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ABSTRACT 

Generally, human pressures including dam construction, land use conversion in the 

floodplains and inter basin water transfers are considered determinant drivers of change on the 

surrounded environment. These anthropogenic effects are reflected in the hydro-morphological 

response of the river which lead to morphological changes through passing decades.  

This thesis seeks to contribute to a better understanding of the evolution in large rivers facing 

human pressure such as water transfer, changes in international policy, flow regulation, river 

regulation, and etc. with remote sensing as the main source of information. The analysis of the 

river character and the assessment of the river structure and its function at large scale represent 

crucial investigation to evaluate the river alteration. For this reason, in this thesis the assessment 

of the geomorphological changes in parallel with the land use and land cover changes in the 

floodplain were evaluated by using remote sensing techniques (i.e., aerial photo digitization, and 

machine learning including Support Vector Machine and Neural Network). Moreover, a 

complementary diagnosis has been carried out by combining different approaches: (1) Simple 

geomorphological indicators, (2) Specific geomorphic indexes, (3) Landscape metrics and (4) 

Transition matrices by using machine learning or manual digitization, together with the analysis 

of flow discharges.This methodological procedure allowed investigating landscape patterns from 

continuous long-term interaction between different categories in the floodplain zone and river 

hydro-geomorphology at time scales relevant to tracking the impact of the river alterations.  

The geomorphological evolution found in the rivers is explained by the synergic combination 

of different human pressures along time in the study areas. Flow regulation by large dams 

influenced this evolution, together with water-transfer and floodplain occupation by farmland 

activities that were more relevant in the last years leading to channel narrowing in all three study 

cases. River dynamisms, figured out as the amount of area subject to rejuvenation and succession 

processes was reduced along the study period, while artificialization has been continually 

increasing.  

In summary, three large rivers under Mediterranean and semi-arid climates, respond to the 

main driving factor (irrigation farming demand) with similar pressures (large dams, water 

transfers, increasing the farming lands, and riparian occupation) by reducing their active channel 

and by a generalized incision process. 

 

Keywords: Geomorphology, Large River, Anthropogenic, Machine Learning, 

Floodplain, Remote Sensing, Hydro-morphology, Flow Regulation, Water Transfer  
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RESUMEN 

 

Generalmente, las presiones de origen antrópico, incluyendo la construcción de presas, la 

conversión de usos en la llanura de inundación y los trasvases de agua entre cuencas, son agentes de cambio 

determinantes en el medio ambiente. Estos efectos antrópicos se reflejan en la respuesta hydromorfológica 

del río apreciándose cambios morfológicos a lo largo de las décadas. 

Esta tesis contribuye a una mejor comprensión de la evolución de grandes ríos afectados por 

presiones antrópicas como los trasvases de agua, los cambios en política internacional, la regulación de 

caudales, etc., siendo la teledetección la principal fuente de información. El análisis de las características 

del río y la valoración de su estructure y función a gran escala representan una investigación crucial para 

evaluar la alteración de los ríos. Por esta razón, en esta tesis la valoración de los cambios geomorfológicos 

paralelamente con los cambios de usos y coberturas en la llanura de inundación fueron evaluados mediante 

técnicas de teledetección, es decir, digitalización en ortofotografía aérea y algoritmos de aprendizaje 

automático (machine learning) incluyendo Support Vector Machine y Neural Networks. Además, se ha 

realizado una diagnosis complementaria combinando diferentes enfoques: (1) indicadores geomorfológicos 

sencillos, (2) Índices geomorfológicos específicos, (3) métricas de paisaje y (4) matrices de transición 

utilizando algoritmos de aprendizaje automático o digitalización manual, junto con el análisis de caudales. 

Este procedimiento metodológico permitió la investigación de los patrones del paisaje resultantes de la 

continua interacción a largo plazo entre las coberturas en la llanura de inundación y las condiciones 

hidromorfológicas del río a una escala de tiempo relevante para describir la trayectoria del impacto en la 

alteración del río.  

La evolución geomorfológica experimentada por los ríos analizados queda explicada por la 

combinación sinérgica de las presiones humanas a lo largo del tiempo en las áreas de estudio. La regulación 

de caudales por grandes presas determina esta evolución, junto con los trasvases de agua entre cuencas y la 

ocupación de la llanura de inundación por actividades agrícolas que son más relevantes en los últimos años 

conduciendo a un estrechamiento del cauce en los tres casos considerados. El dinamismo del río, 

considerado como la cantidad de área sujeta a procesos de rejuvenecimiento o sucesión se ha visto reducida 

a lo largo del periodo de estudio, mientras que la artificialización ha crecido progresivamente. 

En definitiva, los tres grandes ríos analizados, sujetos a climas Mediterráneos y semi-áridos, 

responde a un agente principal (demanda de riego y agricultura) con presiones similares (largas presas, 

trasvases de agua, y ocupación de la llanura de inundación) mediante la reducción del cauce activo y un 

proceso generalizado de incisión. 

 

Keywords: Geomorfología, Gran río, Antrópico, Machine learning, Llanura de 

inundación, Teledetección, Hydromorfología, REgulación de caudales, Trasvase de agua.   
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1. INTRODUCTION AND OBJECTIVES 
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   Aras River, Iran. 



 

9 
 

1. INTRODUCTION AND OBJECTIVES  

Human pressures on river systems pose a major threat to the sustainable development of 

human societies in the twenty-first century (Ceola et al., 2019). Indeed, previous researchers 

have shown detrimental impacts of human pressure on the rivers even at the global level. 

Regarding this, to prioritize management and river restoration initiatives at regional levels, 

human pressures should be evaluated at different regions around the world. Analyzing the 

spatio-temporal trend in human activity on river basins is essential for establishing and also 

developing the large-scale strategies so demanded up to date with the final aim of sustainable 

human development (European Commission, 2000). Then, the study of anthropogenic effects 

and river dynamism should be investigated at detailed level based on local information of the 

spatio-temporal distribution of river condition including river discharge, land use in river 

landscapes and human population associated interrelationships. 

Generally, human pressures including dam construction, land use conversion in the 

floodplains (i.e., agriculture and urban areas expansion), and inter basin water transfers are 

considered determinant drivers of change on the surrounded environment (Cattanéo et al., 

2021). These kinds of pressures have impacts on both upstream and downstream river 

ecosystems which constitute obstacles for changes along rivers and disrupt many natural 

environmental processes. Indeed, they cause changes in ecosystems at great distances from the 

dam (e.g., alteration of flow regime, sediment availability, floodplain alteration, land cover 

changes, and riparian vegetation communities changes) (Lourival et al., 2011; Kellogg and 

Zhou, 2014; Czortek et al., 2020), which in turn has long-term implications and ultimately affect 

river process (Mitsova et al., 2011). Over decades and centuries, the domino effects of anthropic 

pressures have been affected the biogeomorphological interactions between riparian vegetation 

dynamics (Naiman et al., 2005; Han et al., 2020; Kasprak et al., 2021), and land use (Gordon 

and Meentemeyer; 2006; Luo et al., 2020) in the geomorphological configuration of river 

channels. The artificiality trends need to be assessed as a diagnosis tool prior to the design of 

sustainable and efficient restoration measures.  

The river dynamic has been long analyzed, however, scientific recognition and 

understanding of fluvial geomorphology need more investigation to transfer into river 

management policy and practice (Grabowski and Gurnell, 2016). The hydro-geomorphological 

character of rivers is being influenced by processes functioning at larger spatial and longer 

temporal scales. Hydro-geomorphological changes along the rivers essentially have to involve 

for river characters which can influence water movement and sediments (Gurnell et al., 2015). 

Previously, physical factors in the geomorphological aspects were analyzed and expressed in 

the studies. However, more recently, riparian vegetation has been considered to the conceptual 

of rivers system and geomorphological functioning (Gurnell et al., 2015; García de Jalon et al., 

2020). Indeed, the vegetation has an important impact in river ecology due to both action and 

reaction to the geomorphological processes setting in the river floodplain (Jerin, 2021). Thus, 

the interaction between geomorphic and vegetation turn up across a range of spatial and 

temporal scales (Gurnell et al., 2015; Han and Brierley, 2020; González del Tanago et al., 

2021). Regarding this, geomorphological aspects of the rivers should be considered and 
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evaluated to anticipate and guide their management all over the world (Gurnell et al., 2015), 

but particularly for the regions considered in this thesis. In the European context these 

guidelines are proposed following the European Water Framework Directive (WFD).  

Continually, in Iran, based on National Water Law and also National River Protection Law, all 

local and industry activities have to be considered by assessing the fluvial geomorphological 

aspects and river system should be taken into account to achieve better status. Indeed, the 

priority of water management should be concentrated not only dispelling human demands, but 

also protecting those areas, maintaining ecological situation, and preserving the aquatic 

environment (Gierszewski et al., 2020).  

In accordance with the mentioned descriptions, this research within the PhD thesis of mine 

has attained to assess and evaluate the geomorphological reactions of the river that are suffering 

from artificiality processes. The research in this thesis addressed three substantial themes. First, 

the assessment of the spatio-temporal evolution of geomorphological conditions and riparian 

vegetation after 70 years under several anthropic pressures. Second, to assess how 

geomorphology conditions and land cover in the floodplain have been affected by river 

dynamics along an international border. Finally, to evaluate the effects of inter-basin water 

transfers on land use changes in the floodplain and the geomorphological evolution of a fluvial 

system on the receiving basin. In all these cases, rivers have been extremely affected by 

anthropogenic impacts which are facing the geomorphological changes at different spatio-

temporal scales. 

Following these lines, within this PhD thesis the specific context has been developed and 

briefly presented, followed by general methodological approaches required to figure out the 

objective proposed in this research. Then, the results are described in a series of chapters, and 

finally, discussion and conclusions are presented. 

 

 1.1 Geomorphological change detection in fluvial corridors affected by human 

pressures 

Rivers in the Mediterranean region are particularly affected by human impacts which 

modify hydrology, sediment fluxes, and channel forms at different scales. Indeed, changes 

caused by human actions are often more intense and faster than the ones initiated by natural 

processes. Dams stand out among the most frequent anthropogenic impacts, as they alter flow 

regimes, interrupt the sediment transport, and subsequently change downstream erosion and 

deposition patterns (Brant, 2000; Vericat and Batalla, 2006; Charoenlerkthawin et al., 2021). 

Overall, the impacts of dams in drylands tend to be more pronounced than those in more humid 

regions, since channel form and river ecology are adapted to highly variable flows (Gasith and 

Resh, 1999; Batalla et al., 2004; Grabb et al., 2021). Major processes of river transformation 

involved, such as channel narrowing or channel bed incision are associated with habitat loss in 

these degraded fluvial systems (Pavlek and Faivre, 2020). 

The chronological assessment of channel geomorphology is considered an essential 

element to analyze rivers and has been recognized as an important factor in restoring and 
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managing the river (Grabowski et al., 2014; Pavlek and Faivre, 2020). This not only can identify 

the different reasons for artificiality (e.g., degradation) but also would assess the 

geomorphology status and the possibilities for the morphological recovery of the river 

ecosystem.  

In this century, water demand has become one of the most critical issues in the entire world 

(Wolf et al., 1999) and future scenarios are even worse with the half of the world population 

suffering water shortages by 2030 according to Tien Bui et al. (2020). Particularly, in Iran, 

international river basins have been subjected to rules that in some cases have caused struggle 

and conflicts. Those might be conducive to generate fluvial alterations due to cultural 

differences and historical events (Yousefi et al., 2015; Mianabadi et al., 2020). Additionally, 

Humans and ecosystems are being threatened due to increasing the water demand and also 

hydroclimatic alteration around the world which mostly influence the international boundaries 

and would add a dimension of difficulty to governance issues (Milan and Gerlak, 2020). 

Recently, Hydro-diplomacy has contributed to negotiate and enhance the cooperation among 

the international basin to lead riparian stakeholders to the sustainable solutions which 

commence the way avoiding ecosystem degradation or at least keep at the minimum rate of 

artificiality changes (e.g., urbanization, agriculture, land cover changes and damming) in the 

fluvial corridor (Klim et al., 2019).  

In the last decades, due to water shortage and the tension which cause the social 

dissatisfying and economic bankrupt, Inter Basin Water Transfer has been established to make 

regional equilibrium to reduce the crisis in the area with climate variation (Roozbahani et al., 

2020). The distribution of water resources and also the increase of water demand due to human 

needs led to difficulties in the case of water management (Zarghami et al., 2009). This solution 

has been widely proposed to mitigate the crucial water demands in the water-deficits basin by 

transferring water from donor basin. Approximately, 14% of the total water extracting from 

rivers was done by inter basin water transferring (Gohari et al., 2013) which was forecasting to 

increase to 25 % by 2025 (Sinha et al., 2020). This hydrological alteration would have inevitable 

consequences for the river geomorphology which continually would influence the river system 

and stakeholders. The consequences of inter basin water transfer have been studied in all around 

the world by relating their merits and demerits in both surplus basin and destination basin. 

However, these effects and analysing from a geomorphological point of view in some cases 

hasn’t been already evaluated. Moreover, the geomorphological consequences of water transfer 

projects would be synergic to land cover and land use change together with flow regulation 

(e.g., changes in hydrologic response, soil erosion, and sediment dynamics characteristics) 

(Spalevic et al., 2020).  

All of this abovementioned description, may emphasize the influence of anthropogenic, 

particularly damming, that has been considered as the main pressure affecting the studied rivers 

in this thesis. Regarding this, the role of artificiality was taking into account to interpret the 

geomorphological change across scales.    
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 1.2. Interest of remote sensing and machine learning in fluvial classification 

Nowadays, the high availability of data (e.g., hydrological data and aerial images) and the 

technologies for their analysis (i.e., GIS and machine learning algorithms) provide new 

opportunities to make a more detailed analysis of the geomorphological changes over time. 

Furthermore, the use of geographic information system (GIS) for conducting riparian analysis 

and the recent availability of high-resolution data and imagery have gained more popularity 

over the last decades (Xiang, 1993; Newson and Newson, 2000; Goetz et al., 2003). This allows 

the integration of a large number of variables to characterize the potential riparian area. Hence, 

different GIS-based methods are already available, which attempt to integrate multi riparian 

physical attributes such as channel characteristics and land cover (Baker et al., 2006). 

Ultimately, the spatial delineation of riparian areas remains critically dependent upon the 

ecosystem service being studied.  

Recently, remote sensing and machine learning have been widely flourished and have been 

suggested by previous authors to analyze floodplain geomorphological changes and particularly 

evaluating land cover changes by using satellite images. Regarding this, Support Vector 

Machine (SVM) could provide a complementary demand of large zones and it also could be 

used to assess morphometric indexes in the case of rivers. Together with analysing the aerial 

photograph, applying the machine learning to classify the categories in the floodplain buffer 

zone could be used to detect changes and fluvial reactions. The advance in machine learning 

and remote sensing techniques are emerging as a mighty methodology to classify the river 

segments in the large scale. Machine learning as the conventional approach was used to process 

data in batches and increase the availability to analyse river in the large scale (Montiel et al., 

2021). In this context, the use of Support Vector Machine and Neural Network have widely 

expressed as adequate strategy to interpret the geomorphological changes through passing years 

and both were considered as useful tools to assess the land cover evolution (Silva et al., 2020).  

In this thesis, the assessment of the geomorphological changes in parallel with the land use 

and land cover change were evaluated by using the machine learning. Indeed, comprising the 

Support Vector Machine and Neural Network implied better interpretation. This 

methodological procedure allowed investigating landscape patterns from continuous long-term 

interaction between different categories in the floodplain zone and river hydro-geomorphology 

at time scales relevant to tracking the impact of the river alterations.  

 

1.3. Applying geomorphological indexes to understand fluvial corridor evolution 

Channel mapping to investigate changes has long been key to analyze geomorphology 

research. Indeed, assessing geomorphology for the very large river system has been done by 

satellite remote system to observe alteration (Boothroyd et al., 2021). 

The graphical methods were widely used to evaluate river character and consider the spatial 

distribution of river reaches (Junqueira et al., 2021). Indeed, this research emphasize the 

evaluation of the more geomorphological aspects by combining different methods which would 
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hold great practical interest.  Although long term geomorphological analysis has been widely 

used (e.g., active channel width, land cover change, and etc.), such combination of methods 

(e.g., Lobera et al., 2015; Pérez-Sánchez et al., 2020) were used to analyze the 

geomorphological change, and to assess the spatial-temporal evolution of river fluvial 

conditions together with land cover analysing along the case studies. 

At this point, this study improves the understanding and investigates the relationships and 

feedbacks between channel adjustments and riparian vegetation dynamics in the floodplain by 

combining geomorphological indexes and land cover changes in the last decades.  
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2. METHODOLOGY 

2.1. Location and geographical context 

The research in this thesis was carried out along three rivers located in two countries (Figure 

1). Firstly, in the Tagus basin which is in central part of Spain. The second one located in the north 

west of Iran that is in Aras basin and finally the last one which located in the Iran central plateau 

in the Zayandeh-rud basin.  

 

 

Figure 1. Case studies in this thesis, A) Tagus River in Spain; B) Aras River in Iran and C) 

Zayandeh-rud River in Iran. 

 

2.1.1. Tagus river  

This study segment commences after the confluence between Jarama River and Tagus River, 

which is close to Huerta de las Cabezadas town, and it finishes where a thermal power plant is 

located (Central Térmica de Aceca). This river which is longest in the Iberian Peninsula, arises in 

central Spain and flows into the Atlantic Ocean (Portugal) with 66.5% and 33.5 % of its basin area 
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belonging to Spain and Portugal respectively (Valerio et al., 2021). Mediterranean climate is 

dominant in this basin together with continental feature which leads temperature asymmetrically 

distributed within the basin. Continually, as the Tagus basin is the most populated basin in Spain, 

the severe anthropogenic pressure conducive to tension in the basin by the high human activity 

(e.g., water transferring toward Southern basin, flow regulation, urbanization, and agriculture). 

 

2.1.2. Aras River 

The Aras River reach is located in the north west of Iran which is the frontier between Iran, 

Nakhchivan Autonomous Republic, Armenia and Azerbaijan. It is worth to say that the study area 

is between two large dams which control the flow discharge. The channel width of Aras in some 

part close to Jolfa (Iranian territory) get close to 200 m and channel depth is nearby 3 m. As the 

river drains an area of 97,000 km2, Aras basin due to its specific geomorphological situation has 

been mostly altered and caused having noncompliance frontier line with Aras River bed. The Aras 

River has been regulated in the Iranian territory since 1971 by Aras Dam and continually has been 

regulated again by Khoda-Afarin dam since 2009. Peak discharges usually occur in March and 

April due to snow melting in the waterhead which makes releasing water from reservoir to 

downstream. However, in the last years presumably due to climate change some peak changes has 

been reported in January and February which should not having snow melting.  

 

2.1.3. Zayandeh-Rud River 

The study area in this case is located in the central of Iran with an approximate length of 350 

km. In this area the upper reach of the Zayandeh-rud River was channelized due to Inter Basin 

Water Transfer. It should be said that 13 sub-basins of its total have active aquifers. However, due 

to human overused and anthropogenic in the basin, those aquifers no longer would be active 

(Enteshari and Safavi, 2021). It is worth mention that due to region climate character, the annual 

precipitation is extrem with high precipitation in the waterheads and upstream region and by 

contrary a low rate of annual rainfall in the downstream. Regarding to this, yearly minimum and 

maximum average temperature in the basin has a variety rate which is between 9.1 °C and 17.9 °C.   

 

2.2. Material and methods  

In the process of doing this research, a variety of methodological approaches have been used, 

including desk work, spatio-temporal analyzes, graphical appraisal, analytical analysis, and remote 

sensing techniques application. A general overview of the methods is provided below and is 

completed in more detail in the methodological sections of the following chapters. 
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2.2.1. Data collection 

i. Extraction of variables from digital resources  

Regarding to the objects of the case studies, diachronic analysis of aerial orthophotographs 

were used to interpret the geomorphological alteration in the river. In the case of the Mediterranean 

river (i.e., Tagus River), the public governmental database of Spain was used for the 1946, 1956, 

1975, 1999 and 2014 aerial orthophothographs which all are available online. For the Iranian case 

studies, the orthophotograph for year 1969 was used and also the aerial photos from Google Earth 

for years 1984, 1997, 2000, 2009, 2019 and 2020 together with Landsat images corresponding to 

the mentioned years to generate datasets and characterize the rivers, analyze the changes in the 

floodplain buffer zones, and calculate the geomorphological indexes. Based on the case studies, 

riparian zone and buffer zones were both defined through software manually and automatically, 

respectively, by using the aerial photos. Continually, active channel, active channel width, and 

river centerline were digitized.  

All these digital resources were analyzed in a GIS environment. The GIS analysis was 

supported by ESRI Arc Map, with the Arc Hydro-tools, 3D analysis, Spatial analyst, and Fluvial 

Corridor tool.   

 

ii. Hydrological data 

The function of the riparian vegetation varies along with river systems with the 

geomorphological setting and hydrological regime among others which emphasize reflecting the 

fact that aquatic zones respond to the hydrological situation including water flood disturbance and 

frequency (Gurnell et al., 2012). 

In the case of Tagus River, the flow regime was analyzed using the historical daily flow from 

gauges close to case the study reach. Depending on the availability of the discharge data, different 

time period for different stations were analyzed to make connection between flow regime and 

riparian zone evolution. 

However, for both Iranian rivers, the study and calculation has suffered from a lack of 

transparency in the public availability of hydrological data. Regarding this, mean annual flow, 

maximum annual flows, and floods with recurrence intervals of 2, 5, and 10 years for the study 

period were calculated and also based on data accessibility. Natural and transferred water by 

tunnels were also added to assess the interaction between flow regulation and river response. 
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2.2.2. Data analysis   

i. Geomorphological analysis; indexes for river character 

To assess the morphological change along the last decades, a buffer zone was identified by 

considering the river centerline. Continually, active channel was digitized and active channel width 

determined at 10-m interval using Fluvial Corridor tool (reference).  

Seven different parametric indexes were used in this research to evaluate the river system in 

a statistical and objective way. A) Multivariate indexes based on Lobera et al. (2015); B) River 

Network Change Index (RNCI) based on Yousefi et al, 2018; C) Channel Mobility Index (CMI) 

based on Yousefi et al., 2015; D) Sinuosity; E) Braided Index (BI); F) Lateral Mobility Index 

(LMI); and G) Bank Retreat Index. These indexes were applied along this thesis to interpret the 

river changes. 

Indexes based on Lobera et al. (2015) were used for the case study in the Iberian River by 

applying four sub-indexes (i.e., change in Sedimentary Units, change in Sediment Availability, 

change in Bar Stability and change in Channel Flow to detect trends of change in four time series 

along the segment and also to analyse how would be different and realistic if the area of the patches 

as parameter add to the algorithm instead of using the number of the patches, which is the original 

proposal by Lobera et al. (2015). The RNCI has great potential to serve as useful index to execute 

for analysing the river sedimentation and erosion trend in the short and long term. Together with 

CMI, Bank retreat and LMI can highly contribute to assess the effects of human pressure on the 

fluvial river system, particularly, on the active channels and the river banks which thus can be very 

useful to guide river management. 

Additionally, more classical indexes such as the BI and Sinuosity Index, frequently used in 

regulated rivers have been use to describe the morphological situation in the river system that 

emphasizing parallel information about channel evolution.  

 

iii. Land cover classification by using remote sensing and machine learning algorithms 

Land cover and land use together with vegetation community status were generally carried 

out to compare and assess different fluvial conditions and trajectories regarding the anthropogenic 

impacts on river system. Generally, remote sensing has been widely used to analyze river alteration 

in the different time series. These methods allow researchers to investigate at large scales and also 

provide the much better interpretation in the case of the international managements with the 

availability of the satellite images.  

In this research, Machine Learning algorithms have been used to assess how the artificiality 

has been affected to the river system and interpret the river response to the anthropogenic pressure. 

To that purpose two different algorithms were chosen; Support Vector Machine; and Neural 
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Network. Regarding this, different classes were determined following Yousefi et al. (2015) and 

Mirzaee et al. (2018) to investigate the sensitivity of floodplain river zone.  

Moreover, transition matrix and landscape metrics were used to assess the evolution of 

riparian vegetation patches. Four different habitat transitions were defined to evaluate the 

floodplain dynamism in the studies. These transitions are as follows: 1) stationary: areas that 

maintained the same land cover type were considered as “no-change”; 2) succession: development 

changes towards a more mature state or to an aged riparian forest; 3) rejuvenation: when regression 

changes are directed toward pioneer and early stages of vegetation and bare gravel bars in the 

channel; and finally, 4) artificialization, when the anthropization process transforms habitats into 

roads, buildings, and agriculture land. 

 Landscape metrics were used to evaluate the riparian zone as transitional area between 

terrestrial and aquatic system. Six landscape metrics were selected based upon similar studies in 

riparian vegetation (mostly Garófano-Gómez et al., 2013; Aguiar et al., 2016) and some of them 

could be a proxy for riparian vegetation characteristics in different aspects following previous 

authors. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/aquatic-habitat
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3.1. EXPLORING THE HYDROMORPHOLOGICAL RESPONSE TO HUMAN 

PRESSURE IN TAGUS RIVER (1946-2014) BY COMPLEMENTARY DIAGNOSIS 

 

This chapter reproduces entirely the paper published in: 

Fazelpoor, K., Martínez-Fernández, V. and de Jalón, D.G., 2021. Exploring the 

hydromorphological response to human pressure in Tagus River (1946–2014) by 

complementary diagnosis. Catena, 198, p.105052.   

 

ABSTRACT  

Different levels of human pressures have modified the dynamism and the morphological 

pattern of most riparian environments worldwide. Among the anthropogenic agents, flow 

regulation by dams, gravel mining; artificial land use and land cover changes together with climate 

change are the most frequently studied. Medium and short term geomorphological adjustments 

and riparian vegetation cover changes have been frequently studied by using a variety of 

methodological approaches, with the diachronic analysis of orthophotographs as the most common 

starting point. The main objective of this research is to assess the spatio-temporal evolution of 

geomorphological conditions and riparian vegetation cover along a 38 km-long reach of the Tagus 

River, analyzing the last 70 years, in order to understand the main drivers leading to those changes. 

To that purpose, a complementary diagnosis has been carried out by combining different 

approaches: (1) Simple geomorphological indicators, (2) Specific geomorphic indexes, (3) 

Landscape metrics and (4) Transition matrices, together with the analysis of flow discharges. 

Results show that River Tagus has suffered a narrowing process (67.7 %) along the entire study 

period (1946-2014) close to a decrease in width ratio of 2.1 m/year. However, the narrowing trend 

was not stable along the entire period, with the most dramatic reduction happened between 1956 

and 1975 with a decrease ratio around 7.1 m/year for that subperiod. At the same time, woody 

riparian vegetation, grass and shrubs covers decreased in comparison with 1946 photo while 

agriculture land increased within initial riparian zone. By combining different approaches, we note 

the progressive impoverishment of geomorphic status that is more severe when we consider the 

area (-49%) of fluvial landforms instead of their number (-26%), in parallel with the fragmentation 

and complexity pattern found for both vegetated and bare gravel bars according to landscape 

patchiness analysis. Our results show that geomorphic status in the 4 sub-reaches have decreased, 

although in the case of sub-reach 1 and 4 the response presents a delay with the more important 

decrease occurring from 1975 to 1999. This geomorphological evolution is explained by the 

synergic combination of different human pressures along time. Initially, flow regulation by large 

dams influenced this evolution, but water-transfer since 1979 and floodplain occupation by 

farmland activities were more relevant with the time. River dynamism, figured out as the amount 
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of area subject to rejuvenation (i.e., evolution toward more pioneer stages) and succession 

processes (i.e., evolution toward more mature stages), was reduced more than a half along the 

period 1946-1975, while it completely changed after 1975 where they became close to 10 % of the 

initial dynamism. Thus, our results show by the combination of different approaches that River 

Tagus channel has become immobilized, reduced with a simplified morphology and its riparian 

vegetation lost its dynamism converted into a mature wood.  

Keywords: geomorphological evolution, flow regulation, gravel mining, water-transfer, 

channel narrowing, vegetation encroachment. 

 

1. INTRODUCTION 

Most riparian environments worldwide have been notably affected by different levels of 

human pressures that modified their dynamics and morphological patterns (Nilsson and Berggren, 

2000; Kondolf et al., 2002; Shafroth et al., 2002). Numerous studies have emphasized the 

anthropogenic agent altering fluvial environments including flow regulation by dams (Nilsson et 

al., 2005; Poff et al., 2007), water abstraction (Dewson et al., 2007; Lorenzo et al., 2012), gravel 

mining (Rinaldi et al., 2005); artificial land use and land cover changes (Liébault and Piégay, 2002; 

Gordon and Meentemeyer, 2006; Martínez-Fernández et al., 2017a) and more recently climate 

change (Lehner et al., 2011; Capon et al., 2013). Previous studies support that more species 

diversity would coexist at intermediate level of disturbance (Grime, 1973; Mackey and Currie, 

2001; Ward et al., 2001; Sitzia et al., 2016).  

Particularly dams alter the natural hydrologic and sediment regimes of rivers by decreasing 

flood frequency and coarse sediment supply downstream, and often determine sediment deficits 

and channel narrowing processes and result in varying impacts on the lateral mobility response of 

alluvial rivers (Graf 2006; Schmidt and Wilcock, 2008; Richard et al., 2005). Morphological 

adjustments, mainly channel incision, bed armouring, simplification of channel planforms and 

river dynamism reduction, are frequently described as effects downstream from dams (Ibisate et 

al., 2013; Lobera et al., 2015; González del Tánago et al., 2016) , together with riparian vegetation 

responses, including the decrease of biological diversity and species replacement (Shafroth et al., 

2002), vegetation encroachment (Merrit and Cooper, 2000; Bejarano et al., 2012) and decrease of 

pioneer recruitment (Burke et al., 2009; Martínez-Fernández et al., 2017b) as well as the increase 

in cover of late-seral species (Martínez-Fernández et al., 2017b). Among the geomorphological 

adjustments induced by gravel mining, i.e., the extraction of sediments from alluvial rivers, 

riverbed artificialization, changes in channel patterns from braiding to single thread channel with 

low sinuosity and armouring are the geomorphological effects most frequently described in 

literature (Rinaldi et al., 2005; Martín-Vide et al., 2010). Moreover, many other hydrological and 

ecological effects are observed as the decline of the water table (Mas-Pla et al., 1999), the reduction 

of the frequency of floodplain inundation leading to the decrease of habitat and species diversity, 
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or the thermal and oxygen stratification of the water column if the water depth is too enough 

(Rinaldi et al., 2005; Wright et al., 2015). As another relevant pressure to fluvial geomorphic 

systems and riparian vegetation, the interaction between river processes and human land use 

practices such as agriculture play an important role in the floodplain which its characteristics and 

evolution depend on river sediment behaviour, and river channel profile (Osterkamp and Hupp, 

1984; Esfandiary et al., 2019). The most evident is the elimination of riparian habitat for farming, 

that also can increase runoff, destabilizes channel banks, introducing fine-grained sediments 

causing channel aggradation (González del Tánago et al., 2015). All of these abovementioned 

human alterations could represent opposite or synergistic effects and lead the system to a change 

in the riverine processes, affecting type and dynamics of riparian vegetation that reciprocally is an 

important factor in channel morphology and influences channel adjustments processes (Corenblit 

et al., 2007).  

Medium and short term geomorphological adjustments and riparian vegetation cover changes 

have been studied by using a variety of methodological approaches, with the diachronic analysis 

of orthophotographs as the most common starting point. The spatio-temporal analysis has been 

frequently implemented via direct quantitative indicators, such as active channel width or 

complexity changes and riparian vegetation cover variation (e.g., González del Tánago et al., 2016; 

Picco et al., 2017; Martínez-Fernández et al., 2017a). However, a wide variety of analysis 

approaches are emerging; for instance, via ‘landscape metric approach’ using specific 

characteristics of patches (e.g., Geri et al., 2010; Fernandes et al., 2011; Aguiar et al., 2016); or 

via ‘indexes definition’ to evaluate physical river quality (Raven et al., 1998; LAWA, 2000; Ollero 

et al., 2010; Rinaldi et al., 2013; Lobera et al., 2015). Other methods, although less frequent, such 

as transitions analysis of riparian covers (Stromberg et al., 2007; Nardi and Rinaldi, 2015; 

Martínez-Fernández et al., 2018) has been used to explore the spatio-temporal riparian responses. 

From this variety of suitable and different methodological approaches to analyse the medium and 

short term geomorphological adjustments and riparian vegetation changes, it should be stated that 

the combination of some of these approaches could provide relevant complementary information 

to describe the fluvial evolution.  

In this context, the main objective of this research is to assess the spatial-temporal evolution 

of geomorphological conditions and riparian vegetation cover along a 38 km-long reach of the 

Tagus River, analysing the last 70 years from different methodological perspectives, in order to 

understand the main drivers leading to those changes. Specifically, our aim is to discern the role 

on the riparian structure by instream flows as a dynamic element against the stabilization promoted 

by the establishment of woody vegetation. We hypothesised that the interplay of flow regime 

alteration, other stress factors and vegetation encroachment has resulted in functional 

homogenisation and HYMO simplification within the fluvial system. Finally, we intend to assess 

the contribution of the different methodological perspectives used in achieving the objectives set 

out above, together with their possible practical contribution to river management. 
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To that purpose, a diachronical analysis has been carried out combining different approaches; 

simple geomorphological indicators traditionally use in fluvial geomorphology (e.g., active 

channel width, woody riparian vegetation cover, sedimentation area, erosion area); indexes as 

River Network Change Index (Yousefi et al., 2018), Lateral Mobility Index (Richard et al., 2005), 

and Channel Mobility Index (Sanchis‐Ibor et al., 2018); specific geomorphic indexes as 

Geomorphic Status (Lobera et al., 2015); landscape metrics and functional aspects through 

transition matrices, together with hydrological analysis. The combination of these methods could 

provide complementary information to better understand fluvial evolution. 

 

2. METHODOLOGY 

2.1. Study area 

The Tagus River is located in the central part of the Iberian Peninsula. This river is the longest 

Iberian river (1,110 km) and drains an area of 80,630 km2. It is worth to say that the study area 

presents a Mediterranean climate with annual average temperature ranging from 7.5 C in the 

eastern part of the catchment to 12.5 C in the western part, while annual precipitation ranges from 

750 to 1200 mm in the eastern part and is more scarce in the western part with and average value 

of 500 mm (Le Pera, 2004). It should be explained, four different fluvial petrographic provinces 

can be instated in the Tagus drainage basin, coinciding with the four fundamental structural units 

drained: (1) the Iberian Range; (2) the Hesperian massif; (3) The Tertiary Tagus basin; and (4) the 

Neogene Santarem–Lisboa basin. The study segment is located between high slopes in pre-

Cambrian, Cambrian and Paleozoic units. In addition, many terraces and point bars have been 

developed in the main tributaries and fluvial plains that outstretched wide alluvial plains (Le Pera, 

2004). For this study, a river segment 38.4 km long located between the confluences with Jarama 

River and the confluence with Algodor River (Figure 1). This river segment runs through an 

unconfined valley, with a drainage area of 21050 km2 and bed level ranging between 480.5 and 

459.0 m of altitude with an average slope of 0.05 %. The bedload is composed of medium to coarse 

gravels and sand (Uribelarrea et al., 2003). Riparian vegetation in the study segment is dominated 

by broad-leaf species. The riparian corridor appears as a mature forest relatively fragmented in a 

narrow band on both river margins. The corridor is mainly a mall covered by Populus 

alba with Tamarix africana in the undergrowth, and more rarely with ash (Fraxinus angustifolia) 

and elm (Ulmus minor). Near the shore edge there may be some willow (Salix fragilis and S. 

salvifolia), poplar (Populus nigra) and brambles (Rubus sp.), often connected with a dense 

helophyte formation (Phragmites communis). 

Our study segment has an altered flow regime caused mainly by many large dams located 

upstream in the catchment (Figure 1), but most of them located in affluents. The oldest Bolarque 

reservoir in the Tagus operates since 1910 with a total capacity of 30.7 hm3, while the newest El 

Atazar in the Lozoya River (total capacity of 426 hm3) operates since 1972. In addition, Entrepeñas 
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(total capacity is 835 hm3 in the Tagus River), Buendía the largest on the Guadiela River (total 

capacity of 1638 hm3) and El Pardo (total capacity of 45 hm3) on the Manzanares River operated 

since 1956, 1958 and 1970 respectively.  

Moreover, from Bolarque reservoir, the Tagus-Segura water-transfer system, one of the most 

important hydraulic infrastructures in Spain, transfers water to Mediterranean basins (mainly Júcar 

and Segura Basins) in south-eastern Spain. This system began operating in 1979 and its design 

was oversized with a capacity to transfer 1000 Hm3/year, but barely exceeded 500 Hm3/year. Mean 

transferred values are 350 Hm3/year, which represents 40% of the contribution of the Tagus at the 

point of the bypass, and in absolute terms River Tagus mean annual flow is reduced in 10 m3/s. 

In addition to flow regulation, the reduction of sediment supplies from upstream areas caused 

by all these large dams but also caused by gravel mining operations located upstream the study 

reach led to a greater reduction in the sediments stocked in the riverbed and riparian zones. In this 

case, gravel mining was practised more prominently in Jarama River (Figure 1) than in Tagus 

River since 1960s. This leads basically to an incision of the riverbed as well as a severe drop in 

the area occupied by bars and secondary channels, more intensely in the Jarama River than in the 

Tagus River (Uribelarrea et al., 2003). Effects on Tagus River have occurred mainly downstream 

from the areas most intensely affected by mining operations.  

 

Figure 1. Map of the study area in Tagus Basin with focus on the study segment 38 km long. Red 

symbols indicate locations of five gauges used in this study: #3052, Jarama River in Mejorada, 1911-2014; 

#3175, Jarama River in Puente Largo, 1968-2009; #3011, Tagus River in Aranjuez, 1911-1985; #3258, 

Tagus River in Embocador, 1978-2014; #3259, Tagus River in Villarrubia, 1978-2014. 
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2.2. Hydrological data 

In order to understand the geomorphic evolution of our study segment, records from five 

gauging stations were used to summarized flood flows and average flows for the studied periods 

considered in this study, i.e., before 1946, 1946-1956; 1956-1975, 1975-1999 and 1999-2014. We 

summed the daily flows on the Jarama River (Aranjuez, gauge#3175) and Tagus River (Aranjuez, 

gauge#3011) to estimate mean flow on the studied reach located immediately downstream the 

confluence of both rivers (Figure 1). However, because discharge data were not available along 

the entire study period for the studied reach, we developed linear regressions with gauging stations 

located upstream to complete the series following previous approaches (e.g., Shafroth et al., 2002). 

To estimate discharge data after 1985 in Tagus River (gauge#3011), we developed a linear 

regression between mean daily flows on gauge#3011 and gauge#3258 (Embocador) in Tagus 

River using the years 1978-1985 (#3011 [m3/s] = 0.278 + 1.05 × #3258; R2=0.91, p<0.05). No 

flow data are available for the gauge#3258 in Tagus River for the years 2003-2009. To complete 

that period, we previously had developed a linear regression between mean daily flows of this 

gauging station and gauge#3259 (Villarrubia) located upstream (#3258 [m3/s] = 0.0023 + 0.788 × 

#3259; R2=0.74, p<0.05). To estimate discharge data previous to 1968 in Jarama River 

(gauge#3175) we developed a linear regression between mean daily flows on this station and 

gauge#3052 (Mejorada del Campo), located also in Jarama River, using the years 1968-2009 

(#3175 [m3/s] = 1.168 + 10.46 × #3052; R2=0.82, p<0.05). Then, discharge data for the study reach 

was inferred for the period 1911-2014 with the exception of the period 1934-1943 (frequently 

absent mainly due to Spanish Civil War). Once the discharge series was obtained for the study 

segment, daily flows were analysed by periods using the indicators of Hydrologic Alteration (IHA) 

software (Richter et al., 1996; Mathews and Richter, 2007). Specifically, annual mean discharge, 

average summer discharge, monthly discharges, 1-day-maximum flow, 3-day-minimum flow and 

floods with a recurrence interval for 2, 5 and 10 years were selected.  

 

2.3. Morphological analysis 

River morphology analysis has been structured in two phases: first, the data production 

process based on the extraction of variables in a GIS environment; and second, the application of 

three methods to assess the evolution of the river reach along the considered period. 

2.3.1. Data production 

To analyse the morphological and land cover changes in the river segment, a database was 

created by using ArcGIS 10.2®. Aerial ortophotographs from the years 1946, 1956, 1975, 1999 

and 2014 (all taken during the same season) were analysed (1946 and 1956 orthophotograph were 

available at www.madrid.org/nomecalles/, while the rest were available at Centro Nacional de 

Información Geográfica, http://centrodedescargas.cnig.es/CentroDescargas/index.jsp). The 1946, 

1956 and 1977 photographs were black-and-white (1:43000, 1:32000 and 1:18000 scale, 

http://www.madrid.org/nomecalles/
http://centrodedescargas.cnig.es/CentroDescargas/index.jsp
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respectively) presenting a cell size of 1.5, 1.25 and 0.5 m respectively, whereas the more recent 

ones were taken in 1999 and 2014 with a cell size of 0.86 and 0.25 m. Most of the orthophotographs 

were provided correctly georeferenced, however for the orthophotograph from1946 ten control 

points that were easy to detect and localize were used for the assessment of positional accuracy of 

images. The positions of these points were compared with the positions on the 2014 images. The 

average positional deviation of these points from 2014 was 2.15 m. 

First of all, we identified the limits of the riparian zone in the oldest orthophotograph (i.e., 

1946) by considering the riparian zone as the area including the channel surface to the external 

visible line of the canopy where and abrupt change in vegetation class and amount occurs 

(Johansen and Phinn, 2006), i.e., an abrupt change from riparian vegetation to other types of 

vegetation such as late-seral species or even farmlands. Secondly, we identified and digitized the 

limits of the active channel (surface covered by water and bare gravel bars) and within the limits 

of the former riparian zone polygon, some attributes were measured in each orthophotograph: 

average active channel width calculated as the ratio of active channel area and length of streamline 

(Martínez-Fernández et al., 2017a) and braiding index as the average number of wet channels 

separated by bars (Egozy and Ashmore, 2008). Then, we carried out three different approaches to 

explore fluvial corridor evolution. The first approach, hereafter functional approach, consisted of 

the identification and digitation of two types of geomorphologic units: (1) active bars, i.e., those 

bars that are bare or scarcely covered by vegetation and (2) vegetated bars and fluvial islands, i.e., 

those bars with more than 50 % of the surface covered by dense vegetation (Lobera et al., 2015). 

It is worth to explain, to calculate the real area of vegetation and gravels in the active and vegetated 

bars second approach was afforded to investigate the area of the surface covered absolutely by 

vegetation or gravels. The second approach, hereafter patchiness approach, consisted of the 

mapping of patches of two different land covers in each orthophotograph: (1) gravel patches and 

(2) woody riparian vegetation patches. Finally, in a third approach, hereafter, transition approach, 

five different land cover types were digitized within the riparian zone differentiating (1) active 

channel comprising of wet channel and bare gravels bars, i.e., those potential unstable surfaces 

frequently disturbed during high flows (2) surface covered by grass & shrubs, (3) emergent 

macrophytes that were distinguished only in recent photos (i.e., 1975, 1999 and 2014), (4) woody 

riparian vegetation, and (5) surface covered by agricultural land, roads and buildings.  

Furthermore, River Network Change Index is calculated by using the active channel 

digitation, erosion area and sedimentation area (Eq. 1) (Yousefi et al., 2018). It should be 

explained, the erosion area (EA) is the area that turned out to be a part of the active channel by the 

end of a period. Sedimentation area (DA) is the area of active channel that has been changed to 

other land cover types during a period.  

RNCI = (
𝐸𝐴− 𝐷𝐴

𝐿
)/Y                                                                                              (Equation 1) 
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Where, RNCI is River Network Change Index, L is segment length and Y is number of years 

between the beginning and the end of period. If the RNCI is negative, then dominant process is 

sedimentation while river erosion is the dominant process if the value of RNCI is positive (Yousefi 

et al., 2015). Additionally, in order to quantify the changing degree of mobility and stability of the 

channel, Lateral Mobility Index (LMI, Eq. 2) (Richard et al., 2005) are calculated from digitized 

aerial photographs of the non-vegetated active channel between 1946 and 2014. 

LMI = (
𝐶ℎ𝑎𝑛𝑔𝑒𝑑 𝐴𝑐𝑡𝑖𝑣𝑒 𝐶ℎ𝑎𝑛𝑛𝑒𝑙 𝐴𝑟𝑒𝑎

𝑃𝑟𝑒𝑣𝑖𝑜𝑢𝑠 𝐴𝑐𝑡𝑖𝑣𝑒 𝐶ℎ𝑎𝑛𝑛𝑒𝑙 𝐴𝑅𝑒𝑎
) ∗ 100                                                              (Equation 2)  

In the case of LMI, a value close to 100% indicates high channel mobility where the channel 

has avulsed to another location, while small values indicate channel activity such as width change 

and lateral migration. 

Finally, Channel Mobility Index (CMI, Eq. 3) (Sanchis‐Ibor et al., 2018) was calculated as 

the result of the addition of the total extent of new channel area plus abandoned channel area, 

divided by the preserved channel area. 

CMI = (
𝑁𝑒𝑤 𝐶ℎ𝑎𝑛𝑛𝑒𝑙+𝐴𝑏𝑎𝑛𝑑𝑜𝑛𝑒𝑑 𝐶ℎ𝑎𝑛𝑛𝑒𝑙

𝑃𝑟𝑒𝑠𝑒𝑟𝑣𝑒𝑑 𝐶ℎ𝑎𝑛𝑛𝑒𝑙
)                                                                  (Equation 3)  

Where, preserved channel area is the coincident area of the flowing channel between two 

different aerial images, and the abandoned and new channel are the areas abandoned and 

incorporated by the channel respectively at the end of the period. 

Longitudinal profile of the study river reach was drawn taking points altitude from the digital 

elevation models (available at http://centrodedescargas.cnig.es/CentroDescargas/index.jsp, 

with a cell size of 5 m dated in 2010) systematically located every 100 m (Figure S1). According 

to the longitudinal profile four sub-reaches were differentiated according to similar slope 

conditions. Then longitudinal and temporal evolution of some of the indexes (i.e., RNCI, LMI and 

CMI) were assessed. 

 

2.3.2. Analysis to characterize the evolution of riparian zone  

Geomorphic Indexes  

We analysed the morphological evolution of the riparian zone by evaluating the Geomorphic 

Status (GS) (Lobera et al., 2015) as a degree of change along the period. It is an index compounded 

of 4 sub-indexes (Table 1): change in Sedimentary Units (SU), change in Sediment Availability 

(SA), change in Bar Stability (BS) and change in Channel Flow (CF). This index was originally 

designed to evaluate the change in geomorphological status of regulated rivers along two periods, 

i.e., before and after dam completion. In this case, we have used this index to evaluate the change 

in geomorphological status in a river reach along 4 periods: 1946 to 1956, 1956 to 1975, 1976 to 

1999, and 1999 to 2014. To calculate the index (GS) and sub-indexes (SU, SA, BS, and CF) 

http://centrodedescargas.cnig.es/CentroDescargas/index.jsp
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following Lobera et al., (2015), five variables were extracted from each aerial photograph and used 

to calculate each index according to Table 1: (1) number of active lateral and point bars (NA) taken 

as potential unstable features that are frequently inundated during high flows; (2) number of 

vegetated bars (NV) taken as bars were more than 50% of the area is covered by vegetation, that 

are relatively stable forms only inundated during larger floods; (3) total number of bars (NB); and 

(4) mean active channel width (W) along the main channel. Furthermore, a modification of these 

indexes based on number of bars was done consisting of applying areas of the bars instead of 

number of bars as can be seen in Table 1. With this variation, the evolution in terms of area would 

be complementary to the evolution in terms of number of units, as an increase in number of bars 

is not necessarily related with an increase of area of bars, then Geomorphic Status index would 

provide different and complementary results. 

 

Table 1. Indexes applied to analyse the evolution of the riparian zone along the total period considering 

four sub-periods where sub-indexes A and B mean first and last year of the sub-period respectively. First 

column shows indexes based on number of bars following Lobera et al., (2015) and second column shows 

a variation of the original indexes considering area of bars instead of numbers: (SU), sedimentary units; 

(AS), sediment availability; (BS), bar stability; (CF), channel flow; (NB), number of bars; (NA); number of 

active bars, (NV), number of vegetated bars; (L), length of the segment; (W), channel width; (Ar) area of 

bars.  

Original indexes (Lobera et al., 

2015) 

Variation of indexes based on 

areas 

SU =
1 + (

𝑁𝐵
𝐿

)
𝐵

1 + (
𝑁𝐵
𝐿

)
𝐴

 SU =
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)
𝐵
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𝐴

 

SA =
1 + (

𝑁𝐴
𝑁𝐵

)
𝐵
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𝐴
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𝐵
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BS =
1 + (

𝑁𝑉
𝑁𝐵

)
𝐴

1 + (
𝑁𝑉
𝑁𝐵

)
𝐵

 BS =
1 + (

𝐴𝑟𝑉
𝐴𝑟𝐵

)
𝐴

1 + (
𝐴𝑟𝑉
𝐴𝑟𝐵

)
𝐵

 

CF=
𝑾𝑩

𝑾𝑨
 CF=

𝑾𝑩

𝑾𝑨
 

 

Landscape shape metrics 

The second method to analyse the evolution of the riparian zone was based on landscape 

metrics (Aguiar et al., 2016). Four different landscape metrics were calculated from polygons 

digitized based on the patchiness approach (see section 2.3.1.), computing these metrics for all 

different types of classes using the Patch Analyst extension in ArcGIS 10.3. These landscape 
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metrics, mainly related with area, shape complexity and edge density are (1) Mean Patch Size 

(MPS) that is the average area of all patches in the study reach, (2) Area Weighted Mean Patch 

Fractal Dimension (AWMPFD) that is the patch fractal dimension weighted by relative patch area 

(unitless), (3) Edge Density (ED) that is total length of all edge segments per ha for the landscape 

(m/ha) and (4) Mean Shape Index (MSI) that is the ratio between the perimeter of a patch and the 

perimeter of the simplest patch in the same area (unitless). These landscape metrics were selected 

based upon similar studies in riparian vegetation (mostly Garófano-Gómez et al., 2013; Aguiar et 

al., 2016) and some of them could be a proxy for riparian vegetation characteristics in different 

aspects following previous authors: Mean Patch size could be a proxy of fragmentation, Mean 

Shape Index could be a proxy of the regularity of the form of the mass being circular and square 

shape the most regular, Edge Density and Area Weighted Mean Patch Fractal Dimension could be 

a proxy of spatial complexity naturalness. 

Transition analysis 

This analysis is done in order to evaluate the fluvial dynamism from a functional perspective. 

We quantified the different types of habitat changes that were found along time (based on the 

habitat trajectories from Díaz-Redondo et al. 2017). Taking the distribution of the five land cover 

types from the transition approach explained in section 2.3.1., (i.e., active channel, grass, 

macrophytes, woody riparian vegetation and agricultural land), we evaluated the amount of area 

that remained in the same cover type or changed from one type to another between consecutive 

orthophotographs and we classified them into 4 main categories 1) Stationary: areas that remained 

in the same land cover type  were considered as “no-change”; 2) Succession: development changes 

towards a more mature state, or to an aged riparian forest; 3) Rejuvenation: when regression 

changes directed toward pioneer and early stages of vegetation and bare gravel bars , and finally 

4) Artificialization, when anthropization process transforms habitats into roads, buildings and 

agriculture land. 

 

3. RESULTS 

3.1. Fluvial morphology changes 

The study segment has suffered a narrowing process along the entire study period, as it can 

be seen in Figure 2, which illustrates channel changes showing an example of the segment. 

Comparing the reference picture (i.e., 1946) with the current picture (i.e., 2014), the active channel 

has narrowed by 67.7% (Table 2), which is close to a decrease in width ratio of 2.1 m/year for the 

entire period. However, the narrowing trend was not stable along the entire period. The most 

dramatic reduction happened between 1956 and 1975 with a decrease of -55.9 % (-2.9 % each 

year), which means a decrease ratio around 7.1 m/year. Finally, in the most recent period (i.e., 

1999-2014), the modification in channel width has been less obvious with a total decrease around 
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-8.9 %. Together with the narrowing process, a simplification of the planform has been observed 

along the period with a slight decrease of the braiding index, from 1.5 in 1946 to 1.2 in 2014. 

Regarding woody riparian vegetation cover, it decreased by half (-49.1 %) between 1946 and 1956. 

After 1956, woody riparian vegetation increased by 92.3 % until 1975. In spite of some fluctuation 

in the expected processes, woody riparian vegetation gradually declined (-28.9 %) until 1999 and 

again increased slowly (+8.4 %) in 2014 orthophotograph. Grass and shrubs surface progressively 

increased from 1946 to 1975, and strongly declined between 1975 and 1999 (-72.0 %), and then 

has been stabilized. Table 2 also shows a great proliferation in agriculture land with an increase of 

+144.3 % for the period 1946-1956 being the most remarkable change from 1956 to 1975 with an 

increase of 1,220 %, while stabilization dominated during last period.  

 

Figure 2. Geomorphological evolution of a meander (Coordinate system: ETRS89, X: 440643, Y: 

4430263) of the studied reach along the period 1946-2014. 
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Table 2. Area of different covers in the riparian zone and, in brackets, first proportion (%) of changes 

of covers between consecutive analysed orthophotographs, second and underlined the change per year 

between consecutive analysed orthophotographs expressed as %/year in the case of “active channel”, 

“woody riparian vegetation”, “gravel”, “grass and shrubs” and “agriculture”; and expressed as m/year in 

the case of “active channel width”. 

 

Year 

Active 

channel (km2) 

Woody riparian 

Vegetation (km2) 

Gravel  

(km2) 

Grass and 

shrubs 

(km2) 

Agriculture 

land (km2) 

Active channel 

width (m) 

Braiding 

Index (BI) 

(Unitless) 

1946 8.13 2.74 2.15 1.79 0.12 212 1.5 

1956 9.25 

(13.7 / 1.4) 

1.4 

(-49.1 / -4.9) 

1.94 

(-9.7 / -0.9) 

1.84 

(2.9 / 0.3) 

0.30 

(144.3 / 14.4) 

241 

(13.7 / 2.9) 

1.2 

1975 4.08 

(-55.9 / -2.9) 

2.68 

(92.3 / 4.8) 

0.36 

(-81.4 / -5.8) 

2.08 

(13.0 / 0.7) 

3.96 

(1220 / 64.2) 

106 

(-55.9 / -7.1) 

1.2 

1999 2.89 

(-29.2 / -1.2) 

1.83 

(-28.9 / -1.2) 

0.06 

(-82.5 / -3.43) 

0.58 

(-72.0 / -3) 

7.43 

(87.5 / 3.6) 

75 

(-29.2 / -1.3) 

1.2 

2014 2.63 

(-8.9 / -0.6) 

2.07 

(-8.5 / -0.6) 

0.03 

(-50.7 / -2.5) 

0.6 

(3.5 / 0.2) 

7.47 

(0.5 / 0.0) 

69 

(-8.9 / -0.5) 

1.3 

 

The erosion and deposition area were extracted for the study period along the study reach 

(Figure 3, Table 3). The average value of River Network Channel Index for the whole study reach 

during 68 years is -2.55 m/year. Deposition and narrowing turned out to be the main processes 

occurring within the study reach. According to our results, the index calculated period by period 

was quite variable ranging from -1.12 (period 1946 to 1956) to -7.06 m/year (period 1956-1975), 

although in every period deposition process was prevalent over erosion according to the index. 

Regarding the lateral mobility of the segment, assessed by Lateral Mobility Index, a high 

increase in channel mobility between first and second consecutive period was found (Table 3). It 

is worth to explain, the active channel width has been reduced by lateral migration and river 

channel has become less dynamic since 1975 as the Lateral Mobility Index declined from nearly 

67.65% to less than 23% between 1999 and 2014 (Table 3).  

The flowing channel freely moved over the river corridor between 1946 and 1956 while the 

Channel Mobility Index shows maximum values (CMI = 1.89) in the period 1956–1975 (Table 3). 

After 1975, mobility was restricted to a narrower area, and finally after 1999, the channel mobility 

decreased by a half comparing with the initial period (i.e., CMI = 0.29).   



 

37 
 

 

Figure 3: Erosion and deposition areas along the study reach along the study period. 
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Table 3. Erosion and Sedimentation areas (m2), River Change Network Index (RNCI) for consecutive 

study period, Lateral Mobility Index (LMI %) (Unitless) and Channel Mobility Index (Unitless). 

Period Erosion 

area (km2) 

Sedimentation 

area (km2) 

RCNI 

(m/y) 

LMI CMI 

1946-

1956 

1.93 2.36 -1.12 52.89 0.61 

1956-

1975 

0.55 5.70 -7.06 67.65 1.89 

1975-

1999 

0.21 1.27 -1.16 36.36 0.57 

1999-

2014 

0.08  0.57 -2.66 22.56 0.29 

 

The result for the sub-reaches (Figure 4) shows that all indices have a similar pattern with 

maximum values of mobility occurred at the period 1956 to 1975 and a clear reduction in the 

following periods. However, Lateral Mobility Index presented an exception, decreasing along the 

entire the study period in the case of sub-reaches 2 and 4, while sub-reach 1 and sub-reach 3 

markedly increased from 1956 to 1975. In the all sub-reaches RNCI and CMI have a trend coherent 

with a higher channel stability, with the exception of the transition from 1956 to 1975. This 

transition presents a positive peak in the case of CMI and negative peak in the case of RNCI, both 

related with the dramatic stabilization of the segment between 1956 and 1975. In the first case 

related with the high amount of area abandoned by the channel that numerically increase the ratio 

in CMI equation (Eq. 3), while in the case of RNCI is numerically due to the area that changed 

from active channel to vegetated areas, i.e., deposited areas (Eq. 1). The uptrend in the 1956-1975 

are in parallel with the outcomes of the entire period that highlight the increase in the flow 

characteristics for the studied periods. RNCI showed from 1946 to 1956, in the sub-reaches 2 and 

4, positive values indicating that erosion prevailed while sedimentation was dominant in the all 

sub-reaches in the whole study period. 
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Figure 4: Longitudinal evolution of indexes based on the four sub-reaches: (A) Lateral Mobility Index 

(LMI); (B) Channel Mobility Index (CMI); (C) River Network Change Index (RNCI); (D) Sub-reaches 

along the river  

 

3.2. Geomorphologic evolution based on indexes 

Results of Geomorphic Status index (GS) and its sub-indexes (SU, SA, BS and CF) are shown 

in Table 4 based on number of units, GSN hereafter, but also based on area of those units, GSAr 

hereafter. From 1946 to 1956, a slightly increment in geomorphological activity is detected in the 

reach according to GSN (+0.1%), but according to GSAr, which is based on area of bars, a slight 

reduction is observed (-4.6 %) that means a loss of geomorphic diversity (Figure 5).  

Looking at the sub-indexes (Table 4), in the case of those based on numbers of bars following 

Lobera et al. (2015), there was an increasing trend for sedimentary units (SU) while the trend for 

the sediment availability (SA), bar stability (BA) and channel flow (CF) decreased. Although, the 

total number of bars increased along the whole period (Table 5), the proportion of those which 

were bare (AB) decreased and those which were vegetated (VB) increased, leading the system to 

a decrease in sediment availability (SA) and also to the higher stability of bars (BS). However, 

applying the indexes based on area instead of numbers, all sub-indexes showed a decreasing trend. 
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The area of bare gravels continually decreased along the studied period together with the 

availability and the instability of sediments (the later reflected in the decrease in BS sub-index). 

The exception along the study period was found between 1946 and 1956, when the number of 

active bars slightly increased (+11.5% in number) with a gradual reduction in area (-7.3%) (Table 

5), with sediment availability and bar instability also increasing for the same period. The most 

dramatic reduction in channel flow (CF) appeared between 1956 and 1975. And then, there is a 

quasi-stability between 1999 till 2014. Currently, vegetation has encroached most of the bars. 

Through passing from 1956 to 2014 it is explicit that vegetated bars have been divided into smaller 

sizes (Table 5). Based on the number of bars, vegetated bars have an ascending trend which shows 

a rise in total number of bars, while it is completely reverse when looking at the area of bars which 

performs a reduction in total vegetated bars area. According to the numbers, total bars increased 

(+24.7%) but their area decreased (-79.0%). It should be noted that bars fragmentation has 

happened through passing years and total of area of all different type of bars have been lost.  

 

Figure 5. Evolution of geomorphic response in the Tagus from 1946 to 2014. GSN and GSAr are the 

Geomorphic Status indexes based on number of bars (Lobera et al., 2015) and surface of bars respectively.  

 

Table 4: Results of sub-indexes (unitless), and proportion of change (%) between 1946 and each study 

period for GS (change in geomorphic status). Change in Sedimentary Units (SU), change in Sediment 

Availability (SA), change in Bar Stability (BS) and Channel Flow (CF). 

 Original Indexes based on number (Lobera et al., 2015) Indexes based on area 

 SU SA BS CF GSN SU SA BS CF GSAr 

1956 0.92 1.07 1.08 0.93 4.01 (+0.14) 0.74 1.07 1.07 0.93 3.81 (-4.6) 

1975 0.97 0.88 0.88 0.40 3.13 (-21.6) 0.45 0.84 0.88 0.40 2.58 (-35.6) 

1999 1.07 0.76 0.78 0.30 2.92 (-27.0) 0.19 0.79 0.84 0.30 2.13 (-46.7) 

2014 1.19 0.73 0.76 0.28 2.95 (-26.1) 0.21 0.74 0.81 0.28 2.04 (-48.9) 
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Table 5: Cumulative change of different types of bars (%): AB, active bar; VB, vegetated bar; TB, 

total bars. 

 Change in number of bars since 1946 Change in area of bars since 1946 

 AB VB TB AB VB TB 

1956 +11.5 -39.0 -8.9 -7.3 -38.2 -25.5 

1975 -27.6 +41.7 0.2 -78.5 -35.6 -53.2 

1999 -56.3 +102.7 +7.5 -94.7 -72.3 -81.5 

2014 -61.8 +151.8 +24.7 -97.7 -65.8 -79.0 

 

Looking at the longitudinal and temporal evolution of geomorphic indexes, our results show 

that both GSN and GSAr in the 4 sub-reaches have decreased (Figure 6), although in the case of 

sub-reach 1 and 4 the response presents a delay with the more important decrease occurring from 

1975 to 1999, unlike the sub-reaches 2 and 3 where the decline was already pronounced from 1956 

to 1975. By other side, geomorphic indexes in sub-reaches 1 and 2 increased from 1999 to 2014 

that conducive a negligible increment in the GSN of the last period while for the GSAr it just 

occurred in the sub-reach 1, showing up that the increase in area is negligible. From 1975 to 1999, 

sub-reach 3 had different role-plays in comparison to the total process with a slight recover in the 

case of GSAr. Looking at the result of the sub-reaches, both GSN and GSAr tended to demonstrate 

the dramatic decay along the time.  

 

 

 

 

 

 

 

 

Figure 6: Evolution of geomorphic response in the sub-reaches: (A) Geomorphic Status based on area; 

(B) Geomorphic Status based on number of bars 

 

3.3. Geomorphologic evolution based on landscape metrics 

We found a decrease in the mean patch size along the period, more pronounced for woody 

riparian vegetation and gravel bar patches (Figure 7A), thus patch fragmentation increased. 

Furthermore, the increasing trend found for AWMPFD and edge density (Figures 7B-D) suggest 

that patches evolved from simpler to more complex shapes, together with an ecotone effect 
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increase. Gravel bars showed a more marked increase both in complexity and ecotone effect than 

woody riparian vegetation. The results of MSI (Figure 7C) show that forms have been altered, but 

overall a decreasing trend is detected, thus shapes reduce elongated forms to more round shapes. 

Nevertheless, some variability is found, as vegetated bars and active bars show a reverse. 

Outcomes of the case study demonstrated the high changes of all patches especially for gravels, 

both in total area and complexity.  

 

Figure 7. Evolution along the study period of patchiness parameters: (A) Mean Patch Size (MPS) (ha); 

(B) Area Weighted Mean Patch Fractal Dimension (AWMPFD) (unitless); (C) Mean Shape Index (MSI) 

(unitless); (D) Edge Density (ED) (m/ha), for different types of bars: AB, active bar; VB, vegetated bar; 

WRV, woody riparian vegetation; Gv, gravel. 

 

3.4. Geomorphologic evolution based on transition analysis  

During the first subperiod, only 51.7 % remained in the same land cover type, while at the end 

of the study period, i.e., between 1999 and 2014, stabilization prevailed with most of the area (89.3 

%) remaining in the same type (Figure 8, Table 6). Transition towards more pioneer stages, i.e., 

rejuvenation, was more abundant in the subperiods 1946-1956 (28.9 %) followed by 1956-1975 

(11.5 %), while succession was dominant in the subperiod 1956-1975 (33.9 %) followed by 1946-

1956 (17.1 %). Specifically, vegetation encroachment process occurring at the expense of active 
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channel was more frequent in the period 1956-1975 with 6.9 % of the area, followed by the period 

1999-2014 with 1.0 %. However, active channel recovery (i.e., widening at the expense of 

previously encroached vegetation) was more frequent in the subperiod 1946-1956 with 8.1 % of 

the area, while in the rest of subperiods, i.e., 1956-1975, 1975-1999 and 1999-2014 active channel 

recovery was absent in net values. Conversion towards agricultural land started to be frequent in 

the period 1956-1975 with 19.9 % of surface, and continued to increase dramatically with 57.1 % 

of the riparian zone becoming farmland before 1999, and then slightly increase until 2014. 

Agricultural pressure in the riparian zone was reversed towards natural stages in scarce occasions, 

2.6 % between 1956 and 1975, 1.2 % between 2000 and 2014, 0.5 % between 1975 and 1999 and 

0.5 % between 1946 and 1956. 

 

 

Figure 8. Main ecological processes occurred in Tagus River and their relative importance. A) 

Successional, development changes towards mature riparian forest; B) Rejuvenation, regression changes 

directed toward pioneer vegetation and bare gravel bars; C) Artificialization, anthropization process 

converting habitats to agriculture land, roads and buildings. 
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Table 6.- Habitat changes along different studied periods quantified as area (ha.) 

Process Habitat changes 1946-1956 1956-1975 1975-1999 1999-2014 

Stationary No change 571 382 723 984 

Succession 

Active channel to grass 85 140 22 3 

Active channel to macrophytes 0 14 13 15 

Active channel to WRV* 70 149 40 18 

Grass to WRV 30 57 18 9 

Macrophytes to grass 0 0 2 2 

Macrophytes to WRV 0 0 5 8 

Agricultural land to WRV 4 10 4 9 

Rejuvenation 

Grass to active channel 130 40 3 4 

Macrophytes to active channel 0 0 3 2 

Grass to macrophytes  0 4 2 8 

WRV to grass 58 19 9 13 

WRV to macrophytes 0 1 3 5 

WRV to Active channel 130 48 9 9 

Agriculture to active channel 0 8 0 0 

Agriculture to grass 1 11 1 3 

Agriculture to macrophytes 0 0 1 1 

Artificialization   

Active channel to agricultural 15 106 11 0 

Grass to agricultural 1 52 133 3 

Macrophytes to agriculture 0 0 2 1 

WRV to agricultural 9 62 96 7 

*Note: WRV: woody riparian vegetation. 

 

3.5. Flow variability along the study period  

Variable flow conditions have been observed along the studied periods (Table 7, Figure 9). 

Annual pattern of monthly discharges varies, with the largest coefficient of variation for the period 

1947-1956 (CV=0.45), followed by the period 1911-1946 (CV=0.43), while the most recent period 

presents the smaller variation (CV=0.21). Then, a homogenization process of monthly discharges 

has been observed with the lower variation in the recent period. Regarding mean annual discharge, 

our analysis revealed a reduction at the study reach. Although discharge showed a remarkable 

increase in the period 1957-1975, rising from 60.0 to 84.5 m3/s on average, then felt by a half (43.2 

m3/s) in the period 1976-1999 with the functioning of water-transfer since 1976 and continue 

falling to 33.0 m3/s during the last fifteen years (Table 7, Figure 9). The frequency of floods also 

decreased along the time. During the entire study period, there were 9.8 days per year on average 

that exceeded the recurrence interval of 2 years (i.e., 196.4 m3/s) but there is a wide variability 

when sub-periods are analysed (Table 7). Most of them occurred in the period 1957-1975 with 
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24.6 days per year above 2 years-flood, while these events decreased in the most recent period 

(2000-2014) with only 1.9 days per year. The period 1957-1975 was the most active with 1.3 and 

0.4 days per year above 5 (i.e., 562.6 m3/s) and 10 (i.e., 863.5 m3/s) year-flood respectively. The 

largest events occurred in 1970, 1951 and 1947, with a recurrence interval of 93, 46 and 31 years 

respectively (Figure 7). After 1976, the number of days with discharges above 2, 5 and 10-years 

flood steadily decreased, with no floods exceeding 5 years and consequently, 10 years-flood since 

2000. Regarding minimum flows, 3-day minimum discharge keeps on average below 21 m3/s 

(Table 7), except for period 1957-1975 when this parameter arises 30.3 m3/s on average for the 

period; and mean summer discharge presented maximum values for the period 1957-1975 arising 

47.6 m3/s on average while since 1976 this value was on average below 30 m3/s.  

 

Table 7. Average flow characteristics for the studied periods: mean summer discharge, mean annual 

flow (m3/s), 3-day-minimum flow (m3/s), 1-day-maximum flow (m3/s), and number of days above flood of 

certain recurrence interval calculated for the entire period.  2years-flood = 196.4 m3/s, 5years-flood= 562.6 

m3/s, 10years-flood= 863.5 m3/s. 

Period 
Mean summer 

discharge 

Mean 

annual flow 

3-days 

minimum 

1-day 

maximum 

CV of monthly 

discharges 

Number of days per year above a flood: 

2y-flood  5y-flood  10y-flood  

1911-1946 36.0 63.5 19.7 243.9 0.43 4.8 0.04 0.04 

1947-1956 24.5 60.0 21.1 655.1 0.45 9 1.2 0.4 

1957-1975 47.6 84.5 30.3 533.4 0.40 24.6 1.3 0.4 

1976-1999 28.6 43.2 17.1 273.1 0.34 8.1 0.4 0.1 

2000-2014 25.2 33.0 19.6 143.0 0.21 1.9 0 0 

 

 

Figure 9. Yearly distribution of hydrologic parameters for the studied period (1912-2014): 

Distribution of annual average discharge (m3/s), 1-day maximum discharge (m3/s) and 3-day minimum 

discharge (m3/s). 
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4. DISCUSSION  

4.1. Linking flow alterations with HYMO changes 

In general, for the entire period, pattern for flood events and flow regime have shown changes 

in their frequency and interval recurrence especially after 1975, concurring with the starting in 

1979 of the water-transfer Tagus-Segura. Since 1975, the absence of erosive floods would have 

caused succession to proceed for the initial riparian zone resulting in the dominance of mature 

stages at the end of the period. According to our analysis, flow discharge has been influenced and 

had a sharp decrease after 1979. Similar responses have been observed for regulated rivers with 

irrigation purposes, where rainfall is stored during winter leading to the lamination of most of 

flood events, avoiding the creation of appropriate sites for pioneer recruitment, while summer 

discharge increase favoring the encroachment of riparian vegetation and the stabilization of river 

banks (Grant, 2012; González del Tánago et al., 2016; Martínez-Fernández et al., 2017b). Then, 

both pressures would have synergistic effects leading to channel narrowing and favoring 

vegetation encroachment processes. In addition, since 1970s agriculture activities (degradation 

transition) and the expansion of irrigated farmlands raised as far as it became the dominant class 

till last year (i.e., 2014), frequently favored by levees and channel revetments protections. Similar 

occupations of the floodplain with agricultural land has been described previously in Spain (e.g., 

Ollero, (2010) in Ebro River; González del Tánago et al., (2015) in Guadalete River, Martínez-

Fernández et al., (2017a) in Esla and Porma Rivers, Martínez-Fernández et al., (2018) in Órbigo 

River) but also in many other regions all around the world (e.g., Gordon and Meentemeyer, 2006 

in California State, USA; Picco et al., 2017 in Italy). As the channels were gaining stability 

provided by the regulated regime and hydrological changes (both natural and artificial ones, as the 

water-transfer), human disturbance in the floodplain increased reaching dramatic occupation 

proportions such as the 60.9 % found in this segment of Tagus River. Human disruption of river 

floodplain interactions made landscape to adapt to changes in the flow regime, for example the 

reduction of smaller floods (recurrence interval around 2 years) have been found to have 

morphological consequences, also in terms of riparian vegetation removal, in many rivers (e.g., 

Cabezas et al., 2009; Surian et al., 2015; González del Tánago et al., 2016; Räpple et al., 2017). 

Our results are in agreement with those provided by previous authors with a decrease of width of 

the riparian corridor and width of active channel (Liébault and Piégay, 2002) for human use (e.g., 

Ollero, 2010 in Ebro River in NE of Spain and Liébault and Piégay, 2002 in South of France.  

Regarding the remarkable reduction occurred in active bars and vegetated bars, the emphasis 

of bar fragmentation should be mentioned. This fragmentation maintaining a high number of bars 

reflects a milder degradation of the geomorphological status of the segment (based on Lobera et 

al., 2015). However, in the case of calculating with area of bars, as it has been proposed in this 

work, a more severe impoverishment is found (Figure 5). River dynamism, was close to 45 % at 

the beginning of the study period (i.e., 1946-1975), while it completely changed after 1975 where 

they became close to 10 %. It should be mentioned, stationary condition was dominant in all 
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consecutive years except for the sub-period 1956-1975 when artificialization appeared and 

continually increased till 1999 showing stabilities in the last time subperiod (2000-2014). Through 

the whole study period (1946-2014) obvious changes in the riparian zone are visible. These 

observed trajectories are expected to be related quantitatively with instream flow potential control 

parameters. Let us see how this occur in the four time periods considered. 

During the first sub-period, (i.e., 1947-1956), although mean flows were not especially high, 

floods were frequent, with annual 1-day maximum discharge being 655.1 m3/s on average, while 

the absolute value for the period was 1,168 m3/s equivalent to 31-year flood and occurred in March 

of 1947 (Table 7), so active channel and river-floodplain interactions were strong enough to allow 

channel migration with a higher channel mobility. Active channel increased (1.4 % per year), while 

woody riparian vegetation reduction was the highest along the period (-4.9 % per year).  River 

dynamism was close to 45 % with rejuvenation (28.9 %) being the most visible process to the 

detriment of succession (Table 6). Geomorphic status variation for the period 1946-1956 indicated 

a stable geomorphic activity (GS) with a slightly increment in terms of number of bars (+0.1 %) 

while in terms of bars area there was a slight reduction (-4.6 %). During this period of relatively 

high floods, riparian zone increased active channel surface converting woody vegetation (11.7 %) 

and grass (11.8 %) zones into active channel (23.5 %) (Table 7). Both active and vegetated bars 

presented less complexity at this time, whereas irregularity was increased for woody riparian 

vegetation, in accordance to their fragmentation. High channel dynamism was also found before 

1956 in another Spanish river, the Ebro River, with a remarkable number of channel avulsions and 

relevant channel migration rates, coinciding with high floods in the 1930s in this region (Ollero et 

al., 2010). Due to the lack of hydrological data for the period 1933-1942, it is unknown the 

relevance of floods of this period in the study area, however, as for the Ebro River, Tagus River 

presented a high flood in 1930 (with a recurrence period around 8 years). Then, the higher floods 

of this sub-period could lead the river segment to have a higher dynamism, with widening 

processes and geomorphic status improvement although with more fragmented bars.  

The second sub-period, 1957 to 1975, was more humid and more frequent and intense floods 

occurred. Flood frequency and intensity, mean annual flow, 3-day minimum flow and mean 

summer flow presented the highest values of whole studied period, with 1-day maximum discharge 

being 533.4 m3/s on average, while the absolute value for the period was 1402.0 m3/s (Table 7).  

We assumed that these hydrological conditions should have favored the increase of the active 

channel and the succession would have stopped in its pioneer stages as has been pointed out by 

Räpple et al. (2017). On the contrary, 37.1% of active channel was lost to the detriment of other 

covers, specifically encroached by woody riparian vegetation (Table 6), although the most evident 

channel migration occurred in this subperiod. Succession became the dominant process, with an 

increase in woody riparian vegetation cover of 92.3 % in 1975 regarding to 1956.  
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Geomorphic status variation for the subperiod 1957-1975 experimented the highest decrease 

all over the period (-21.6 %) based on numbers that was even more pronounced based on area (-

35.6 %). In this sub-period, a sharply decline in mean patch size and mean size index is observed 

in congruence with the fragmentation of vegetated bars advertised by the higher number of bars 

and the lower area. The high summer flows in this period could be explained by the intensification 

of flow regulation with the completion of four large dams upstream the studied reach, being this 

hydrological change already described by previous authors (Batalla et al., 2004, Martínez-

Fernández et al., 2017a), and may cause the growth and stabilization of vegetation in the channel 

(Magdaleno and Fernández, 2011; Martínez-Fernández et al., 2017a). Similar processes of 

vegetation colonization on gravel bars observed during the same period (i.e., since 1946 to 1976) 

were very similar to other gravel‐bed rivers in the region in the absence of direct human impacts 

(Calle et al., 2017). 

In the subperiod (1976–1999), no-change was the dominant process (65 % of the total area) 

and also, artificialization shows the dramatic effect of human disturbance (Table 6). A sharply 

decay appeared in the flow discharge mainly due to the Tagus-Segura water-transfer that inevitably 

affected riparian zone. The decrease of floods intensity and frequency (with 1-day maximum 

discharge being 273.1 m3/s on average, while the absolute value for the period was 1,012.0 m3/s) 

would encourage the occupation of less disturbed floodplains by agricultural activities in the study 

reach leading to that dramatic increase in farmland. Channel migration and channel width 

decreased dramatically. Geomorphic Status continues to be impoverished whereas, regularity for 

active bars were obvious, vegetated bars and woody riparian vegetation became more complex in 

this period due to farming constraint, that converted active channel and woody riparian vegetation 

into agriculture (Table 5 and 6). Our outcomes are in agreement with those found by Serrano-

Notivoli et al., (2017) in the Aragon River that shows during 1980s the natural fluvial areas slightly 

declined in the area occupied by sediment bars while artificialization increased, together with the 

narrowing process. Indeed, similar reduction of channel migration, lateral movement and surface 

of water, have happened (Liébault and Piégay, 2002, Gordon and Meentemeyer, 2006, Ibisate et 

al., 2013).  

During the last subperiod, since 2000 to present, flow conditions were even more reduced 

showing minimum values for all hydrological parameters quantified (Table 7). Peak flows are 

extraordinarily low with no 5-years flood in the subperiod (1-day maximum discharge being 143.0 

m3/s on average, while the absolute value for the period was 296.8 m3/s). As a consequence, the 

riparian zone became more stable with 89.2 % of area without any change along this subperiod. 

Also, the area of vegetated bars increased (half of gravel bars were covered by vegetation). Bar 

fragmentation even continued with similar trend reducing their patch size and shape index. Indeed, 

the scarcity of flood events during this subperiod may explain the minimum active channel area 

high succession and stabilization and less rejuvenation tendency (Table 6), as already found by 

previous authors in other rivers where peaks flows decreased because of flow regulation (Gordon 
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and Meentemeyer, 2006; Ibisate et al., 2013; Martínez-Fernández et al., 2017a). At the end of the 

study, irregularity and spatial distribution for both vegetated and active bars have become the same 

at the lowest point which shows simplification of channel pattern. Channel migration and lateral 

mobility showed the lowest rate, then channel was relatively stable in this subperiod. It should be 

noted River Network Change Index presented deposition as the most dominant processes in this 

sub-period in congruence with the rest of approaches. Regarding Geomorphic status, a slight 

variation with an almost negligible recovery between 1999 and 2014 was found due to the increase 

of the total number of bars, while the impoverishment tendency continued whether the area of bars 

is considered (Table 4).  

We have shown that the River Tagus instream flow regime did explain the HYMO responses, 

especially they have been consistent with the hydrological reductions of the last two subperiods 

after the implementation of the Tagus-Segura transfer. Contrary to what was expected, while the 

subperiod 1957 to 1975 was more humid with more frequent and intense floods, the active channel 

was reduced, woody vegetation greatly encroached, succession was the dominant process and 

stationary area was the minimum in the whole studied period.  We have found similar contrasting 

results for the same time period in 13 Spanish rivers showing a general regional trend towards 

woody vegetation encroachment and channel narrowing (García de Jalón et al., 2020). Our 

explanation is based on the intense socio-economic change that occurred in this period with an 

intense urban growth in Madrid hinterland, a rural abandonment in rural areas, reduction on 

extensive cattle and an important development of intensive irrigation farming in the floodplains 

and surrounding areas (Valenzuela Rubio, 2010). As consequence, a never-before-seen increase 

in runoff nutrients and organic sludges from untreated urban sewage and from excessive 

agricultural fertilization produced a great eutrophication in Tagus River, together with the 

reduction of grazing pressure. We hypothesize that previous poor nutrients (especially N and P) 

conditions were playing a major role in limiting riparian primary productivity (Spink et al., 1998) 

changed increasing vegetation growth capacity that allowed to overcome the control exercised by 

floods, unbalancing the previous conditions. Riparian vegetative succession after flood 

disturbances in alluvial gravel bar river is associated with changes in the nutrient cycle processes 

(Asaeda et al. 2015). Once riparian mature forest stands were stablished in gravel bars, it is 

anchored by sediment accumulation and development of a dense root system and finally river 

channel is stabilized (Corenblit et al., 2007; Gurnell et al., 2012). Also, long-term changes that 

took place at catchment scale (e.g., forest expansion, runoff and soil erosion decline) caused 

reductions in sediment supply and river stabilization (e.g., García-Ruiz and Lana-Renault, 2011). 

At river scale largest dams Entrepeñas (1956) and Buendía (1958) built in Tagus upper reaches at 

the beginning of the period, have trapped sediments and regulated flows. Considered together these 

pressures, land use changes at basin scale and river damming at river scale represent causal links 

with channel narrowing, and vegetation encroachment (Gonzalez del Tánago et al., 2016) and 

seem that had synergistic effects with eutrophication accelerating vegetation encroachment. 
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 4.2. Assessment of different methodological approaches  

The different methodological perspectives used have contributed with different efficiency in 

achieving the objectives, and each one has different aspects valuables to river management. 

4.2.1. Morphological Analysis  

The effect of dam construction on the pattern and downstream channel width of the rivers has 

been examined by several researchers (e.g., Surian, 1999; Grant et al., 2012; Graf, 2006; 

Esfandiary, 2018). Through passing initial study period to the most recent year, River Change 

Network Index shows deposition and narrowing turned out to be the main processes occurring 

within the study reach, together with a reduction in channel migration and channel narrowing. 

However, it is needed to say that the identification of erosion and deposition areas defined as the 

area that turned out to be a part of active channel and as the area that have change from active 

channel to other land cover respectively (Yousefi et al., 2019), could be due to fluvial processes 

not corresponding to erosion and sedimentation in the strict sense. For instance, the encroachment 

of a bare gravel bar leads us to identify that area as sedimentation area when truly not real 

deposition of sediments has been occurred but a colonization of riparian vegetation very often 

related with a lack of flood disturbance. Then, the River Change Network Index has been very 

useful to identify general change pattern, but topographical information would greatly contribute 

to identify erosion and sedimentation in the strict sense. 

4.2.2. Analysis to characterize the evolution of riparian zone  

In general, the geomorphic status index decreased along the entire period (Figure 5) although 

the decrease was more pronounced regarding to areas; GSAr decreased from 4.0 to 2.04 points (-

48.9 %), while in the case of number of bars, GSN decreased from 4 to 2.95 points (-26.1%) (Table 

4). It is necessary to say that the number of bars and also the area of bars used to calculate these 

indexes could be little influenced by discharge variability during low flow conditions. However, 

as orthophothographs were taken during low flow conditions, is the period of the year when the 

error due to its variability is minimum. For this motive and because of the high variability among 

river sections and the potential influence of development of bare bars through time on channel 

area, we suggest that the variability in water level among the different orthophothographs was 

unlike to significantly affect our study. Future analysis that compares morphological parameters 

from aerial orthophothographs taken in very different flow conditions should consider river stage 

at the time of image capture as this is considered a potential source of error in interpreting river 

morphological changes (Serlet et al., 2018). 

Thanks to the patchiness approach, it was evident that riparian structure changed over the 

period. Mean Patch shows all different categories have been decreased, then a fragmentation of 

bars was patent with their increase in complexity as shown by Edge density and Area Weighted 

Mean Patch Fractal Dimension increases. Finally, according to the transition analysis, only 23.8 

% of the surface of the initial riparian zone in 1946 remains as active channel in all analysed 
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orthophotographs. The dominant ecological process along the entire period is Stationary, i.e., “no-

change”, except for the period 1956-1975; with fluvial dynamism not reaching 15 % in the last 

subperiods. Then, in annual ratios dynamism is constantly reduced. 

The joint use of different approaches in the characterization of the evolution of the riparian 

zone has allow us to obtain a complementary diagnosis. The impoverishment found for 

Geomorphic Status calculated based on number of landforms is overwhelmed by the calculus 

based on area of landforms as it has been proposed in this study. Due to the fragmentation of 

landforms clearly characterized in the patchiness approach, geomorphic status could have kept 

high values showing a “misleading” good status. However, a clear decreasing trend in GSAr was 

found in congruence with the loss of active channel area, that in absence of flood disturbances is 

invaded by human activities as farmland, stabilising the narrowing and artificialization process 

more prominently since 1970s. Each approach has provided complementary information unknown 

with the other approaches, especially when sub reaches are analysed separately. Then, although it 

is more time consuming, a combination of methods from different perspectives would be 

preferable to the single selection. 

 

4.3. Basis for HYMO Management in Tagus River 

With more intensity during the two last subperiods (1976–2014), the synergistic effect of the 

alteration of flow regime and the relevant human occupation constrained fluvial processes and 

impeded riparian zone rejuvenation, then human activity which happened sequentially have 

dominated over natural drivers. One opportunity to try to reverse this artificialization process could 

be the implementation of environmental flows (sensu Acreman and Dunbar, 2004), a restoration 

measure to favor active channel widening and eventually achieve the ecological improvement. 

These environmental flows should include flushing flows able to uproot, at least partially, 

stablished mature riparian forest, in order to balance present vegetation encroachment. 

Nevertheless, the magnitude and duration of these peak flows is a challenge difficult to achieve 

(Miller et al., 2013). Water releases from reservoirs combined with geomorphic work (e.g., 

abandonment of human activities in the floodplain and reconfiguration, preparation of the site, 

mechanical removal of competing vegetation) have been implemented to restore riparian habitat 

in other rivers of semi-arid regions, such as the Middle Rio Grande in New Mexico (Sher et al., 

2002) or more recently the Lower Colorado River from U.S. -Mexico border to the river delta 

(Shafroth et al., 2017). 

Riparian responses to the direct effect of human pressures here considered acting at medium 

to small scale (i.e., human occupation at reach scale to flow regulation and water abstraction at 

landscape scale) would be exacerbated by climate change conditions predicted all over the world 

at large scale (Van Vliet et al., 2013). In direct relation with fluvial landscapes, previous studies 

have predicted a decrease in seedlings as a direct consequence of flow reduction (Mahoney and 
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Rood, 1998; Martínez-Fernández et al., 2018) together with the ageing of riparian corridors that 

favours the stabilization of floodplain geomorphic units (Moradkhani et al., 2010; Rivaes et al., 

2014; Martínez-Fernández et al., 2018). Overall, these changes, important fluvial processes were 

altered on River Tagus, like sediment and flow reduction, bank stabilization, riparian vegetation 

encroachment, channel incision, and these processes are responsible for reducing river dimensions 

into a small remnant: this is what has been called ‘Bonsai river syndrome’ (García de Jalón et al., 

2016). 

Although human needs and demands frequently prevailed over environmental requirements, 

further research should face new challenges considering the optimization of water demands (i.e., 

flow regulation and water-transfers) to minimize their impact in an increasingly demanding world 

in terms of natural conservation and water policies. 

 

5. CONCLUSIONS 

Our results show that Tagus River, and particularly our study segment, has been intensely 

affected by different human pressures, being flow regulation, the water-transfer since 1979 and 

floodplain occupation by farmland activities the most important. The dominant process along the 

entire period is the stability of the riparian zone, i.e., “no-change transition”, except for the period 

1957-1975. Fluvial dynamisms represent almost 50% of channel changes for the first two 

subperiods (i.e., 1946-1956; 1957-1975), while for the last two subperiods (i.e., 1976-1999; 2000-

2014) fluvial dynamism do not reach 15 %, then in annual ratios, dynamism is constantly reduced. 

By applying different analysis approaches, we note the progressive impoverishment of 

geomorphic status, and lead us to better understand the narrowing process together with the 

decrease of active area and the fragmentation of previous bare and vegetated bars. The gradual 

reduction in the annual stream flow and floods frequency, duration and intensity, together with the 

increase in the frequency of low discharges mainly conducted to reduce active bars as they are 

encroached by vegetation, but also to the conversion of the riparian zone into farmland. 

As expected, the combination of different approaches have resulted complementary to 

understand the complex bio-geomorphological evolution of the study segment over a long-term 

scale (1946-2014). Nevertheless, geomorphic status degradation was more clearly detected when 

we consider the area of fluvial landforms instead of their number as it was originally proposed 

(Lobera et al., 2015), and LMI presented higher resolution than other indices when considering 

sub-reaches differentiated. 
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3.2. GEOMORPHOLOGICAL EVOLUTION ALONG INTERNATIONAL 

RIVERINE BORDERS: THE FLOW OF THE ARAS RIVER THROUGH IRAN, 

AZERBAIJAN, AND ARMENIA  

 
This chapter reproduces entirely the paper published in: 

 

Fazelpoor, K., Yousefi, S., Martínez-Fernández, V. and de Jalón, D.G., 2021. 

Geomorphological evolution along international riverine borders: The flow of the Aras River 

through Iran, Azerbaijan, and Armenia. Journal of Environmental Management, 290, 

p.112599. 

 

ABSTRACT 
Fluvial dynamism at riverine frontiers can perform a relevant role in political relationships 

between countries. The present study has tried to discern the role of international riverine borders 

as a limiting factor of their dynamics from a geomorphological point of view. In this context, the 

main objective of this research is to assess how land cover has been affected by river dynamics 

along a border by analysing a 160-km-long reach of the Aras River, which is the natural frontier 

between Iran, Azerbaijan, and Armenia, over the last 35 years (i.e., 1984–2019). Landsat images 

from 1984 to 2019 have been used to assess land cover changes in a floodplain buffer using 

Support Vector Machine algorithms and geomorphological changes through indexes such as the 

River Network Change Index, Channel Mobility Index, Sinuosity index, and Bank retreat index. 

The active channel has mainly experienced a narrowing process during the study period, with a 

narrowing rate of 2.05 m/year. In addition, the average value of the River Network Channel Index 

(–2.45 m/year) reveals that lateral deposition and narrowing were the main processes occurring 

within the study reach. Channel displacement toward the non-Iranian part was more prominent, 

being around 27 m on average along the whole study reach, except for the last 50 km of the study 

segment between Iran and Azerbaijan, where displacement toward the Iran territory was more 

prominent. Stabilization of surfaces prevailed, with most of the area maintaining the same type 

during the study period. Regarding land cover types, artificialization appears to be the most 

prominent transition, with the most relevant changes being the appearance of residential areas from 

a negligible presence in 1984 and the doubling of agricultural lands. The findings of the present 

study could be extended to identify morphological variations of riverine borders with similar 

hydrological and political conditions in the world. 

Keywords: riverine border, land cover, satellite images, SVM, geomorphological changes 

 

1. INTRODUCTION 
International rivers are one of the most politicized natural resources, representing an important 

dynamic landscape feature that plays an exceptional role between countries with a common 

boundary (Yannopoulos et al., 2015; Yousefi et al., 2017). Thus far, the discourse on riverine 

border cooperation and governance has emanated mainly from empirical studies conducted in a 
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few major regions, particularly in North America and Western Europe (Hooghe and Marks, 2001; 

Blatter, 2004). Riverine border studies have expanded to Asia and from the supranational to the 

sub-national level to processes of growing regional interconnectedness that occur (Chen, 2005).  

During the last decades, water demand on both sides of riverine borders for direct use in 

irrigation of farmland and urban and industrial activities has risen (Ashraf Vaghefi et al., 2013). 

As global warming is expected to intensify hydro-climatic changes, possible conflicts in the 

international river basins could be anticipated and better managed. In this context, treaties mostly 

intermediate between major complex structures in governing systems and can strongly promote 

cooperation (Donaldson, 2011; Brochmann and Hensel, 2012). However, under government 

pressure, economic aspects and social conditions can impose different conversions of land use and 

alter river structures (Jahani et al., 2013, Khaleghi and Surian, 2019).  

Channel adjustments in riverine borders are changed by natural events and human impacts, 

which can have social and environmental effects (Scorpio and Rosskopf, 2016; Zhou et al., 2017; 

Mirzaee et al., 2018). The interactions between the hydrological regime, geology, and 

anthropogenic factors can lead to relevant morphological changes such as channel narrowing or 

incision, a reduction in the number of native species, and land use changes on both sides of the 

boundaries (Kondolf et al., 2007; Jahani et al., 2013; Hooke, 2016; Righini et al., 2017; Lyu et al., 

2020). To analyse these morphological changes, various techniques such as classical (e.g., cross-

sections, historical maps, and sedimentology) and modern approaches (e.g., remote sensing, 

machine learning) have been used (Bhuiyan et al., 2015; Petropoulos et al., 2015).  

Remote sensing can periodically provide a comprehensive and synoptic perspective of large 

areas and has been extensively used to investigate morphometric parameters such as channel width 

(Bhuiyan et al., 2015; Tamminga et al., 2015), channel sinuosity (Thakur, 2012), water surface 

area (Joeckel and Henebry, 2008), centre line shifting (Chakraborty and Mukhopadhyay, 2015), 

bank erosion and sedimentation (Archana, 2012; Yousefi et al., 2018; Mirzaee et al., 2018),  and 

channel change caused by human activity (Evan et al., 2007; Kiss and Blanka, 2012).   

Specifically in Iran, river channels have been affected by changes in climate, human 

intervention such as channelization, water diversion for flood mitigation and agriculture, 

damming, gravel mining, and land-use changes (Dinar et al., 2015; Khaleghi and Surian, 2019). 

The Iranian international borders, with a total length of 8731 km, include land, sea, and river 

borders. The riverine borders between Iran and its neighbouring countries (seven countries) are 

about 1830 km long, accounting for 20.9% of the total border length (Ettehad, 2010). Aras River, 

due to its historical background (i.e., being the frontier since the treaty between Iran and the 

Russian Empire in 1813), was a good choice as a boundary between countries. However, natural 

deposition and erosion processes, which cause shifting of the river, together with changes of land 

cover on their floodplains, can create political issues between countries in terms of boundary 

definitions. 

In this context, the main objective of this research is to assess how land cover has been affected 

by river dynamics along the border, analysing a 160-km-long reach of the Aras River over the last 
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35 years (i.e., 1984–2019), in order to understand the main drivers leading to those changes. 

Specifically, our aim is to discern the role of international riverine borders as a limiting factor of 

their dynamics from a geomorphological point of view and to assess the best methodological tools 

to achieve the objectives set out above, together with their possible practical contribution to river 

management. 

For that purpose, a diachronic analysis has been used to analyse satellite images to find land 

cover changes (e.g., agriculture, vegetation cover, water body, no farming, and residential) and 

geomorphological changes through indexes such as the River Network Change Index (Yousefi et 

al., 2018), the Channel Mobility Index (Sanchis‐Ibor et al., 2018), sinuosity index (Mirzaee et al., 

2018), and bank retreat index (Yousefi et al., 2018), together with hydrological analysis. 

 

2. METHODOLOGY 

2.1. Study area 

The Aras River is the ninth largest river in Asia. This river has an approximate length of 1,072 

km and is the common boundary between Turkey, Azerbaijan, Iran, and Armenia along a 470-km 

distance; 451 km of it is located on the border with Iran and it finally enters Azerbaijan where it 

joins the Karu River and empties into the Caspian Sea. Originating from Bingöl Mountains, Karasu 

Aras Dağları (2800 m.a.s.l,) in Turkey, Aras River lies within a water catchment of around 100,220 

km2 (Fateai et al., 2012; Nasehi et al., 2013). The annual average temperature in the catchment 

ranges from 0 to 2 C in the mountains and from 14 to 14.5 C in plains and lowland areas. 

Furthermore, the precipitation regime in the study area is controlled by the Caspian Sea in the east, 

the Mediterranean Sea in the west, and the Siberian low-pressure fronts from the north. The annual 

rainfall varies between 200 and 1,600 mm. However, fog, as hidden precipitation, provides an 

effective additional water supply particularly at elevations between 1,000 and 2,000 m.  

The Aras drainage basin produced and modified the landforms by active tectonic processes 

and derived the spatial variations of the Quaternary deformation. The region is covered mainly by 

neogene-sedimentary, volcano-sedimentary, and volcanic rocks. Particularly in the study area, the 

rocks are mainly of Cretaceous origin with limestones, schists, and conglomerates as the main 

constituents (Jalili et al., 2003; Saber et al., 2019; Ramezani et al., 2020).  

At catchment scale, the vegetation composition of this zone is made up of both the Irano-

Turanian and Euro-Siberian flora and forms a transitional zone where both elements are 

intermingled (Ramezani et al., 2020). Three different areas of vegetation have been reported 

(Hamzeh’ee et al., 2010), considering elevation, slope, and impact of artificialization:  

I. The high elevation zone, mainly from 1,000 to 1,800 m.a.s.l., is forest, and the alpine zone 

(1,800–2,700 m.a.s.l.) can be split up into short shrub grasslands and pure grasslands and forbs 

and grasses.  
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II. In the mid-elevation zone (600–1,250 m.a.s.l.), dense stands of thorny shrubs dominate the 

landscape and are slowly replaced by later-successional hardwoods (Hamzeh’ee et al., 2010; 

Talebi et al., 2013; Ramezani et al., 2020).  

III. The lower elevation zone (265–600 m.a.s.l.) consists mainly of abandoned agricultural 

lands with secondary vegetation types of mostly Irano-Turanian origin (Jalili et al., 2003; Talebi 

et al., 2013). 

The section of the Aras River studied here is located between the Aras Dam at 765 m altitude 

and the Khoda Afarin Dam at 254 m altitude (Figure 1) and has a length of 160 km and an average 

slope of 0.29%. The Aras Reservoir is along the border between Iran and Azerbaijan, located 

downstream of Poldasht city in Iran and Nakhchivan city in Azerbaijan. Khoda Afarin Dam 

straddles the international border between Iran and Azerbaijan, located 8 km west of Khomarlu in 

Iran and 14 km southwest of Soltanlı in Azerbaijan (Nagorno Karabakh). The Aras Reservoir has 

operated since 1971 with a total capacity of 1.5 km3 and a 40-m-high dam, while the newest 

reservoir is Khoda Afarin (total capacity of 1.6 km3 and 64-m-high dam), which has operated since 

2009. The mean annual maximum flow within the study area is 1,100 m3/s at Aras dam; however, 

this value may decrease to 32 and 180 m3.s-1 in arid seasons (Akbulut et al., 2009; Nasehi et al., 

2013; Talebi et al., 2013; Saber et al., 2019; Ramezani et al., 2020). The main species of riparian 

vegetation in the study area are Tamarix (82%), Salix (4.5%), and Populus (4.4%) (Author 

communication from the Iranian Ministry of Energy).  

Figure 1. Geographical location of the study area 
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2.1.1. Hydrological data 

The instream flows in the river reach studied correspond to flow releases from the Aras Dam, 

as there are no significant tributaries in the studied reach. However, no data are available for these 

flow releases. In order to understand the river evolution, hydrological data from a section located 

18 km before Khoda-Afarin Dam obtained from the Iranian Ministry of Energy were used to 

summarize floods and average flows for the studied period. However, as the segment is a riverine 

border, due to countries’ policies, only the discharge data from 2000 to 2019 were received. Then, 

annual maximum discharge, annual mean discharge, and floods with recurrence intervals of two 

(474 m3.s-1), five (888 m3.s-1), and ten (1721 m3.s-1) years were selected as relevant flow parameters 

to assess river dynamism (Figure 2). The mean annual flow in the studied segment is 273 m3.s-1, 

fluctuating from 97 to 341 m3.s-1. This regulated flow regime is very homogeneous, and the daily 

flows were constant during the three consecutive years of 2010–2012 (Figure 2). However, we 

ignore the natural flow regime before Aras Dam started operating. 

 
Figure 2. Calculated hydrological parameters: mean annual flow, maximum annual flows, and floods 

with recurrence intervals of 2, 5, and 10 years for the study period.   
 

2.2. Data production 
2.2.1. Morphological parameters of river channel 

The active channel (i.e., surface covered by water and bare gravels) was digitized and 

extracted for 1984, 2000, and 2019 based on satellite composite colour images. The centreline of 

the active channel in the study reach and active channel width were determined at 10-m intervals 

for the study period using Fluvial Corridor 10.1 (Roux et al., 2015; Mirzaee et al., 2018). In the 

present study, channel movement was calculated systematically by drawing cross-sections at 1-

km intervals and calculating the distance between the intersection point and the centreline in 1984 

and the centreline in 2019. Channel movements to the detriment of Iranian territory, namely to the 

north (Figure 1), take negative values in the presentation of results. Furthermore, the River 
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Network Change Index (RNCI) is calculated based on the active channel layers, erosion area (EA), 

and deposition area (DA) (Eq. 1) (Yousefi et al., 2017; Yousefi et al., 2018).  

RNCI = (
𝐸𝐴− 𝐷𝐴

𝐿
)/Y                                                                                                       (Eq. 1)  

Where EA is the area that turned out to be part of the active channel by the end of a period 

and DA is the area of the active channel that changed to other land cover types (including the area 

that lost water column due to a reduction in water realized during a period and is frequently covered 

by vegetation. L is segment length and Y is the number of years between the beginning and end of 

the period. 

Based on the presented equation, if the River Network Change Index is negative, the main 

process is sedimentation, while if it is positive, the main process is river erosion. 

The sinuosity index (Eq. 2) and channel mobility index (Eq. 3) were calculated as 

morphological indices that provide relevant information about channel evolution (Mirzaee et al., 

2018). 

S = C/L                                                                                                                              (Eq. 2) 

Where S is sinuosity, C is the centreline length, and L is the straight-line valley length between 

measurement points. 

The Channel Mobility Index (CMI) (Eq. 3) represents channel movement during the study 

period calculated as a result of the addition of the total extent of new channel area plus abandoned 

channel area, divided by the preserved channel area (Sanchis‐Ibor et al., 2018). 

CMI = (
𝑁𝑒𝑤 𝐶ℎ𝑎𝑛𝑛𝑒𝑙+𝐴𝑏𝑎𝑛𝑑𝑜𝑛𝑒𝑑 𝐶ℎ𝑎𝑛𝑛𝑒𝑙

𝑃𝑟𝑒𝑠𝑒𝑟𝑣𝑒𝑑 𝐶ℎ𝑎𝑛𝑛𝑒𝑙
)                                                                           (Eq. 3)  

Where the preserved channel area is the coincident area of the flowing channel between two 

different aerial images and the abandoned and new channel are the areas abandoned and 

incorporated by the channel, respectively, at the end of the period. A high value means that the 

channel has experimented high mobility. Finally, bank retreat (BR) (Eq. 4), which refers to the 

general concept of the time rate of erosion in the channel banks, was calculated following Yousefi 

et al. (2018): 

BR = (
𝐸𝐴

𝐸𝐿
)/Y                                                                                                                   (Eq. 4) 

Where EA is the erosion area, EL is the erosion length, and Y is the number of years between 

the beginning and end of the period.  

 

2.2.2. Land use mapping 

In the present study, TM (Thematic Mapper), ETM (Enhanced Thematic Mapper), and OLI 

(Operation Land Imager) Landsat images were taken on 10 July 1984, 26 June 2000, and 20 

September 2019, respectively (all available at https://landsatlook.usgs.gov/). First of all, we 

identified the limit of a floodplain buffer zone within a buffer of 5 km from the centreline along 

the entire 160 km reach of the Aras River, which is the floodplain area where land cover changes 

are assessed. Based on Support Vector Machine (SVM) classification and the training area, the 

Landsat images were classified for five land use classes: (1) agriculture, (2) water body, (3) no 

https://landsatlook.usgs.gov/
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farming area, including lands that have no vegetation cover and which do not belong to the other 

categories, (4) natural cover, including the area covered by dense vegetation (riparian vegetation), 

and (5) residential area, including any developed area with human constructions (Srivastava et al., 

2012; Yousefi et al., 2018). Using Google Earth images (for the study period: 1984, 2000, and 

2019), 675 reference data were applied for the image classification process. Based on random 

sampling, the reference sets were divided into 475 training sets and 200 validation sets using Arc 

GIS 10.4.2.  

Land cover maps for 1984, 2000, and 2019 were obtained from Landsat images and data were 

classified using a Support Vector Machine (SVM) algorithm (Yousefi et al., 2015). The SVM has 

been widely used and its accuracy has been highly recognized (Huang et al., 2020; Zhong et al., 

2020). Previous studies (Gualtieri and Cromp, 1999; Halder et al., 2011; Henshaw et al., 2013) 

demonstrated that SVM performs better than other algorithms in producing land cover maps, 

especially when a small number of training data are available (Nandi et al., 2017; Yousefi et al., 

2018; Zhong et al., 2020). Although the spatial resolution of Landsat images is 30 m, previous 

studies have used them to analyse land-use maps and to assess the river changes (Uddin et al., 

2011; Gupta et al., 2013; Li et al., 2014; Mirzaee et al., 2018). Furthermore, the kappa coefficient 

was calculated to show the accuracy of land use maps.  

 

2.2.3. Transition analysis  

Considering the habitat trajectories (Díaz-Redondo et al., 2017; Mirzaee et al., 2018), four 

different habitat transitions were defined to evaluate the floodplain dynamism in the whole study 

period. For that purpose, the five land covers categories explained in the previous section were 

used (i.e., agriculture, water body, no farming, residential, and natural cover). These transitions 

are as follows: 1) stationary: areas that maintained the same land cover type were considered as 

“no-change”; 2) succession: development changes towards a more mature state or to an aged 

riparian forest; 3) rejuvenation: when regression changes are directed toward pioneer and early 

stages of vegetation and bare gravel bars in the channel; and finally 4) artificialization, when the 

anthropization process transforms habitats into roads, buildings, and agriculture land (Fazelpoor 

et al., in preparation). Additionally, for each country in the study segment, stationary as the “no 

change” category and succession, rejuvenation, and artificialization as the “changed” categories 

were investigated for the whole study period.  

 

3. RESULTS 
Two main types of analyses were performed: the first considered the morphological changes 

in the river channel during the study period and the second considered the land cover changes 

inside the buffer zone (floodplain) along the study river reach.  

3.1. The morphological evolution in the Aras international reach 

The results of the present study mainly show a decreasing trend in the area of the active 

channel during the study period. As can be seen in Table 1, the active channel width has narrowed 
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(–39.1%) on comparing the initial image (i.e., 1984) with the current image (i.e., 2019) along the 

160-km study reach. The narrowing rate for the entire period is 2.05 m/year. Looking at sub-

periods, this parameter is higher from 1984 to 2000, with a narrowing rate of 3.0 m/year, while 

this value decreases to 1.1 m/year from 2000 to 2019.   Channel sinuosity increased in the first 

period (Table 1) from 1.43 to 1.46, mainly due to an increase of river length from 157 to 160 km. 

 

Table 1: Morphological parameters calculated during the study period in the active channel and 

cumulative proportion of change since the initial image in 1984. 

Year  Active channel 

area (km2) 

Cumulative percentage 

change since 1984 (%) 

 Active channel 

width (m) 

Cumulative percentage 

change since 1984 (%) 

 Sinuosity 

1984  37.0 
 

 184.3 
 

 1.43 

2000  26.4 -28.9  136.7 -25.8  1.46 

2019  24.1 -35.0  112.3 -39.1  1.46 

 

The lateral movement of the channel centreline for the whole study period (1984–2019) is 

presented in Figure 3 and Table 2. Channel displacement was more prominent toward the non-

Iranian part, except in the last 50 km of the study segment, the common boundary between Iran 

and Azerbaijan, where there was displacement toward the Iran territory of 86.7 m on average. The 

border channel between Iran and Armenia moved toward Armenia 8.7 m on average. The most 

relevant displacement toward the non-Iranian territory is located in the first 75 km, the western 

common boundary between Iran and Azerbaijan, with a value of –378.9 m, while the most relevant 

movement toward Iran territory is around +473.5 m and is reached in the eastern common 

boundary between Iran and Azerbaijan. On average, the Aras River moved –26.9 m towards the 

non-Iranian part along the whole study reach.   

 

Figure 3. A: Aras channel centreline movement along the international border for the period 1984–

2019. B: Samples of channel movement along the river from 1984 to 2019.  
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Table 2. Summary of channel centreline displacement between countries. Negative values indicate 

movement toward Azerbaijan and Armenia and positives values indicate movement toward Iran.  

Channel centerline 

displacement  

Iran and Azerbaijan 

(km 0-75) 

Iran and Armenia 

(km 75-110) 

Iran and Azerbaijan 

(km 110-160)  

Average value (m) -52.09 -8.70 +86.74 

Maximum/Minimum value (m) +397.97 / -378.96 +84.89 / -63.38 +473.58 / -251.09 

Standard deviation 1274.50 1607.36 1185.59 

 

After calculating the areas of erosion and deposition for the study reach during the period 

1984–2019 (Figure 4, Table 3), the average value of the River Network Channel Index is found to 

be –2.45 m/year, revealing that lateral deposition and narrowing were the main processes occurring 

within the study reach. According to our results, the River Network Channel Index calculated 

period by period was quite variable, ranging from –4.1 in the first period (i.e., 1984–2000) to –0.8 

m/year in the second period (i.e., 2000–2019). Then, the deposition process prevailed over erosion 

in both periods but with higher intensity in the first period according to this index. 

On average, the flowing channel presented some dynamism, with the Channel Mobility Index 

showing maximum values (CMI = 1.5) within the period of 2000–2019, while it was 1.4 for the 

first study period, which can indicate movement between the initial year and latest one. It should 

be noted that the bank retreat was 9.45 m/year between 1984 and 2000. A continual relevant 

decrease occurred in the second study period (2000–2019), when it became 0.05 m/year (Table 3). 

 

 
Figure 4. A sample map of erosion and deposition areas along the study reach during the study period, 

where erosion areas (in black) are those areas found to be a part of the active channel by the end of a period, 
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while sedimentation areas (in red) are areas of the active channel that changed to other land cover types 

during a period.  

 

Table 3. Erosion, sedimentation, and preserved channel areas (km2), River Change Network Index 

(RNCI, m/year), Channel Mobility Index (CMI, unitless), and bank retreat (m/year) for consecutive study 

periods. 

 

Period Erosion area 

(km2)  

Sedimentation area 

(km2)   

Preserved channel 

area (km2) 

RCNI 

(m/year) 

CMI Bank retreat 

(m/year) 

1984-2000 7.7 18.4 18.6 -4.1 1.4 9.42 

2000-2019 9.7 12.4 14.3 -0.8 1.5 0.05 

 

 

3.2. Land cover analysis 

After processing the land cover analysis by using SVM (Figure 5), the map of the year 2000 

with an overall accuracy of 91.23% and kappa coefficient of 0.83 is the most accurate (Table 4), 

while the least accurate is for 1984, presenting values of 85.05 and 0.77, respectively. 

 

Table 4. Coefficient classification accuracy of the produced land use / land cover maps 
Year Overall accuracy (%) Kappa coefficient 

1984 85.05 0.77 

2000 91.23 0.83 

2019 87.90 0.80 

 

The results show that the areas of water body and no farming have decreased continuously 

over the study period, while agricultural and residential lands, in contrast, have increased (Table 

5, Figure 5). During the first period, riparian cover presented a slight surface increment (3.1%), 

but over the last two decades, it decreased (–15.9%). Additionally, the residential category was 

almost absent in 1984 but increased dramatically from 1984 to 2000 and increased continually 

until last year (i.e., 2019), showing the most remarkable change compared with the rest of the land 

cover categories. Table 5 also shows a great proliferation of irrigated agricultural land, with an 

increase of 470.6% for the period 1984–2000 and a constant increase during the period 2000–2019 

(182.7%). The surface covered by water decreased by half (–46.33%) in the first study period and 

decreased constantly until the last year of study (–31.4%). 
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Figure 5. Land cover maps of the study area for the period of 1984, 2000, and 2019 with the focus on 

a river section as an example to show active channel delineation and land cover classification. Note the 

increase in both agricultural and residential cover during the period. 
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Table 5. Area (km2) of different covers in the floodplain buffer zone and, in brackets, first the 

proportion (%) of changes in cover between consecutive analysed Landsat images, and second, underlined, 

the change per year between consecutive analysed Landsat images expressed as the percentage change per 

year. 

Year Agriculture  No farming Water body Natural cover Residential 

1984 4.5 1164.5 33.5 155.24 0.0009 

2000 25.6 

(470.6 / 26.9) 

1143.3 

(-1.82 / -0.11) 

17.98 

(-46.33 / -2.89) 

160.12 

(3.14 / 0.19) 

10.44 

(1159900.00 / 72493.75) 

2019 72.6 

(182.7 / 9.6) 

1122.4 

(-1.83 / -0.09) 

12.34 

(-31.37 / -1.65) 

134.54 

(-15.95 / -0.83) 

15.6 

(49.43 / 2.60) 

 

Regarding land cover types analysed along both sides of the active channel in 2019, the results 

show that active channel sides were mainly comprised of the no farming category, vegetation, and 

water surface (Figure 6). The results also show that the agricultural and residential categories on 

the right side (Iranian part) are more prevalent and continual than on the left side (non-Iranian 

part). Trends of land cover indicated that residential areas increased on both sides of the Aras 

River, especially in the non-Iranian part (left side). Between 1984 and 2000, the growth in 

residential areas on the non-Iranian bank of the river increased rapidly. Since 2000, a continual 

increase in the residential category happened on the right side (Iranian part) (Figure 5). 

 

 
Figure 6. Land cover occupation (2019) of the left (non-Iranian part) and right sides (Iranian part) of 

the active channel (2019): (1) agriculture, (2) no farming, (3) residential, (4) natural cover, and (5) water 

body. 
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Analysing the land cover distribution by country, the no-farming category in Iran has the 

largest area among all countries (Table 6). In the first study period, the residential area was 

negligible. However, from 1984 to 2000, human activity increased, with Azerbaijan being the 

country with the largest area of this class (0.6%). Agricultural land was very scarce in the three 

countries between 1984 to 2000, with less than 1.2% of the floodplain buffer, and increased slightly 

by the year 2019 (2.5%). As anthropogenic surfaces increased, the water surface and natural cover 

decreased in Iran, Azerbaijan, and Armenia. Natural cover increased in Iran in the first period, 

while it decreased in both Azerbaijan and Armenia. However, between 2000 and 2019, natural 

cover increased in Azerbaijan and was reduced in both Armenia and Iran. In general terms, 

agricultural activity increased from 1.9% in 2000 to 5.3% in 2019 while the natural cover 

decreased from 11.8% in 2000 to 9.9% in 2019 on the Aras floodplain.  

 
Table 6. Land cover percentage (%) on the Aras floodplain buffer for each country in the study 

period (1984–2019). 

 Agriculture No farming Residential Natural cover Water body 

1984 

Iran 0.1 44.9 0.0 6.5 1.2 

Azerbaijan 0.3 28.3 0.0 3.6 0.8 

Armenia 0.0 12.5 0.0 1.4 0.5 

2000 

Iran 0.70 43.86 0.18 7.29 0.65 

Azerbaijan 1.19 27.56 0.56 3.30 0.43 

Armenia 0.0 12.80 0.03 1.21 0.24 

2019 

Iran 2.50 44.68 0.32 4.75 0.43 

Azerbaijan 2.49 25.36 0.64 4.25 0.30 

Armenia 0.35 12.64 0.19 0.91 0.17 

 

3.3. The evolution based on transition matrix 

The results show that stabilization prevailed, with most of the area (1128.20 km2) maintaining 

the same type during the study period (Figure 7, Table 7). The stationary or “no-change” type was 

dominant in the entire period (83.1%), especially in Iran, where 44.2% of the total area remained 

the same (no-change), while in Azerbaijan and Armenia it was 26.2% and 12.7%, respectively. 

The total area “changed” in the whole study period (i.e., succession, rejuvenation, and 

artificialization considered together) was 16.9%. In this regard, the “changed” area in Iran, at 8.5%, 

showed the most remarkable transition result, while the corresponding values were 6.8% for 

Azerbaijan and 1.6% for Armenia (Figure 7).  
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Figure 7. Percentage transition for no-change and change (1984–2019). 

 

Looking specifically at transition classes for the total floodplain, the succession class has an 

area of 6.0% and the rejuvenation class has the lowest area (3.9%), which indicates that dynamism 

occurred in 9.9% of the floodplain buffer area. The vegetation encroachment process in the whole 

study represents 4.6%. Additionally, this trend was the same for active channel recovery, which 

was absent between 1984 and 2019 (0.5%). The artificialization process was significant, 

representing 7.2% of the changed area. 

 
Table 7. Habitat changes during the whole study period quantified by percentage and area (km2.) 

Processes Habitat change 1984-2019 

Percent % Area (km2) 

 

 

 

 

Dynamism 

 

 

 

Succession 

Water body to vegetation 0.33 4.54 

No farming to vegetation 4.19 56.85 

Residential to vegetation 0.00 0.00 

Water body to No farming 1.44 19.55 

 

 

Rejuvenation 

Agriculture to No farming 0.07 1.02 

Agriculture to Vegetation 0.07 0.89 

No farming to Water body 0.36 4.84 

Vegetation to No farming 3.28 44.55 

Vegetation to Water body 0.10 1.32 

 

 

 

 

 

Artificialization 

 

 

Agriculture to Residential 0.01 0.08 

No farming to Agriculture 3.25 44.05 

No farming to Residential 1.21 16.36 

Vegetation to Agriculture 2.38 32.59 

Vegetation to Residential 0.19 2.60 

Water body to Agriculture 0.03 0.45 

Water body to Residential 0.06 0.87 

No farming to agriculture 0.07 1.02 

Residential to agriculture 0.01 0.08 

Stationary  No change 83.11 1128.20 
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4. DISCUSSION  

4.1. River evolution  

In general, for the entire period, the morphology pattern showed changes in frequency and 

recurrence interval, especially after the year 2000, concurring with the rise of human activity in 

the study area. Between the reference image (1984) and the last one (2019), the geomorphology 

of the segment is affected by deposition activity and anthropization along the banks (Table 3, 

Figure 5). Indeed, as a result of an increasing working population, artificialization processes 

increased dramatically in the floodplain buffer zone as they became a significant process in the 

whole study, but compared with dynamism category, including succession and rejuvenation, 

artificialization was smaller (Table 7). Similar occupation of the floodplain zone by agricultural 

land has been described previously in Iran (e.g., Salemi et al., 2015, in Zayandeh Rud River; 

Yousefi et al., 2018, in Karoon River) but also in many other regions around the world (e.g., 

Gordon et al., 2006, in California State, USA; Picco et al., 2017, in Italy). With more force during 

the period from 2000 to 2019, the different effects of the reduction of floods by dams constrained 

floodplain buffer processes and prevented natural cover rejuvenation, and thus human activities 

prevailed over natural drivers. As a consequence of increasing artificialization, a reduction in the 

natural cover occurred after 2000, with the Iranian part being the most affected (Tables 6 and 7). 

Due to the constant increase in human pressure, decreases in natural cover considered at different 

scales (i.e., from human occupation at reach scale to flow regulation and water abstraction at the 

landscape scale) will be aggravated by climate change conditions predicted all over the world at 

large scale (Van Vliet et al., 2013), with water scarcity being one of the main problems in the study 

area (Emami and Koch, 2019). The effect of dam construction on the pattern and channel width of 

the rivers has been examined by many researchers (e.g., Surian, 1999; Grant et al., 2012; 

Esfandiary et al., 2019). Between the initial study period and the last year, the River Network 

Change Index shows that deposition and narrowing were the main processes occurring within the 

study reach, together with a slight increase in channel mobility. As the channel gained stability 

through the regulated regime, a range of factors (both natural and artificial), including large-scale 

irrigation (Esmaeilpour et al., 2012; Molavi et al., 2017), hydropower schemes (Khosroshahi et 

al., 2015), flood control, and watershed degradation (Imanov et al., 2009) led to landscape 

adaptation to alterations in the flow regime (Table 7, Figure 5) (Räpple et al., 2017).  

The results showed that channel migration has happened, and the River Network Change 

Index showed that deposition was the most dominant process, with a decrease of the active channel 

area. It should be noted the sinuosity increased slightly (by about 0.03 points), which could be 

related to a decrease in discharge (Figure 2), as previous authors demonstrated (Yousefi et al., 

2017) that flows converge in the deepest part of the active channel, leading to changes of the old 

channel bed into the new lower floodplain. This causes changes in channel patterns toward 

meandering platforms, according to previous authors (Camporeale and Ridolfi, 2010; Yousefi et 

al., 2016). The limited availability of hydrological data in our study area does not allow it to be 

assumed that the reason for this is a decrease in discharge, but it would be plausible in this region 
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according to previous authors. There has probably been a reduction in the magnitude of peak flows 

from the Aras Dam, even with the same average annual flows, reducing the sediment transport 

capacity. This reduction explains the apparently observed increase of depositional areas, which 

would cause gravel bars to be colonized by riparian vegetation in the absence of flow disturbance 

leading bare gravel bars to be considered as depositional area in index calculus once vegetation 

has colonized. 

Our results show that the Aras River, and specifically the floodplain buffer zone, has been 

strongly affected by human pressure, with farmland activities, urbanization, and damming being 

the most important types. Although human demands at the riverine border mostly dominate over 

the ecological requirements, water demand (i.e., flow regulation for irrigation purposes and water 

transfers) should be considered in further research together with the need for hydrological data to 

face new challenges and control water scarcity effects in an increasingly demanding world in terms 

of nature conservation and water policies. 

 

4.2. Transboundary character    

Agricultural reform in Iran (1962–1971) has aggravated the impacts on the Aras basin (Majd 

and Nowshirvani, 1993). Within the non-Iranian basin, after the fall of the Union of Soviet 

Socialist Republic (USSR) in 1991, the conflict between Armenia and Azerbaijan was 

exacerbated. Urbanization was increasing and the economics were shifting toward dissolution 

(CEO, 2002; UNDP/GEF, 2006c; Klaphake et al., 2011). However, this did not impede the 

relatively good development of agriculture by the majority of the population (Kaneff et al., 2003; 

Klaphake et al., 2011; Ramazanova, 2017). In this regard, anthropogenic interventions (e.g., land 

cover changes) combined with the degradation of natural floodplains (e.g., dam construction) as a 

consequence of urban development and agriculture increase the risk of floods in the floodplain 

buffer zone. It is worth explaining that as agriculture is the major consumer of water in the basin, 

with irrigation efficiency being ~ 43% in Iran and ~ 35–40% in both Azerbaijan and Armenia, it 

been affected by flow reduction (UNDP/GEF, 2006b; Kura Aras Stakeholder Advisory Group, 

2007). Anthropogenic and urbanization in the study area as a riverine border have increased 

pressure for water to meet demand. Due to the consequences of human intervention in the riverine 

border, such as changes in water demand (Pilpayeh et al., 2010), ecosystem degradation (Demir et 

al., 2014; Aras, 2018), changes in the water quality (UNDP/GEF, 2006a; Nasehi et al., 2013; Demir 

et al., 2014), and changes in channel dynamism and bank erosion (Einollahi et al., 2011; Klaphake 

et al., 2011) will lead to major conflict and transboundary consequences between countries. 

Displacement of the River Aras has formed the boundary on both sides of the study area and has 

had political as well as economic consequences (Anderson, 2014; Sarmadi et al., 2018). In the 

whole study period, Aras River moved around 27 m on average towards the non-Iranian part, with 

maximum values of around 379 m on the western border with Azerbaijan, while maximum 

movements of around 473 m to the enhancement of Iranian territory were quantified on the eastern 

border with Azerbaijan.  In terms of average area, the Aras River shifted toward Azerbaijan and 
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Armenia (during the first 110 km) but then started movement toward the border with Iran. In those 

parts, through such movements of the Aras River, Iran’s access to the water resources mostly 

decreased in half of the study segment, and stakeholders in the Iranian part suffered from more 

problems related to water scarcity. The results of the present study quantify channel dynamics of 

the Aras River along the border, which may cause new problems and conflicts between these three 

countries, mainly due to channel displacement that conditions the border situation. Further 

research in this sense could contribute greatly to the prevention of future strong movements.  

 

5. Conclusions  

The most relevant geomorphological changes in the study segment during the entire period 

(1984–2019) were the narrowing trend (–39.1%), the slight increase in sinuosity, and the relatively 

high channel mobility (CMI = 1.5), although all these parameters reflect a higher dynamism in the 

first subperiod (i.e., 1984–200) than in the second (i.e., 2000–2019). The Aras River moved around 

27 m on average towards the non-Iranian part during the study period with maximum movements 

over 300 m on both sides of the river.  Such displacements may have political as well as economic 

consequences that requires attention to anticipate conflicts. Regarding land cover types in the 

floodplain buffer, the most important reason for land degradation appears to be agriculture, which 

increased by more than 76 km2. Probably as a consequence of this farming activity, residential 

areas increased by 20 km2 from a negligible presence in 1984. In the whole study period, the 

succession category showed a higher rate of increase in comparison with rejuvenation, although 

stabilization prevailed, with most of the area keeping the same type. The findings of the present 

study could be extended to identify morphological variations of riverine borders with similar 

hydrological and political conditions in the world. Through a better understanding of fluvial 

processes and past morphological changes, conflicts between neighbouring countries may be 

reduced. 

Finally, the key to this habitat degradation comes from the management of large reservoirs 

that directly or indirectly cause most of the changes detected and therefore should be the main 

issue on which to focus in the future. 

This work has suffered from a lack of transparency in the public availability of hydrological 

data from transboundary Rivers. We believe that these data are necessary to be able to evaluate the 

management carried out and to be able to propose improvements with a more justified basis. 
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3.3. INCREASED ARTIFICIALITY TREND DRIVEN BY AN 

INTER-BASIN WATER TRANSFER ON THE ZAYANDEH-RUD 

RIVER FLOODPLAIN IN IRAN 

 
This chapter reproduces entirely the paper published in: 

 

Fazelpoor, K., Martínez-Fernández, V., Yousefi, S. and García de Jalón, D., 2022. 

Increased artificiality trend driven by an inter-basin water transfer on the Zayandeh-rud River 

floodplain in Iran. Geocarto International, pp.1-20. 

 

ABSTRACT 

The objective is to evaluate the effects of inter-basin water transfers on land use changes in 

the floodplain buffer area and the geomorphological evolution of a fluvial system on the receiving 

basin. Remote sensing techniques and machine learning algorithms have been combined with 

geomorphological indices for this purpose in the Zayandeh-rud Basin located in central Iran, to 

assess the trajectory of change over the last 50 years (from 1969 to 2020). This basin extremely 

experienced water crises due to artificialization events which made government transferring water 

from surplus basin. The outcomes of the present research express a reduction process in the area 

of the active channel throughout the study period, with an average narrowing rate of 0.92 m per 

year, i.e., a total reduction of 49.3%. Based on geomorphological indexes, Bank Retreat and River 

Network Change Index, the highest sedimentation and narrowing trend was found for the period 

1984-1997, while in the most recent period, from 2009 to 2020, a reverted tendency is observed 

which indicates higher erosion rates. Additionally, the area of natural cover, water bodies, and 

absence of farming classes have reduced surfaces in the floodplain to the benefit of urbanisation 

and agriculture. The stationarity conditions of the floodplain cover predominate followed by 

degradation or artificialisation processes. Given the current perspective of increasing the 

availability of water in the basin, an integrated planning that aims to consider environmental, 

socio-political, and economical elements of the system would be advantageous and needed to 

break the environmental degradation of this fluvial system. 

Keywords: Water Transfer Mega Project, Fluvial System, Water Scarcity, Channel 

Narrowing, Machine Learning 

 

1. INTRODUCTION 

In the last decades, municipal needs for water due to the growing population and economic 

activity have been directed to other uses (Gohari et al., 2013). Inevitably, water demands for the 

environment and industrial needs (e.g., hydropower) have been considered as a secondary priority 

due to water scarcity (Meador, 1992) and too many countries have been enduring water shortage 
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problems in different degrees (UN-water, 2005; Jain et al., 2007). In the future, freshwater crises 

would become the most challenging aspect of water resource management, particularly in arid and 

semi-arid areas (Wang et al., 2015). Indeed, the United Nations has predicted that half of world’s 

population would be faced with water shortage problems by 2030 (Zhuang et al., 2016). In this 

regard, water transferring between neighbouring basins has been an age-old method to soften the 

crucial demand in water-deficient areas (Zhuang et al., 2016) and, nowadays, water transferring 

between basins is a progressively recommended solution to direct inconformity between the supply 

and demand of freshwater (Lynch et al., 2011).  

Inter-basin water transfer (IBWT) has been highly recommended by governing authorities 

(Sinha et al., 2020) as it provides proportional water for multiple kinds of demands such as those 

required for social development (Gupta and Van der Zaag, 2008), ecosystem reinforcement 

(Gohari et al., 2013), and human use (Sun et al., 2021). However, IBWT is an important cause of 

conflicts and struggles (e.g., water rights) between watersheds, particularly in the donor basins, 

which on certain occasions could backfire on the water transfer project (Ghassemi and White, 

2007). The donor fluvial systems can become more heavily impacted, as has been shown in case 

of the Tajo-Segura water transfer in Spain (Fazelpoor et al., 2021a). After an analysis of 121 inter-

basin water transfers, Purvis and Dinar (2020) concluded that negative impacts are more frequent 

in water-scarce receiver watershed. In fact, not having a sufficient understanding of the associated 

character of different sub-systems of complex watershed systems causes setbacks and a failure to 

promote sustainable water resources. The case of the Zayandeh-rud Basin (ZRB), located in central 

Iran, provides a relevant example of the complexity of water transfer processes. This inter-basin 

water transfer consists of several projects that transfer water from the donor Karoon and Dez River 

Basins to the Zayandeh-rud Basin. This receiving basin has experienced extreme water crises due 

to its population growth and increasing urbanisation, limited water resources, industrial 

development combined with a low reservoir water storage capacity, agricultural development, and 

drought events, which have seriously increased water-related tensions in the region (Gohari et al., 

2013; Safavi et al., 2014).  

Along with the problems induced by the socio-economic complexity of water transfer, 

several environmental impacts such as hydrological system alteration leading to morphological 

changes in the channel (Kingsford, 2003), environmental effects that can be irreversible (Soulsby 

et al., 1999; Yan et al., 2012), the disturbance of ecosystem evolution and ecological processes 

(Sinha, 2020), the induction of land use changes in the floodplain, or decrease in water quality 

have been demonstrated as consequences of IBWT in both donor and destination basins (Tien Bui 

et al., 2020). The evaluation of such alterations is the first step to design an adequate strategy for 

basin management, planning conservation, impact prevention, and mitigation or restoration 

measures in case they are needed for the benefit of the river system. Specially in the case of 

hydromorphological alteration monitoring, remote sensing approaches have become quite efficient 

and useful over the last decades (Milani et al., 2018; Huylenbroeck et al., 2020, Fazelpoor et al., 

2021b, Rabanaque et al., 2021). Remote sensing has been more frequently applied in scientific 
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research and practical projects over the last decades, with one of the most active areas in this field 

being machine learning, which efficiently and automatically allows the classification of different 

patterns. The use of computational algorithms such as the neural network or support vector 

machine has been increasing to assess the land cover evolution (e.g., Yousefi et al., 2015; Islam et 

al., 2018; Silva et al., 2020). In essence, to investigate large areas, remote sensing is highly 

recommended and it can be nominated to analyse parameters of morphometric categories such as 

channel width (Bhuiyan et al., 2015), channel sinuosity (Thakur, 2012), land use change 

(Fazelpoor et al., 2021b), water surface area (Joeckel and Henebry, 2008), centreline shifting 

(Chakraborty and Mukhopadhyay, 2015), bank erosion and sedimentation (Mirzaee et al., 2018), 

and channel changes caused by human activity (Yang et al., 2015).  

It is worth to say that as the Zayandeh-rud River basin is being affected by water transfer 

project, the basin should be analysed by geomorphological point of view. The previous researchers 

also mentioned the need of considering the morphological change and the impacts of this mega 

project on the basin and indeed, there has not been geomorphological published studies for this 

part of the river. Additionally, as its unavoidable processes in all around the world particularly in 

the developing country, the investigation will be done by incorporating land transformation 

(Machine learning) including the concept of both Support Vector Machine and Neural Network 

and assessing spatiotemporal dynamic high accuracy result in developing the set of probability 

values of the matrices that show the land cover changes through passing the study period.  

As the previous researchers (Madani and Mariño, 2009; Gohari et al., 2013) have been 

mentioned, the habitat type and geomorphological changes must be assessed in this basin as the 

Iranian government would apply two more water transfer in this region. In this context, the main 

aims of the present study are: i) to evaluate the effects of inter-basin water transfers on land use 

changes in the receiving water floodplain areas and, ii) to assess the geomorphological evolution 

of the receiving water fluvial system through IBWT projects. To this end, remote sensing 

techniques and machine learning algorithms were combined with geomorphological indices in the 

ZRB to investigate the trajectory of change over the last 50 years (from 1969 to 2020). 

 

2. METHODOLOGY 

2.1. Study area 

 The Zayandeh-rud River Basin (Figure 1) is situated in the central part of Iran and it covers 

an area of about 41,500 km2 (including the watershed of the Gavkhouni swamp) (Gohari et al., 

2013) with an altitude ranging from 1,466 to 3,974m (Varnosfaderany et al., 2010). This basin in 

one of the most strategic and critical basins in the Iranian plateau as it is a source of life for 5.1 

million people (Safavi et al., 2014). Originating from the Zagros mountains in the southwest of the 

country, this river has an approximate length of 350 km and ends in the Gavkhouni Swamp which 

is considered an international marsh according to the Ramsar Convention on Wetlands (1971) and 

the basin’s most ecological resource (Mansoori, 1997).  
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The annual average temperature in the basin ranges from 3C to 30C and the annual 

average precipitation varies between 50 mm and 1,500 mm (annual rainfall average is 130 mm) 

(Murray-Rust et al., 2000; Madani and Mariño, 2009; Varnosfaderany et al., 2010). The Zayandeh-

rud River Basin is affected by its climatic situation, irrigation needs, industrial development, and 

hydropower plants. The main land cover types in the basin area are bare land (63.71%), outcrops 

(18.3%), and agriculture (11%), followed by rangeland (6.17%) and areas of urban development 

(0.82%) (Varnosfaderany et al., 2010). 

The study reach of the Zayandeh-rud River in the present study is located between the city 

of Chelgard and the Zayandeh-rud Dam with a length of 47 km. The Zayandeh-rud Dam, also 

known as the Chadegan reservoir, with a volume of 1.4 km3 and a 100-m-high dam was constructed 

in Chadegan county and has operated since 1971 to control the natural inflows and manage the 

water demands in the Zayandeh-rud River Basin below our study area. This dam stores the natural 

inflows from three main rivers – the Zayandeh-rud, Pelasjan, and Samandegan rivers (87%, 12%, 

and 1%, respectively) – which suppose an average of 990 million cubic metres of water (MCM 

hereafter) to the Zayandeh-rud Dam. Additionally, some inter-basin water transfer projects have 

been constructed to transfer water from donor basins (Karoon and Dez River Basins) into the ZRB 

fulfilling the water demands of the region (Morid, 2003). Regarding this, the Kuhrang tunnel No. 

1 (330 MCM/year), Kuhrang tunnel No. 2 (250 MCM/year), and Cheshmeh-Langan tunnel (164 

MCM/year) were built in 1954, 1985, and 2005, respectively (Gohari et al., 2013; Safavi, et al., 

2014).  

It should be mentioned that a third Kuhrang tunnel (Kuhrang tunnel No. 3) was supposed 

to operate to divert around 250 MCM/year but this project has been stopped due to social and 

environmental conflicts between the neighbouring provinces. Moreover, the ZRB is also a donor 

basin to some cities in the desert (Yazd and Kashan) and the project was supposed to transfer 34 

MCM of water from the Zayandeh-rud Dam to the abovementioned cities and this amount was 

increased to 134 MCM in 2011. These amounts of water transfers are a critical issue for the related 

basin and make the ZRB extremely vital because of the high reliance of the neighbouring water 

basins on the water conditions in this basin (Madani and Mariño, 2009). Table 1 provides a 

summary of the water transfers from Zayandeh-rud River Basin toward several provinces in the region 

(Gohari et al., 2013). It is also frequent the extraction of water through channels to irrigate the 

fields crops in the floodplain. Then a high amount of water flows through channels instead of 

through the river. 
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Table 1. Exported water from the Zayandeh-rud River Basin (Gohari et al., 2013) 

Annual capacity 

MCM/year 

Destination  

100 Yazd (a province in Iran) 

35 Kashan (a county in the Isfahan province) 

15 Ardestan and Natanz (counties in the Isfahan province) 

25 Shahrekord (a county in the Chaharmahal and Bakhtiari 

provinces) 

47 Jarghouyeh (a county in the Isfahan province) 

37 Naeen, Khour and Biabanak (a county in the Isfahan 

province) 

 

Figure 1. A) Geographical location of the study area in Iran, B) details of the main 

pressures in the Zayandeh-rud Basin showing an approximate location of the water transfer entries 

through the Kuhrang tunnels No. 1, 2, and 3 and the Chesmenh-Langan tunnel, and C) focus of 

the study area shown in a recent orthophotograph. 

 

2.2. Hydrological data 

To understand the geomorphic evolution of our study area, and, since the basin has 

witnessed extraordinary pressure on its water resources, flow records from Gohari et al. (2013) 

and Khodadadi (2019) were used to interpret the amount of water transfer into the basin. Regarding 
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this, the total water transfer since 1970, watershed water uses since 1969, and the Gavkhouni marsh 

inflow are presented in Figure 2A. The contribution of water transfers (Kuhrang tunnels No. 1 and 

2), together with natural inflows into the Zayandeh-rud reservoir are also shown in Figure 2B. 

 

 

Figure 2. Time series of water transfers, water use, and natural inflows in the Zayandeh-rud Basin. 

A) Total water supply to the reservoir, water use, and Gavkhouni inflow, B) water transfers through the 

Kuhrang tunnels No. 1 and 2 and through the Cheshmeh-Langan tunnel and natural flow entering the 

Zayandeh-rud reservoir between 1970 and 2015 (MCM) (modified from Gohari et al., 2013; Khodadadi, 

2019). 
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2.3. Supervised classification of land covers in the floodplain through the application 

of machine learning algorithms: support vector machine and neural networks 

The Landsat images (e.g., (ETM) Enhanced Thematic Mapper and (OLI) Operation Land 

Imager) were taken on 25 April 1984, 26 August 1997, 08 June 2009, and 14 May 2020 (all 

available at https://landsatlook.usgs.gov/). It should be explained that due to the methodology 

approach and the need of using google earth images and Landsat images in parallel and, 

considering the limitation of google earth images which is 1984, the authors started with the year 

of 1984 for google earth images and in the case of Landsat images also we used the images with 

0% cloud cover for the case study area (mostly have been taken in the spring in the northern 

sphere). In addition, the historical aerial photos from  August 1969 were digitised manually and 

were considered the main data sources. The aerial photos were provided by the National 

Cartographic Center of Iran (NCCI). The used historical aerial photos were scanned at a 1200 dpi 

resolution and combined to a mosaic according to the digital number (DN) based on the methods 

of Yousefi et al. (2018) (Microsoft Image Composite Editor 1.4.4). Additionally, the geometric 

correction was performed on specific and unchanged areas using the map-to-image method and 

defining 22 ground control points (Giriraj et al., 2008) and an average RMSE of 1.2 pixels was 

achieved (Hughes et al., 2006; Kivarz et al., 2014). To identify and classify land covers in the river 

floodplain, the floodplain zone was first digitised within a buffer zone of 2 km from the centreline 

along the entire 47 km reach of the Zayandeh-rud River. Five different categories were defined to 

classify the satellite images: (1) water body, (2) natural cover – the riparian corridor including the 

area covered by dense vegetation, (3) areas with no farming, including lands that have no 

vegetation cover and which do not belong to the order categories, (4) agriculture, and (5) 

residential areas, including any developed areas with human constructions (Fazelpoor et al., 

2021b).  

Neural networks (NN hereafter) and support vector machines (SVM hereafter) were chosen 

to classify the satellite images. SVM is a supervised machine learning technique that discriminates 

different classes in the best possible way by means of hyperplanes (Cortes and Vapnik, 1995). This 

powerful method can use to solve issues and classify the land in non-linear classification, estimate 

the functions and density. The SVM algorithm divide the samples by using non-linear mapping 

from vectors data into high dimensional feature regarding the structural risk minimization which 

can attain appropriate network formation (Nourani et al., 2016). This statistical-learning algorithm 

does not consider and not assuming concerning the underlying data distribution which is not 

common in the case of the statistical methods. Indeed, this property feature can insert the 

subsidiary data and incorporate those sets of data into the classification which makes it highly 

recommended by the researchers due to availability of increasing the overall accuracy of this 

approach for land cover classification (Güneralp et al., 2013). Previous studies (Yousefi et al., 

2018; Fazelpoor et al., 2021b) have expressed that the SVM model can present admissible land 

cover maps, particularly when a small group of training sets are obtainable (Zhong et al., 2020). 

On the other hand, NN techniques consist of basic units (e.g., analogues or neuros) which link 

https://landsatlook.usgs.gov/


 

78 
 

units to each other by making a connection as a result of a learning process or algorithm. 

Independently, the information will be provided by units (e.g., linear or nonlinear) in order to 

evaluate its state of activation (Abdi, 1994). Additionally, neural network provides methods that 

can be used for demonstrating and generalizing the relation between the mentioned sets. 

Mathematical processes approach extremely interconnected the data that make it powerful method 

to represent the non-linear mapping function for input and output information (Parkin et al., 2007). 

This technique provides an acceptable assessment interpretation and it has been used widely since 

2000 for hydrological modelling (Aichouri et al., 2015), water resources variables (Maier and 

Dandy, 2000), streamflow modelling (Dawson and Wilby, 2001), river quality variables (Abrahart 

et al., 2012), and land use classification (Yousefi et al., 2018).  Regarding this, to apply the machine 

learning methods, random sampling methods were used to define the SVM and NN training vector 

sets. The simplification of this techniques cause increasing in the case of using the machine 

learning approach through the researchers (Nalepa and Kawulok, 2019). The aerial images for the 

mentioned years (e.g., from 1984 to 2020) were downloaded to extract the practical points (i.e., 

the points used to train the algorithm and the assessment points and thus, the points used to assess 

the classification) to apply to the SVM and NN. Indeed, based on random sampling methods and 

using the Google Earth images, 342 practical sets and 146 validation sets were used to calculate 

the kappa coefficient to show the accuracy of land cover maps extracted from the satellite images 

by using these algorithms. Regarding this, the results will be interpreted as follows: values ≤ 0 as 

indicating no agreement and 0.01–0.20 as none to slight, 0.21–0.40 as fair, 0.41– 0.60 as moderate, 

0.61–0.80 as substantial, and 0.81–1.00 as almost perfect agreement  (Cohen, 1960) . 

The most accurate method was defined by the highest Kappa coefficient, and that 

classification was continually used for the subsequent analysis and interpretation of results. 

 

2.4. Morphological evolution 

The aerial photo for 1969 and Google Earth images (for 1984, 1997, 2009, and 2020) were 

digitised manually to extract the streamline and the active channel area considered as the surface 

covered by water or bare gravels. The centreline of the active channel in the study area and active 

channel width were determined at 10-m intervals for the study period using the GIS tool (Fluvial 

Corridor 10.1) (Roux et al., 2015; Mirzaee et al., 2018).  

The River Network Change Index (RNCI here after) was calculated based on the active 

channel layers, erosion area (EA), and deposition area (DA) (Eq. 1) (Yousefi et al., 2015), which 

is an index that evaluates the temporal changes between erosion and deposition areas along the 

river.  

RNCI = (
𝐸𝐴− 𝐷𝐴

𝐿
)/Y                                                                                                 (Eq. 1)  

Where EA is the area that turned out to be the part of the active channel by the end of a 

period and DA is the area of the active channel that change to other land cover types (including 

the area that lost water from its column due to a reduction in water realised during a period and 
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which was frequently covered by vegetation). In addition, L is segment length and Y is the number 

of years between the beginning and end of the study period.  If the RNCI is negative, then dominant 

process is sedimentation while river erosion is the dominant process if the value of RNCI is 

positive. Additionally, bank retreat (Yousefi et al., 2018) was calculated to assess the time rate of 

erosion in the channel banks and sinuosity (Mirzaee et al., 2018) was also analysed as 

morphological indices that perform a relatable assessment of the channel evolution. 

 

2.5. Analysis of land cover transitions along the study period and age structure of 

floodplains 

To evaluate the evolution and dynamism in the floodplain buffer zone, a transition matrix 

was used to assess the proportion of changes between the land cover classes here considered 

(Fazelpoor et al., 2021b). According to this, the habitat changes are presented in the four different 

transitions considered: stationary, succession, rejuvenation, and artificiality (Table 2). It is worth 

mentioning that stationary has been considered as “no change”, while both succession and 

rejuvenation implies a certain riverscape dynamism. Specifically, the transition matrix was 

calculated between the reference image (i.e., 1969) and the last satellite image (i.e., 2020). 

 

Table 2. Habitat change categories along the study area (Fazelpoor et al., 2021b) 

Transitions Definition 

Stationary Areas that maintained the same land cover type throughout the considered period 

Succession Development changes towards a more mature state or to an aged riparian forest 

Rejuvenation When regression changes are directed toward pioneer and early stages of vegetation 

and bare gravel bars in the channel 

Artificiality When the anthropisation process transforms habitats into roads, buildings, or 

agriculture lands 

 

Additionally, to describe the timing of the stabilisation process in the baseline active 

channel (i.e., the active channel in 1969), an imagery analysis based on the established age of the 

floodplain was carried out based on Walcker et al. (2021), although with some differences in the 

procedure used. The pixels within the baseline active channel were classified as “active channel” 

or “non-active channel” (i.e., agriculture, residential, no farming, and vegetation were classified 

as “non active channel”) in the following images (i.e., 1984, 1997, 2009, and 2020). This “non-

active area” will be designated as a floodplain hereafter. Then, using the tool “raster calculator” 

from ArcGIS (which is the difference with Walcker’s methodology as they use the MatLab 

software package), a different index was assigned to each category (i.e., active and non-active) and 

the trajectory of every pixel inside the baseline active channel could be traced so that the range of 

years that a pixel had ceased to be an active channel (i.e., conversion from water or bare gravels 

to a vegetated surface or anthropic one) or continued being an active channel to this day could be 

known. By this way, we could estimate the age of the stabilisation process in the floodplain. For 
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example, a portion of the baseline active channel classified as a non-active channel in the 1984 

image that had been in the same category in all intermediate images until 2020 was assumed to be 

between 36 and 51 years. However, a pixel classified as an active channel in 1984 but classified 

as being vegetated (i.e., a non-active channel) from 1997 until 2020, it is assumed to be at least 23 

years but at most 35 (i.e., the conversion could have occurred in 1990 or 1995, but it was certainly 

an active channel in 1984). The stabilisation age can be attributed in time intervals whose accuracy 

could be improved by having higher image frequencies (Walcker et al., 2021).  

 

3. RESULTS 

3.1. Assessment of the SVM and NN performances based on accuracy and Kappa 

coefficient 

Based on the visual inspection of the classification models, a similar pattern for both SVM 

and NN were observed (Figure 3). The SVM method had an average accuracy and Kappa values 

of 84.2 and 75.5 respectively, which are similar although lower than the NN model values which 

were 88.2 and 83.0, respectively (Table 3). In this regard the outcomes of the NN were used to 

analyse the alteration through the entire case study.    

 

Table 3. Kappa coefficient and overall accuracy for the SVM and NN models. 

 

 

Figure 3. Representative map of a part of the study area showing the satellite image of 2020 and 

the obtained classification of land covers by applying the SVM and NN techniques.  

Method   Year Kappa  Kappa interpretation Overall accuracy (%) 

SVM         1984 82 Almost perfect  85 

1997 69 Substantial 81 

 2009 79 Substantial 81 

 2020 78 Substantial 84 

NN 1984 82 Almost perfect 90 

 1997 87 Almost perfect 86 

 2009 83 Almost perfect 89 

 2020 81 Almost perfect 85 
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3.2. Land cover trends during the study period (1969-2020) 

The land cover maps were extracted after analysing the aerial photo (for 1969) and satellite 

images (e.g., 1984, 1997, 2009, and 2020) by applying the NN method (Figure 4). In general, the 

results show that the areas of natural cover, water body, and ones with no farming classes have 

decreased to the benefit of urbanisation and agricultural surfaces. In the case of water bodies, these 

experimented an annual increase of 4.2% from 1969 to 1984. However, after that, the water bodies 

continuously decreased by at least 1.5% annually until the end of the study period (Table 4). The 

same trend was presented by areas of natural cover with the highest rate of increase rate occurring 

during the last subperiod, from 2009 to 2020, with an annual increase of 3.4%. Conversely, 

agricultural and urbanisation pressures have increased along the entire study period with maximum 

annual rates of 5.6% during the subperiod from 1969 to 1984 in the case of agriculture, while the 

maximum urbanisation rates were recorded the subperiod from 1997 to 2009. With reference to 

the last contemporary year, urbanisation and agricultural growth rates have tripled.  

 

Table 4. Area (km2) of covers in the buffer zone of the floodplain and in brackets, first, the 

proportion of change (%) between consecutive Landsat images, and second (underlined), the change per 

year expressed as a percentage. 

 Year Water body Natural cover No farming Agriculture Residential 

 1969  2.12 0.39 170.49 10.41 0.46 

 

 

1984 3.44 

(62.26 / 4.15) 

0.25 

(–35.90 / –2.39) 

160.42 

(–5.91 / –0.39) 

19.1 

(83.48 / 5.56) 

0.66 

(43.48 / 2.89) 

 1997 2.35 

(–31.69 / –2.43) 

0.22 

(–35.90 / –0.92) 

156.92 

(–2.18 / –0.16) 

22.59 

(18.27 / 1.41) 

0.79 

(19.70 / 1.51) 

 2009 1.87 

(–20.43 / –1.70) 

0.16 

(–27.27 / –2.27) 

153.7 

(–5.91 / –0.17) 

26.82 

(18.73 / 1.56) 

1.32 

(67.09 / 5.59) 

 2020 1.57 

(–16.04 / –1.45) 

0.10 

(–37.50 / –3.41) 

150.06 

(–2.37 / –0.21) 

30.55 

(13.91 / 1.26) 

1.59 

(20.45 / 1.85) 
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Figure 4. Land cover maps of the study area for the period 1969-2020 with the focus on a river 

section. 
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3.3. Morphological evolution of the active channel 

The outcomes of this work mainly show a reduction trend in the area of the active channel 

during the study period. In general, the active channel has diminished by 49.3% from 1969 to 

2020. As can be seen in Table 5, the active channel has narrowed along the study period at an 

average rate of 0.92 m/year. However, during the first subperiod there was a widening trend of 

0.83 m/year, and the channel then started to narrow at a rate of 1.65 m/year during the period from 

1984 to 2020. During the first period, sinuosity showed the highest value in the 1969 image, while 

it was reduced notably in 1984. Subsequently, during the second period, sinuosity increased due 

to an increase in the river length.  

 

Table 5. Morphological parameters calculated during the study period in the active channel and 

cumulative proportion of change since the initial image in 1969 until 2020. 

Year  Active channel 

area (km2) 

Cumulative percentage 

change since 1969 (%) 

 Active channel 

width (m) 

Cumulative percentage 

change since 1969 (%) 

 Sinuosity 

1969   7.3   110.3   1.3 

1984   6.0 –17.1  122.7  11.2  1.2 

1997  4.4 –38.9  96.5 –12.4  1.2 

2009  3.7 –48.3  80.2 –27.3  1.2 

2020  3.7 –49.3  63.1 –42.7  1.3 

 

After analysing the areas of erosion and deposition for the study area for the period from 

1969 to 2020 (Table 6), the average value of the RNCI was found to be –1.66 m/year, expressing 

that lateral sedimentation and narrowing were the prominent processes occurring within the study 

area. When analysing the evolution, the highest sedimentation and narrowing trends were found 

from 1984 to 1997 with an RNCI value of –3.17 m/year, while during the most recent subperiod a 

reverted tendency was found with a positive RNCI value (0.26 m/year). This indicates that erosion 

processes prevailed over sedimentation from 2009 to 2020. Additionally, bank retreat occurred at 

a rate of 6.48 m/year during the first period while it slowed 2.01 m/year during the last period, 

revealing that the dynamism had been reduced.  

 

Table 6. Erosion, sedimentation, and preserved channel areas (km2), river change network index 

(RNCI, m/year), and bank retreat (m/year) for consecutive study periods. 

Period Erosion area 

(km2)  

Sedimentation area 

(km2)   

Preserved channel 

area (km2) 

RCNI 

(m/year) 

Bank retreat 

(m/year) 

1969-1984 1.82 2.78 4.26 –0.89 6.48 

1984-1997 1.38 2.85 3.23 –3.17 3.83 

1997-2009 0.70 1.53 3.07 –1.95 2.21 

2009-2020 1.29 1.19 2.58 0.26 2.01 
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3.4.Evolutionary trajectory of land cover transition and age structure analysis of 

floodplain buffer zone established on the baseline active channel 

From 1969 to 2020, stationarity dominated the morphological trajectories with 67% of 

the surface retaining the same land cover type (with covers with no farming being the most 

abundant category during both years –92.7 % in 1969 and 65.2 % in 2020) (Figure 5). Regarding 

the change category, artificiality was the prevalent trend (28.2% of transitions), mainly due to the 

relevant transition from no farming to agricultural (25.5% of the surface) and to residential classes 

(2.2%). Rejuvenation occurred on 3.5% of the surface, thus being the most important the channel 

recovery process from the no farming category (1.4%), although few changes from agricultural, 

residential, or vegetated classes (less than 0.1%) each could be observed. Succession was scarce 

with few transitions mainly from the no farming category (0.6% of the surface). 

 

 
Figure 5. Chord diagram illustrating the proportion of trajectories between categories (i.e., water, 

natural cover, no farming, agriculture, and residential) considered from 1969 (lower part of the diagram) to 

2020 (upper part of the diagram). The external coloured ring refers to the proportion (%) of transition types 

from 1969 to 2020 (i.e., rejuvenation, succession, stationary, and artificiality trends).  
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Regarding the trajectory experienced by the baseline active channel, (i.e., the 1969 active 

channel), the results show that 47.5% (3.3 km2) of the baseline active channel was an active 

channel in the most recent analysed image (i.e., 2020), independently of the transitions that 

occurred during the period. However, when the transitions inside the baseline active channel were 

explored it was found that only 22.5% (1.6 km2) of the baseline active channel had been a 

continually active channel throughout the study period, while 13.5% (0.9 km2) had been 

incorporated to the active channel between the 2009 and 2020 images, 7.7% (0.5 km2) between 

1984 and 1997, 3.7% (0.25 km2) between 1997 and 2009, and finally the area recovered to the 

active channel between 1969 and 1984 was negligible (0.1%). Then, the most recent period was 

the period when most of the active channel was recovered.  

The stabilisation of the baseline active channel and its progressive conversion into 

floodplain areas occurred profusely in both margins of the baseline active channel (Figure 7) 

(Table 7) and was unevenly distributed. Floodplain areas established between 36 and 51 years ago 

dominated the surface of baseline active channel with an extension of 1.4 km2 (20.0% of the 

baseline active channel). This is the interval of years in which a larger proportion of the active 

channel was lost to the detriment of floodplain formation concurring with the Chadegan dam 

commissioning (Figure 6). After that, a decreasing stabilisation trend occurred and 14.7% of the 

floodplain was 35-23 years-old and 6.5% was 11-22 years-old. Recently, a relevant proportion of 

the baseline active channel has also been stabilised and 0.9 km2 (i.e., 12.3%) of the floodplain area 

is less than 10 years old (Figure 7). 

 

Figure 6. Example of the age structure of floodplains within the baseline active channel (i.e., the 1969 

active channel). A) The location in the study area, B) the pixel age from the current active channel (dark 

blue colour) to the over 51-year-old channel (red colour) during the period from 1969 to 2020. 

 



 

86 
 

 
Figure 7. Age structure of the floodplain established inside the baseline active channel, i.e., the 

active channel from 1969. Each bar represents the age of the area of the active channel converted into the 

non-active channel (i.e., floodplain) 

 

Table 7. Total area and percentage of the area according to the age of the floodplain established 

inside the baseline active channel (i.e., the active channel from 1969). 

Age range (years)  Area (km2) Percentage  

Current active channel  3.3 46.28  

1 to10   0.9 12.35  

11 to 22   0.5 6.55  

23 to 35   1.0 14.77  

36 to 51  1.4 20.0  

More than 51  0.0 0.05  

 

4. DISCUSSION 

4.1. Land cover trends in the floodplain in relation to the hydrological complexity of 

the basin 

Our results show that the no farming category, i.e., consisting of bare areas without 

significant vegetation and without economic activities whether agricultural or urban, was the 

dominant cover at the beginning of the period, as might be expected in any arid region (annual 

rainfall of 130 mm; Madani and Mariño, 2009). The process of transferring water from other basins 

and regulating flows for irrigation purposes has caused a reduction in both types of land covers 

being transformed mainly into agricultural fields and urban areas. A similar process has been 

reported in other basins around the world, including the Rio Segura in Spain (Belmar et al., 2013), 

San Pedro River in Arizona, USA (Stromberg et al., 1996), and Owens Valley in California, USA 

(Elmore et al., 2003), and Los Alisos River in Arizona-Sonora (USA-Mexico) (Prichard and Scott, 

2014). In addition to increasing water demands, the increase of agricultural and urban uses in the 
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floodplain could indirectly lead to other problems such as the increase of fine sediment supply 

(i.e., González del Tánago et al., 2015, Naden et al., 2016) and the impoverishment of water quality 

(Han et al., 2016, McGrane, 2016; Leng et al., 2021) which could aggravate the water shortage 

impacts in to the basin. The unbalanced development in the ZRB and the increasing water use 

demand have caused a critical situation in the centre of the Iranian plateau (Madani and Mariño, 

2009), a region which is highly dependent on extra water supplies (800 MCM) (interview with the 

Isfahan water planning deputy). The high annual evapotranspiration in the basin (~1500 mm) 

makes agriculture difficult, if not impossible without irrigation (Murray-Rust et al., 2000); together 

with the development of industrial companies and oil refineries which also require water (mostly 

located downstream of the Chadegan reservoir), this makes the situation untenable in the short 

term.  

The main part of the basin (mostly downstream from the Chadegan dam) receives low 

precipitation (less than 150 mm/year), but its irregular temporal distribution has occasionally 

allowed enough rainfall (~1400 mm/year in the waterhead) to cause significant runoff in the 

watershed area (Murray- rust et al., 2000). Furthermore, the irrigation systems in the ZRB have 

been developed mostly downstream of Chadegan reservoir since 1997 (e.g., Borkhar, Rudasht and 

Mahyar) leading to the increase in water demand from upstream and the reservoir. Although these 

irrigation systems have used groundwater as a primary source, nowadays they primarily use the 

water deliveries from the Zayandeh-rud reservoir, consuming all the inflow during spring and early 

summer before the next flood season (Murray-rust et al., 2000). Overall, between 2009 and 2020, 

the water balance upstream of the river decreased dramatically compared to the previous years 

(Khodadadi, 2019) and this limited amount of year-to-year carryover water storage in the 

Chadegan reservoir caused the basin to become vulnerable to prolonged periods of drought.  

The increasing population and agricultural development in the ZRB and transference of 

water to the neighbouring regions was conducive to high tensions which caused struggles and 

conflicts between the basins. As is shown in Figure 2, since 1970, the total water released to the 

reservoir exceeded the used watershed water. Dedicating the water resources for industrial 

development, conducting agricultural activities with a low efficiency (64.5 %) (Hajiyan 2015), and 

donating water to other basins, have placed this basin in trouble and prompted the government to 

build two more tunnels (Kohrang tunnel No.3 and the Beheshtabad tunnel). Due to ecological and 

social issues, these tunnels have not been operating yet. Moreover, since natural discharges have 

decreased behind the reservoir (Khodadadi, 2019), the survival of the basin depends more than 

before on the transported inlet water volumes behind the reservoir. 

Following a simulation model based on causal loops incorporating the drivers of the 

problem in the ZRB, Madani and Mariño (2009) concluded that different options of demand 

management and control of the population could be more adequate in addressing the water crisis 

in the basin, while increasing water imports and withdrawal capacities could not solve the problem. 

Urgent strategies should be adopted by policy makers such as considering the optimisation of 

agricultural and urban water demands given the plausible aggravation of the water shortage 
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problem in the future (Jiménez-Cisneros et al., 2014) particularly in the Iranian plateau (e.g., 

Bozorgi et al., 2020). 

 

4.2. Morphological evolution  

As a result of the analysis of the river’s planform evolution in the Zayandeh-Rud segment, 

a general channel narrowing, together with bank retreat and stabilisation, was found to be the 

primary process of morphological evolution during the study period. Indeed, the reduction in the 

channel width is an obvious fact that has also been presented by other researchers as a consequence 

of anthropic pressures on the floodplain, particularly in the Iranian plateau (Fazelpoor et al., 

2021b). From the initial year to the most recent year, the RNCI demonstrates that deposition was 

the prominent process, with a peak during the second period (from 1984 to 1997). This deposition 

process would be related to the stabilisation of the floodplain by agricultural practices favoured by 

the increase in water transferred from upstream basins. The conversion of active channel areas 

(i.e., water and bare gravels) into stabilised floodplain areas, was unevenly distributed with an 

important loss of active channel after the construction of the Chadegan reservoir in 1971. It is well 

known that large reservoirs are sediment traps, and the released flows below the dam carry little 

sediment loads (Collier et al., 2000; Grant et al., 2003). 

The fluvial channel changes in response to water transfers and flow regulation experiencing 

geomorphological adjustments (e.g., Sun et al., 2021). These adjustments correspond mainly to 

degradation processes with relevant transitions into agricultural or residential covers (in the case 

of the Zayandeh-rud study segment by more than 25%), to the detriment of rejuvenation and 

especially succession that was almost eliminated. This trajectory really differs from what has been 

reported from other rivers where vegetation encroachment is a dominant process (e.g., Martínez-

Fernández et al., 2017; Fazelpoor et al., 2021b). In the present case, the great demand for space 

for agricultural activities has conditioned the fluvial landscape, avoiding the proliferation of 

riparian corridors to the benefit of crops and farming lands, and exploiting the high fertility that 

these riverine areas used to present. In most cases agricultural practices take place adjacent to 

riverbanks, hiding the establishment of riparian vegetation which would be the natural landscape 

at these riverine points. Moreover, the implementation of irrigation systems has been altered on a 

large-scale with sufficient level for the conveyance, distribution, and measurement of irrigation 

flows; additional areas of irrigation have also been added downstream (Murray-Rust et al., 2000) 

which are fed by a canal from Zayandeh-rud upstream. As a result of the increasing agricultural 

cover, riparian natural surfaces have become occupied and the active channel has narrowed by half 

throughout the study period. A similar occupation of the fluvial zone has been described by 

previous authors. For instance, Peña-Monné and Sampietro-Vattuone (2021) showed that the Santa 

María River in Argentina has moved from a northern position to its current location due to the 

artificiality increase, shortening the channel length and reducing its sinuosity index, although the 

lateral erosion of the channel and the meanders have remained very active. In the Ohře River basin 

(in the Czech Republic), the catchment has also been changed by anthropic activities including 
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intense agricultural development in its lower reaches (Elznicová et al., 2021). In this regard, in 

Iran, the deposition rate was more prominent than the erosion processes in Hirmand River, which 

emphasises the similarity with the RNCI outcomes upstream of the Zayandeh-rud River (Yousefi 

et al., 2018). The results from the Aras River also expressed a reduction in the active channel, with 

sedimentation being the dominant process, favouring the increase of residential areas and loss of 

natural cover due to human activity (Fazelpoor et al., 2021b) which also increase the risk of 

flooding (Kron et al., 2019). Similar results have been reported worldwide, showing that active 

channel narrowing would occur due to anthropic interventions in the floodplains (e.g., Mandarino 

et al., 2019 in Italy, Kasprak et al., 2021 in Colorado state, USA). In the ZRB, the active channel 

experienced a well-defined sequence of morphological evolutionary phases. As the agricultural 

and residential areas were growing inside the floodplain areas and even inside the old active 

channel from 1969 to 1984, it showed the most obvious narrowing over time with the fastest rate 

of change. The age structure analysis carried out inside the baseline active channel also expresses 

that the highest alteration occurred at that time. The number of land cover transitions emphasises 

that it was substantially characterised by the presence of human activities and increasing channel 

width up until 1984. From 1984 until 2009, due to the high anthropogenic pressures on the 

floodplain, the progressive active channel width progressively decreased to the benefit of 

floodplain stabilisation. After this, the rate increased again probably related to the commissioning 

of the Cheshmeh–Langan tunnel some years before (2005) leading to a higher water availability. 

 

4.3. Management implications and concerns 

The outcomes of this research demonstrate that the floodplain buffer zone of the ZRB has 

been highly altered by progressive artificialisation (e.g., agriculture, human activities, and 

urbanisation) over the last 50 years. Demands for agriculture and other human uses both upstream 

and downstream of the river have prevailed and led to a situation of drought in the Gavkhouni 

swamp (Gohari et al., 2013). Previous authors have claimed, following simulations of a range of 

policy options, that supplying more water to the system without considering the dynamics of 

interrelated problems will lead to an increase in water demands (Gohari et al., 2013), which is 

already happening. 

In Iran, the average irrigation efficiency is low (~43 % based on Fazelpoor et al., 2021b) 

and must be improved since 93.5% of renewable water resources are dedicated to agriculture 

(Hajiyan, 2015). Increasing the irrigation system efficiency by 2% would save 1.6 billion cubic 

metres (BCM hereafter) of water according to Hajiyan (2015) which could lessen the effects of 

artificialisation in fluvial zones found in this study. Treated effluents and waste waters could also 

be considered as an alternative to irrigate croplands, although with caution, reducing the demand 

for freshwater (Echchelh et al., 2021; Gupta et al., 2021). For example, water demands for human 

use (i.e., urbanisation) require 4.5 BCM in Iran which can express the potential of reusing 2.35 

BCM based on Hajiyan and Hajiyan (2016). In addition, water needs for industrial uses will rise 

by 150% in the ZRB by 2040 which will cause the abandon of around 300 km2 of cultivation areas 

https://www.sciencedirect.com/science/article/abs/pii/S0341816221000771?casa_token=602TmpiIkJIAAAAA:NCnSy0tNr1Br8BKiV7l3wifATW530hGBbbWJHnacBv0eOWU74uK3CB99Vp2RNDiNpDhQH7bZLg#!
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in the basin (both upstream and downstream) turning the region into a desert (degradation) 

(Hajiyan and Hajiyan, 2016). In relation to this dramatic increase of water demand for industrial 

needs, and given that Iran is the 10th country with most potential for desalinating water in the world 

(Hajiyan, 2015), the government has announced a national water transfer project from the Persian 

Gulf after desalination to the different regions in the country such as the ZRB. Specifically, this 

water transfer would suppose 450 MCM per year for the Isfahan province. Our geomorphological 

results (sedimentation and channel narrowing) imply an increase in the flooding of riverbanks and 

floodplains, and if they are urbanised and industries are created, risks of flood damages will greatly 

increase. 

Based on the Iranian national declaration (Hajiyan and Hajiyan, 2016), the Zayandeh-rud 

water head together with the Kuhrang tunnel No.1 would provide 1.16 BCM by the year 2030, of 

which 56% will be used for human consumption (i.e., urbanisation). This distribution emphasises 

that tensions in the basin will rise due the water shortages. In this regard, virtual water, which is 

water consumption in the all-production process of a commodity contained in merchandise, must 

be highly considered for agriculture activities in the segment and irrigation sites in the basin. 

Another alternative proposed by the authorities to mitigate the water scarcity problem is the import 

of cereals to lessen water use. Indeed, the import of 11.36 million-tons of cereals by 2025 would 

avoid the use of 42.27 BCM of water resources in Iran (Hajiyan and Hajiyan, 2016). However, the 

perspectives of the current management system in the Zayandeh-rud watershed, i.e., the incoming 

and outgoing transferred flow increases driven by projected watershed plans, would have dramatic 

impacts especially on environmental aspects such as the ecology of Gavkhouni marsh and 

groundwater resource degradation (Madani-Mariño et al., 2009). These authors found that 

sustainable management plan should be established by considering the limitation of surface water 

in the both donor basin and received basin. Also, decreasing water tensions and the recovery of 

Gavkhouni marsh must be added to the further projects.   

Inevitably, an integrated planning that aims to consider the environmental, socio-political, 

and economic elements of the system and their interactions is necessary to break the environmental 

degradation of the fluvial system, considering even more the farming impacts on the flood plain 

buffer zone here described. With Iran being in the top seven countries for 22 important agricultural 

producers in the world (Hajiyan, 2015) and by looking at irrigation sites as the ZRB which is in an 

arid region, more pressure would ensue in the future due to water scarcity. Considering the given 

limited water supply in the ZRB, fresh water resources must be developed and the water 

management system improved by considering the real scope of water savings. This can be 

determined if a basin-wide approach is adopted, leading to an approved comprehension of water 

use (and reuse) at the agricultural, industrial, and basin levels. Policy developments and initiatives 

over the last decades in other regions such as the Water Framework Directive in Europe (Tsani et 

al., 2020) or the implementation of the UN Sustainable Development Goals (SDGs) within the 

agenda 2030 have considered the relevance of water ecosystems to human wellbeing and the 

negative effects that multiple external pressures may have on them. These kinds of initiatives could 
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greatly contribute to the development of adequate and sustainable water management plans in 

different regions and serve as good management models aiming to avoid the progressive 

degradation of fluvial systems all over the world.   

 

5. CONCLUSIONS 

The techniques used on present research was able to identify and quantify the 

geomorphological parameters representing the elements influencing the floodplain buffer zone 

interaction processes in the upstream of Zayandeh-rud River. Neural network tools were found to 

be an adequate tool to carry out land use classification in the floodplain buffer zone. 

Evaluating the impacts of inter-basin water transfer in the ZRB study area by testing 

machine learning methods has showed highly relevant implications for inter-basin water transfer 

schemes regionally. We found that this Inter basin Water Transfer has disturbed the natural 

processes of Zayandeh-rud River due to effects of human activity in the region, particularly in the 

case of geomorphological point of view. The results demonstrate evident alterations due to 

anthropogenic pressures from 1969 to 2020 with maximum annual rates of conversion into 

agriculture lands raised in the subperiod 1959 to 1984 (5.6 %) while in the case of urbanization 

those maximum annual rates were raised in the subperiod 1997 to 2009. The artificiality trend 

caused the degradation of the floodplain together with the narrowing of the active channel (49.3 

% for the entire study period) and the lack of a natural cover probably due to the high demand for 

extending field crops and urban areas. Indeed, the results point out notable pressure that the 

segment is being suffered and affected by different kind of anthropogenic activities such as 

industrial part or agriculture land which demanding exceed amount of water and occupation of 

floodplain buffer zone, respectively.   More sustainable water management plans are urgent in this 

region based on the high consumption of the available supplies of freshwater, the optimisation of 

agricultural uses, and the interaction with ecological, economic, and social aspects in the region. 

Also, in parallel with pervious researcher, the present research has emphasized and 

demonstrated the capability and successfully of the application of this approach (e.g., machine 

learning) for classifying river land cover, and its potential for interpreting the changes due to inter 

basin water transfer on river geomorphology. 

 

5.1. Recommendation  

This research highly expresses the importance of including the results of Kuhrang water 

transfer tunnel to the upcoming transfer project, particularly Behesht-abad tunnel in this basin to 

develop nationally agreed issues for the multiple assessments. Additionally, as the world is facing 

to the climate change, further research and projects should take these subjects into account to avoid 

more tension and struggle between the river basins. Nowadays, due to lack of trustable data, a 

comprehensive assessment of the river basin is not possible. Regarding this, reliable data should 

be presented for a full assessment of the social, environmental and the potential of economic effects 

of the future Inter Basin Water Transfer. In parallel, the cost of this mega project should be 
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integrated into the context of estimated benefits. Indeed, in the following years, the water transfer 

projects will affect extremely in the case of water-food-energy nexus and this point of view also 

should be considered in future investigations that would facilitate the resolution of some of the 

approval trajectories regarding realization of inter basin water transfer projects and their expected 

dimensions. Moreover, the influence of the exportation of the water from ZRB to another part of 

the region in the country on river geomorphology, should be taken into account and the impacts 

needs to be considered in further researches. These results may be extended for assessing in the 

other inter basin water transfer project in the country to better evaluate their geomorphological 

changes and controlling the river system.  
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      Zyandeh-rud River (Khajoo bridge), Iran (flicker.com) 
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4. DISCUSSION  

The research included in this thesis addresses the interaction between human intervention 

and river response to anthropogenic in different large rivers. It covers methodological aspects to 

characterize fluvial geomorphological feature at large scales to explain and understand river 

reaction to artificialization (i.e., dam construction, and channelization) to diagnose river 

geomorphological changes through passing decades. The global findings of this thesis are 

discussed below, follow by further theoretical and practical challenges and insights into river 

understanding and science-based management.    

 

4.1. Remote sensing procedures for characterizing the river and 

evaluating the alteration  

 

In this thesis, the interest of using remote sensing methods to identify spatio-temporal 

changes in the analyzed river segments have been highly remarked. Remote sensing including 

manual classification (Chapter 3.1) and automatic classification (Chapter 3.2 and 3.3) have been 

used and compared, emphasizing the merits of the approaches considering several categories for 

classification. Furthermore, the transition between land covers type in the assessment of river 

changes has been evaluated, taking into account the transformation between classes and the effects 

of human pressures. In recent decades, remote sensing of rivers has flourished as a subfield within 

fluvial geomorphology and hydrology (Brinkerhoff et al., 2020) which makes its assessment more 

effective. The power of remote sensing is in the high frequency and spatial extension of the studies 

that are feasible with these tools. These techniques can periodically provide a comprehensive and 

synoptic perspective of large areas and has been widely used to investigate morphometric river 

parameters such as active channel dimensions (Bhuiyan et al., 2015; Tamminga et al., 2015; 

Rabanaque et al., 2022) or bank erosion and sedimentation (Archana, 2012; Yousefi et al., 2018; 

Mirzaee et al., 2018). In this thesis, remote sensing has been used to extract information about the 

active channel dimensions and land covers throughout the studied periods (mainly in Chapters 3.2 

and 3.3) with moderate effort and great efficiency. These extracted variables were used to calculate 

geomorphological indexes that allow the temporal assessment of fluvial processes taking place in 

the rivers over long river segments. For example, indexes such as the River Network Change Index 

(RNCI) (Yousefi et al., 2017), the Bank Retreat Index (Yousefi et al., 2018) and the Channel 

Mobility Index (Sanchis‐Ibor et al., 2018). The semi-automatic extraction of geomorphological 

variables carried out in Chapter 3.2 and Chapter 3.3 supposed a step forward compared to the 

manual procedure developed in Chapter 3.1 gaining in efficiency and study extension. In the case 

of land cover classification, the advantages of remote sensing are even higher. The combination of 

satellite images with powerful machine learning algorithms such as Support Vector Machine  

(Cortes and Vapnik, 1995) in Chapter 3.2 and 3.3 Neural Networks (Abdi, 1994) in Chapter 3.3 

provides and objective and semi-automatic land cover classification that contributes to the 
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monitoring of fluvial changes, depending on the availability, quality and frequency of satellite 

images. The kappa Cohen index (Cohen, 1960) used in thesis to evaluate the classifiers’ prediction 

performance, reached values comparable to those achieved by Rabanaque et al. (2022), 

McManamay et al. (2018) and Beechie and Imaki (2014) working also in fluvial corridors.  

Moreover, remote sensing enables the study of remote areas where other digital resources 

are scarce or difficult to access as in this case (Chapter 3.2. and Chapter 3.3). Despite the progress 

made, detailed classification of land covers in medium to small size rivers (i.e., less than 50 m 

width) is still challenging given the low spatial resolution of open-source satellite image. However, 

despite its resolution limitation that hinders its application in narrow streams, the worldwide 

availability of this kind of satellite images, makes the approach applied in this thesis extensive to 

practically any river. The use of this techniques facilitates the monitoring task in rivers, which is 

considered crucial for the design of adequate management plans as degradation trends or high 

artificiality occurrence could be detected at large scales, e.g., at the catchment (Demarchi et al., 

2016) or even continental scale (Demarchi et al., 2020). 

 

4.2. Analyzing trajectories of change in large rivers facing human 

pressures   

 

Changes similar to those mentioned by previous authors in relation to human interaction 

on rivers were found in this thesis. In this case, such disturbance like land cover changes was 

highlighted and also the importance of large-scale analysis to investigating the impacts of human-

pressure in short- and long-term alterations assessed. 

The river segments here analyzed (i.e., Tagus River in Spain and, Aras River and 

Zayandeh-rud River in Iran), have shown remarkable changes during the study period, in parallel 

with hydrological effects also mentioned by other authors (e.g., Mezgar et al., 2022). Indeed, 

changes include channel narrowing, forwarding channel to stabilize stage, reduction of natural 

vegetated areas, water body and no-farming lands to the benefit of artificialization including 

urbanization and agriculture. These trends are also present in other regulated rivers all around the 

world (e.g., Hooke, 2022) which aforementioned trends occurred in parallel with reduction of 

annual peak discharge described in three rivers, as explained in Chapters 3.1, 3.2 and 3.3. In 

addition, active channel occupation was observed in all cases due to human activity which also has 

been reported in the Spanish and Iranian area (Fatahi et al., 2022; Méndez-Quintas et al., 2022). 

The transformation from natural part (i.e., vegetation corridor, active channel) to artificial surfaces 

including residential or landfarming areas has been highly frequent in all cases, causing that 

artificialization dominated the change category while changes to mature stages or in contrary 

changes to pioneer stages showed lower transition rates. The impacts of land cover changes on the 

river channel dynamism (i.e., rejuvenation and succession processes) have been widely studied 
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previously with same out comes to those found in this thesis (Yousefi et al., 2015; Mirzaei et al., 

2018).  

The anthropogenic effects mostly have been associated with the construction of dams, the 

channelization and nowadays water transferring between basins also has been added to this list of 

pressures. It should be said that under wide context at the watershed in the river basin, these kinds 

of effects can also be related to the land use changes which is being influenced by human activity 

(Shang and Wu, 2022). In the case of this thesis, land cover changes mostly result from the increase 

of human needs for economic activity such as agriculture and also demanding lands for 

urbanization which partially elucidate the reduction of dynamism in the river, the channel 

narrowing and the stabilization of the river. Indeed, results show that human activities have been 

continually modifying the character of the three cases. Removing the native vegetation patches by 

clearing the land to use for agriculture, grazing or more recently, intensive residential use is the 

tone here found.  

At widely point of view, the comparison of segments landforms and vegetation patches 

lead the author to clarify the effects of flow regulation and human occupancy in the study zones. 

The regulation of rivers induces to vegetation encroachment along the river and also exhibited the 

river stabilization through passing last decades to the contemporary (Chapter 3.1). The impacts 

that flow alteration caused favouring the establishment of mature pioneer vegetation (well 

described as succession) along the case studies and, this result has been widely said by previous 

researchers (e.g., Martínez-Fernández et al., 2017; García de Jalón et al., 2020). Regarding this, 

the decrease in floods conducive to decrease of bare areas suitable for recruitment while 

continually, releasing water during summer for irrigation cause having moisture area which 

leading better condition for established vegetation (occurring succession).  

According to this research, degradation mainly due to human occupancy in the floodplains 

favored by the loss of geomorphological dynamism cause the progressive reduction in the natural 

covers of fluvial corridor including active channels and dense riparian vegetation. In addition, 

demanding much water for human use along the river lead the river condition into humanization 

processes that inevitable progress toward the degradation of the system in absence of clear and 

efficient water management plans.  

 

4.3. Understanding geomorphological evolution by the application of 

indexes and transition analysis.   

 

In this thesis, several and varied indexes have been applied to analyze the river responses 

to human pressures. From specifically geomorphological indexes designed to assess the 

functionality of fluvial landforms, such as the Geomorphic Status (Lobera et al., 2015 in Chapter 

3.1) or the River Network Change Index (Yousefi et al., 2018) in Chapters 3.1; 3.2 and 3.3; the 

application of landscape metrics widely applied in environmental studies not exclusively riparian 
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studies (Chapter 3.1); to the exploration of transition between land cover classes that allows the 

generalization of trajectories (Chapters 3.1; 3.2 and 3.3). In all cases, the combination of several 

indexes has resulted of great interest as they provide information from different perspectives 

necessary to have a more holistic vision of the evolution. For example, the strict application of 

Geomorphic Status index shows and increase in the total number of bars in Tagus study of 24.7 

%, while their area, proposed in this study as a better indicator, demonstrated a loss of 79 % of 

bars area. This fact is corroborated by the decrease found in the mean path size, which denotes the 

increase of fragmentation of landforms (Chapter 3.1). 

Results in this thesis emphasize the changes in the geomorphological feature in all three 

rivers which also agree with previous reports in Mediterranean Rivers and Iranian Plateau (Fatahi 

et al., 2022; Méndez-Quintas et al., 2022). Changes in channel form mainly contribute to 

sedimentation or deposition trend which also caused reduction in channel width, i.e., narrowing.  

In other words, geomorphological variables within the fluvial system are observed as 

interdependent (Chapter 3.1; Chapter 3.2). Also, channel adjustments could affect channel 

narrowing which continually affect river mechanism and having single channel in the long-term. 

In this thesis, despite occupying the study zone by agriculture in most of the cases, 

urbanization also has been prevailed and the occupation in the active channel was observed in all 

area and these processes has become profound over time which are influencing the river 

geomorphology condition (Chapter 3.1; Chapter 3.2 and Chapter 3.3). In these processes, natural 

cover including dense vegetation was cleared to build infrastructure that led decreasing river width, 

changing in the sinuosity and exposure bare soil mainly in Iranian cases (Chapter 3.2 and 3.3). 

These not  just increasing susceptibility to erosion by overland flow and rain splash but also 

enhance runoff by infiltration. Constructing urban zone and agriculture area near the streams 

decrease the sediment connectivity between the river channel and lateral adjacent land, but favors 

the supply of fine sediments to the channels that contributes to the accretion of bed channel 

(González del Tánago et al., 2015). 

Similar geomorphological trend has been observed and reported by other authors in 

response to other pressures acting at large rivers synergistically. The extensive literature on human 

pressure to the river system includes multiple examples of morphological changes such as channel 

narrowing, decreasing bank retreat rate, and lateral channel movement (Mirzaei et al., 2018; 

Sommerwerk et al., 2022).  

 

4.4. Future scientific challenges and insights for management  

 

Some important future research challenges are outlined arising from the experience 

described in this thesis. 

It is well known that, in industrialized nations, river channels tend to be more static, more 

entrenched and more regulated than in the recent past (Zhang et al., 2019). In this regard, this 

research includes a remote sensing study of the adjustment of a river to multiple human pressures 
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during the late Anthropocene. The novelty of this thesis is essentially based on the combination of 

several approaches to explore the spatio-temporal riparian responses and to understand the main 

drivers leading to those changes.  

This thesis gives a general overview of the recent rivers channel planform and fluvial land 

uses adjustments of Tagus River, Aras River, and Zayandeh-rud River. The analysis is based on 

remote sensing data and the results are linked to the flow variations which could clearly contribute 

to the adequate characterization of manageable reference scale as the first step before applying 

programs. The Geomorphic Status approach is applied, and in the thesis of mine, new variation 

based on surface of sediment bars instead of number of them was proposed (Chapter 3.1.1). 

The approaches used in this thesis have very advantageous outcomes to evaluate the 

geomorphological response to human pressures and to interpret results of monitoring the large 

rivers. Future purpose for these methods could be the consideration of catchment investigation as 

prior point of view to characterize, contextualize, and capture the differences between the patterns 

of fluvial system before applying any smaller scale plan.  

It is worth to mention that future study should be explained not just by adding hydrological 

situation, but including climate condition and considering relation between flow regime and river 

network. The incorporation of future scenarios of climate change implemented through modelling 

studies could greatly contribute to the adequation of management plans, mainly in those 

catchments affected by water transfers where water resources should be optimized for a more 

sustainable activity.  
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5. CONCLUSIONS 

 
1. Flow regulation, water transfers and floodplain occupation by human activities have been 

detected as the main pressures affecting the large rivers studied in this thesis. 

2. By applying different analysis approaches, we note the progressive impoverishment of 

geomorphic status, and lead us to better understand the narrowing process together with the 

decrease of active channel areas, ranging from declines of 35 % in Tagus River (period 1975-

2014); 39 % in Aras River (period 1984-20190) to 54 % in Zayandeh-rud River (period 1984-

2020). The gradual reduction in the annual stream flow and floods frequency, duration and 

intensity, together with the increase in the frequency of low discharges mainly conducted to 

reduce active bars as they are encroached by vegetation. 

3. Regarding land cover types in the floodplain of the analysed rivers, the most important reason 

for land degradation seems to be agriculture. In this thesis, artificialization of the floodplain 

have been found in large proportion. In the Tagus River segment ~61 % of land cover converts 

into agriculture (i.e., degradation category from 1946 to 2014), while this number is ~7 % and 

4 28 % for Aras River (1984-2019) and Zayandeh-rud River (1969-2020), respectively. 

4. As expected, the combination of different approaches has resulted complementary to 

understand the complex bio-geomorphological evolution of rivers over the last decades, from 

1946 to 2014 in the case of Tagus River, from 1984 to 2019 in the case of Aras River and, from 

1984 to 2020 in the case of Zayandeh-rud River. 

5. In the case of Tagus River, applying the different approaches have demonstrated the 

complementary point of view to understand the complex bio-geomorphological evolution of 

the study segment over the last 68 years. In this regard, geomorphic status degradation was 

more clearly detected when we consider the area of fluvial landforms instead of their number. 

Additionally, the notable reduction in the annual stream flow and floods frequency, together 

with the increase in the frequency of low discharges mainly conducive to decrease active bars 

as they are encroached by vegetation, but also to the conversion of the riparian zone into 

farmland. 

6. For the particular case of Aras River, which constitutes an international river border, the study 

of its geomorphological evolution allows the quantification of channel movements. This river 

avulsed the location around 27 m on average towards the Azerbaijan and Armenia through 

passing 1984 to the 2019 with maximum movements over 300 m on both sides of the river.  It 

is worth to mention that this kind of displacements would cause political issues as well as 

economic consequences in the following years. 

7. The geomorphological point of view has been assessed in the Zayandeh-rud River which is 

being affected by inter basin water transfer. The evaluation of synergic effects on the water 

transfer were done by testing machine learning methods in the case of Zayandeh-rud River, 

which demonstrated neural network tools as an adequate tool to carry out land use classification 

in the floodplain buffer zone. In this case, the anthropogenic impacts occurred due to the high 
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demand for extending field crops and urban areas causing the channel narrowing and the lack 

of a natural cover. 

8. Finally, as have been described, these three large rivers under Mediterranean and semi-arid 

climates, respond to the main driving factor (irrigation farming demand) with similar pressures 

(large dams, water transfers, increasing the farming lands, and riparian occupation) by reducing 

their active channel and by a generalized incision process. 
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