be altered because the modification is 

1927 1956 2003 

Fig.II.7.- Loss of heterogeneity of the river landscape in one of the 
river meanders. The white circle represents a spatial reference.  
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proportional. An indicator that is constant with 
time indicates a state of dynamic equilibrium 

for the geomorphology of the river system.  

 
Table 4. List of eco-morphological indicators in the study area calculated from the parameters analyzed in the 

three temporal scenarios: 1927, 1956 and 2003. 
 

Id Definition Expression  1927 1956 2003 

J1 Efficiency of sinuosity generation: bank 
length vs. reach length  

P2 / P1  2.76 2.58 2.44 

J2 Efficiency of terrestrial river space 
generation: riparian area width vs. bankfull 

width  

P4/P3 2.27 1.76 1.86 

J3 Efficiency of riparian vegetation 
generation: riparian forest area vs. active 

channel area  

P7 / (P3*P1) 0.70 0.85 0.91 

J4 Efficiency of river space generation: 
fluvial territory area vs. active channel area 

P6 / (P3*P1) 2.25 2.32 2.43 

 
 
The indicators J1 and J2 are related to the river 
system dynamics. High values of J1 and J2 
imply a river system (active channel + 
terrestrial river space) that is dynamic. The 

indicators J3 and J4 are related to the active 
channel dynamics. High values of J3 and J4 
indicate relatively static river systems.  

 
Fig.II.9.- Modification 
experienced by the eco-
morphological 
indicators in the study 
area in 1956 and 2003. 
 
 
 
 

As shown in Table II.4, the indicators J1 and 
J2 experienced a sustained reduction during the 
analyzed temporal scenarios. The change in J2 
is greater (-18.2% in 2003) than the change in 
J1 (-11.7% in 2003). The indicators J3 and J4 
show the inverse behavior and increase with 
time. J3 increased 22.4% in 1956 and 30.8% in 

2003. J4 increased 
3.0% in 1956 and 
7.8% in 2003 (Fig.9). 
These results indicate 
that the changes that 
occurred in absolute 
terms do not retain 
the proportions that 

characterized the geomorphological dynamics 
of the river system in the beginning of the 20th 
century. This fact accents the intensity of the 
transformation experienced by the river system 
and highlights the loss of its natural dynamics 
(Fig.II.10).
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Fig.II.10.- Modification 
experienced by a typical 
section of the central sector of 
the Ebro river between 1927 
and 2003. Note the loss of 
transversal connectivity of the 
channel, the colonization of 
the active channel by the 
vegetation and the reduction 
of the overall heterogeneity of 
the river system (adapted from 
Brierly & Fryirs, 2005). 
 
 
 
 
 
 

 
4. DISCUSSION 
 
One of the most frequent indexes used in the 
analysis of the geomorphological evolution of 
a river system is channel sinuosity (Timar, 
2003; Brierley & Fryirs, 2005). This chapter 
shows the remarkable behavior of Ebro 
channel morphology. The bank sinuosity is 
eight times lower than the river axis sinuosity 
(% change Lr = -1.61; % change Lb = -13.08). 
If the channel sinuosity alone had been 
studied, this fact would not have been 
discovered, and the loss of a particularly 
important ecotone in the river system would 
have not been detected.  
 
Traditionally, meander migration is considered 
one of the factors that most directly 
determines the distribution of riparian species 
in the transversal dimension of the river, the 
succession paths, and the diversity and 
structure of these stands (Kalliola & Puthakka, 
1998). These cause-effect relations, in which 
the hydrogeomorphological processes drive the 
evolution of the riparian forests, have been 
questioned by different authors. The concept 
of “fluvial biogeomorphic succession,” which 
was largely developed by Stallind (2006) and 
Corenblit et al. (2007), proposes a co-evolution 
of the landforms and the riparian vegetation 
communities. This co-evolution is 
characterized by a mutual interaction of these 
ecological factors (Stromberg et al., 2009).  
 
This chapter explores how that mechanism 
functions. Human pressures on the fluvial 
territory enhance the reduction of the active 

channel width, the riparian areas and the area 
occupied by riparian forests. This reduction 
was especially clear in the dynamic sub-reaches 
in 1927. This function was not caused by a 
large change in flood regime (Magdaleno & 
Fernandez, 2010). The present, altered 
conditions enhance the development of brand 
new features in the river system. The initial 
structure of the riparian forests has been 
largely modified. These forests currently 
occupy a very long, linear and narrow strip 
close to the river axis. The vegetation exerts a 
mechanical control on the river banks. This 
control stabilizes the active channel by resisting 
the flow tensions. The present morphological 
structure is fully consolidated and difficult to 
reverse.  
 
The mosaic structure of the vegetation, its 
hierarchy and dynamism in relation to the 
distance to the channel thalweg, and its 
temporal changes are core elements that 
maintain the physical and environmental 
heterogeneity. This heterogeneity is essential 
for the ecological integrity of the river 
ecosystems; for the river biodiversity; and for 
the interaction of the aquatic, riparian and 
terrestrial habitats (Ward et al., 2001; Tockner et 
al., 2009). The Ebro River has lost much of the 
heterogeneity that characterized it in 1927. 
This loss compromises both the integrity of 
the ecosystem and the historically intense 
relationship between the active channel and the 
riparian and terrestrial ecosystems that connect 
along its course.  
 
The stabilizing action of the woody vegetation 
developed in the river channel and in its 

1927 – pre-disturbance status 

2003 – post-disturbance status 
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floodplain tightly fixes the banks of the 
narrowed channel. This stabilization limits the 
river spaces and their dynamics and contributes 
to the environmental degradation of the river 
ecosystems. Thus, one of the target priorities 
that should be considered in the rehabilitation 
of the river system is the restoration of the 
bank sinuosity and of the mosaic structure of 
the riparian forests. This restoration would be 
accompanied by an increase of the river system 
width, especially in the three sub-reaches 
where the river had the most active and 
dynamic structure and functioning in 1927.  
 
The new indicators proposed (J1, J2, J3 and J4) 
can be used to detect the core changes 
experienced by the river geomorphology. The 
river has experienced a decrease in its 
efficiency of sinuosity generation (J1) and has 
lost the capacity to generate riparian areas (J2). 
The river has lost a substantial percentage of 
its initial active dynamics, and this loss has 
been especially dramatic in its transversal 
dimension.  
 
The loss of active processes represented by the 
decrease of these new indicators shows that 
the alteration of the main geomorphological 
variables of the river system is not a 
consequence of a natural adjustment of the 
river. This loss implies a profound 
transformation of river function due to a 
generalized increase in exterior pressures. In 
2003, the river mobility in its longitudinal 
dimension is low, but the transversal 
dimension of the channel and its floodplain 
have most altered the axis of the river 
dynamics. The indicator J3 shows that the 
efficiency of riparian vegetation generation has 
increased. This result indicates that the actual 
weight of the riparian vegetation on the fluvial 
territory is much greater now than in the first 
decades of the 20th century. This fact implies 
that the stabilizing effect of the riparian 
vegetation has increased, reinforcing the afore-
mentioned transformation. The indicator J4 
demonstrates the aquatic profile of the river 
system during the final part of the temporal 
scenario considered in the chapter. The 
riparian and terrestrial components of the 
fluvial environment were more prevalent in the 
first decades of the past century.  
 
 
 

 
 
5. CONCLUSIONS 
 
1. This chapter characterizes the 

geomorphological evolution of the central 
sector of the Ebro River (~250 km long) 
using aerial photographs from 1927, 
1956/57 and 2003. The central sector of 
the Ebro River is one of the best examples 
of a large Mediterranean channel with a free 
meandering profile that was developed in a 
wide floodplain. The analysis of the main 
geomorphological variables shows the  
evolution of these variables. These changes 
illustrate the complex transformation of the 
structure and functionality of the fluvial 
system of the Ebro River.  

 
2. The geomorphological analyses revealed a 

large decrease of the bank sinuosity in 
relation to the channel axis length, which 
also decreased but to a much lesser extent. 
This alteration implies a fundamental 
change in the mechanisms of ecological 
connectivity between the aquatic 
ecosystems and the terrestrial ecosystems 
associated with the main channel. The 
decrease of the bank perimeter implies a 
significant increase in the external pressure 
over the aquatic ecosystems and a resulting 
loss in the capacity of the river to deal with 
natural or artificial changes.  

 
3. The width of the active channel, the 

riparian areas and the river bankfull were 
reduced as a consequence of the human 
occupation of the river floodplain and 
channel. The river was transformed into a 
significantly artificial system characterized 
by a lower proportion of riparian and 
terrestrial elements than were present 
previously. The fluvial system narrowing 
process in turn produced a significant 
homogenization of the fluvial system 
conditions.  

 
4. The reduction of the transverse dimension 

of the fluvial system occurs all along the 
channel but is mainly concentrated in three 
large sub-reaches. The latter are the areas 
where, at the beginning of the 20th century, 
the most intense fluvial dynamics and the 
most remarkable ecological connections 
appeared given the dimensions and the 
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structure of the active channel and their 
riparian stands.  

 
5. The fluvial territory, which is defined as the 

area of the floodplain where the river has 
efficient dynamics, also experienced a 
significant reduction of roughly 5,500 ha 
(46.7%) between 1927 and 2003. The loss 
of fluvial territory was, like the reduction in 
the width of the fluvial system, 
uninterrupted and continuous during the 
20th century. The spatial distribution of this 
reduction was not homogeneous and was 
concentrated in the same three large sub-
reaches where the largest reduction of the 
transverse dimension of the fluvial system 
occurred.  

 
6. The fluvial territory that is still under the 

influence of the fluvial dynamics is being 
progressively colonized by riparian 
vegetation. The area occupied by this type 
of vegetation has notably decreased over 
time. The original forest structure, which 
contained large vegetation patches situated 
far away from the central axis of the river, is 
turning into a linear and narrow structure 
situated close to the river. Some of the 
vegetation elements remain, but these are 
directly associated with the banks and form 
the limit between the aquatic ecosystem and 
the human activities developed in the 
margins of the river. The stabilization 
action of the natural vegetation in relation 
to this dynamic is favored by the large 
commercial forest plantations located in the 
formerly active area of the river.   

 
7. The loss of active processes was indicated 

by the decrease of the eco-morphological 
indicators analyzed within this work. This 
loss suggests that the alteration of the main 
variables is not due to a natural adjustment 
of the river but is a result of a deep 
transformation of the fluvial system 
functionality. This transformation was 
caused by a general increase in the external 
pressure on the river system. The 
geomorphological indicators also indicate 
the increasing importance of riparian 
vegetation in relation to the active fluvial 
system and the significant loss of riparian 
and terrestrial elements in comparison to 
the aquatic elements.  

 

8. The ecological implications of the 
geomorphological evolution of the Ebro 
River system also reveal some important 
conclusions about the restoration of its 
ecological integrity. During the last few 
decades, the river system has lost many of 
the key ecohydrological processes necessary 
to maintain the condition of the river. The 
restoration of the system should be initiated 
with the reestablishment of those processes. 
This restoration effort should involve the 
following actions: 

 
a. Increase the heterogeneity of the bank 
habitats and recover the sinuosity of the 
active channel all along the central reach 
of the river and especially along banks.  
b. Increase the width of the river 
system, especially in those areas where 
the reference situation (1927) showed a 
higher level of fluvial dynamics. 
Reconnect to the river system those 
areas where the connection processes 
between the channel and the floodplain 
can be re-established. 
c. Protect the areas that are still active 
and protect them from stabilization 
caused by defense work, fluvial territory 
occupations or loss of connectivity with 
the channel.  

 
9. The complexity of the 
hydrogeomorphological behavior of the 
Ebro River system in its central reach 
indicates the necessity of new studies that 
deeply analyze the functionality of the 
system, either at a global scale or in detail 
(e.g., the most active sub-reaches). On the 
one hand, the behavior of the meanders 
corridor and its relation with the different 
land uses within the floodplain must be 
described precisely. On the other hand, the 
functionality of those reaches where 
restoration should be given priority must be 
understood in greater detail.   
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CHAPTER 3. MEANDER DYNAMICS IN A CHANGING RIVER CORRIDOR  
 

 
 
1. INTRODUCTION 
 
Until 1970, the research on meandering 
channels was based primarily on the analysis of 
the meander morphology and its relationship 
with primary control factors, such as flow 
regimes. Based on these studies, it was 
generally assumed that meanders tend to 
present equilibrium, which was understood as 
the symmetry of forms in natural conditions. 
This form should be characterised through 
standardised parameters.  
 
The rate of channel lateral migration depends 
on the resistance to erosion of the concave 
bank (Nanson & Hickin, 1986), the duration 
and magnitude of flows (Odgaard, 1987), the 
radius of curvature of the channel (Nanson & 
Hickin, 1983, 1986; Odgaard, 1987) and the 
capacity of the flow to convey sediments 
(Neill, 1984; Nanson & Hickin, 1986; Po-Hung 
et al., 2009). Channel migration is a non-
continuous process, considering its association 
to certain hydrologic events (Brice, 1977; 
Nanson & Hickin, 1983). In earlier stages, 
channel bends migrate transversely to the main 
axis of the valley, but later on, bends also 
advance in the valley direction (Brice, 1977; 
Knighton, 1984; Leeder & Bridge, 1975; 
Nanson & Hickin, 1983, 1986). 
 
Large channel lateral migrations have been 
documented in some meanders, including the 
lower reach of the Mississippi River (20 metres 
per year). However, the rates of lateral 
migration most frequently measured are 
around 1 metre per year or less (Lutgens & 
Tarbuck, 1995). Meanders also migrate 
downstream, which enhances large changes in 
their overall morphology. In most channels, 
the majority of meander activity occurs in 
periods when liquid and solid flows and bed 
erosion are much larger than usual. Due to 
incision processes, water conveys a higher 
amount of sediments in the inner bank of the 
bend. This process must have been known for 
centuries, since the antique Mediterranean 
civilisations connected their channels with the 
exterior convex zones of bends (Edwards & 
Smith, 2000). 
 

Previous studies distinguish five approaches 
for the analysis of the evolution of meandering 
channels. Three of these are referred to as 
techniques focusing on the meander 
morphology. They are based on the 
comparison of the channel over a certain time 
period. However, the last two approaches 
focus directly on the changes suffered by the 
river planform (Hooke, 1984). The five 
approaches are the following: 
 

1. Bend parameters: measurement of the 
specific dimensions of each bend. It 
usually comprises form-size 
parameters, such as wavelength, 
amplitude, meander width or radius of 
curvature. 

2. Bend adjustment: based on the 
adjustment of meander forms to pre-
known function. They can be adjusted 
visually or mathematically, partially or 
completely. Some visual techniques 
include the adjustment to circles, 
measuring their attributes such as 
length of strings, axes and radii.  

3. Spectral and spatial series analysis: 
study of the direction or curvature of 
data generated after the digitalisation 
of points along a channel. The spectral 
analysis of a data series is based on the 
ability of the spectrum power to show 
the fluctuations and variance of the 
different frequencies. The form of the 
spectrum may indicate the character of 
the meandering scheme.  

4. Graphic comparison of channels: 
direct assessment of changes. It is 
usually conducted in association with 
the analysis of the bend parameters. 
The simplest procedure comprises the 
visual presentation of superimposed 
channels or the utilisation of 
sequences of maps or photographs. 

5. Models and change classifications: 
graphic models capable of showing the 
overall changes of meander forms. 
The frequency of the different types 
may be measured, and models may be 
used to classify the bends afterwards. 
This is, however, a very subjective 
procedure.  
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An exact prediction or knowledge of the 
changes suffered by a channel is not possible 
considering the wide range of environmental 
and historical processes in the basin that 
contribute to its evolution. Diverse works have 
indicated that traditional hydraulic focuses 
(such as regime theory or other geometric 
geomorphic approaches) are inadequate for the 
prediction of the effects of environmental 
changes in river systems. Questions such as the 
working scale, the magnitude of changes or the 
spatial distribution and propagation indicate 
that the response of river systems is not (or at 
least is not necessarily) dependent on extrinsic 
factors. On the contrary, it depends on the 
system configuration as a result of its 
geomorphic history, thus showing a lack of 
linearity in the response of river systems to the 
modification of extrinsic conditions (Downs & 
Gregory, 2004). 
 
The data required for the utilisation of any of 
the aforementioned techniques may be 
obtained from the analysis of the river 
planform in different time periods (Downward 
et al., 1994). This information could be derived 
from historical maps (e.g., Hooke, 1977), aerial 
photographs or other historical documents 
(Hooke & Kain, 1982), empiric proofs of the 
dimensions of meanders, vegetation or paleo-
channels (e.g., Hickin, 1974; Hickin & Nanson, 
1984), or direct observations (e.g., Hooke, 
1980). 
 
The application of aerial photographs in the 
assessment of channel and floodplain changes 
developed quickly in the 1970s (Lewin & 
Manton, 1975; Lewin & Wier, 1977). However, 
the first widespread application of 
photogrammetry to the analysis of a river 
system took place in the 1940s on the 
Mississippi River. Fisk (1944) used maps, aerial 
photographs and field surveys to explain the 
changes suffered by the lower reach of that 
river. Later, the same author would examine 
the effects of the alluvial deposits of fine 
materials on the current mobility of the river 
channel.  
 
These works quantified the geomorphic 
changes on an intermediate scale (hundreds of 
metres). However, they did not reach the level 
of spatial accuracy required for the 
quantification of small-scale changes (tens of 

metres), which is typical in the local 
modifications of geomorphic parameters. In 
more recent times, the improvement of vertical 
and oblique aerial photography has increased 
the ability to more accurately analyse these 
minor changes (Lane et al., 1994, 1998; Barker 
et al., 1997; Butler et al., 1998). For instance, 
Hooke (1984, 1995) used historical maps and 
aerial photographs to survey the lateral 
mobility of river channels in Devon (England) 
over a 50-years period. Williams (1978) used 
photographs of the Platte River in Nebraska 
(USA) to evaluate the channel width decrease 
due to river regulations. Burkham (1972) made 
use of field surveys, maps and photographs to 
study the morphology modification of the Gila 
River (Arizona), whereas Ruhe (1975) used 
maps from the period 1852-1970 and aerial 
photographs from 1925 to 1966 to document 
the changes of a specific meander of the 
Missouri River.  
 
Brice (1977) developed a system of 
classification of alluvial channels through the 
analysis of the planform attributes of 200 river 
reaches in topographic maps and aerial 
photographs. On the basis of these data, he 
correlated different aspects of the river 
behaviour with the river typology, such as the 
lateral erosion or the erosive depth. 
Afterwards, he evaluated the meander 
migration and the river stability based on a 
comparative assessment of aerial photographs, 
maps and field surveys in the channels (Brice, 
1982). WET (1990) used historical maps and 
aerial photographs to conduct a geomorphic 
analysis of more than 100 miles of the 
Sacramento River in California. Previous works 
have also developed meander evolution models 
to identify critical sections where river 
defences should be constructed or where a 
higher probability for channel cut-offs could 
be expected.  
 
This chapter attempts to complement all these 
contributions in the analysis of the following 
questions: 
 

i. What was the spatial and temporal 
evolution of the main geomorphic 
parameters of the Ebro River in its 
central free-meandering reach (250 
km) between 1927 and 2003?  

ii. Which parameters best describe the 
eco-morphological dynamics of a 
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meandering channel that suffers a high 
human pressure? 

iii. What is the relative behaviour of the 
morphological evolution in the most 
and least dynamic sub-reaches in the 
study area?  

iv. What ecological implications can be 
derived from the morphological 
changes of the Ebro system, and what 
are the consequent recommendations 
for its integral restoration? 

 
 
 

2. MATERIALS AND METHODS 
 
2.1 Study area  
 
The river area analysed in this chapter 
comprises, as in the former chapter, the 
floodplain of the free meandering reach of the 
Ebro River (NE Spain), between Rincón de 
Soto (La Rioja) and the small dam of Alforque 
(La Zaida, Zaragoza). This reach includes the 

majority of the active meandering area of the 
channel. Upstream of the upper end, a short 
meandering sub-reach may be still found. 
However, no historical cartographic materials 
are available for it, and it was therefore not 
used in the analysis. The chosen reach is 
situated on the centre of the Ebro Depression 
and on the central sector of the Ebro Basin. Its 
approximate length is 250 km (Fig.III.1). 

 

 
Fig.III.1.- Partial view of two sections of the study reach. Strong colonisation of the channel banks by riparian 

vegetation and the occupation of the banks by agro-forest cultivations can be observed. 
 
2.2 Materials 
 
Meander morphology can be described based 
on a range of form parameters and the 
relationships between these parameters (for 
instance, the ratio Rc / Wb, where Rc is the 
radius of curvature and Wb the bankfull width 

of the channel) (Thorne et al., 1997). This range 
of parameters evaluates the planform of the 
river course, bends generated by the active 
channel, and the magnitude of their dynamics. 
The parameters used for the comparison of the 
three historical records are shown in Table 
III.1.  
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Table III.1. Parameters used to determine the evolution of the meander belt in the central sector of the Ebro 
River and number of measurements captured for any of these. 

 
Number of measurements 

Parameter Abbreviation Unit 
1927 1956 2003 

P1 wavelength Lw metres n=144 n=145 n=130 

P2 amplitude Aw metres n=145 n=144 n=129 

P3 
radius of 
curvature 

Rc metres n=139 n=130 n=120 

P4 meander length Lm metres  unique for the entire reach 

P5 bankfull width Wb metres n=125 n=125 n=125 

P6 
magnitude of 
channel lateral 

migration 
Mc metres n=250 n=250 n=250 

P7 
area occupied 
by the active 

channel  
Sch hectares unique for the entire reach 

P8 channel activity Chac m/y. unique for the entire reach 

 
The eight parameters listed above can be 
separated into either form parameters or 
geomorphic activity parameters. The first five 
parameters (P1-P5) are form parameters and 
were included to determine the evolution over 
time of the channel planform. The wavelength 
(Lw), the amplitude (Aw) and the radius of 
curvature (Rc) were determined using the 
procedure shown in Figure III.2. The radius of 
curvature was strictly measured in those bends 
with a significant and sufficient curvature for 
analysis (i.e., straight and quasi-straight sub-
reaches were not considered). These three 
parameters are likely the most habitually used 
in former papers looking at the morphology of 
meandering channels.  
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Fig.III.2. (a) Procedure for determining the form parameters, Lw, Aw, Rc and Lm; (b) Determination of the 

channel axis as the equally distant line from both banks, along the entire study reach; (c) Determination of the 
overlapping area of active channels; (d) Procedure for determining the channel activity (Adapted from: Shields et 

al., 2000; Richard et al., 2005). 
 
Parameter P4, meander length (Lm), was 
determined as the ratio between the channel 
axis length and the total number of bends. The 
bankfull width (Wb) was calculated in 125 
sections of the river reach, approximately 2,000 
metres apart. The bankfull level was identified 
as the highest level of recent sediment bars 
where woody vegetation (especially Salix spp. 
and Populus spp.) was recently established. 
 
The last three parameters (P6-P8) are 
geometric activity parameters and were 
introduced to analyse the geomorphic activity 
by the river system throughout the entire 
period studied (1927-2003). They provide 
complementary information to the form 
parameters (P1-P5). There are two instances 
where a meandering river reach could maintain 
the value of its form parameter with no major 
variations: (a) being in a dynamic equilibrium 
with that geomorphic scheme or (b) suffering 
intense human pressures that artificially fix its 
form. In both cases, the assessment of the 

temporal evolution of the form parameters 
would indicate that no significant changes have 
occurred. The utilisation of the three 
parameters involving geomorphic activity 
indicates that the channel has maintained its 
scheme but has lost its capacity for developing 
a geomorphic work. Thus, the structure of the 
form parameters is not a consequence of a 
dynamic equilibrium.  
 
The lateral channel migration (Mc) was 
determined through the measurement of the 
lateral movement of the central channel axis in 
250 sections approximately 1,000 metres apart. 
The measurement was established in all 
sections in the orthogonal direction to the 
channel axis in 1927.  
 
The area occupied by the active channel (Sch) 
was calculated through the measurement of the 
area contained between the two active banks. 
The delineation of the active banks followed 
the criteria used in the analysis of the bankfull 
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width. The channel activity (Chac) was 
determined following the procedure shown in 
Figure 3.  
 
After the values adopted by the parameters 
(P1-P8) were determined, the temporal 
evolution (1927-1956-2003) of three of them 
was studied in detail. These included the 
wavelength (P1), the amplitude (P2) and the 
radius of curvature (P3). The analysis was done 
to evaluate their level of transformation in the 
periods 1927-1956 and 1957-2003 and to 
determine if they were sufficient to determine 
the meander belt dynamics.  
 
Thus, the normality hypothesis was studied for 
each of the six series (two temporal series for 
the three parameters). This was conducted with 
the Kolmogorov-Smirnov test (assuming a 
level of significance α=0.05 to reject the null 
hypothesis). For each variable, the null 
hypothesis was analysed based on the 
inexistence of significant differences between 
the average values of the series from 1927, 
1956 and 2003. If the normality hypothesis was 
rejected, the Kruskall-Wallis test (non-
parametric) was applied. If the normality test 
was not rejected, however, an ANOVA test 
was used. In all cases, the level of significance 
assumed was α=0.05, the threshold for 
rejecting the null hypothesis.  
 
Additionally, the spatial distribution for these 
morphology parameters was analysed in order 
to determine if they showed a change 
downstream of the channel. Thus, an ordinal 
number was assigned to any parameter value 
and year. The number 1 would correspond to 
those situated in upper places, and successive 
numbers would indicate the up-down direction 
of the river flow. For any of the nine pairs of 
series (value parameter-year and order 
number), the correlation coefficient of 
Spearman (Rho) was calculated, and it was 
accepted as significantly different from zero if 
the p-value was <α=0.05. 
 
Finally, the change occurring over time by the 
geomorphic activity of the channel was 
analysed. The values calculated for the annual 
lateral channel migration (P6) were studied in 

the periods 1927-1956 and 1957-2003 to verify 
that the parameter had experienced significant 
modifications throughout the study period. 
The procedure was analogous to that presented 
for parameters P1, P2 and P3: the normality 
hypothesis for the two series was studied using 
the Kolmogorov-Smirnov test (assuming a 
level of significance α=0.05). Later, the null 
hypothesis was analysed. This was based on 
the inexistence of significant differences 
between the average values of the parameter in 
the series 1927-1956 and 1957-2003 with the 
Kruskall-Wallis test if the normality was 
rejected or with an ANOVA test if it was not. 
In all cases, the level of significance assumed 
was α=0.05, the threshold for rejecting the null 
hypothesis.  
 
Additionally, the tendency of the parameter to 
change in the up-down direction of the river 
flow was analysed. Thus, as in the former case, 
an ordinal number was assigned to any 
parameter value and period. The number 1 
corresponds to those situated in upper places, 
and successive numbers indicate the 
downstream movement of the river flow. For 
the two pairs of series (value parameter-year 
and order number), the correlation coefficient 
of Spearman (Rho) was calculated, and it was 
accepted as significantly different from zero if 
the p-value was <α=0.05. 
 
 
 
3. RESULTS 
 
The measurement of the eight parameters 
introduced resulted in the values shown in 
Table III.2. Consistent with the average 
value for any parameter at the different 
times recorded, additional statistical 
indicators, the standard deviation and the 
variation coefficient, are included for the 
wavelength, amplitude and radius of 
curvature to make later interpretation 
easier. 
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Table III.2.- Values adopted by the eight parameters (P1-P8) used in the assessment of the evolution of the 
Ebro river system throughout the 20th century. 

 

Parameter 1927 1956/57 2003 

 
Average=2305.06 

 
Average=2304.33 Average=2537.20

 
Std.dev.=1,111.47 

 
Std.dev.=1,169.48 Std.dev.=1,143.87P1 Wavelength - Lw (m) 

 
Cv=0.48 

 

 
Cv=0.51 

 

 
Cv=0.45 

 
 

Average=836.80 
  

Average=823.78 Average=936.73 

 
Std.dev.=572.88 

 
Std.dev.=591.33 Std.dev.=554.62 P2 Amplitude – Aw (m) 

 
Cv=0.68 

 

 
Cv=0.72 

 

 
Cv=0.59 

 
 

Average=693.81 
 

Average=638.51 
 

Average=684.08 
 

 
Std.dev.=350.75 

 
Std.dev.=275.55 Std.dev.=324.65 P3 Radius of curvature – Rc (m) 

 
Cv=0.51 

 

 
Cv=0.43 

 

 
Cv=0.47 

 

P4 Meander length – Lm (m) 3,415.27 3,410.41 3,607.48 

P5 Bankfull width – Wb (m) 212.90 162.72 107.02 

P6 
Average magnitude of 

channel lateral migration – Mc 
(m) 

112.23 (27-56) 40.39 (56-03) 144.59 (27-03) 

P7 
Area occupied by the active 

channel – Sch (ha) 
3,602.16 3,468.39 3,136.79 

P8 
Channel activity – Chac 

(m/yr) 
4.15 (27-56) 1.06 (56-03) 1.75 (27-03) 

 
The values of the form parameters 
(wavelength, amplitude and radius of 
curvature) show minor differences in the three 
records. It should be noted, as previously 
shown in Table III.1, that the number of bends 
is similar in 1927 and 1956 but in 2003 suffers 
a notorious decrease, with approximately 15 
fewer bends. The wavelength (P1) remains 
stable between 1927 (2,305.06 m) and 1956 
(2,304.33 m) and increases in 2003 to 2,537.20 

m, with similar dispersion values. The bends 
amplitude (P2) suffers a slight reduction from 
1927 (836.80 m) to 1956 (823.78 m) but 
increases later in 2003 (936.73 m), again with 
scarce differences in its dispersion values. For 
the radius of curvature (P3), the initial length in 
1927 (693.81 m) is reduced in 1956 (638.51 m, 
-8.0% from 1927) and 2003 (684.08 m, -1.4% 
from 1927). The dispersion values do not show 
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significant differences, with a maximum in 
1927 and slight reductions in 1956 and 2003.  
 
The meander length (P4) is almost unchanged 
between 1927 (3,415.27 m) and 1956 (3,410.41 
m), but it increases in 2003 to 3,607.48 m 
(+5.6% from 1927 and +5.8% from 1956) as a 
consequence of the maintenance of the 
channel length and the reduction of the 
number of bends.  
 
The bankfull width (P5) shows significant 
variations in the different records. In 1927, it 
reached a value of 212.90 m, which decreased 
to 162.72 m in 1956 (-23.6%) and 107.02 m in 
2003 (-49.7% from 1927, and -52.0% from 
1956). Thus, the bankfull width loses one 
fourth of its value in the period 1927-1956 and 
is further halved in the period 1956-2003. The 
narrowing process is progressive and 
continuous and is especially intense in the 
second half of the 20th century.  
 
The channel lateral migration (P6) also suffers 
core changes. In 1956, the recorded lateral 
migration of the axis reaches 112.23 metres 
compared to 1927. Meanwhile, in the period 
1956-2003, the displacement is only 40.39 
metres, 36% less than the previous period. In 
other words, the migration in the first period is 
more than 75% of the total (144.59 m), whilst 
the relative amount in the second period is less 
than 25% of the total value.  
 
Consistent with the intense and progressive 
reduction of the bankfull width, the area 

occupied by the active channel (P7) shows 
significant reductions during the study period. 
In 1927, the area occupied was 3,602.16 ha, 
which reduced to 3,468.39 ha in 1956 and 
3,136.79 ha in 2003. Thus, in 1956, the 
decrease was 133.8 ha (-3.7%), and an 
additional decrease of 331.6 ha was measured 
in 2003 (-9.5%). The total reduction between 
1927 and 2003 is 465.4 ha of the previously 
active channel (-13%).  
 
The channel activity (P8) shows significant 
variations considering its relationship with the 
channel lateral migration. The parameter value 
during the time period 1927-1956 reaches 4.15 
m/y, while it is only 1.06 m/y during the 
period 1956-2003. This is just 25% of the 
former period. The total value in the entire 
period of 1927-2003 is 1.75 m/y, underlining 
the scarce mobility of the channel axis during 
the second half of the century. These results 
are again consistent with the data shown for 
the other parameters.  
 
To deepen the geomorphic behaviour of the 
meander belt and verify the functioning 
tendencies observed through the 
morphological parameters, a detailed set of 
indicators that relate the value of parameters 
previously presented in Table III.2 is shown in 
Table III.3. The first two columns describe the 
code and basis of the indicator. The third 
indicates the expression adopted by the 
indicator, and the last three show the values 
determined for 1927, 1956/57 and 2003, 
respectively. 
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Table III.3.- Set of indicators of the morphological evolution of the Ebro channel in the study area. The 
indicators are calculated from the parameters determined in 1927, 1956/57 and 2003. 

 
Indicators 1927 1956/57  2003  

M1 
Ratio of radius of curvature and 

 bankfull width (Rc / Wb) 
3.26 3.92 6.39 

M2a Rc(y.) / Mc (27-y.) - 5.69 6.10 

M2b 

Ratio of radius of 
curvature and 
channel lateral 

migration  Rc(y.) / Mc (56-y.) - - 16.94 

Sch(27) - 1,677.42 1,455.38
M3a 

Overlapping between active  
channels (referred to 1927) 

Sch (27)% - 46.57 40.40 

Sch (56) - - 2,197.09
M3b 

Overlapping between active 
 channels (referred to 1956) 

Sch (56)% - - 63.35 

 
The indicator M1 shows a remarkable change 
in the ratio between the radius of curvature 
and the bankfull width, from 3.26 in 1927 to 
3.92 in 1956 (+20.2%) and 6.39 in 2003 
(+96.0%). Thus, the ratio Rc/Wb doubles from 
1927 to 2003. The relationship between the 
radius of curvature and the channel lateral 
migration (M2a, M2b) is notably increased 
from 1927 (+5.69 y +6.10, respectively). 
However, the largest increase is found during 
the period 1956-2003 (+16.94). 
 
The indicators M3a and M3b represent the 
overlapping percentage between the active 
channels between the different time periods. 
These percentages increase approximately 46% 
between 1927 and 1956 and approximately 
40% between 1956 and 2003. The results 

shown by the indicator in the time period 
1956-2003 exceed 63%, showing a high 
similarity in the relative position of the active 
channels in the second half of the 20th 
century.  
 
Finally, Figures III.3 and III.4 show a summary 
of the descriptive statistics associated with the 
spatial and temporal evolution of the three 
parameters, wavelength (P1), amplitude (P2) 
and radius of curvature (P3), for each year. The 
functions of classified values are also 
presented. In those, and for all series, data are 
ordered decreasingly, with the values on the y-
axis and their relative position expressed as the 
% in relation to the total number of measured 
values on the x-axis.  
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Fig.III.3.- Box and whiskers graphs of the four parameters, wavelength (P1), amplitude (P2), radius of curvature 

(P3) and lateral migration (P6), in the study reach.  
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Fig.III.4.- Functions of classified values for the parameters P1 (wavelength), P2 (amplitude) and P3 (radius of 

curvature) in the central sector of the Ebro River in 1927, 1956 and 2003. 
 
The figures indicate that there are no 
significant differences among the three 
parameters P1, P2 and P3 along the temporal 
evolution of the study reach. To confirm this 

visual interpretation, we performed the 
statistical analyses described previously. Table 
III.4 shows the results obtained after their 
application on the whole set of measured data.  
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Table III.4. Statistical analysis of significant changes of the parameters 
in the study reach for 1927, 1956/57 and 2003. 

 

Parameter Year 
Number of 

samples 
K-W test 
p-value 

H0: No significant differences 
between the average values 

1927 144 
1956 145 

Wavelength 
(P1) 

2003 130 
0.092 Accepted 

1927 145 
1956 144 

Amplitude 
(P2) 

2003 129 
0.126 Accepted 

1927 139 
1956 130 

Radius of 
curvature 

(P3) 2003 120 
0.443 Accepted 

 
As shown, the null hypothesis, stating the 
inexistence of significant differences between 
the average values of the parameters in the 
three time records, may be accepted for those 
parameters. The values for the entire study 
reach (~250 km) of the wavelength (P1), 
amplitude (P2) and radius of curvature (P3) are 
noticeably similar throughout the study period, 
despite the large length of the reach and the 
changing conditions in the river floodplain.  

Considering the previously identified 
morphologically dynamic areas in the central 
sector of the Ebro River, which showed traces 
of stability in 1927, the analysis was repeated 
using only the results from the most dynamic 
sub-reaches. This was done to determine if the 
significant changes of the three parameters P1, 
P2 and P3 were confined to those sub-reaches. 
Table III.5 shows the results of the analysis.  

 
Table III.5. Analysis of the significant changes suffered by the parameters P1, P2 and P3 strictly along the most 

dynamic sub-reaches of the whole study reach in 1927, 1956 and 2003. 
 

Parameter Year 
Number of 

samples 
K-W test 
p-value 

H0: No significant differences 
between the average values 

1927 71 
1956 71 Wavelength 
2003 63 

0.132 Accepted 

1927 74 
1956 71 Amplitude 
2003 62 

0.107 Accepted 

1927 108 
1956 89 

Radius of 
curvature 

2003 82 
0.066 Accepted 

 
The results again indicate that there are no 
significant differences in the three form 
parameters in all cases. The behaviour in this 
question is, thus, not different between the 
sub-reaches with higher and lower dynamics.  
 

Finally, Table III.6 shows the results of the 
analysis of the spatial distribution of the 
parameter values. This analysis was performed 
to determine if those values changed 
significantly, either by increasing or decreasing, 
with the up-down direction of the flow.  
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Table III.6. Analysis of significant tendencies for the parameters P1, P2 and P3 with the up-down direction of 
the river flow in 1927, 1956 and 2003. 

 

Parameter Year 
Number 

of 
samples 

Rho 
Spearman

p-value
H0: No significant tendency to 

increase or decrease with the up-down 
direction of the river flow 

1927 144 0.110 0.190 Accepted 
1956 145 0.162 0.051 Accepted Wavelength 
2003 130 0.096 0.277 Accepted 
1927 145 0.034 0.685 Accepted 
1956 144 0.080 0.342 Accepted Amplitude 
2003 129 0.032 0.715 Accepted 
1927 139 -0.006 0.948 Accepted 
1956 130 0.121 0.325 Accepted 

Radius of 
curvature 

2003 120 0.101 0.272 Accepted 
 
Again, no significant tendencies to increase or 
decrease are found in the parameters P1, P2 or 
P3 throughout the study period. Their value is 
spatially stable despite the length of the river 
reach and despite the wide range of natural and 
non-natural pressures exerted on the fluvial 
territory in the last decades.  

 
As for the parameter P6, channel lateral 
migration, the function of classified values was 
also calculated following the aforementioned 
procedure for these functions (Fig.III.5). 

 

 
 

Fig.III.5.- Function of classified values of the parameter P6 (channel lateral migration) in the central sector of 
the Ebro River in the intervals 1927-1956 and 1956-2003.  

 
Figure III.5 shows a difference between the 
series. To confirm the visual interpretation of 
the data series, we performed statistical analysis 

following the procedure indicated in the 
methodological chapter. Table III.7 shows the 
results obtained in the analysis.  
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Table III.7.- Analysis of significant changes of the parameter P6, channel lateral migration,  
in the two sub-series assessed (27/56 and 57/03). 

 

Parameter 
Time 

interval 

Number 
of 

samples
Average

K-W test 
p-value 

H0: No significant differences 
between the average values 

27-56 245 3.74 Channel 
lateral 

migration 57-03 245 1.39 
0.000 Rejected 

 
For this analysis, the null hypothesis was 
rejected. Thus, there are significant differences 
in the values of P6 in the two sub-series, 1927-
1956 and 1957-2003. Again, since there are 
some sub-reaches that showed a tendency to 

stabilise from earlier stages in previous 
analyses, the analysis was conducted again 
considering that attribute as a criterion for 
division of the entire data set. Table III.8 
shows the results of the analysis.  

 
Table III.8.- Analysis of significant changes in parameter P6 (channel lateral migration) considering 

independently high and low dynamic sub-reaches. 
 

Parameter 
Criterion for 

division 

Number 
of 

samples

Average 
value 

K-W test 
p-value 

H0: No significant 
differences between 
the average values 

Higher 
dynamics 

186 3.01 
Channel lateral 

migration (m/y.)  
(considering the 
whole data set) 

Lower 
dynamics 

304 2.30 
0.002 Rejected 

27-56 93 4.09 
Channel lateral 

migration (m/y.)  
 (only sub-reaches 

with higher dynamics) 57-03 93 3.53 
0.000 Rejected 

27-56 152 1.93 Channel lateral 
migration (m/y.)  
(only sub-reaches 

with lower dynamics)
57-03 152 1.07 

0.000 Rejected 

 
This hypothesis may be rejected in all cases. 
Thus, significant differences may be found in 
the referred intervals, both in the most and in 
the least active sub-reaches of the study area.  
 

Finally, Table III.9 shows the results of the 
analysis of the spatial distribution of parameter 
P6 to determine whether there were some 
significant tendencies to increase or decrease 
with the up-down direction of the flow.  
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Table III9.- Analysis of significant tendencies of parameter P6 with the up-down direction of the river flow. 
 

Parameter 
Time 

interval

Number 
of 

samples 

Rho 
Spearman

p-value
H0: No significant tendency to 

increase or decrease with the up-
down direction of the river flow 

27-56 245 -0.104 0.105 Accepted  Channel 
lateral 

migration 
(m/y.) 57-03 245 -0.144 0.024 Rejected 

 
A tendency to increase was found in the 
interval 1957-2003 but not in the interval 1927-
1956. However, it is a remarkably slight 
tendency.  
 
 
 
4. DISCUSSION 
 
In the last eight decades, the central sector of 
the Ebro River has experienced a remarkable 
evolution of its geomorphological functioning. 
In this study, the results of spatial and 
temporal analysis of the morphological 
parameters and indicators allow for a detailed 
discussion of the main items involved in this 
evolution.  
 
The parameters that are frequently measured in 
analogous studies (wavelength – P1, amplitude 
– P2, and radius of curvature – P3) changed 
slightly during the time interval evaluated (ca. 
eighty years). There is no sign of a defined 
temporal behaviour. On the contrary, both the 
magnitude and the sense of these three 
parameters oscillate. The results indicate that 
the central and dispersion statistics (average, 
standard deviation, and variation coefficient), 
as well as the functions of classified values, 
oscillate. Additional statistical tests were 
performed on the parameters P1, P2 and P3, 
and their results indicate that they have not 
suffered significant temporal changes along the 
free meandering corridor. The results show no 
significant differences in the spatial functioning 
of both the most and the least dynamic sub-
reaches previously identified in the 
hydrogeomorphological characterisation of the 
study area (Magdaleno & Fernández, 2010; 
Magdaleno et al., 2010). No significant 
tendencies were found that increase or 
decrease in value along the up-down direction 
of the river flow. The utilisation of these three 
form parameters alone in the overall analysis of 

the river could enhance the belief that the 
Ebro River (>250 km long) has had no 
changing area in its geomorphological 
functioning in the last eight decades.  
 
However, other morphological parameters do 
indicate significant differences in river 
evolution. For example, the bankfull width 
(P5) decreased by one fourth in 1956 and 
halved in 2003, in reference to its initial value. 
The same is true for the area occupied by the 
active channel (P7), which decreased 
approximately 13% in the time interval 1927-
2003. The reduction in these parameters 
suggests a significant decrease in the relative 
weight of the aquatic components in the river 
system. Thus, the channel narrows intensely, 
and its hydromorphogical scheme is 
significantly altered. The river experiences a 
geomorphological evolution from a wide and 
shallow structure capable of transporting a 
huge amount of active sediments to a narrow 
and deep profile with a much lower 
sedimentary activity.  
 
The channels’ lateral dynamics were studied 
with other parameters that define its lateral 
mobility and its spatial and temporal dynamics. 
Regarding the channels’ lateral migration (P6), 
the results show large differences in the time 
intervals 1927-1956 and 1957-2003. Only 25% 
of the total migration in the study period took 
place during the last 46 years, while the 
remaining 75% occurred during the first 30 
years of the analysis. The annual average rate 
of migration changed from 3.74 m/y to 0.87 
m/y. The statistical tests used to characterise 
this parameter with more detail show 
significant differences in the two temporal sub-
series. These differences occur in both the 
most and the least dynamic sub-reaches of the 
study area. As previously shown, the largest 
lateral migrations measured worldwide were 20 
m/y in the lower reach of the Mississippi 
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River, but the most common rates are 
approximately 1 m/y or less (Lutgens & 
Tarbuck, 1995). 
 
The channel activity parameter P8 also deals 
with channel dynamics through the relative 
mobility of its axis. The results show a 
significant decrease in this value over time. The 
values calculated for the interval 1956-2003 are 
small compared to those calculated for 1927-
1956, which underlines a tendency for 
behavioural change in the study area. Results 
obtained by other authors (Shields et al., 2000) 
(pre-dam: 6.6 m/y; post-dam: 1.8 m/y) are 
similar in cases where large reductions of the 
geomorphological dynamics of a river system 
occurred.  
 
The last two parameters show clear evidence 
for a remarkable loss of lateral dynamics in the 
second half of the 20th century. The channel 
activity tends to stop, especially in the last few 
decades. Nevertheless, this intense and 
progressive reduction in the channel dynamics 
conflicts with the small changes incurred by 
the form parameters (wavelength, amplitude, 
radius of curvature, and meander length).  
 
This apparent contradiction may be further 
discussed by introducing the ratio of the 
migration rate with other morphological 
parameters. The channel migration rate has 
been empirically correlated to a wide range of 
geometrical channel variables (e.g., bankfull 
width, meander length, wavelength, amplitude, 
radius of curvature, sinuosity or bend angles) 
and to flows with different recurrences (Shields 
et al., 2000). These studies show a non-linear 
relationship characterised by a larger migration 
rate for Rc/W ratios in the range of 2-3 and a 
lower rate for values outside of that range. 
Nanson & Hickin (1983, 1986) developed a set 
of functions describing a direct relationship 
between the migration rate and the radius of 
curvature for a ratio Rc/W between 1 and 2.5. 
Ratios of Rc to W greater than 2.5 would 
indicate an inverse relationship. Other authors 
determined that the maximum rate of channel 
migration would occur when the Rc/W ratio is 
between 2 and 4. For values outside this range, 
the migration is largely reduced or even 
stopped (NCHRP, 2004). 
 
The indicators evaluated in this chapter allow 
us to calculate the evolution of that ratio. In 

the central sector of the Ebro River, the ratio 
of the radius of curvature to the bankfull width 
(M1) reaches 3.26 in 1927, and it doubles in 
2003. These results could be associated with a 
high migration capacity in 1927 (2< Rc/Wb<4), 
which changes to a state of remarkable stability 
and lack of dynamics in 2003 (Rc/Wb>6). 
 
The relationship between the radius of 
curvature and the migration distance (M2a, 
M2b) also changes dramatically. This 
relationship also shows a strong tendency 
towards channel stabilisation during the last 
few decades, as indicated in Ollero (2007, 
2010). The ratio Rc/Mc is three-fold higher 
between the first and second halves of the 20th 
century. The indicators M3a and M3b, which 
represent the degree of overlap of the active 
channels, show a progressive loss of active 
dynamics. An increase of 17 percentage points 
during the interval 1956-2003 occurred.  
 
The channel stabilisation during the second 
half of the 20th century is clear. The river 
experiences a profound evolution and 
transformation in its hydrogeomorphological 
functioning. In the earlier decades of the 20th 
century, evidence of a progressive reduction of 
the river dynamics is clear. However, the 
dynamics remain intense and remarkable. 
However, in the second half of the century, the 
active channel narrows significantly, it loses 
most of its lateral mobility, and its 
morphological scheme tends towards 
stabilisation. The loss of dynamics and the 
maintenance of the geometric forms of the 
river through time identify the central sector of 
the Ebro River as a system that has suffered a 
complex evolution from a state of dynamic 
equilibrium to a state of static equilibrium. 
Different papers have analysed the alternative 
states of equilibrium of channels (Richards, 
1982; Knighton, 1984; Brierley & Fryirs, 2005) 
and their impact on the global functioning of 
the river system. Some of these authors have 
established differences between active and 
passive meandering in channels.  
 
The results obtained in this chapter allow for a 
deep analysis of river behaviour and 
emphasises the differences in the 
geomorphological functioning of rivers in 
dynamic or static equilibrium. In a dynamic 
equilibrium, the parameters and indicators that 
characterise the river form (planform, section, 
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and profile) would change through time and 
would develope an active geomorphic work in 
the river floodplain (floodplain reworking 
process). However, over time, they would 
maintain their average values when considering 
the entire river reach.  
 
If a static equilibrium was obtained, it would 
maintain the form parameters and indicators 
but show a scarce geomorphological activity 
and show no significant changes in the relative 
position of its forms. These two alternative 
behaviours are well represented by the central 
sector of the Ebro River in the last century. In 
the first decades, the river shows similar results 
in its form indicators but shows a strong and 
active dynamic. This is progressively reduced 
until the end of the century when it is almost 
stabilised. The equilibrium of forms is not due 
to an active functioning but to a lack of 
capacity for migrating from its current position 
in the floodplain.  
 
The results indicate that simply using the 
traditional form parameters is not advisable for 
evaluating the dynamics of the channels. In the 
central sector of the Ebro River, it is necessary 
to incorporate indicators of the 
geomorphological activity of the channel. 
These indicators underline the aforementioned 
functioning differences and further assist in the 
understanding of the degree and type of 
equilibrium of geomorphological adjustment of 
the river system.  
 
From the geomorphic analysis conducted in 
this chapter, the importance of studying the 
spatial and temporal dynamics of river 
channels simultaneously should be noted. 
Using central statistics on large data sets can 
camouflage the behaviour of the river sub-
reaches, where local conditions (natural or 
artificial) may be promoting some singular 
functioning.  
 
Finally, it should be noted that the large 
influence of the hydrogeomorphological 
evolution of the channels supports the 
ecological evolution of the river system. The 
results obtained in this chapter are of special 
interest for the location of preferential zones 
for ecological improvement and restoration 
and are intended to revert the 
ecomorphological disconnection of the 
different river sub-reaches and to promote a 

good ecological status of their diverse 
environmental components.  
 
 
 
5. CONCLUSIONS 
 
On the basis of the former results, it is possible 
to establish the following conclusions: 
 

i. The central sector of the Ebro River is 
a free-meandering reach that is more than 250 
km long. During the last eight decades, it has 
suffered a progressive geomorphological 
transformation. In the first half of the 20th 
century, it showed active ecomorphological 
dynamics. The river system has been impacted 
by human activities for centuries. This 
conditioned the river evolution in certain sub-
reaches, but it did not impede the overall 
mobility of the river system. As a whole, the 
geomorphic parameters and indicators suggest 
that the river system was highly dynamic 
during this time. The channel showed a 
remarkable meandering behaviour 
characterised by a large active area, vast width 
and an extensive migration capacity.  
 

ii. During the second half of the last 
century, the river scheme changes to quasi-
stable geomorphic conditions. The dynamics 
of the river suffer from a strong constriction. 
The channel width, active area and lateral 
migration are drastically reduced, as are other 
mobility indicators, such as the axis channel 
activity. The function and ecomorphological 
dynamics of the system are largely modified. 
Areas that were the most active earlier in the 
20th century later suffered a core alteration and 
lost their capacity to generate new habitats. 
Subsequently, the volume of bank habitats 
decreased in the study area.  
 

iii. Despite the drastic geomorphic 
transformation that occurred in the river 
system during the 20th century, some 
parameters (e.g., wavelength, bends amplitude, 
radius of curvature and meander length) do not 
change significantly throughout the time 
period examined. These parameters remain 
unaltered in contrast with the parameters and 
indicators associated with the geomorphic 
activity of the channel. This apparent 
incoherence suggests a fundamental change in 
the geomorphic functioning of the river, from 
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a state of dynamic equilibrium to a state of 
static equilibrium. During the first half of the 
last century, the form parameters remained 
constant but remained remarkably dynamic, 
with high rates of geomorphic activity. In the 
second half of the 20th century, the form 
parameters maintained their overall values but 
evidently became less dynamic. This 
equilibrium of form parameters can be 
attributed to a lack of geomorphic activity.  
 

iv. The contrast between the different 
parameters used in this analysis shows the 
importance of adding a wide set of parameters 
and indicators capable of determining the real 
dynamics of the river system. On the contrary, 
the form parameters alone may disguise the 
true geomorphic functioning of the channel or 
suggest an equilibrium state not supported by 
adequate system behaviour.  
 

v. The central sector of the Ebro River is 
currently stabilised and has lost its high 
traditional dynamics. Even the sub-reaches that 
were active a few decades ago have suffered a 
complete transformation, losing their capacity 
to sustain habitats that are vital for 
autochthonous biological communities. To 
reverse this loss of ecomorphological quality, a 
core modification in management procedures 
must be made immediately. Furthermore, in 
order to reverse the process of ecological 
impoverishment and to promote effective 
restoration, a long term management strategy 
should be considered. It is especially important 
to recuperate the most active sub-reaches from 
the 20th century and to improve the ecological 
connectivity of the overall river system.  
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CHAPTER 4. LANDSCAPE DYNAMICS OF THE RIPARIAN FOREST 
CORRIDOR IN THE MIDDLE EBRO SYSTEM 

 
 
 

1. INTRODUCTION 
 
Regulation of rivers is associated with a wide 
range of effects on the geomorphological and 
ecological functioning of river systems. For 
example, regulation usually decreases the 
frequency of floods in the areas occupied by 
riparian forests and increases summer flows. 
These combined processes may lead to a 
progressive colonisation of the channel by 
riparian vegetation, characterised by lower 
species diversity and a rapid homogenisation of 
the spatial structure of the forest (Marston et 
al., 2005; Magdaleno & Fernández-Yuste, 
2010a).  
 
Thus, river regulation has a critical role in the 
evolution of fluvial processes (Larned et al., 
2010), but certain human activities in 
floodplains, such as the increase of agricultural 
or urban uses in previously forested areas, may 
have a large influence on the behaviour of a 
river’s geomorphology and its associated 
riparian forests (Mossa & McLean, 1997). The 
progressive elimination of riparian habitats 
induced by the agricultural and urban 
occupation of floodplains may increase surface 
runoff in these areas. Over time, this process 
may drive bank destabilisation, alter vegetal 
colonisation, cause disequilibrium of sediment 
sizes, increase dissolved organic substances, 
and finally, lead to a reduction of the quantity 
and quality of fish habitats (Gordon & 
Meentmeyer, 2006). When there are sediment 
surpluses, a river system may suffer accretion 
processes, including an elevation of the 
riverbed and a progressive narrowing of the 
channel. In contrast, during times of sediment 
deficits, the riverbed may become incised; 
substrates can increase in roughness; and the 
channel may widen (Richard et al., 2005).  
 
Riparian vegetation has a core influence on 
river channel morphology, and its structure 
and composition are associated with flow 
regimes and land uses along the channel (Hupp 
& Simon, 1991). Riparian vegetation affects 
adjustment processes in the channel, as it 
increases the stability of banks, inhibits erosive 
processes and enhances sedimentation 
(Friedman et al., 1996). Gordon & Meentmeyer 

(2006) observed that some river systems suffer 
an adjustment after an increase in river 
regulation, favouring channel incision and 
steeper bank slopes. Maintenance of 
agricultural pressures would make the 
colonisation of floodplains by riparian 
vegetation difficult. However, flow regulation, 
a lack of flooding events, an increase in 
summer flows and an absence of channel 
migrations represent stable conditions for 
vegetal growth on river banks, which are 
characterised by a larger slope and decreased 
accessibility than in the pre-regulated scenario.  
 
Currently, the most generalised paradigm 
regarding the conservation of riparian forests 
suggests that the width of a forest may be 
considered the best indicator of its ecological 
functions. Thus, forest width is the most 
common metric used in making management 
recommendations and often in developing 
good practice guidelines for these systems 
(Spackman & Hughes, 1995; Shirley & Smith, 
2005). The underlying ecological principle is 
based on the assumption that the area 
occupied by a riparian forest is correlated with 
biodiversity and that negative border effects 
are more important in small or narrow forest 
patches (Rodewald & Bakermans, 2006). 
However, this paradigm does not adequately 
take into account the influence of the 
landscape matrix. The composition and the 
spatial configuration of this matrix may greatly 
affect the colonisation and dispersion 
dynamics of vegetation. For instance, the 
degree of fragmentation represents one of the 
clearest influences in the matrix on the 
associated vegetal communities (Donovan et 
al., 1997).  
 
In agro-landscapes, the ecological functions 
presented by riparian corridors are of utmost 
interest, considering the overall degradation of 
the surrounding matrix (Malanson, 1993). 
Corbacho et al. (2003) found a positive gradient 
of the complexity of riparian forests and 
habitat diversity in the riparian corridor along 
the main channel axis parallel to the 
hydrological gradient. This increase of the 
complexity and heterogeneity of river habitats 
was especially remarkable in the mature 
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communities of low-gradient reaches of 
different Mediterranean rivers. Although 
numerous authors have found the highest 
species richness and habitat diversity in the 
intermediate reaches of rivers, where the 
environmental heterogeneity is maximal 
(intermediate disturbance hypothesis) (e.g., 
Tabacchi et al., 1990), in Mediterranean rivers 
characterised by an intermittent flow regime, 
the succession gradient of vegetation in 
riparian corridors is hampered. An additional 
negative factor associated with the alteration of 
river systems is the high structural 
homogeneity (horizontal and vertical) of 
human-altered riparian forest patches, in 
contrast with the typically high biodiversity of 
riparian corridors (Corbacho et al., 2003). 
 
The connection of the channel with its 
floodplain is a key factor in understanding the 
composition and species richness of a river 
ecosystem. The exchange of nutrients, 
sediments and organic matter and the 
associated biotic processes are the basis for 
these interactions (Tockner, 1999a). Changes 
in riparian vegetation enhanced by the 
construction of lateral dykes have been 
analysed by authors such as Gergel et al. (2002) 
and Leyer (2004, 2005). Other defensive types 
of structures, such as rip-raps and groynes, 
contribute to the reduction of the lateral 
connectivity of channels because they hinder 
their lateral migration and the refreshment of 
fluvial forms (Scholten et al., 2005).  
 
The importance of hydrochory dispersion has 
been studied in many rivers (e.g., Vogt & 
Jensen, 2004). Its role as a primary type of 
dispersive corridor for a wide array of species 
has been extensively proven (Johansson et al., 
1996). Nevertheless, analyzing the role of this 
means of propagule dispersion in determining 
the structure of floodplain vegetation is very 
complicated. After deposition, colonisation 
may be controlled by specific conditions of the 
soil and different biotic competition processes 
(Leyer, 2006). A range of species adapted to 
anemochory dispersion, such as Salix ssp., 
Phragmites australis and Typha latifolia, may be 
dispersed efficiently through water during 
flooding events (Karrenberg et al., 2002).  
 
Diverse reports (Bakker et al., 1996; Leyer, 
2006) have shown that hydrochory dispersion 
and seed banks in the soil may be the core 
dispersive strategies for riparian species. The 

number of propagules, species richness and 
their specific composition should depend on 
the degree of connectivity between the channel 
and the floodplain, and this indicates the minor 
role played by anemochory and zoochory 
dispersion in these situations. Additionally, 
according to a number of authors, anemochory 
may be of higher importance in seed dispersion 
through relatively large forest patches 
dominated by species of Salix and Populus. 
 
Two additional questions of relevance for the 
structure of the forest communities are the 
ability of seeds to germinate in riparian habitats 
and the total production of seeds, since they 
are both directly connected to colonisation on 
recently created or washed surfaces 
(Thompson et al., 2002).  
 
Bornette et al. (1998a) and Tockner et al. 
(1999b) showed the existence of aquatic 
vegetation communities with higher species 
richness in isolated water bodies that 
frequently reconnected with the main water 
body compared with those in permanent 
contact. The occurrence in those communities 
of disturbances of intermediate frequency and 
magnitude allow the co-existence of fast-
growing ruderal species with competitive 
species, resulting in higher species diversity.  
 
However, this mechanism would not be the 
same for pioneer vegetation. In this case, 
species richness is usually higher in degraded 
habitats, where fast-growing, water-dispersed 
ruderal species colonise large, recently created 
surfaces almost immediately. Water bodies that 
become isolated after the construction of 
lateral dykes lose their role as sediment, 
organic carbon and nitrogen sinks. These 
changes may result in the acidification of soils, 
hampering the germination, establishment and 
development of new plants (Roem et al., 2002). 
Thus, these zones are usually characterised by 
particularly low species richness.  
 
However, other studies (Tockner et al., 1999b; 
Leyer, 2006) have shown that the maintenance 
of high biodiversity in river ecosystems 
requires conservation of the whole range of 
natural river forms and elements within a river 
reach. The adequate connectivity of channels 
with their floodplains is, thus, a basic factor in 
assuring the protection of river biodiversity. 
Some basic requirements involved in 
recovering these processes are the 
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reconnection of abandoned channels and 
secondary meanders and the recuperation of 
isolated water bodies. These strategies may 
necessitate changes in the location of lateral 
dykes and the creation of new controlled 
flood-prone areas.  
 
A reduction in flooding frequency and lateral 
mobility implies the reduction, or even the 
elimination, of the processes involved in 
creating new fluvial forms. This reduction, 
combined with an increase of summer flows, 
could drive the evolution of riparian vegetation 
towards the eradication of communities 
adapted to the natural flood regime, whereas 
vegetation diversity and rare species protection 
would be favoured in abandoned channels, 
where water fluctuations may maintain a higher 
range (Bornette & Large, 1995; Bornette et al., 
1996). With respect to floodplains, these 
factors indicate the importance of maintaining 
or restoring the lateral mobility of the channel 
and the necessary consideration of all of the 
processes and ecological components that 
interact in a river system (Bornette et al., 
1998b).  
 
The Ebro River (NE Spain) is one of the 
largest rivers in the Mediterranean region. In 
the last century, it has suffered a significant 
alteration of its natural flow regime, and its 
floodplain has been progressively occupied by 
human uses. The river system has evolved 
dramatically, and one of the main trends of its 
evolution has been the intense modification of 
its associated riparian vegetation patterns.  
 
The importance of the connectivity of riparian 
ecosystems in maintaining the integrity of the 
ecological status of the river indicates the 
importance of developing detailed analyses of 
the behaviour and functioning of the riparian 
forest corridor in the fluvial territory of the 
Ebro River and of its evolution during the 20th 
century. This study aimed to answer the 
following questions: 
 

i. What is the degree of longitudinal and 
transversal connectivity of the 

riparian vegetation in the central 
sector of the Ebro River? 

ii. How did the evolution of the 
fragmentation of the Ebro 
riparian forests in its free-
meandering reach proceed during 
the 20th century? 

iii. What parameters best describe the 
ecological behaviour of riparian 
forests? 

iv. How is the variation of the ecological 
connectivity of the riparian forests 
related to the 
hydrogeomorphological 
functioning of the Ebro system? 

 
By answering those questions, the study aims 
to develop these objectives: 

 Increase our knowledge of the 
functional integrity of the Ebro River, 

 Offer basin managers a set of criteria 
for improving the ecological status of 
the river, and 

 Develop an efficient and rapid 
protocol for the analysis of riparian 
landscape dynamics, considering the 
main environmental functions and 
values of this landscape.  
 

 
2. MATERIALS AND METHODS 
 
2.1 Study area 
 
The river area analysed in this study comprises, 
as in chapters 2 and 3, the floodplain of the 
free meandering reach of the Ebro River (NE 
Spain) between Rincón de Soto (La Rioja) and 
the small dam of Alforque (La Zaida, 
Zaragoza). This reach includes the majority of 
the active meandering area of the channel.  
 
Upstream of the upper end of the study area, a 
short meandering sub-reach may be still found. 
However, no historical cartographic materials 
are available for this area, and it was therefore 
not used in our analysis. The chosen reach is 
situated in the centre of the Ebro Depression 
and in the central sector of the Ebro Basin. Its 
approximate length is 250 km (Fig.IV.1, IV.2). 
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Fig.IV.1.- Two views of the Ebro channel near 
Pina de Ebro (Zaragoza) in August 2010. The 
high degree of longitudinal connectivity of the 
riparian forests on the banks and the lateral 
hindrance of the channel can be seen. 
  
2.2 Materials 
 
The ecological functioning of the riparian 
vegetation can be assessed through 
morphometric and connectivity analysis of the 
forest patches over the whole fluvial territory. 
The forest patches were identified as polygonal 
entities associated with autochthonous woody 
riparian vegetation. Their minimum area was 
fixed at 0.1 ha for the three time records (1927, 
1957 and 2003).  
 
Once the polygons were digitised, a range of 
morphometric and connectivity parameters 

were used to better describe the fragmentation 
of the riparian forests, their spatial and 
temporal evolution, and their relationship with 
the hydrogeomorphological functioning of the 
Ebro River 
 
A number of configuration metrics can be 
formulated for this purpose, either in terms of 
individual patches or in terms of a whole class 
or landscape, depending on the desired 
emphasis. Typically, these metrics are spatially 
explicit at the patch level, not at the class or 
landscape level (Christensen, 2006). 
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Fig. IV.2.- Partial image of a historical map (year 1778) showing “the advances in the construction of the 
Imperial and Royal Channel of Tauste, in the Department of Fontellas” (CEDEX, 2009). The map illustrates the 
intense dynamics of the river in the 18th century, the distribution of forested areas and the historical occupation 

of the floodplain by agricultural fields.  
 

The principle aspects of this configuration and 
some of its representative metrics are as 
follows (McGarigal et al., 2002) (Fig.IV.3): 
  
•    Patch size distribution and density: The simplest 

measure of configuration is patch size, 
which represents a fundamental attribute 
of the spatial character of a patch. Most 
landscape metrics either directly 
incorporate patch size information or are 
affected by patch size.  

 •    Patch shape complexity: Shape complexity 
relates to the geometry of patches. The 
most common measures of shape 
complexity are based on the relative length 
of the perimeter per unit area. The 
interpretation varies among the various 
shape metrics, but in general, higher values 
mean greater shape complexity or greater 
departure from simple Euclidean 
geometry. 

 •    Core Area: Core area represents the interior 
area of patches after a user-specified edge 
buffer is eliminated. The core area is the 
area unaffected by the edges of the patch. 
Core area integrates patch size, shape, and 
edge effect distance into a single measure. 

All other things being equal, smaller 
patches with greater shape complexity 
have less core area. Most of the metrics 
associated with size distribution (e.g., mean 
patch size and variability) can be 
formulated in terms of core area. 

 •    Isolation/Proximity: Isolation/proximity 
refers to the tendency for patches to be 
relatively isolated in space (i.e., distant) 
from other patches of the same or similar 
(ecologically friendly) class. Because the 
notion of “isolation” is vague, there are 
many possible measures depending on 
how distance is defined and how patches 
are treated. 

 •    Contrast: Contrast refers to the relative 
difference among patch types. This can be 
computed as a contrast-weighted edge 
density. Alternatively, this can be 
computed as a neighbourhood contrast 
index, where the mean contrast between 
the focal patch and all patches within a 
user-specified neighbourhood is computed 
based on assigned contrast weights. 

 •    Dispersion: Dispersion refers to the 
tendency for patches to be regularly or 
contagiously distributed (i.e., clumped) 
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with respect to each other. Many 
dispersion indices have been developed for 
the assessment of spatial point patterns. A 
common approach is based on nearest-
neighbour distances between patches of 
the same type. 

 •    Contagion & Interspersion: Contagion refers 
to the tendency of patch types to be 
spatially aggregated; that is, to occur in 
large, aggregated or “contagious” 
distributions. Interspersion, on the other 
hand, refers to the intermixing of patches 
of different types and is based entirely on 
patch (as opposed to cell) adjacencies. 
There are several different approaches for 
measuring contagion and interspersion.  

 •    Subdivision: Subdivision refers to the degree 
to which a patch type is broken up (i.e., 
subdivided) into separate patches (i.e., 
fragments), but not to the size (per se), 
shape, relative location, or spatial 
arrangement of those patches. Subdivision 
can be evaluated using a variety of the 
metrics already discussed; for example, the 

number, density, and average size of 
patches and the degree of contagion all 
indirectly evaluate subdivision. Applied at 
the landscape level, these metrics indicate 
the graininess of the landscape, i.e., the 
tendency of the landscape to exhibit a fine- 
versus coarse-grain texture. A fine-grain 
landscape is characterised by many small 
patches (highly subdivided); whereas a 
coarse-grain landscape is characterised by 
fewer large patches. 

 •    Connectivity: Connectivity generally refers to 
the functional connections among patches. 
Connections might be based on strict 
adjacency (touching), some threshold 
distance, some decreasing function of 
distance that reflects the probability of 
connection at a given distance, or a 
resistance-weighted distance function. 
Then, various indices of overall 
connectedness can be derived based on the 
pairwise connections between patches: for 
example, connectance, percolation, and 
correlation length.  

 
 
 
 
 
 
 
 
 
 
Fig.IV.3. The configuration of a riparian forest landscape 
differs depending on whether there is a change in both 
grain (i.e., pure habitat loss) and extent (i.e., patch size). 
Grain decreases from left to right and extent from the 
upper to the lower panel (Adapted from Angelstam & 
Andrén, 1993). 
 

 
i. Morphometric parameters 
 
Table IV.1 lists the parameters used in this 
study: the total autochthonous riparian forest 
area (F1), the number of forest patches (F2), 
the average area occupied by those patches 
(F3) and their standard deviation (F4). The 
fragmentation index (F5) was calculated as the 
ratio between the number of patches and their 
average area. The average perimeter of the 
patches (F6), the area-perimeter ratio (F7) and 
the largest patch index (F8) were also 
calculated, with F8 being the ratio of the 

largest patch area to the total riparian forest 
area.  
 
Finally, the Patton (1975) diversity index (F9) 
was determined. The index was calculated with 
the formula IP = Pp / 2[(πAp)0,5], where IP 
represents the index, Pp the average perimeter 
of the whole range of patches, and Ap their 
average area. The inverse value of the Patton 
index is known as the compactness index in 
different studies (F10). This was incorporated 
to include the most common indices used in 
analogous studies, although its informative role 
is basically covered by the Patton index. 

90% 

50% 

30% 
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Table IV.1.- Morphometric parameters (F1-F10) used in analysis of the changes suffered in the temporal and 

spatial structure of the riparian forests of the Middle Ebro River.  
 
Code Parameter Representative 

metric 
Abbreviation Unit 

F1 Total area of riparian forests 
(ha) 

- Sv ha 

F2 Number of riparian forest 
patches 

Subdivision & 
Isolation 

Np n 

F3 Average patch area (ha) Patch size & 
Subdivision 

Ap ha 

F4 Standard deviation of patch 
areas (ha) 

Patch size & 
Subdivision & 
Contrast 

SDp ha 

F5 Fragmentation index  Patch size & 
Subdivision & 
Isolation  

Fi ha-1 

F6 Average perimeter of 
patches (m) 

Patch shape 
complexity 

Pp m 

F7 Area-perimeter ratio 
 

Patch shape 
complexity 

Rpa m/ha 

F8 Largest patch index 
 

Patch size & 
Subdivision 

Lpi ha/ha 

F9 Patton diversity index Patch shape 
complexity 

IP - 

F10 Compactness index Patch shape 
complexity 

IC - 

 
ii. Connectivity parameters 
 
Table IV.2 shows the connectivity parameters 
selected: the number of discontinuities in the 
corridor of the forested banks (C1), the 
average length of those discontinuities (C2, 
considering the lower threshold for a gap as 10 
meters), the total length of the longitudinal 
banks of forested corridors (C3), and the 
maximum length of the transversal forested 
corridor (C4). The average distance among the 
entire range of patches (C5), the patch density 
(C6) and the edge density (C7) was also 
determined. The distance between patches was 
measured with the software Conefor Sensinode 
2.2 (Saura & Torné, 2009). The patch density 
was calculated as the ratio between the total 
forest area and the floodplain area. The edge 

density was calculated as the ratio of the total 
forest perimeter to the overall floodplain area.  
 
Additionally, the number of core areas (C8) 
and the average surface area occupied by them 
(C9) were determined. In both cases, the 
minimum buffer distance to non-forested soil 
was established as 100 m. The total area 
occupied by inner forests (C10) (defined as the 
forest at least 100 meters distant from non 
autochthonous or non-forested areas) was also 
determined, including an optional 50 meter 
threshold (C10bis). Finally, additional 
parameters were calculated, such as the ratios 
between forest and channel habitats. C11 
describes the ratio of forest perimeters to bank 
length, and C12 represents the ratio between 
the areas occupied by riparian forests and 
active channels. 
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Table IV.2.- Connectivity parameters (C1-C12) used in the analysis of the changes suffered by the temporal and 
spatial structure of the riparian forests of the Middle Ebro River. 

 
Code Parameter Representative 

metric 
Abbreviation Unit 

C1 Number of discontinuities 
(both banks) 

Subdivision & 
Isolation 

Nd n 

C2 Length of discontinuities (m) 
 

Subdivision & 
Isolation 

Ld m 

C3 Total length of longitudinal 
forested corridors on both 
banks (m) 

Subdivision & 
Isolation & 
Connectivity 

Llc m 

C4 Maximum length of forested 
corridor transverse to the river 
axis (m) 

Subdivision & 
Isolation & 
Connectivity 

Ltc m 

C5 Average distance between 
forest patches (m) 

Isolation & 
Dispersión & 
Contagion  

Dp m 

C6 Patch density (ref. to 
floodplain area in Ollero, 
2010) (n/100 ha) 

Patch size  Pd n/100 ha 

C7 Edge density (ref. to 
floodplain area in Ollero, 
2010) (m/ha) 

Patch size  Ed m/ha 

C8 Number of core areas (buffer 
of 100 m) 

Core Areas Nc n 

C9 Average area occupied by core 
areas (buffer of 100 m) (ha) 

Core Areas Sc ha 

C10 Inner forest total area 
(minimum 100 metres) (ha) 

Core Areas Ac100 ha 

C10b Inner forest total area 
(minimum 50 metres) (ha) 

Core Areas Ac50 ha 

C11 Forest perimeter (m) vs. bank 
perimeter (m) 

Connectivity Ihb - 

C12 Forest area (ha) vs. active 
channel area (ha)  

Connectivity  Iha - 

 
 
 

3. RESULTS 
 
The morphometric and connectivity 
parameters were quantified on the procedural 
basis described in the previous section, and 
their values are offered in Tables IV.3 and IV.4 
for all of the time records used. The most 
characteristic and remarkable results obtained 
are commented on hereafter.  
 
The total area occupied by autochthonous 
woody riparian vegetation (F1) decreased by 
approximately 8% between 1927 and 1957. 
However, the greatest amount of negative 
change was observed in the time interval from 
1957 to 2003. In this period, the rate of area 

decay increased fourfold. Thus, the overall 
reduction of the forested area declined by 35% 
as compared with that in the original record 
The number of forest patches registered in the 
analysis (F2) increased progressively. In the 
first interval (until 1957), the change was 
smooth (22 additional patches), but when the 
overall change was considered, the increase 
was approximately 20% (+77 patches), thus 
indicating a remarkable modification.  
 
The progressive reduction in the forested areas 
and the constant increase in the number of 
forest patches could indicate a tendency 
towards the atomisation of the patches, for 
which the total area (F3) was almost halved 
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over the investigated time interval. The 
standard deviation of the area of patches (F4) 
was also halved, especially due to the major 
change suffered by this parameter in the 
second half of the 20th century. Thus, the 
patches became considerably smaller, but their 
areas were also much more homogeneous in 
2003 (Fig.IV.4). The fragmentation index (F5) 
also showed the tendency of the patches to 
generally become smaller, registering an 
increase of more than 200%. 
 
The average perimeter of the patches (F6) 
maintained its value until 1957, but it clearly 
decayed from that date on by almost 20%. The 
area-perimeter ratio (F7) progressively 
decreased during the 20th century, but its rate 

of reduction doubled in the interval from 1957 
to 2003 compared to the rate recorded from 
1927 to 1957. Thus, the highest rate of change 
in the dimensions of the forest patches was 
found for their area, although they were 
concurrently subjected to a remarkable 
alteration of their form (Fig.IV.5).   
 
The parameter F8 (largest patch index) also 
indicated a substantial decrease of the largest 
patches. The rate of decay was similar 
(approximately 16%) in the two sub-intervals. 
This could indicate that the alteration of the 
spatial structure of the riparian forest was 
initiated with the modification of the very large 
patches that were still present in 1927 
(Fig.IV.6).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. IV.4.- Box and whisker plots of the distribution of patch areas (ha) in 1927, 1957 and 2003. Whiskers 
represent the 20th and 80th percentiles of the area series.  

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

Fig.IV.5.- Box and whisker plots of the distribution of patches perimeters (m) in 1927, 1957 and 2003. Whiskers 
represent the 20th and 80th percentiles of the perimeter series.  
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The Patton diversity (F9) and compactness 
(F10) indices complementarily demonstrate the 
alteration suffered by the morphology of the 
forest patches. Their values changed by 

approximately 20% from 1927 to 2003. The 
homogeneity of the forest increased over the 
decades in the already human-altered fluvial 
environment.

 
Table IV.3.- Morphometric parameters of the riparian forests (F1-F10) of the Ebro River in 1927, 1957, 2003 

 
Code Parameter 1927 1957 2003 
F1 Total area of riparian forests 

(ha) 
3,693.51 3,402.64 

 
2,389.02 

F2 Number of riparian forest 
patches 

403 425 480 

F3 Average patch area (ha) 
 

9.17 8.01 4.98 

F4 Standard deviation of patch 
areas (ha) 

17.79 13.80 8.09 

F5 Fragmentation index  0.44 0.53 0.96 

F6 Average perimeter of patches 
(m) 

1,732.65 1,754.08 1,423.50 

F7 Area-perimeter ratio 
 

52.63 45.45 34.48 

F8 Largest patch index 
 

0.046 0.038 0.032 

F9 Patton diversity index 1.61 1.75 1.80 

F10 Compactness index 0.031 0.028 0.025 

 
The connectivity parameters also indicated 
major changes in the studied time interval. The 
number of discontinuities (C1) increased, 
especially in the second half of the 20th 
century. However, their length (C2) decayed by 
more than 30% in the overall interval. In this 
time period, the total length of longitudinal 
forested corridors on both banks (C3) 
increased considerably (by 60% in 1927-2003). 
These three parameters indicate not only a 
constant tendency of the forest patches toward 
fragmentation, but also their progressive 
migration to areas close to the channel.  
 

The maximum length of transverse forested 
corridors (C4) decreased by half, indicating 
that the aforementioned transition of the 
patches towards the channel was based on the 
loss of the largest patches and transverse 
corridors. This would reinforce the results 
obtained from the analysis of the 
morphometric parameters. The average 
distance among the whole set of forest patches 
(C5) also supported this hypothesis because 
the decay suffered in 1957 due to the size 
changes suffered by the patches was partially 
compensated for in 2003 by the alteration of 
the shape of the patches.  
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Fig. IV.6. Landscape structure of 
the Ebro River in 2003 near Alagón 
(Zaragoza). Patches of riparian 
forest are mostly linear and close to 
the channel bankfull and have been 
considerably altered by poplar 
plantations and cultivations. The 
spatial homogeneity and lack of 
connectivity of the patches are 
general attributes of the whole 
study area. (Photograph courtesy of 
the Ebro Basin Agency).  
 
 
 

Regarding the ecological role of the forest 
patches throughout the floodplain of the Ebro 
River, the parameters C6 (patch density) and 
C7 (edge density) showed that the riparian 
corridor had already suffered a high degree of 
transformation, even in the first decades of the 
20th century. The values of these parameters 
were considerably lower compared to those 
obtained in other similar studies (Forman & 
Godron, 1981; Warner, 1994; McGarigal & 
Marks, 1995). The patch density indicates the 
spatial heterogeneity and the species diversity, 
and the edge density additionally shows the 
complexity of the shape of the patches. C6 and 
C7 are both very low in the Ebro River, and 
these figures indicate the very low spatial 
heterogeneity of the floodplain landscapes of 
the Ebro River and probably also the reduced 
diversity of its flora and fauna communities 
during the 20th century.  
 
The decay of the most ecologically valuable 
sites in the floodplain is highlighted by the 
evolution of the number of core areas (C8). 
The value of this parameter had decreased by 
half in 2003 considering the initial 90 sites. 
Additionally, the average area occupied by the 
remnant core areas decreased by 60%. Both 
results show the overall loss of the largest and 
most ecologically intact patches. The remnant 
core sites survived with much smaller areas.  
 

Showing the same tendency as 
the changes registered for the 
core areas, the total area 
occupied by inner forests 
(considering 100-m or 50-m 
buffers, parameters C10 and 
C10b respectively) decayed 
greatly, but with some 
remarkable differences 
concerning the rate of 
reduction. This rate was 

homogeneous in the two sub-intervals for C10, 
but it was notably higher in 1957-2003 for 
C10b. This finding suggests a mechanism of 
alteration mentioned previously: until 1957, the 
most degraded patches were the largest ones. 
However, from that date on, the alteration of 
the forest spread over the whole range of 
forest patches, independent of their size. This 
could indicate an acceleration of the rate of the 
occupation of fluvial territory. The advance of 
urban and agricultural uses, which were 
supported by the hydrogeomorphological 
alteration of the river system, confined the 
forest to areas close to the channel, and the 
spatial structure of the riparian landscape was 
completely lost.  
 
Finally, the parameters C11 and C12 provide 
valuable information about the relationship 
between the forest and aquatic habitats in the 
study reach. The ratio of edge habitats 
increased until 1957 (+10%). This change 
shows that, during this time, the reduction of 
bank habitats was faster than the decay of 
forest edge habitats. In the following interval, 
the situation was maintained in an almost 
invariant manner, indicating that the rate of 
destruction of both habitat types was quite 
similar in the second half of the century. The 
findings for these dates could indicate that the 
alteration of the geomorphological attributes 
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preceded the changes in the spatial structure of 
the vegetation. Subsequently, their relative 
change would be expected to reach a pseudo-
equilibrium state (static equilibrium), in which 
the maintenance of the rates would achieve 
stabilisation related to the reach dynamics.  
 
The ratio between surface forest habitats and 
active channel habitats declined remarkably (-
26%) over the whole investigated time interval. 
Most of this change took place in the second 
half of the century. These values show that, for 
surface changes, the loss of vegetation was 
much greater than the loss of the area of active 
channel from 1957 on. These results are 
consistent with the aforementioned results for 
parameter C11, showing an increased alteration 

of the forest landscape over time, which was 
preceded by the degradation of the 
geomorphological functioning of the study 
reach.  
 
The floodplain area (739 km2) used in this 
analysis was taken from Ollero (2010). Bank 
lengths in 1927 (688,381.23 m), 1957 
(633,334.02 m) and 2003 (598,336.10 m) were 
extracted from Magdaleno & Fernández-Yuste 
(2010b), as was the area occupied by the active 
channel in 1927 (3,602.16 ha), 1957 (3,468.39 
ha) and 2003 (3,136.79 ha).  
 
 

 
Table IV.4. Connectivity parameters of the riparian forests (C1-C12) of the Ebro River in 1927, 1957 and 2003. 

 
Code Parameter 1927 1957 2003 
C1 Number of discontinuities 

(both banks) 
218 220 249 

C2 Length of discontinuities (m) 
 

545,218.82 469,076.62 370,107.80 

C3 Total length of longitudinal 
forested corridors on both 
banks (m) 

143,162.41 164,257.40 228,228.30 

C4 Maximum length of forested 
corridor transverse to the river 
axis (m) 

2,135.54 1,550.89 1,023.37 

C5 Average distance between 
forest patches (m) 

60,581.04 52,049.14 54,693.38 

C6 Patch density (ref. to floodplain 
area in Ollero, 2010) (n/100 ha)

0.55 0.58 0.65 

C7 Edge density (ref. to floodplain 
area in Ollero, 2010) (m/ha) 

9.45 10.09 9.25 

C8 Number of core areas (buffer 
of 100 m) 

90 81 51 

C9 Average area occupied by core 
areas (buffer of 100 m) (ha) 

6.13 4.57 2.60 

C10 Inner forest total area 
(minimum 100 metres) (ha) 

551.86 370.49 132.45 

C10b Inner forest total area 
(minimum 50 metres) (ha) 

1,346.62 1,046.29 533.44 

C11 Forest perimeter (m) vs. banks 
perimeter (m) 

1.014 1.177 1.142 

C12 Forest area (ha) vs. Active 
channel area (ha)  

1.025 0.981 0.762 
 

 
The modification of the main metrics may also 
be represented graphically as indicators of the 
evolution of the fragmentation and 
connectivity patterns of the forest patches. 
Figure IV.7 shows these graphics, which make 

the progressive increase of fragmentation, the 
loss of the structural pattern of the forests, and 
the overall decrease in their connectivity 
quality evident.  
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Fig. IV.7. Graphical representation of the change of the main components of the fragmentation (a) and 
connectivity (b) patterns of the riparian forests in the Middle Ebro, between 1927, 1957 and 2003 

(change(y.19xx)=parameter(y.19xx)/parameter(y.1927)). The overall increase of fragmentation and the large 
decrease of connectivity quality are clearly shown, especially during the second half of the 20th century. 
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4. DISCUSSION 
 
The evolution of the landscape structure of 
the Ebro River riparian forests has exhibited a 
remarkable tendency towards fragmentation 
and homogenisation following the overall 
alteration of its former dynamic 
hydromorphological pattern during the 20th 
century (Magdaleno et al., 2010; Magdaleno & 
Fernández-Yuste, 2010a; Ollero, 2010).  
 
Habitat fragmentation is considered by 
different authors (Forman, 1995; Hanski, 
1999) as a combination of three processes, 
including: (1) habitat loss and (2) true 
fragmentation, i.e. decreased patch area and 
increased isolation of patches, which also 
causes (3) a change in habitat quality with 
respect to edge effects. Fahrig (2003) showed 
that the effect of true fragmentation on 
biodiversity could be either negative or 
positive (moderate disturbance may increase 
the heterogeneity of the landscape), while the 
effect of habitat loss seems to have an overall 
negative impact on biodiversity. Her results 
strengthen the notion that habitat loss is the 
most important negative process in habitat 
fragmentation. In the Ebro floodplain, habitat 
fragmentation has led to intensive changes in 
the size, shape and quality of riparian habitats, 
as shown in the previous section, especially in 
the last decades of the past century.  
 
The response of riparian flora species to 
habitat fragmentation may be carried out in 
different ways, considering that the dispersal 
ability of species is not constant through time, 
as it faces a changing landscape. Riparian 
forests are normally dominated by pioneer 
tree species. Two properties limit the spatial 
distribution of these trees. In addition to 
requiring open patches of alluvial substrates 
for regeneration, such as those created by 
floods, pioneer riparian tree species require 
water at or near their rooting zone during the 
growing season, favouring their establishment 
on river floodplains. However, flooding in 
these otherwise suitable areas periodically 
causes high mortality, and this mortality 
opposes the widespread establishment of 
pioneer stands. Hence, the distribution of 
these trees represents a compromise between 
their requirements for high levels of soil 
moisture and sunlight and their vulnerability 

to floods (Miller et al., 1995), and it also 
depends upon the state of the landscape at the 
time control measures are initiated (Baker, 
1992). The Ebro system reflects the 
functioning of these processes, and its current 
landscape derives from changes due to this 
compromise. An additional agent that limits 
the development and distribution of pioneer 
and non-pioneer species is the duration and 
magnitude of summer droughts, which 
represent a very active factor in the specific 
case of the Ebro River, as shown in former 
reports (Magdaleno & Fernández-Yuste, 
2010a).  
 
According to González et al. (2010), the area 
currently occupied by non-pioneer forests 
relative to pioneer forests in the Middle Ebro 
is much higher than it was in the absence of 
regulation. They conclude that whether the 
current hydrogeomorphic patterns are 
maintained, it is likely that most of the existing 
forests will not disappear but will continue to 
age, while new pioneer forests will be confined 
to smaller and more dynamic areas where the 
effect of floods is recurrently destructive 
(usually close to the main channel or in-
channel areas). Concerning the distribution and 
ecological features of wetlands in the Middle 
Ebro floodplain, Gallardo et al. (2007) also 
suggested that confinement and lack of 
disturbance events have led to water 
salinisation, eutrophication, habitat 
homogenisation and natural succession of the 
communities towards more adapted structures 
with lower biodiversity in the remnant 
wetlands. 
 
This report effectively shows that the 20th 
century has witnessed a progressive tendency 
of the once large riparian forests of the Ebro 
floodplain towards atomisation. In 1927, the 
Ebro landscape already showed the traces of a 
long history of human land use, although at 
that time, the more active pattern of its 
hydromorphological behaviour allowed the 
maintenance of large and heterogeneous forest 
patches dominated by pioneer species. The 
parameters related to form clearly show a rapid 
homogenisation of the size and shape of the 
patches along the corridor, which was 
especially remarkable during the 1957-2003 
interval.  
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Most remarkably, the parameters related to 
connectivity show that the modification of the 
forest mosaic, which is characterised by a great 
loss of the area of patches and a progressive 
elongation and adjustment to the channel 
edges, has been accompanied by an increase in 
the forest discontinuity along the meandering 
corridor. The most altered patches are 
precisely those associated with the most 
ecologically valuable core areas. The overall 
pattern of the new forest is characterised by a 
linear structure, composed of small and 
discontinuous patches. Pioneer species can 
find no open spaces for regeneration because 
the progressive narrowing and stabilisation of 
the channel (Ollero, 2007; Magdaleno et al., 
2010) hampers the creation of new shallow 
sites connected to the channel. These results 
would appear to be in agreement with the 
hypothesis of González et al. (2010) of an 
approaching recession in the activity of pioneer 
species, as in some cases, the forests they 
dominate have been ageing for decades, and 
they may only find new places for regeneration 
on in-channel islands and small riparian areas 
where the river dynamics maintain some of 
their former activity (Magdaleno & Fernández-
Yuste, 2010b).  
The parameters related to connectivity in the 
Ebro floodplain also show that alteration of 
the hydromorphological pattern in the region 
preceded the profound transformation of its 
riparian forests. In recent decades, the 
stabilisation of forms and ecological processes 
could have been hampered by combined 
biogeomorphic forces, leading to a static 
equilibrium that currently fixes the dynamics of 
the Ebro and prevents almost any 
ecomorphological evolution. Hence, any 
attempt towards recuperation of the ecological 
functions of the Ebro system should aim at (i) 
the conservation of the remnant geomorphic 
activity of the meandering corridor and the 
active rehabilitation of the most active sub-
reaches; (ii) the conservation of the largest 
forest patches and the few remnant core areas 
as a way to protect the biodiversity and 
dynamic reservoir of the once free-meandering 
channel; (iii) the rehabilitation of the fluvial 
territory, at least to its core dimensions before 
the last major alteration of the river pattern; 
this could also be a powerful tool to facilitate 
the reconnection of the floodplain wetlands 
with the main channel and to enhance the 
progressive transformation of the collapsed 
forest patches to a more active, pioneer-

dominated, long-lasting landscape forest 
structure; and (iv) the identification of the 
patches that are most vulnerable to exogenous 
pressures or selection for preservation of those 
patches most likely to be resistant to such 
pressures.  
 
In a similar study, Rex & Malanson (1990) 
observed that patches with low interior to edge 
ratios might be given priority for short term 
actions and attention, while those with high 
ratios might be the better candidates for 
purchase and reserve programs because the 
former may be more immediately vulnerable, 
and the latter may have better promise for 
continuity. Thus, patch shape should be 
considered when devising strategies for 
restoration of the riparian zones in the Middle 
Ebro.  
 
In recent decades, the Ebro floodplain has 
suffered an intense trend of the stabilisation of 
its geometric forms and the constraining of its 
connectivity processes. The expected structure 
of the riverscape observed in future decades 
might be very similar to the one observed 
today. However, should the river system 
continue its path towards stabilisation, its 
associated forest patches will grow older, and 
the resistance of vegetation to the already 
homogenised flow regime will promote the 
current position of the banks becoming 
increasingly fixed in the floodplain. Hence, the 
biogeomorphic-based trend towards total 
stabilisation could be accelerated, leading to an 
ecological status further from desirable 
reference points. The requirements of the 
European Water Framework Directive and the 
Flood Risk Directive demand the active 
prevention of such deterioration of the 
ecological and hydromorphological patterns of 
river systems. The Ebro is one of the largest 
Mediterranean rivers, and its social, economic 
and ecological importance is well established. 
The implications of its ecogeomorphic 
evolution in the 20th century are, thus, 
particularly valuable for the development of 
new management scenarios that are capable of 
preserving the Ebro system’s capacity for 
supporting human uses and of restoring the 
core ecological values and functions of this 
unique channel.   
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5. CONCLUSIONS 
 
The central sector of the Ebro River (ca. 250 
km long), which was characterised in the early 
stages of the 20th century by freely meandering 
functioning and \ dynamic geomorphological 
and ecological behaviour, has suffered a major 
alteration of the landscape structure of its 
riparian forests in the last eight decades.  
 
This report identifies the core trends of change 
of these forest patches using a two-fold 
approach related to evolution of forms and 
connectivity processes. The landscape structure 
of the forest is characterised by dramatic 
fragmentation and habitat loss. The quality of 
the patch structure decayed greatly from 1927 
to 2003. Some key features of this evolution 
are (i) decrease in the total forest area, (ii) 
reduction of the patch area, which is especially 
clear in the formerly large patches, (iii) 
progressive isolation and atomisation of the 
forest patches, (iv) overall loss of connectivity 
in the landscape pattern, and (v) the trend of 
riparian forests becoming more linear and bank 
associated.  
 
The major changes in the forest structure 
developed progressively during the study 
period, but the rate of alteration has increased 
greatly in the last four decades, preceded by a 
dramatic modification of the geomorphic 
functioning of the river system. From this time 
on, the biogeomorphic activity of the channel 
seems to have fed back to the process of 
ecological homogenisation and of moving 
towards a static geomorphic equilibrium. The 
landscape structure of the forest is, currently, 
completely associated with the aquatic 
environment of the river system and exhibits 
little capacity for enhancing any increase in the 
channel dynamics.  
 
This functioning could drive this system 
towards the replacement of the dominance of 
pioneer with non pioneer species in future 
decades, with a matrix dominated by 
agricultural and poplar cultivations. Isolated 
forest patches could grow much older and be 
very poorly regenerated because juvenile 
sprouts of pioneer species could be confined 
to in-channel islands and to the few remnant 
dynamic sub-reaches in the study area. This 
trend could enhance the loss of biodiversity in 
the Ebro floodplain based on the lack of 

connectivity of forest and wetland patches and 
a major decrease in the quality of remnant 
habitats. The loss of variability in the 
geomorphic and ecological features in the 
region may also foster the introduction and 
establishment of alien species, some of which 
(e.g., zebra mussel) are already generating large-
scale difficulties for water management and the 
conservation of protected species in the basin. 
 
Hence, the rehabilitation of the landscape 
structure of forest patches in the Middle Ebro 
should be based on the conservation of the 
few dynamic remnants of the former free-
meandering corridor and the partial 
recuperation of the fluvial territory. This would 
constitute a new management scenario for the 
hydromorphological functioning of the system, 
including a greater variability of features and 
environments. The restoration of the forest 
landscape could be planned on this basis, 
identifying as a first stage those patches more 
vulnerable to exogenous pressures or selecting 
for preservation those patches most likely to 
be resistant to such pressures. Landscape 
restoration would also enhance the 
reconnection of patches in the agricultural and 
urban matrix and the promotion of the 
dynamic equilibrium of the Ebro floodplain, 
which is the only scenario capable of assuring 
an adequate long term functioning of the 
ecological and geomorphological structure of 
the Ebro system, in accord with core legal and 
scientific requirements and recommendations.  
 
The landscape evolution of the Ebro system 
has exhibited complex functioning associated 
with local features and pressures and with 
other driving forces in its large basin, e.g., the 
long history of human uses in the floodplain of 
the Ebro River and its largest tributaries. Thus, 
any attempt towards the restoration of this 
large Mediterranean channel should take into 
account the overall behaviour of the river 
system and the local fluxes and processes that 
explain the differences in the structure and 
evolution of the different river sub-reaches. 
The functioning of the Ebro River is currently 
much better understood than in former 
decades, but efforts still must be made to 
establish the most adequate guidelines for its 
rehabilitation and management.  
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CONCLUSIONS AND RECOMMENDATIONS FOR THE RESTORATION AND 
MANAGEMENT OF THE MIDDLE EBRO 

 
 

Un testimonio de 1133 – citado por Jerónimo Zurita en los Anales de la Historia de Aragón – señala que Alfonso el Batallador, poco después de 
la conquista de Zaragoza, “mandó echar al agua en el río Ebro sus galeras y otros navíos que llamavan buzas, y según se conjetura era apara 

baxar por el Río a la Mar, y hacer la guerra a los Moros de la costa de Poniente...; lo qual será menos dificultoso de creer a quien tuviere entendido 
que este Río, en lo antiguo, quando los Romanos fueron señores de la tierra, se navegava hasta llegar al lugar que ellos llamavan Uaria, que estava 

muy junto donde después fue poblado Logroño, lo cual en el suceso del tiempo se ha perdido como otras cosas de no menos utilidad”.  

 
 
 

After the characterization of the ecological and 
hydrogeomorphological evolution of the 
Middle Ebro, and after the analysis of the 
ecological implications for its restoration, the 
following range of conclusions and 
recommendations may be established. They are 
grouped following the main functional items 
developed in this document.  
 
 
Functioning of the middle Ebro system 
 
1. The flow regime is a major force in the 
ecological and hydrogeomorphological 
behaviour of the middle Ebro. The analysis of 
the evolution of the main components of the 
hydrological regime shows that the growing 
regulation of the Ebro basin, along the 20th 
century, has had a remarkable affection on 
summer flows. Their value increased 
intensively, specially during August and 
September. Concerning the flood regime, their 
magnitude and frequency have decreased, but 
in a much slighter way, and with a lower 
environmental meaning.   
 
2. The hydrological alteration has fostered the 
development of new ecological and 
geomorphological processes, very different 
from those dominant in the early 20th century. 
The homogenization of the flow regime has 
accelerated the reduction of the physical and 
environmental variability of the study reach. 
This has generated proper conditions for the 
growing occupation of the river margins and 
for the modification of the fluvial landscape in 
the whole system.  
 
3. The geomorphological activity of the 
channel and its floodplain has suffered an utter 
transformation along the temporal scenario 
analyzed (1927-2003). The channel sinuosity 

has drastically reduced, and this decrement was 
specially remarkable on the length and physical 
complexity of the channel banks. This loss of 
bank sinuosity produced a large increment of 
the affection of external pressures on the 
aquatic ecosystems. Some geomorphic 
parameters, such as the bankfull width, the 
width of riparian areas and the area occupied 
by the fluvial territory have decreased more 
than 50%. The river system loses, thus, more 
than half of its original size in 1927, and suffers 
a general metamorphosis: the middle Ebro 
becomes a system dominated by its aquatic 
component, when just some decades ago, the 
riparian component of the system was 
dominant in size and functioning.  
 
4. The alteration of the geomorphic parameters 
has become a most common process along the 
study reach, but was concentrated, at the time, 
on the second half of the last century, and on 
those sub-reaches where the ecological and 
geomorphological dynamism was higher in the 
early 20th century. The historical occupation of 
the Ebro floodplain meant that, in that time, 
many river segments were already deeply used 
by agricultural activities. Nevertheless, there 
were still large areas where river dynamics and 
habitats were rich and complex. These zones 
have been progressively occupied in the last 
decades, losing the biggest portions of this 
formerly active fluvial territory.  
 
5. The geomorphological transformation of the 
river contrasts with the maintenance of the 
shape parameters of the river planform 
(wavelength, amplitude, radius of 
curvature,…). This apparent incoherence 
suggests a basic change of the river 
functioning, from a status of dynamic 
equilibrium to a status of static equilibrium. 
Thus, the unchanging pattern of the river 
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geometrics may be associated, nowadays, to an 
utter lack of geomorphic activity, which makes 
impossible the evolution of the fluvial forms 
and the development of new geomorphological 
adjustments, capable of conferring 
ecomorphological activity to the river system.   
 
6. The riparian vegetation has reacted briskly to 
the hydrogeomorphological alteration of the 
study reach: the original mosaic spatial 
structure of the riparian forest stands changes, 
in the 21st century, to a linear and thalweg-
close structure. The spatial distribution of the 
riparian vegetation shows a remarkable 
fragmentation and a notorious habitat 
reduction, comprising: 
 - (i) the decrement of the area 
occupied by riparian forests (-35%), 
 - (ii) the reduction of the average size 
of forest patches (-50%), 
 - (iii) the loss of the most ecologically 
valuable forest patches, 
 - (iv) the progressive isolation and 
atomization of the forest patches. 
 
7. The alteration of the forest corridor has 
been progressive, but accelerated through the 
last decades. From the 60´s, the 
biogeomorphic activity of the river feedbacks 
the ecological homogenization of the fluvial 
system and its trend towards a 
geomorphological static equilibrium. The 
nowadays functioning of the forest corridor 
may drive, in future decades, into a structure 
dominated by non-pioneer species, inside a 
matrix characterized by agricultural and forest 
cultivations. This process of ecological 
impoverishment could enhance a drastic loss 
of biodiversity, a decrease of the fluvial 
habitats quality, and the progressive 
colonization of the river habitats by alien 
species.  
 
 

Recommendations for the restoration and 
ecosystem management of the Middle 
Ebro 

8. The improvement of the functioning of the 
Middle Ebro, with the objective of promoting 
its ecological restoration, obliges to the 
amelioration of some of its basic 
hydromorphological processes. First of all, the 

improvement of its flow regime is a basic goal 
of the proposed shift in its management, 
avoiding further alterations of its flood regime, 
and favouring the progressive re-naturalization 
of its summer flows, in order to avoid the 
maintenance or even the increase of the 
physical and environmental homogenization of 
the study reach.  
 
9. The rehabilitation of a part of the former 
fluvial territory is also a fundamental 
requirement for the promotion of a minimal 
geomorphic activity in the river system. This 
activity could enhance the ecological dynamism 
of the system, and avoid, at the time, an 
increase in the flood risk in the middle Ebro 
floodplain. The present human occupation of 
the river floodplain makes impossible, in the 
short term, the recuperation of most sub-
reaches of the study area. However, the still 
active zones must be urgently protected, in 
order to avoid the total collapse of the system. 
Besides, the progressive rehabilitation of new 
sub-reaches should be considered, under a 
management scenario that allows, 
simultaneously, the utilization of the alluvial 
plain by human and the development of some 
of the fluvial processes lost along the 20th 
century.  
 
10. The improvement of the structure and 
composition of the riparian areas should be 
another core goal of an ecosystem 
management of the middle Ebro. This 
procedure should limit the continuous trend to 
fragmentation and to the loss of connectivity, 
observed in the riparian forest corridor along 
the last decades. Thus, there is an urgent 
necessity of protecting actively the last 
examples of the former forest patches, and 
also of avoiding the development of actions 
that fosters the decay of the biological and 
structural diversity of the study reach.  
 
11. The new legal requirements and the 
improvement of the scientific knowledge 
promote a management scenario based on the 
restoration of the ecological integrity of the 
middle Ebro. The conservation and 
recuperation of the river processes should not 
be considered as a handicap for the 
development of human activities in the river 
floodplain, since the good status of the river 
Ebro is a guarantee of the future continuity of 



Conclusions and recommendations 

 

 

 

91

its functions and values, and also a guarantee 
of the human uses associated to them.  
 
 
Description of preferential research lines 
 
12. The hydrogeomorphological and ecological 
complexity of the middle Ebro and the 
physical and environmental of its main 
tributaries suggests the interest of promoting 
new analyses of its global functioning and 
evolution, under different climatic scenarios. 
Thus, it seems essential to conduct new studies 
related to the hydrologic behaviour of the 
Ebro basin and to the distribution of its core 
hydrological regions. The analysis of the 
hydrological balances in the basin should 
comprise the sedimentary regime, since this is a 
still not well-understood component of the 
flow regime in the Ebro basin, despite its 
importance for the drainage network 
functioning.  
 
13. The improvement of the knowledge about 
the flow regimes in the Ebro basin should be 
accompanied by the development of new 
analyses capable of dealing with the influence 
of the evolution of soil uses on the 
hydrogeomorphological and ecological 
functioning of the river. The management 
model of the basin is directly associated to the 
evolution of the river system. Thus, it is 
necessary to analyze which are the global 
territorial processes that promote further 
environmental affections on the river status, 
and how they can be managed, in order to 
minimize its impacts.  
 
14. The global analysis of the processes and 
cycles that regulate the functioning of the Ebro 
basin and river system is basic for 
understanding its past and future evolution. 
However, it is also necessary to improve the 
knowledge about the functioning of the critical 
segments of the river, understood as those that 
mostly control the hydrogeomorphological 
behaviour of the river, due to their physical or 
environmental dynamism.  
 
15. The functional and structural complexity of 
the middle Ebro difficult the development of 
the afore-mentioned analyses, without the 
support of new tools and procedures. Among 
other questions, it is of greatest interest (i) the 

application of new techniques for the 
estimation of the hydrological alteration of the 
flow regimes, (ii) the development of 
ecohydrological management of the basin, (iii) 
the fulfilment of thorough analyses of the river 
landscapes, and (iv) the improvement of the 
remote sensing techniques, specially those 
related with LiDAR technology, since they 
have already shown its effectiveness in the 
territorial management of the Ebro basin.  
 
16. Finally, it is necessary to highlight that the 
management shift of the middle Ebro, in order 
to fulfil the rehabilitation of its ecological and 
hydrogeomorphological integrity, requires a 
scenario of adaptative and participative 
management, flexible enough for (i) 
incorporating further improvements in the 
knowledge of the river system, (ii) 
implementing the legal requirements of the 
European and Spanish legislations, (iii) 
allowing that all social agents related with its 
management become effectively conscious of 
its singularity, fragility and importance. The 
good future status of the middle Ebro will 
mean well-being and development for the 
populations that most directly depend on its 
functions and values, and it will offer, to the 
whole society, a range of first-order cultural, 
ecological and recreative values, in the 
Mediterranean environment.  
 
 
 
 
 
 
 

 
 

 

 
 
 
 
 

 

 




