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RESUMEN 

La gestión de los recursos hídricos se convierte en un reto del presente y del futuro 

frente a un panorama de continuo incremento de la demanda de agua debido al 

crecimiento de la población, el crecimiento del desarrollo económico y los posibles 

efectos del calentamiento global. La política hidráulica desde los años 60 en España se 

ha centrado en la construcción de infraestructuras que han producido graves alteraciones 

en el régimen natural de los ríos. Estas alteraciones han provocado y acrecentado los 

impactos sobre los ecosistemas fluviales y ribereños. Desde los años 90, sin embargo, 

ha aumentado el interés de la sociedad para conservar estos ecosistemas. El concepto de 

caudales ambientales consiste en un régimen de caudales que simula las características 

principales del régimen natural. Los caudales ambientales están diseñados para 

conservar la estructura y funcionalidad de los ecosistemas asociados al régimen fluvial, 

bajo la hipótesis de que los elementos que conforman estos ecosistemas están 

profundamente adaptados al régimen natural de caudales, y que cualquier alteración del 

régimen natural puede provocar graves daños a todo el sistema. 

El método ELOHA (Ecological Limits of Hydrological Alteration) tiene como finalidad 

identificar las componentes del régimen natural de caudales que son clave para 

mantener el equilibrio de los ecosistemas asociados, y estimar los límites máximos de 

alteración de estas componentes para garantizar su buen estado. 

Esta tesis presenta la aplicación del método ELOHA en la cuenca del Ebro. La cuenca 

del Ebro está profundamente regulada e intervenida por el hombre, y sólo las cabeceras 

de los principales afluentes del Ebro gozan todavía de un régimen total o cuasi natural. 

La tesis se estructura en seis capítulos que desarrollan las diferentes partes del método. 

El primer capítulo explica cómo se originó el concepto “caudales ambientales” y en qué 

consiste el método ELOHA. El segundo capítulo describe el área de estudio. El tercer 

capítulo realiza una clasificación de los regímenes naturales de la cuenca (RNC) del 

Ebro, basada en series de datos de caudal mínimamente alterado y usando 

exclusivamente parámetros hidrológicos. Se identificaron seis tipos diferentes de 

régimen natural: pluvial mediterráneo, nivo-pluvial, pluvial mediterréaneo con una 

fuerte componente del caudal base, pluvial oceánico, pluvio-nival oceánico y 

Mediterráneo. En el cuarto capítulo se realiza una regionalización a toda la cuenca del 

Ebro de los seis RNC encontrados en la cueca. Mediante parámetros climáticos y 

fisiográficos se extrapola la información del tipo de RNC a puntos donde no existen 
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datos de caudal inalterado. El patrón geográfico de los tipos de régimen fluvial obtenido 

con la regionalización resultó ser coincidente con el patrón obtenido a través de la 

clasificación hidrológica.  

El quinto capítulo presenta la validación biológica de los procesos de clasificación 

anteriores: clasificación hidrológica y regionalización. La validación biológica de los 

tipos de regímenes fluviales es imprescindible, puesto que los diferentes tipos de 

régimen fluvial van a servir de unidades de gestión para favorecer el mantenimiento de 

los ecosistemas fluviales. Se encontraron diferencias significativas entre comunidades 

biológicas en cinco de los seis tipos de RNC encontrados en la cuenca.  

Finalmente, en el sexto capítulo se estudian las relaciones hidro-ecológicas existentes en 

tres de los seis tipos de régimen fluvial encontrados en la cuenca del Ebro. Mediante la 

construcción de curvas hidro-ecológicas a lo largo de un gradiente de alteración 

hidrológica, se pueden sugerir los límites de alteración hidrológica (ELOHAs) para 

garantizar el buen estado ecológico en cada uno de los tipos fluviales estudiados. Se 

establecieron ELOHAs en tres de los seis tipos de RNC de la cuenca del Ebro 

 

Esta tesis, además, pone en evidencia la falta de datos biológicos asociados a registros 

de caudal. Para llevar a cabo la implantación de un régimen de caudales ambientales en 

la cuenca, la ubicación de los puntos de muestreo biológico cercanos a estaciones de 

aforo es imprescindible para poder extraer relaciones causa-efecto de la gestión 

hidrológica sobre los ecosistemas dependientes. 
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SUMMARY 

In view of a growing freshwater demand because of population raising, improvement of 

economies and the potential effects of climate change, water resources management has 

become a challenge for present and future societies. Water policies in Spain have been 

focused from the 60’s on constructing hydraulic infrastructures, in order to dampen flow 

variability and granting water availability along the year. Consequently, natural flow 

regimes have been deeply altered and so the depending habitats and its ecosystems. 

However, an increasing acknowledgment of societies for preserving healthy freshwater 

ecosystems started in the 90’s and agreed that to maintain healthy freshwater 

ecosystems, it was necessary to set environmental flow regimes based on the natural 

flow variability. The Natural Flow Regime paradigm (Richter et al. 1996, Poff et al. 

1997) bases on the hypothesis that freshwater ecosystems are made up by elements 

adapted to natural flow conditions, and any change on these conditions can provoke 

deep impacts on the whole system. Environmental flow regime concept consists in 

designing a flow regime that emulates natural flow characteristics, so that ecosystem 

structure, functions and services are maintained.  

ELOHA framework (Ecological Limits of Hydrological Alteration) aims to identify key 

features of the natural flow regime (NFR) that are needed to maintain and preserve 

healthy freshwater and riparian ecosystems. Moreover, ELOHA framework aims to 

quantify thresholds of alteration of these flow features according to ecological impacts. 

This thesis describes the application of the ELOHA framework in the Ebro River Basin. 

The Ebro River basin is the second largest basin in Spain and it is highly regulated for 

human demands. Only the Ebro headwaters tributaries still have completely unimpaired 

flow regime.  

The thesis has six chapters and the process is described step by step. The first chapter 

makes an introduction to the origin of the environmental flow concept and the necessity 

to come up. The second chapter shows a description of the study area. The third chapter 

develops a classification of NFRs in the basin based on natural flow data and using 

exclusively hydrological parameters. Six NFRs were found in the basin: continental 

Mediterranean-pluvial, nivo-pluvial, continental Mediterranean pluvial (with 

groundwater-dominated flow pattern), pluvio-oceanic, pluvio-nival-oceanic and 

Mediterranean. The fourth chapter develops a regionalization of the six NFR types 

across the basin by using climatic and physiographic variables. The geographical pattern 
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obtained from the regionalization process was consistent with the pattern obtained with 

the hydrologic classification. The fifth chapter performs a biological validation of both 

classifications, obtained from the hydrologic classification and the posterior 

extrapolation. When the aim of flow classification is managing water resources 

according to ecosystem requirements, a validation based on biological data is 

compulsory. We found significant differences in reference macroinvertebrate 

communities between five over the six NFR types identified in the Ebro River basin. 

Finally, in the sixth chapter we explored the existence of significant and explicative 

flow alteration-ecological response relationships (FA-E curves) within NFR types in the 

Ebro River basin. The aim of these curves is to find out thresholds of hydrological 

alteration (ELOHAs), in order to preserve healthy freshwater ecosystem. We set 

ELOHA values in three NFR types identified in the Ebro River basin. 

During the development of this thesis, an inadequate biological monitoring in the Ebro 

River basin was identified. The design and establishment of appropriate monitoring 

arrangements is a critical final step in the assessment and implementation of 

environmental flows. Cause-effect relationships between hydrology and 

macroinvertebrate community condition are the principal data that sustain FA-E curves. 

Therefore, both data sites must be closely located, so that the effects of external factors 

are minimized. The scarce hydro-biological pairs of data available in the basin 

prevented us to apply the ELOHA method at all NFR types. 
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1.1. THE NATURAL FLOW REGIME 

Healthy rivers perform numerous functions, such as purifying water or moderating 

floods and droughts. They connect the continental interiors with the coasts, bringing 

sediment from uplands to deltas, delivering nutrients to coastal ecosystems, and 

maintaining salinity balances that sustain productive estuaries. In addition, healthy 

rivers perform numerous “ecosystem services”. Wetland plants and animals absorb 

pollutants and decompose waste, producing fresh, and clean water (Postel and Richter 

2003, Auerbach et al. 2014). Decomposition of organic matter promotes fertilization of 

soils for agriculture, and riparian forests offer peaceful spaces for people.  

Physical habitat structure is largely a function of the movement of water across the 

landscape: the formation of anabranches and deltas; the distribution of riffles, runs and 

pools along the channel and across the channel width; the diversity and stability of 

small-scale patches of substrate; and the nature of interactions between the main 

channel, its riparian and hyporheic zones, and the floodplain. Physical processes in 

streams and rivers are driven by flow magnitude (baseflows, channel flows, floods), and 

the frequency, duration, and variability of these discharges of water interacting with the 

catchment’s geomorphology and the streamside (riparian) vegetation. This complex 

interaction between flows and physical habitat is a major determinant of the 

distribution, abundance, and diversity of stream and river organisms, ranging from 

microorganisms, algae, and aquatic plants to invertebrates and fish and other vertebrates 

(Arthington 2012).  

Riverine and floodplain biota have evolved and adapted to this complex, shifting spatial 

and temporal mosaic of physical habitats in river systems (Arthington 2012). For 

example, the timing, or predictability, of flow events stimulates  the life cycles of many 

aquatic and riparian species (Lytle and Poff 2004).  The flow regime of a river, and 

especially floods, determine local riparian communities and the corridor functions and 

biodiversity of the riparian zone (Nilsson and Svedmark 2002). Changes in rates of 

water level fluctuation and disturbance frequency and intensity (velocity and shear 

stress) can affect seedling survival, as well as plant growth rates. In Mediterranean 

areas, flow stability and hydrological extremes (especially low flows) are expected to be 

the most important components for shaping macroinvertebrate instream assemblages 

(Belmar et al. 2013). Droughts have been recognized as an important part of the natural 

flow regime in intermittent streams, and species inhabiting in these streams must have 
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physiological, behavioural or life-history adaptations (Bonada et al 2007). Natural 

hydrologic variability and predicatability have acted as landscape filters for the 

selection of fish life-history traits (Olden et al. 2006). Critical life-history events linked 

to the characteristics of river flow regimes range from the phenology of reproduction, 

spawning, behavior, fecundity, larval survival, and growth patterns to recruitment 

success (Junk et al. 1989; Winemiller and Rose 1992). Many of these life events are 

also synchronized with temperature and day length, such that changes in flow regime 

that are not in natural harmony with these seasonal cycles may have a negative impact 

on aquatic biota (Arthington 2012). 

 

1.2. ALTERATION OF THE NATURAL FLOW REGIME 

Since the 50’s, river ecosystems around the world have been suffering huge human 

pressure because of alteration of the natural flow regime after construction of dams, 

levees, water diversions and other infrastructures. An estimated 800,000 dams of all 

sizes now block the flow of the world’s rivers (Rosenberg et al. 2000). Approximately 

one-fourth of the global flux of sediment carried by flowing water now gets trapped in 

reservoirs rather than nourishing floodplains, deltas and estuaries (Vörösmarty and 

Sahagian 2000). Dynesius and Nilsson (1994) report that 77 percent of the large river 

systems in the United States, Canada, Europe and the former Soviet Union are 

moderately to strongly altered by dams, reservoirs, diversions and irrigation projects. 

According to World Commission on Dams (2000), Spain ranks fifth in the list of large 

dams (at least 15 meters high) by country, with 1,196 large dams. 

Large dams control floods and high flows, and water diversions reduce magnitude of 

flows, including low flows, and alter the natural flow variability. Alteration of natural 

flow regime by infrastructures reduces river capacity for exerting its natural functions 

and services that benefit human societies and economies. Moreover, alteration of 

different components of the natural flow regime affect different aspects of the 

ecosystem (e.g. sediment transport, channel shaping, nutrient distribution from channel 

to floodplains, aeration of eggs deposited in gravels, the cues for fish migration or insect 

triggering to a new phase of the life cycle). Changes in water flows and sediment 

regimes can have devastating effects on benthic and hyporheic organisms, from algae 

and plants to invertebrates, fish, and riparian/floodplain vegetation (Arthington 2012). 

Bunn and Arthington (2002) have suggested four major principles that explain why 
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flow modifications have been so devastating to river species and ecosystems. First, 

because river flows, and particularly floods, shape physically freshwater habitats, 

changes in these flows impact on habitat structure and, therefore, on  distribution and 

abundance of plants and animals. Second, aquatic species have evolved survival and 

reproductive strategies that are keyed to natural flow conditions. If these flow 

conditions  no longer exist, the species will quickly decline or disappear. Third, many 

species require adequate water depth at critical times of the year to facilitate their 

movements upstream and downstream and from the channel laterally into floodplains. 

Flow alterations that inhibit these movements may prevent them from reaching feeding 

and breeding sites that are critical to their growth and reproduction. Finally, altered flow 

conditions often favor nonnative species that have been introduced into the system, 

which places even more  pressure on native species.  

Moreover, in river-estuarine systems, reductions in freshwater outflow often cause  

raisings of salinity levels in  wetlands and estuarine waters. This alteration of water 

quality can affect composition and abundance of native species (Arthington 2012).  

 

1.3. ENVIRONMENTAL FLOWS 

Just as rivers have been altered incrementally over the last two centuries, they can be 

restored incrementally. In the United States, there is growing interest in removing dams 

that no longer provide sufficient benefits that justify their environmental costs. Once 

considered extreme, the idea of removing dams is becoming increasingly mainstream. 

Just as important, however, is the notion that dams still standing can be operated in 

ways that reinstate some of the river’s natural form and function, and that dams not yet 

built can be designed and operated from the start with ecological goals in mind (Postel 

and Richter 2003, Auerbach et al. 2014). 

In the 1970s and 1980s biologists generally believed that low flows in rivers were the 

primary constraint on the health of aquatic communities. Many of the ecological flow 

standards developed in the 1970s and 1980s reflected the focus on minimum flows and 

fish (e.g. Tennant Method, IFIM, PHABSIM). A major shift in thinking about 

environmental flows emerged in the early 1990s. Contrary to the  minimum flow 

concept , research ecologists argued that rivers require a much fuller spectrum of flow 

conditions to maintain healthy the whole ecosystem  rather than just a few target 

species. Holistic approaches incorporating ecologically relevant features of the natural 
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hydrologic regime to protect the entire riverine ecosystem emerged through parallel 

developments and collaboration in Australia and South Africa (Arthington et al. 1992, 

King and Tharme 1994, King and Louw 1998). These early holistic methods were 

formulated around hydroecological principles later articulated as the Natural Flow 

Regime Paradigm (Poff et al. 1997). Holistic ecosystem approaches share a common 

objective: to protect or restore the flow-related biophysical components and ecological 

processes of in-stream and groundwater systems, floodplain, and downstream receiving 

waters. Ecosystem components commonly considered in holistic assessments include 

geomorphology and channel morphology, hydraulic habitat, water quality, riparian and 

aquatic vegetation, macroinvertebrates, and fish and other vertebrates with some 

dependency on the river/riparian ecosystem (Arthington 2012).  

Two different proactive frameworks emerged, often termed “bottom-up” and “top-

down” approaches (Arthington et al. 1998). Bottom-up methods (e.g. Building Block 

Methodology) aim at constructing a modified flow regime from a starting point of zero 

flow. Various quantities of flow, such as baseflows and floods of various frequency, 

timing and duration are added. This type of methods is vulnerable to miss some flow-

ecology relationships, so there is potential to leave out critical flow characteristics 

(Bunn 1999, Tharme 2003). In addition, there is absence of a formal process to decide 

the desired future state of the river system. Top-down methods helped to resolve this 

difficulty. Top-down methods (e.g. Benchmarking Methodology (BM)) define 

environmental flow in terms of acceptable levels of change from the natural flow 

regime. BM involves making comparisons between near-natural “reference” reaches 

and a set of reaches subject to varying levels of impact (e.g. due to dams, weirs, water 

abstraction inter- or intrabasin transfer). Benchmark models are developed to define 

links between flow regime components and ecological processes. These models show 

levels of risk of geomorphological and ecological impacts associated with different 

degrees of flow regime change (Arthington et al. 2012). Experiences from benchmark 

studies have contributed to environmental flow assessments in regulated rivers of the 

Murray-Darling Basin, where there are numerous dams and weirs (Kingsford 2000). 

New top-down frameworks have followed Benchmarking principles, for example 

ELOHA method (Ecological Limits of Hydrological Alteration). 
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1.4. ELOHA FRAMEWORK 

Arthington et al. (2006) wanted to study how streams of different hydrological character 

might differ in their response to flow alteration. Within a region, the ecological 

characteristics of streams and rivers of different hydrological types are expected to be 

relatively similar compared to the ecological characteristics between types. Similarly, 

the form and direction of an ecological response to flow alteration are hypothesized to 

be similar within river types and to vary among distinctive river types. Therefore, these 

different types of rivers may represent distinct “management units” rather than 

managing for the “uniqueness” of each river’s flow regime. By comparing ecological 

condition along flow-alteration gradients, flow standards environmentally friendly can 

be extracted and calibrated for each stream or river type .  

In response to these suggestions, 19 scientists developed the ELOHA framework. 

ELOHA framework (Poff et al. 2010) consists in the following steps: 1) Using a set of 

ecologically relevant flow variables based on the five facets of the natural flow regime 

(Richter et al. 1996), river sites within a region are classified into different flow regime 

types that are expected to have different ecological characteristics. 2) At each river site, 

the deviation of current-condition flow from baseline-condition flow is determined. 3) 

Flow alteration-ecological response relationships are developed for each river type 

along a flow alteration gradient. 

Ecological responses to flow alteration may vary from no change to linear or to a 

threshold response (Anderson et al. 2006, Arthington et al. 2006), and the response may 

be positive or negative, depending on the selected ecological variable(s), the specific 

flow metric(s), and the degree of alteration for a given river type. Where there are clear 

threshold responses, a “low-risk” environmental flow would be one that does not cross 

the threshold of hydrological alteration. For a linear response where there is no clear 

threshold, a consensus stakeholder and expert panel process may be needed to 

determine acceptable risk to a valued ecological asset (Arthington 2012).  

It is important to differentiate the scientific or technical aspect of the process from the 

second part, when decisions related to flow regime management are taken. Government, 

managers and stakeholders, after being informed by scientists, must consider the 

implications of a series of different scenarios, and evaluate the risks of ecological 

damage as well as direct or indirect costs involved to people depending on these 

systems. Finally, they decide which flow regime suits any stream or flow river reach. In 
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undertaking an environmental flow assessment, it is necessary to be specific first about 

which ecosystem goods and services should be protected or restored in a particular 

river, wetland or estuary. A broadly based stakeholder group should make the initial 

assessment of what is important and worthy of protection/restoration and to what 

degree. Once priority assets and their desired future characteristics and condition have 

been decided, it becomes feasible to develop scenarios of flow requirements for the 

river system (Arthington 2012).  

The design and establishment of an appropriate monitoring network is critical to 

calibrate and implement the ELOHA framework. First, flow alteration-ecological 

response relationships must be obtained from close hydrological and biological linked 

sites. Second, the ELOHA framework is envisaged as proceeding in an adaptive 

management context, where the objective is to formalize ongoing collection of 

monitoring data, or targeted field sampling, to test and fine-tune the hypothesized flow 

alteration-ecological response relationships.  

ELOHA applications are under way in several jurisdictions of the United States (Kendy 

et al. 2012), in Australia, Mexico and China (Arthington 2012). There is no experience 

in Spain yet. Nevertheless, several classifications of NFRs have been performed in 

Spain, in order to follow the premises of the “natural flow paradigm” (Belmar et al. 

2012, ACA 2002, Bejarano et al. 2010). These flow regime classifications can be the 

starting point of ELOHA applications in these regions. 

 

1.4. STRUCTURE OF THE THESIS AND OBJECTIVES 

1.4.1. Objectives 

The aim of this thesis is setting the guidelines for calibrating and implementing 

environmental flow standards below dams in the Ebro River basin. We followed 

ELOHA framework, which bases on natural flow dynamics and freshwater ecosystem 

requirements. The hypotheses tested in this thesis are:  

1) Different natural flow regime (NFR) types exist in the Ebro River basin. 

2) NFR types in the Ebro River Basin are defined by climatic and 

physiographic controls.  
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3) Freshwater ecological characteristics are more similar in streams or rivers 

within NFR types than between NFR types, under unimpaired flow 

conditions. 

4) In streams or rivers within NFR types exist consistent flow alteration-

ecological responses relationships. 

 

1.4.2. Structure of the Thesis 

Chapter 1 makes an introduction of the environmental flow concept, its origin and the 

evolution of methods for its evaluation. ELOHA method is described and shows its 

current context in the world.  

Chapter 2 describes the study area, the Ebro River basin, focusing on natural aspects 

that affect the natural flow regime (climate, geology and physiography) and on the 

current regulation status of the basin.  

Chapter 3 addresses hypothesis 1 and corresponds to the paper Classification of Natural 

Flow Regimes in the Ebro Basin (Spain) by using a Wide Range of Hydrologic 

Parameters, which was published in River Research and Applications in 2013. In 

chapter 3, 52 flow sites with unimpaired flow data time series are classified by using 

metrics representing magnitude, duration and frequency components of the natural flow 

regime. Six natural flow regime (NFRs) types are identified in the Ebro River basin, and 

they are geographically consistent. Therefore, a link between NFR type distribution and 

climatic and physical variation in the basin is suggested. 

Chapters 4 and 5 address hypotheses 2 and 3, respectively. They are collected in a 

second paper called A Landscape-based Regionalization of Natural Flow Regimes in the 

Ebro River Basin and its Biological Validation, which was published in River Research 

and Applications in January 2015. In chapter 4 a new predictive approach of the NFR 

type is developed, based on climatic and physiographic descriptors. A stepwise 

landscape-based classification allocates a set of 128 sites with poor or non-existent flow 

data into the NFR types identified in chapter 3. Misclassification rates range between 

1.12% and 11.9% for the different NFR types. Consistency between NFRs and 

geographical location is maintained. Chapter 5 shows the biological validation of the 

NFR types obtained through the hydrological classification and the posterior landscape-

based extrapolation. Significant differences in reference macroinvertebrate communities 

were found between five over the six NFR types identified in the Ebro River basin. 



9 

 

These results demonstrate that both processes are useful to explain most of the observed 

variability in reference macroinvertebrate communities in the basin.  

 

Finally, chapter 6 addresses hypothesis 4 and it corresponds to a third paper, Basic 

Tools for Setting Environmental Flows at the Regional Scale: Application of the 

ELOHA Framework to a Mediterranean River Basin, which is under review. In chapter 

6 consistent flow alteration-ecological response (FA-E) curves were obtained for three 

NFR types found in the Ebro River basin. Empirical hydro-ecological relationships 

were built along flow impairment gradients, and ecological limits of hydrologic 

alteration (ELOHAs) were identified for different flow regime features. These ELOHAs 

set the guidelines for a prospective environmental flow regime program specific for 

each NFR type. 
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2.1. LOCATION 

The Ebro River basin is the second largest in the Iberian Peninsula and one of the 

largest in the Mediterranean region. Draining approximately 85400km
2

 along the 

southern-facing slopes of the Cantabrian Range and the Pyrenees, the northern facing 

slopes of the Iberian Massif, and the western-facing slopes of the Catalan Ranges, the 

Ebro River empties into the Mediterranean Sea downstream from Tortosa, 180km south 

of Barcelona (figure 2.1). 

 

Figure 2.1. Location of the Ebro River basin in the Iberian Peninsula, with the main geographical 

features, tributaries and dams. 

 

 

2.2. PRECIPITATION 

The Ebro River basin receives both Atlantic and Mediterranean climate influences (CHE 

2005). The Atlantic climate is present in the northwestern corner of the basin, the 

western half of the Pyrenean Range and the northern part of the Iberian Range. The 

oceanic influence in Atlantic zone generates rain storms throughout the year, with a 

maximum in December–January and a minimum in July. There is a transition zone to 

the Mediterranean climate represented by the Western-Central Pyrenees and the central 

Iberian Range. The Mediterranean climate affects the Catalan Ranges (eastern boundary 
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of the Ebro Depression) and the south-east corner of the Iberian range. Precipitation in 

this region is characteristic of a typical Mediterranean climate, with maxima in autumn 

and spring and minima in winter and summer. Finally, the Eastern Pyrenees (Cinca and 

Segre basins) have a continental Mediterranean climate, with a more regular rainfall 

pattern, displaying a maximum in spring and a minimum in winter.  

Mean annual precipitation in the basin is 622mm, ranging from over 2500mm in the 

Pyrenees and the Cantabrian Range, to less than 300mm in the inner Depression. 

 

2.3. HYDROLOGY AND FLOW REGULATION 

A previous, qualitative assessment of seasonal flow patterns at different sites in the 

Ebro River basin (CHE 2005) showed differences in natural flow regime, mainly related 

to precipitation patterns. Streams flowing from the Cantabrian and the Pyrenean ranges 

(until the Irati basin, for location, see figure 2.1) mainly showed a pluvio-oceanic 

regime, characterized by a perennial, nonseasonal flow with a maximum in winter and a 

severe minimum during summer. From Irati basin to the East, the flow regime is 

nivopluvial owing to the snow cover in the Pyrenees during winter and the subseqüent 

snowmelt related runoff. It is characterized by a main flow peak in spring (May–June) 

and a smaller peak in autumn, with two baseflow periods in winter and summer. On the 

right side of the Ebro valley, the streams located at the northwestern part of the basin 

have a combined oceanic and snowmelt influence, shaping a pluvionival-oceanic 

regime. As the basin goes to south-east, the oceanic influence vanishes, snow retention 

disappears and river regimes acquire continental Mediterranean characteristics. The 

regime in this area is defined as pluvial-Mediterranean, and it is characterized by a 

marked unstable flow, with a maximum in autumn, the module of which barely go over 

1.5, and a severe dry period in summer (July–August). In spring, there is a secondary 

maximum that normally has two peaks, first in February–March and second in May–

June. Finally, the Ebro Water Management Plan (EBWMP) describes a strong 

equinoctial character in the most oriental streams. 

 

Water yield follows the heterogeneous climatic and hydrological characteristics present 

in the basin. Owing to that, 23% of the annual runoff comes from rivers draining the 

Cantabrian Ranges, 31% from the Western Pyrenees, 41% from the Central-Eastern 
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Pyrenees and 5% from the Iberian Massif and the Catalan Ranges (Batalla et al. 2004). 

Mean annual discharge at Tortosa (the most downstream gauge in the River Ebro, see 

figure 2.1) is 452m
3
/s. 

Fluvial regimes of main tributaries (Segre, Cinca, Gállego and Aragón rivers) and the 

central and lower reaches of the Ebro mainstem are slightly to moderately altered 

(MMAa 2000). The upper reach of the Ebro mainstem, downstream of the Ebro dam, 

and the Noguera Ribagorçana River downstream Canelles and Santa Ana dams, show 

the most altered fluvial regimes (see figure 2.1). The largest complex of reservoirs is 

located in the lower reaches of the river and regulates 97% of the catchment area. The 

complex is formed by Mequinenza (constructed 1966, with a capacity of 1534 hm
3
), 

Riba-roja (1969, 207 hm
3
) and Flix dams (1948, 11 hm

3
) (figure 2.1). According to 

García and Moreno (2000) and the MMAa (2000) map of potential alteration, only the 

Ebro headwaters tributaries still have completely unimpaired flow regime. 

 

2.4. GEOLOGY 

Geologically, the Ebro basin has an endorheic origin, and as a consequence, it is formed 

by evaporitic rocks in most of the central and lower parts of the basin. Large-scale 

sedimentation during the secondary and the tertiary periods explains the presence of 

limestones and karstic formations in the Iberian, Catalan and Pyrenean ranges. 

Conglomerates are also present, mostly located in the eastern and western parts of the 

Depression. The higher elevations and summits of central and eastern Pyrenees are 

characterized by granitic batholiths reaching more than 3000m a.s.l., which are 

interrupted by karstified carbonate lithologies and metamorphic rocks in the eastern 

sector (for more details, see http://www.chebro.es). 
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3.1. INTRODUCTION 

Traditionally, human societies have sought to solve climatic uncertainty and 

precipitation scarcity by constructing reservoirs that guarantee both permanent and 

controlled access to fresh water resources. In more modern times, hydropower 

generation has played an important role in this direction. This policy acquired a special 

dimension in arid and semiarid regions. For example, Spain contains 2.5% of the world 

dams, ranking only behind China (46.2%), the USA (13.8%), India (9%) and Japan 

(5.6%) (World Commission on Dams 2000). Most dams have been constructed during 

the second half of the 20th century, and still, an intensification of river regulation at a 

global scale is expected because of growing human populations and their demand for 

water, coupled with the uncertainties of anthropogenic climate change (Postel et al. 

1996, Postel 1998, Vörösmarty et al. 2000). However, dam construction alone has not 

solved water access problems in many countries or satisfied water demands in general; 

indeed, water conflicts seem to have increased globally (Gleick, 2003, Poff et al. 2003). 

Dams typically alter the natural flow regime of rivers  (e.g. Richter et al. 1996, López-

Moreno et al. 2002, Batalla et al. 2004, Poff et al. 2007). Consequently, numerous dam-

related impacts on freshwater native biodiversity and on riverine ecological processes 

have been reported (see Ligon et al. 1995, Stanford et al. 1996, Poff et al. 1997, 

Kingsford 2000, Bunn and Arthington 2002, Poff and Hart 2002, Bragg et al. 2005, for 

examples). In addition, there is a growing recognition of goods and services that 

freshwater ecosystems offer to society (Palmer et al. 2004) and of the high economic 

costs and qüestionable efficacy of river restoration projects (Bernhardt et al. 2005).  

Within this context, specialists from several disciplines and water managers agree that a 

sustainable management of water bodies and water resources is needed to maintain and 

sustain freshwater ecosystems and their services, which, in turn, support human well-

being (e.g. Brisbane Declaration (unpublished); 

http://www.eflownet.org/download_documents/brisbane-declaration-english.pdf). 

Attempts to manage dams by integrating both ecosystem needs and human needs put 

some light into this direction (e.g. Palau 2006, Suen and Eheart 2006, Batalla and 

Vericat 2009, Jacobson and Galat 2008). Furthermore, some governments have started 

taking flow-dependent ecosystems into serious consideration when planning water 

resources management, for example, Australia (Arthington and Pusey 2003), South 

Africa (King et al. 2003) and the USA (NRC 2007). Current water management 

http://www.eflownet.org/download_documents/brisbane-declaration-english.pdf
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frameworks that pursue the principle of sustainability (e.g. Brizga et al. 2002, Clarck 

2002, King et al. 2003, Richter et al. 2003, Arthington et al. 2006, Poff et al. 2010) rest 

upon two main premises: the key role of natural hydrologic variability to sustain 

functionality of freshwater systems, and the holistic view of the management process, 

where participation of a wide range of stakeholders is fundamental to define and 

achieve water policy goals. 

In this direction, the EU Water Framework Directive (2000/60/CE, hereafter WFD) 

aims at the regulation of water uses within Europe to promote sustainable water 

management. The WFD encourages its members to take actions to prevent deterioration 

of groundwaters, freshwaters and associated ecosystems and to reach a good ecological 

potential of artificial and heavily modified water bodies and a good ecological status of 

the rest of surface water bodies by the year 2015.  

The River Ebro has been the focus of several investigations because of an increasing 

social concern over the river’s ecology and its capacity to supply water for human 

needs. In 1999, a first approach to identify regions physically similar was developed but 

without taking into account natural flow conditions (Munné and Prat 1999). Oscoz et al. 

(2007) studied the ecosystem health across the Ebro River basin by using biological 

indexes; Vericat and Batalla (2006) analysed the river’s sediment budget in relation to 

major reservoirs; Vericat et al. (2006) and Batalla et al. (2006) examined the 

morphological and sedimentary adjustments downstream from dams; and Palau et al. 

(2004) and Batalla and Vericat (2009) discussed the river’s response to the flushing 

flows programme implemented in the lower Ebro River since 2002. In relation to 

freshwater ecosystem sustainability, Alcazar et al. (2008) proposed an ecological flow 

regime for the entire Ebro basin based on a minimum maintenance flow (Qb parameter) 

obtained from a moving average forecasting model to increasing intervals of 

consecutive data (mean daily flows) (see Palau and Alcazar 1996, for details). Alcazar 

and Palau (2010) explored the possibility of extrapolating the Qb parameter across the 

Ebro River Basin by using hydrological and watershed features as explanatory 

variables. Bejarano et al. (2010) classified fluvial segments in the Ebro River basin by 

using mean monthly flow data from SIMPA model (CEDEX, Ministry of Environment 

and Public Works, Spain) as classification factors. 

 

The ELOHA framework (i.e. Arthington et al. 2006, Poff et al. 2010) is the result of a 

recent consensus among international scientists to develop regional environmental flow 



17 

 

standards. Its implementation in the Ebro River basin (NE Iberian Peninsula) 

contextualizes the present thesis. The first step of the ELOHA framework is the 

identification of regions under similar natural flow (baseline) conditions that can work 

as management units for ecological research and environmental flow guidelines design 

(Poff et al. 1997). Therefore, the hypothesis tested in this chapter is that different natural 

flow regime (NFR) types exist in the Ebro River basin.  

Long-term mean monthly flow data of 52 gauges reflecting unaltered streamflows were 

identified to represent the range of flow variation in the basin. Of these, 30 sites 

contained particularly high-quality data. All flow data were provided by the Ebro Water 

Authorities (hereafter CHE). Fifty-four metrics representing magnitude, duration and 

frequency components of flow were used to identify hydrologic differences across the 

basin (e.g. Richter et al. 1996, Poff et al. 1997). Discriminant analysis served to 

visualize relationships between flow regime classes and to identify the most relevant 

metrics to separate and define the classes. In addition, variables characterizing 

watershed attributes and spatial climate variability were developed to examine influence 

of these factors on observed patterns of flow variability in the basin.  

Besides, the present analysis aimed at helping inform implementation of the new 

environmental flow standards in the Ebro River basin based on natural flow dynamics. 

 

3.2. METHODS 

3.2.1. Pre-treatment of data and site selection 

Daily streamflow series from 278 gauging stations across the Ebro Basin were obtained 

from CHE (http://oph.chebro.es), and natural flow series were derived after removing 

data susceptible of receiving influences from hydraulic infrastructures (e.g. dams, 

channels, weirs or hydropower facilities). The location of sites with respect to hydraulic 

infrastructure activities was the main criterion used to identify impacts on flow regime. 

All cartographic data were obtained from the CHE website 

(http://oph.chebro.es/ContenidoCartografico.htm). Flow series affected by hydraulic 

infrastructure were shortened by retaining only the records prior to the start of these 

flow-altering activities. After that, each series was checked (when possible) with other 

flow time series from locations upstream or downstream of the same stream branch to 

check for flow consistency. A total of 89 gauges were found to have reliable flow data 

not altered by dams or other hydraulic activities. 
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Daily time series were transformed into monthly flow data, and a fill in process at 

monthly scale was carried out. Completed months at daily scale were transformed into 

average monthly flows, and any non-completed month at daily scale was considered a 

gap. Two infilling techniques were applied: an intra-site interpolation process up to 2-

month gaps, and a month-to-month correlation between similar gauges up to 9-month 

gaps. The month-to-month correlation technique was applied only when sites were 

located so close geographically that climatic and watershed conditions were considered 

the same and a strong correlation between monthly streamflows existed. At each case, 

the series with more real flow data was retained in the analysis (sites 23 and 86), and its 

pair was removed to avoid data redundancy. At the end of the infilling process at the 

monthly scale, years that still had gaps were considered non-completed years and were 

removed from the dataset because completed years were required to obtain parameter 

estimates in the classification analysis (see 3.2.2. Selection of variables). 

We limited our analysis to gauges that had data in the period 1946–2002 because this 

period contained most part of the data. Moreover, some studies have put in doubt the 

reliability of data at some Ebro gauges before 1940 (MMAb 2000). Only gauges with a 

minimum of 20 years of data were selected to dampen the effects of interannual climatic 

variability and to allow stable estimation of hydrologic statistics (Gan et al. 1991, 

Richter et al. 1997). Fifty five sites were found suitable in fulfilling both conditions. 

However, after a preliminary inspection at monthly flow patterns, three of them were 

removed because of unusual flow patterns: one of them had only data from wet periods 

(MMAb 2000), and we could not find any reasonable explanation for the others, except 

that it was related with data quality. Therefore, as we decided they were unlikely to be 

part of the population we wished to make inferences about (outliers), we removed them 

from the analysis (Quinn and Keough 2002). We assumed that the 52 sites remaining in 

the sample were representative of most flow variability in the Ebro basin, and they were 

selected to carry out the classification of natural flow regimes. It is important to note 

that these sites represent high and middle altitude areas (250–1200m a.s.l.), and 

therefore, inferences are limited to these zones. 

 

3.2.2. Selection of variables 

It is widely accepted that five critical components of flow regime control ecological 

processes in river systems: magnitude, frequency, duration, timing and rate of change 
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(Poff and Ward 1989, Richter et al. 1996, Poff et al. 1997). We developed 54 

hydrologic variables (table 3.1) representing magnitude, frequency and duration 

components of flow, but rate of change and timing were not used because we based the 

analysis on monthly, not daily, flows. To compare hydrological properties from streams 

with different catchment sizes, many variables were obtained from modularized flow 

data by dividing each monthly flow by the grand mean flow of the corresponding gauge 

(Yevjevich 1972, Poff and Ward 1989). Because of the non-common zero-flow 

phenomenon at study gages and its low duration (normally less than one month), it was 

decided to study drought events from real data, at daily scale, to have a better 

description of them. The only variable affected by the change on the scale was yQ0 

because the filling in process at monthly scale increased the record length of the series 

without affecting 0-flow events. Frequency of dry periods can be valued information to 

discriminate flow regimes in the Mediterranean area, and therefore, we included it, 

assuming a likely underestimation of yQ0 at some gages. 

 

3.2.3. Cluster analysis 

The normality of variables was examined, and some specific transformations were 

applied to meet assumptions of the analytical methods we employed (see table 3.2). 

Where normality could not be achieved, the variable was removed from the analysis. 

Two cluster analyses were developed, one with the 30 ‘best’ sites, and another with all 

52 sites. In the 30-site analysis, VMIN variable was not considered because of its 

difficulty to reach normality. Variables were standardized by subtracting the mean and 

dividing by the standard deviation. 

Afterwards, they were used as inputs in a hierarchical cluster analysis, Ward’s method 

(Ward 1963), to find groups of similar flow behaviour. A hierarchical tree diagram (or 

dendrogram) helped to decide the number of clusters. Cluster analysis was developed by 

MATLAB 7.0.1W software package. 

 

3.2.4. Variable subset selection 

We used a stepwise discriminant analysis to find a subspace of the 54-dimensional 

original space that optimizes separation among clusters previously identified and retains 

as much of the structure of the data as possible (Hand 1981). Stepwise discriminant 

analysis is a widely used technique to select variables in classification analyses. It 
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selects variables that maximize separation among groups by selecting step by step those 

variables with the largest partial F based on MANOVA tests. Variables are added one at 

a time, and at each step, the variables are re-examined to see if there is redundancy 

among the new set of variables (see Rencher 2002, for details). 

Stepwise discriminant analysis assumes multivariate normality and a common 

covariance matrix. With regard to the first condition, normality of any variable was 

checked by means of Q-Q plots, and also bivariate plots of each pair of variables were 

studied to detect curved trend and outliers. With regard to the second condition, a test of 

the null hypothesis of no difference in the multivariate dispersions of the six groups, 

using deviations from spatial medians and 9999 permutations of residuals suggested 

there was no convincing evidence for difference (p = 0.15). This test is a generalization 

of Levene’s test applied in a multivariate context (Anderson 2005). In contrast to 

traditional likelihood-based tests of homogeneity of variance–covariance matrices (e.g. 

Box’s M test), the distance-based test for homogeneity of multivariate dispersions is 

robust to deviations from multivariate normality. However, this test is not sensitive to 

detect differences in correlation structure among groups. But, considering the regional 

scale of the study and the hydrological nature of all the variables, we did assume the 

common population correlation between groups. Although stepwise discriminant 

analysis is a popular technique used to reduce the complexity of a group of variables, it 

is advised to be taken by caution and carefully combined with cross-validation, like any 

other variable selection procedure (Manly 1994). Stepwise discriminant analysis was 

carried out by means of SAS 9.1
®

 statistical software package (i.e. SAS Function Code: 

PROC STEPDISC). 



 

Table 3.1. Variables used in classification of natural flow regimes (NFR) in the Ebro River  basin. Variables with symbol (*) are the main variables responsible of separating 

the four types of NFR found with sites of Group 1. Variables with symbol (†) are the main variables responsible of separating the six types of NFR found by using 

sites of Group 1+ Group 2 

Variable Code 
Units 

(months) 
Hydrologic Indicator Definition 

    

Flow Magnitude    

Average flow conditions    

MY * †                                         12 Mean monthly flow for month Y                        Mean monthly flow for all months 

VY  * † 12 Variability in monthly flows on month Y                         Variance of monthly flows for all months 

MyV 1 Mean annual volume                                                         Mean of the sum of monthly flows in a hydrologic year 

VyV    1 Variability in annual volumes          Variance of the sum of monthly flows in a hydrologic year 

Low flow conditions    

MMIN * † 1 Mean minimum monthly flow  Mean of the minimum monthly flows, for the hydrologic year 

VMIN                                      1 Variability in the minimum monthly flows                       Variance of the minimum monthly flows 

MSMIN 1 Specific minimum monthly flow  Mean of the minimum monthly flows divided by catchment area (dm3/km2) 

MQ10                                      1 Baseflow index 1                                                                Mean monthly flows that do not exceed the 10th percentile from the flow 

duration curve (flows that are exceeded, at least, the 90% of the time) 

MQ25 1 Baseflow index 2 Mean monthly flows that do not exceed the 25th percentile from the flow 

duration curve (flows that are exceeded the 75%, or more, of the time) 

High flow conditions                                

MMAX * 1 Mean maximum monthly flow                                     Mean of the maximum monthly flows, for the hydrologic year 

VMAX †                               1 Variability in the maximum monthly flows                      Variance of the maximum monthly flows 

MSMAX †                                  1 Specific maximum monthly flow                                 Mean of the maximum monthly flows divided by catchment area (dm3/km2) 

MQ75                            1 High flow index 1                                                             Mean monthly flows that exceed the 75th percentile from the flow duration 

curve (flows that are exceeded the 25%, or less, of the time) 

MQ90 *                                       1 High flow index 2                                                              Mean monthly flows that exceed the 90th percentile from the flow duration 

curve (flows that are exceeded the 10%, or less, of the time) 

RMAX_MIN †   1 Variability index                                                               Ratio between MMAX and MMIN 

    

Flow Frequency    

Low flow conditions    

FQ5                   1 Frequency of low flow spells 1 Total number of low flow spells (low threshold equal to 5% of grand mean 

monthly flow) divided by the record length in years 



 

Variable Code 
Units 

(months) 
Hydrologic Indicator Definition 

FQ10                                  1 Frequency of low flow spells 2                                         Total number of low flow spells (low threshold equal to 10% of grand mean 

monthly flow) divided by the record length in years 

yQ0            1 Percentage of years with dry periods                         Number of years that occur any 0-flow event (daily scale) divided by the 

total record length 

nQ0y †                                        1 Frequency of dry periods                                                   Total number of 0-flow events (periods) divided by the number of years with 

0-flow events 

High flow conditions    

FQ3x                                        1 Flood frequency 1 Total number of high flow events (upper threshold equal to 3 times the grand 

mean monthly flow) divided by the record length in years                                                                                                                                          

FQ5x                                        1 Flood frequency 2 Total number of high flow events (upper threshold equal to 5 times the grand 

mean monthly flow) divided by the record length in years 

Flow Duration    

Low flow conditions    

M2MIN                                   1 Mean annual 2-month minima discharge                            Mean magnitude of 2-month-duration minimum annual flow   

V2MIN                                    1 Variability in 2-month minima discharge                           Variance of 2-month-duration minimum annual flow 

M3MIN                                   1 Mean annual 3-month minima discharge                           Mean magnitude of 3-month-duration  minimum annual flow  

V3MIN                                    1 Variability in 3-month minima discharge                           Variance of 3-month duration minimum annual flow 

belowQ50 †                                1 Low flow duration                                                               Maximum number of consecutive months during a year where the mean 

monthly flow remains below the grand mean monthly flow 

MDQ0                                     1 Mean dry period duration                                                   Mean duration of 0-flow periods (days) 

MAXDQ0 *                                1 Maximum dry period duration                                            Maximum duration of 0-flow periods (days)        

High flow conditions    

M2MAX †                                  1 Mean annual 2-month maxima discharge                           Mean magnitude of 2-month-duration maximum annual flow  

V2MAX †                                   1 Variability in 2-month maxima discharge                           Variance of 2-month duration maximum annual flow 

M3MAX †                                  1 Mean annual 3-month maxima discharge                           Mean magnitude of 3-month duration maximum annual flow  

V3MAX                                   1 Variability in 3-month maxima discharge                           Variance of 3-month duration maximum annual flow 
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Table 3.2. Transformation functions applied to the variables of Group 1 (30 sites) and Group 1+2 (52 

sites). 

 

 

 

 

30 SITES   52 SITES   

Variable Code Transformation function   Variable Code Transformation function  

MJAN None  MJAN None  

MFEB None  MFEB None  

MMAR None  MMAR x2  

MAPR Ln (x)  MAPR Ln (x)  

MMAI Ln (x)  MMAI Ln (x)  

MJUN Ln (x)  MJUN Ln (x)  

MJUL Ln (x)  MJUL x1/3  

MAUG Ln (x+1)  MAUG x1/2  

MSEP None  MSEP None  

MOCT None  MOCT None  

MNOV Ln (x+1)  MNOV None  

MDEC Ln (x)  MDEC Ln (x)  

VJAN Ln (x+1)  VJAN Ln (x+1)  

VFEB Ln (x+1)  VFEB x1/2  

VMAR Ln (x)  VMAR x1/2  

VAPR Ln (x)  VAPR Ln (x)  

VMAI Ln (x)  VMAI Ln (x)  

VJUN Ln (x)  VJUN Ln (x)  

VJUL Ln (x)  VJUL Ln (x)  

VAUG Ln (x)  VAUG Ln (x)  

VSEP Ln (x)  VSEP Ln (x)  

VOCT Ln (x)  VOCT Ln (x)  

VNOV Ln (x)  VNOV Ln (x)  

VDEC Ln (x)  VDEC Ln (x)  

MyV Ln (x)  MyV Ln (x)  

VyV    Ln (x)  VyV    Ln (x)  

MMIN Ln (x+1)  MMIN x1/2  

VMIN                                      -  VMIN                                      Ln (x)  

MSMIN x1/2  MSMIN Ln (x)  

MQ10                                      Ln (x)  MQ10                                      x1/3  

MQ25 x1/2  MQ25 x1/3  

MMAX Ln (x)  MMAX Ln (x)  

VMAX                                Ln (x)  VMAX                                Ln (x)  

MSMAX                                  x1/2  MSMAX                                  x1/3  

MQ75                            Ln (x+1)  MQ75                            Ln (x)  

MQ90                                       Ln (x+1)  MQ90                                       Ln (x)  

RMAX_MIN   Ln (x)  RMAX_MIN   Ln (x)  

FQ5                   x1/2  FQ5                   x1/3  

FQ10                                  x1/2  FQ10                                  x1/3  

yQ0            x1/2  yQ0            x1/3  

nQ0y                                        x1/2  nQ0y                                        x1/2  

FQ3x                                        x1/2  FQ3x                                        x1/2  

FQ5x                                        x1/2  FQ5x                                        x1/2  

M2MIN                                   None  M2MIN                                   x1/2  

V2MIN                                    x1/2  V2MIN                                    x1/3  

M3MIN                                   Ln (x)  M3MIN                                   x1/3  

V3MIN                                    x1/2  V3MIN                                    x1/3  

belowQ50                                Ln (x)  belowQ50                                x1/2  

MDQ0                                     x1/2  MDQ0                                     x1/3  

MAXDQ0                                x1/2  MAXDQ0                                x1/4  

M2MAX                                  Ln (x+1)  M2MAX                                  Ln (x)  

V2MAX                                   Ln (x)  V2MAX                                   Ln (x)  

M3MAX                                  Ln (x)  M3MAX                                  None  

V3MAX                                   Ln (x)  V3MAX                                   Ln (x)  
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3.2.5. Validation 

Cluster analysis was checked by cross-validation using the selected variable subset. 

Cross-validation consists of removing one observation at each step and using the 

remaining (n-1) observations to determine the discriminant (or classification) function. 

The estimated discriminant function is then used to classify the omitted observation. 

Under the assumption of a common population covariance matrix between groups, the 

discriminant functions are linear functions. Although normality is not required, when 

populations are normal with equal covariance matrices, discriminant analysis is 

asymptotically optimal, that is, the probability of misclassification is minimized and 

approaches optimality as the sample size increases (Rencher 2002). This process is 

repeated (n-1) times so that each observation is left out once. The misclassification error 

rate obtained from this process is a nearly unbiased estimate of the expected error 

(Rencher 2002). The validation process was also carried out by means of the SAS 9.1W 

statistical software package (i.e. SAS Function Code: PROC DISCRIM). 

 

3.2.6. Canonical discriminant analysis 

Canonical discriminant analysis (hereafter CDA), known as descriptive discriminant 

analysis, aims at identifying the relative contribution of the variables previously 

selected by stepwise discriminant analysis (see 3.2.4. Variable subset selection) for the 

separation of the NFR types obtained by cluster analysis (see 3.2.3. Cluster analysis) 

and finding the optimal plane on which the points can be projected to best illustrate the 

configuration of the groups (Rencher 2002). CDA found linear combinations of the 

selected variables that best separate the k groups of multivariate observations; it is based 

on canonical correlations between the set of descriptor variables and the set of k 

grouping variables. These vectors are uncorrelated and have the highest multiple 

correlations with the groups. Canonical correlation squared is a measure of multivariate 

association and measures the association strength between the function and the different 

groups (Rencher 2002). When variables are correlated, the best measure of variable 

importance is the correlation between each variable and the canonical discriminant 

function, known as loadings or structure coefficients (Quinn and Keough 2002, Rencher 

2002). These correlations show the individual contribution of each variable to group 
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separation. CDA was undertaken by SAS 9.1
®

 statistical software package (i.e. SAS 

Function Code: PROC CANDISC). 

 

3.3. RESULTS 

3.3.1. Site selection 

The 52 sites were split into two groups: Group 1, 30 sites with high-quality data (i.e. 

data representing the whole study period of 1946–2002), and Group 2, 22 sites with 

medium-quality data (flow series with larger gaps and not fully representative of the 

whole study period) (table 3.3). These 52 sites represent high and middle elevations 

areas, most of them over 400m a.s.l. because of the lack of unaltered flow data in the 

lowest basin zones (i.e. Ebro Depression). As said before, inferences from this study are 

limited to these areas. 

 

Table 3.3. Sites used in the classification of NFRs in the Ebro River basin, with the time period and the 

number of years of flow time series 

GROUP 1    GROUP 2    

Name ID Gauge 

Number 

Number 

Years 

Time 

period 

Name ID Gauge 

Number 

Number 

years 

Time period 

Navarrete 41 54 47-02 Oña 93 40 60-02 

Urroz de Villa 79 54 47-00 Nuévalos 8 37 65-01 

Marañón 6 54 48-01 Muez 151 36 62-98 

Aspurz 64 54 46-02 Pitarque 88 35 64-00 

Liédena 65 53 46-00 Lecina de Barcabo 46 34 66-01 

Yanguas 44 53 47-01 Javierregay 61 34 57-02 

Sigues 63 52 51-02 Alins 135 34 66-02 

Barasoain 86 52 48-00 Alcaine 127 34 64-02 

Beceite 110 52 48-00 Horta San Juan 153 33 66-02 

Puigcerdà 21 51 48-02 Tastavins 154 32 69-00 

Jubera 58 51 49-00 Biota 155 31 69-00 

Cuzcurrita 50 51 50-00 Batea 177 28 75-02 

Embid de Ariza 57 50 46-00 San Miguel Pedroso 158 27 70-00 

Binies 62 49 49-02 Azarrulla 157 27 66-01 

Organyà 111 47 51-00 Tranquera 129 27 73-00 

Boltaña 40 47 52-02 Jaraba 56 27 74-00 

Olave 67 46 53-00 Torla 196 26 68-93 

Santolea 30 46 52-01 Miranda de Ebro 165 26 77-02 

Peralta de Alcofea 33 46 48-01 Orón 189 26 77-02 

Berantevilla 75 46 50-00 Palazuelos 166 23 66-90 

La Seu Urgell 23 45 49-02 Reinosa 178 22 73-94 

San Pedro Manrique 43 44 57-00 Jaca 18 21 46-66 

Las Cellas 91 44 52-00     

Zuriza 80 44 52-02     

Capella 47 43 56-00     

Los Fayos 90 43 52-96     

Lumbreras 142 42 52-94     

Barbastro 95 41 53-00     

Bergue 100 41 60-00     

Coll Nargó 148 37 58-00     
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3.3.2. Cluster analysis, variable subset selection and validation 

The first goal was to test the hypothesis that different natural flow regimes do exist in 

Ebro basin. Only the best flow data (Group 1) were used in this preliminary analysis to 

attain the most robust classification. Cluster analysis with Group 1 flow series and 53 

classificatory variables identified four main hydrologic regimes: A, B, C and D (see 

figure 3.1). Stepwise discriminant analysis highlighted 15 variables responsible for 

maximizing separation among clusters. These variables, some of which had been 

transformed (see table 3.2), were as follows: flow means (MFEB, MAPR, MMAI, 

MSEP and MDEC), variability of flow means (VJAN, VMAR, VAPR, VMAI, VSEP, 

and VDEC), extreme flows (MMIN, MMAX and MQ90) and extreme drought 

conditions (MAXDQ0) (see table 3.1 (*) for variable details). Cross-validation based on 

the 15-variable subset yielded highly robust clusters, with a misclassification rate of 

only 3.3% (1/30). 

Once the existence of different natural flow regimes in Ebro basin was demonstrated, 

the second goal was to test the consistency of flow groups by increasing the number of 

flow sites. A second classification using all available flow series (Group 1 + Group 2) 

was sought. The comparison of two classifications served, in addition, to test whether 

nonhomogeneous data (from Group 2) would affect cluster composition. A cluster 

analysis with 52 observations and 54 hydrologic variables (here, including VMIN) 

yielded a similar cluster composition than the previous analysis. The difference between 

both classifications was the number of clusters indentified. The larger number of sites 

allowed a more precise classification with more specific subclusters: A’, B’, C’, D’, E’ 

and F’ (figure 3.1). Differences between subclusters corresponded to different 

geographical settings, that is, to differences in climate and/or watershed characteristics, 

as well as to differences in intra-annual flow variability. We used the six-group 

classification to assess the distribution of natural flow regimes across the Ebro Basin. A 

combination of 19 variables was selected by means of stepwise discriminant analysis 

that maximized differences among the six groups. These transformed variables included 

average flow conditions, regarding magnitude (MMAR, MMAI, MJUN, MJUL and 

MNOV) and variability (VMAR, VAPR, VMAI, VAUG and VOCT) and extreme flow 

conditions, regarding magnitude (MMIN, MSMAX and RMAX_MIN), variance 

(VMAX), frequency (nQ0y), duration (belowQ50, M2MAX and M3MAX) and 

variability of duration (V2MAX). Cross-validation with the 19-variable subset showed 
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acceptable cluster stability with a misclassification rate of 7.7% (4/52). Cluster 

distribution is shown in figure 3.2, and the annual flow patterns of 52 gauges clustered 

by groups are depicted in figure 3.3. In general, there is good concordance among flow 

patterns within each cluster. Only cluster F’ shows relatively high scatter, a fact that is 

related to sites 43 and 155, which are geographically distant from the rest of F’ sites 

(see 3.4.1. Relating natural flow regime types and climatic and watershed factors). 

 
Figure 3.1. Dendrogram of cluster analysis with 52 gauges and 54 hydrologic variables. Six groups were 

identified: A’, B’, C’, D’, E’ and F’. This classification was consistent with a classification 

obtained with the 30 ‘best’ gauges and 53 hydrologic variables (A, B, C and D groups) 



 

 

 

Figure 3.2. Clustering of the six flow regime types across the Ebro River basin based on the analysis of 52 gauges and 54 hydrologic variables. Flow regimes are related to the 

following climatic zones (according to EBWMP): A’: Continental Mediterranean-pluvial (E); B’: Nivo-pluvial (▲); C’: Continental Mediterranean-pluvial (with a 

groundwater-dominated flow pattern) (:); D’: Pluvio-oceanic (X); E’: Pluvio-nival-oceanic (K); and F’: Mediterranean (k). 
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Figure 3.3. Annual flow patterns of the 52 sites used in the classification analysis of the Ebro River basin, 

clustered by groups. The units in vertical axis are flow module (Qi/Qgrand mean) 

 

 

 

3.3.3. Canonical discriminant analysis 

The separation of six clusters using the 19 variables was statistically significant 

(p<0.0001) according to MANOVA tests (Wilk’s Lambda, Pillai’s Trace, Hotelling–

Lawley and Roy). Squared canonical correlations of first and second components were 

0.98 and 0.94, respectively, indicating strong associations among individual flow 

regimes within the clusters. Wilks’ test indicated that two first canonical components 

captured more than 80% of explained group differences, indicating that mean vectors of 

the six clusters lay mostly in two dimensions (figure 3.4). First canonical component 

accounts for 59.3% of explained flow group differences and highlights differences 

between D’, E’ and F’ groups with respect to A’, B’ and C’ groups. These differences 
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are mainly explained by the highest correlated variables, which are MJUL (0.69), 

MMIN (0.71), RMAX-MIN (-0.76), M2MAX (-0.79) and M3MAX (-0.75). Box-plots 

applied to each significant variable based on transformed data showed that D’, E’ and F’ 

groups have lower minimum flows (MJUL and MMIN), higher difference between 

maximum and minimum flows (RMAX_MIN) and higher long-duration maximum 

flows (M2MAX and M3MAX) than A’, B’ and C’ groups (figure 3.5). The second 

canonical component accounts for 21.6% of explained cluster differences and isolates F’ 

group from other groups because of its higher flow variability in spring [VMAR (0.53), 

VMAI (0.66)] and autumn [VOCT (0.66)] and its higher high-flow variability [VMAX 

(0.47) and V2MAX (0.50)] (figure 3.5). Box-plots applied to untransformed variables 

showed identical results than figure 3.5 Therefore, it could be implied that inferences 

from transformed variables may also apply to untransformed variables. 

 

 

Figure 3.4. Plot of first and second canonical components of the CDA applied to the six flow groups, 

based on 19 hydrologic variables. First and second components capture 80.85% of the total 

explained group variability 
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Figure 3.5. Box-plots of major loadings of first and second canonical components of the CDA applied to 

the six flow regime types identified in the Ebro River basin. The variables are transformed and 

standardized.  
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Plotting the first canonical components with six flow groups was useful to visualize 

relationships between groups. In addition, a series of canonical discriminant analyses 

applied in a stepwise manner to each group helped to identify what aspects of the 

natural flow regime contributed most to group separation. At each step, only the group 

(or block of groups) with the major cluster distance with respect to the others was 

examined (see figure 3.4). Once a subset of variables that maximized group differences 

was found, major loadings were assessed by box-plots, as described previously. Cross-

validation at different steps showed a high robustness of cluster differences (0% 

misclassification error for all cases), and canonical components shared a high (>80%) or 

very high (>95%) canonical correlation squared with the respective clusters in the 

different analyses. 

Assessment of major loadings revealed several differences among the flow regime 

types: the F’ flow regime has the lowest low-flows (MMIN, MQ10 and M3MIN), the 

highest maximum flows (MMAX and M2MAX), the highest flashiness (RMAX_MIN) 

and the highest frequency of low flow spells (FQ5) and dry periods (y_Q0) in the basin. 

The D’ and E’ types in the western part of Ebro basin are characterized by lower flows 

in autumn (MOCT), higher flows in winter (MDEC) and lower minimum flows 

(MMIN) as well as lower variability of low flows (VJUL and VSEP) than central and 

eastern parts (A’-B’-C’ types). Within the D’-E’ flow block, the D’ group has lower 

minimum flows (MAUG), lower variability of low flows (VJUN) and higher flows 

during autumn (MOCT) and winter (MNOV) than E’. The B’ group has higher spring 

flows (MMAI) and lower variability of long-duration maximum flows (V2MAX) than 

A’ and C’ groups. Finally, A’ and C’ groups are distinguished primarily because C’ has 

lower V2MAX than A’. 

 

3.4. DISCUSSION 

According to results obtained, we accept the hypothesis formulated around the existence 

of different NFRs in the Ebro River basin. 

The Ebro River basin has a great variety of natural flow regime types because it 

receives precipitation from many climatically distinct sources: the southern slopes of the 

Pyrenean Range system, the northern slopes of the Iberian Range, the Atlantic Ocean 

and the Mediterranean Sea. Moreover, part of the Ebro Basin is a groundwater-
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dominated zone with extensive areas on calcareous rocks that control runoff, especially 

in central and southern sectors of the Iberian Range. 

 

3.4.1. Relating natural flow regime types and climatic and watershed factors 

A close link between geographical site location and characteristics of natural flow 

regime was found (see figure 3.2). Flow types were consistent with flow regime 

description in EBWMP, and both cluster distribution and annual flow patterns were 

consistent with climatically defined regions reported in EBWMP (see 2.3. Hydrology 

and flow regulation). 

According to the present work, clusters D’ and E’ belong to the northwestern sector of 

the Ebro River basin that includes streams from the Cantabric and Pyrenean Ranges 

(until Irati basin) and the northern part of Iberian Range (see figure 3.2). Not 

surprisingly, this distribution fits well with the pluviooceanic and the pluvio-nival-

oceanic flow regimes defined in CHE (2005). Figure 3.3 shows D’ and E’ flow regimes 

with a regular flow from December to April that differ for the peak flow timing, with D’ 

having a December peak and E’ an April peak. D’ flow regime is mainly located in 

Western Pyrenees (i.e. west from Irati basin), whereas E’ flow regime is present in the 

lower parts of Cantabrian Range and the northern sector of the Iberian Range. E’ flow 

regime likely experiences the effects of snow cover in winter and the corresponding 

melt in spring that would produce a delay on winter peak. It would correspond to a 

pluvio-nival-oceanic regime. Moreover, D’ and E’ flow regimes extend over the same 

area than oceanic climate regime with flow annual patterns emulating the annual 

precipitation pattern, that is, maximum values in winter and minimum in summer. 

Therefore, a close link between D’ and E’ flow regimes and oceanic climate regime 

appears to exist. 

B’ flow regime extends through the Pyrenean Range, from Irati basin to the East, and it 

fits very well with nivopluvial streamflow distribution reported in CHE (2005). This 

regime is characterized by a low winter flow and a high peak on spring because of snow 

melting and spring precipitations occurring simultaneously. Therefore, these results 

point to altitude as another key factor responsible for flow variability in the Ebro River 

basin. Sites at lower altitudes than B’, with the same hydro-climatic conditions but with 

no snowfall during winter, have flow peaks directly related to precipitation maxima. 
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These locations correspond to A’ flow regime, and it is also found in central and 

southern sectors of the Iberian Range. These areas would correspond to the transition 

zone between Atlantic (i.e. oceanic) and Mediterranean climate regimes, with a 

continental character in the central parts of the basin (CHE 2005). The EBWMP defines 

the flow in these areas as continental Mediterranean pluvial, which is characterized with 

a consistent baseflow with two maxima, in autumn and in spring, and a severe dry 

period in summer. However, the A’ flow pattern does not show severe droughts in 

summer. The presence of soft carbonate rocks in the centre of the Ebro Depression and 

especially in the central and southern sectors of Iberian Range could provide a plausible 

physical explanation for such permanent summer flow. Headwaters of the central and 

southern Iberian Range often have karstic compositions that exert an important control 

on runoff (CHE 2005). This phenomenon might explain the presence of a C’ flow 

regime in these areas, with low variable groundwater-dominated flow pattern that 

reinforces the idea of the lithological control on river’s hydrology. These hypotheses 

should be tested by local studies and basin-wide fieldwork. 

Finally, the F’ flow pattern is found in the southeastern part of the basin and, agreeing 

with EBWMP, would correspond to rivers that typically experience a Mediterranean 

flow regime with a strong equinoctial character. The F’ annual pattern (figure 3.3) has 

two main peaks, one in early winter and another in spring, and it seems to be linked 

directly to the character of equinoctial precipitation, which, in this area, has high 

variability because of alternating droughts and intense rains. This variability on 

precipitations would explain the extreme flow conditions found in F’ group (see 3.3.3. 

Canonical discriminant analysis). Sites 43 and 155, however, which are located in the 

centre of the Ebro River basin, are not affected by Mediterranean climate regime. The 

fact that both sites are included in the F’ group could be explained, first, because of the 

arid conditions existing in the inner Depression zone, where they are located (see figure 

3.2). The scarcity of precipitation in this region would produce extreme low flow 

conditions and recurrent droughts. And second, the small catchment size coupled with 

an impervious geology could force intense responses of flow after rainstorms, creating 

high flow peaks with short durations. 

The consistency of the 52-gauge classification with respect to physical features in the 

basin indicates that the 54-variable set succeeded in characterizing main flow 

differences in the Ebro River basin and that, despite the intense pretreatment of data, 

multivariate analyses demonstrated to be very effective in combining information and 
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identifying differences among flow groups. Its efficiency in processing a large amount 

of data is the main reason why multivariate analyses have been widely used in regional 

hydrologic assessments (e.g. Poff 1996, Chiang et al. 2002, Thoms and Parsons 2003, 

Baeza and García de Jalón 2005, Poff et al. 2006, Sanborn and Bledsoe 2006, Moliere et 

al. 2009). 

 

3.4.2. Historical flow data 

Cluster analysis of 52 long-term mean monthly series based on 54 hydrologic variables 

representing magnitude, duration and frequency components of flow allowed us to 

identify six distinct flow regimes that, overall, are consistent with hydroclimatic and 

physical differences (i.e. topography, geology) in the basin. This classification was also 

consistent with a more restricted classification obtained with the 30 best flow series and 

53 hydrologic variables. 

As these results were obtained using monthly flow data, it means that coarse time step 

data (average monthly flows) may be sufficient to explain flow variability when this 

variability is strongly dependent on physical factors (e.g. climate), as occurs in the Ebro 

River Basin. In support of this idea, Poff (1996) assessed the correspondence between 

daily and monthly flow data for the characterization of flow spates at 12 flow regime 

types in the continental USA and found a median over 60% of correspondence between 

both statistics in almost all types. At two flow types, the median correspondence was 

over 80%. 

Furthermore, the fact that consistent results were obtained with non-continuous time 

series allowed more sites to be incorporated into the analysis. A larger sample permitted 

a better characterization of central tendencies in the flow regimes. As a consequence, a 

more accurate classification was obtained. Snelder et al. (2009) also used this kind of 

data to develop historical flow assessments in France, a country with similar gauging 

history to Spain. Long-term continuous, unaltered flow data are, in general, rare, and it 

has been assumed as a critical problem to assess reference flow conditions (Özçelik and 

Baykan 2009). 

Finally, the length of time series effectively seems to be an important factor to be taken 

into account. Analyses not shown here indicated that the inclusion of a third group of 

gauges with less than 20 years of data did not yield consistent cluster results. This 

finding agrees with other works that claim a relative homogeneity and length of 
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database to characterize the main attributes of flow regimes (Gan et al. 1991, Richter et 

al. 1997, Poff et al. 2006). 

 

3.4.3. Variable subset stability 

A 19-variable subset succeeded in capturing differences among six flow regimes in the 

Ebro basin, producing a misclassification error of 7.7%, and a 15-variable subset 

distinguished broad differences between flow groups in the basin, with a 

misclassification error of 3.3% (Figure 3.1). 

Comparing both variable subsets, only five variables performed consistently, that is, 

were common to both subsets: MMAI, VMAR, VAPR, VMAI and MMIN. The main 

difference between the two analyses was in regard to the sample size, with the former 

comprising 52 sites, and the latter 30 sites. The inconsistency in variable subsets 

demonstrates some instability in the variable selection process that may be related to 

multicollinearity (Quinn and Keough 2002). Hence, the 19-variable subset might not be 

taken as a reference variable subset to allocate new gauges into Ebro flow classes. The 

instability of the 19-variable subset was also demonstrated when the subset failed in 

performing the clusters obtained with the original 54-variable set. In the same direction, 

some preliminary multicollinearity analyses applied to the 54-variable set and not 

included here showed that any removal of variable correlation from |0.65| to |0.8| could 

not consistently reproduce the original clusters either. These results confirm that as long 

as the correlation between two variables is less than 1, it is not possible to reduce the 

number of variables without some loss of information. 

However, the low misclassification error (7.7%) obtained with the 19-variable subset 

justified its use in posterior multivariate analyses because a reduction in variable 

redundancy and multicollinearity meant an improvement in the robustness of 

MANOVA test statistics and parameter estimates of linear discriminant functions 

(Johnson and Field 1993, Quinn and Keough 2002). 

Stepwise selection method has been criticized for its tendency to exclude some 

significant variables and to include some variables that are weak discriminators. 

However, it gives good guidance in the absence of other alternatives and should be 

always combined with a crossvalidation process (Manly 1994). These results confirm 

that variable selection may be useful to develop statistical analyses when 

multicorrelation may be a problem to obtain robust statistical results. 
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3.4.4. Annual flow patterns 

Results found in the present work demonstrate that a visual assessment of annual flow 

patterns alone is not sufficient to develop a flow regime classification, but it can 

complement multivariate analyses, for example, by helping validate gauge association 

and making initial interpretations and formulating hypotheses. It was found that, 

although A’ and C’ groups have similar annual flow patterns, an adequate selection of 

flow metrics with ecological meaning allowed meaningful divergences between them to 

be related to different geographical location and geologic setting. Conversely, annual 

flow patterns in the F’ group were not consistent, but they showed similar low/high 

flows and flashiness properties. 

Assessment of annual flow patterns allowed us to make a visual validation of flow 

matching among groups that helped interpret the reliability of results. Moreover, from 

the original 55-site sample, it was useful to detect unexpected flow responses with 

respect to sample records. This allowed us to remove three gauges from the sample that 

otherwise could have added noise to the analyses and led to a misinterpretation of 

results. 

Coupling mean annual flow pattern and geographical location allowed deriving 

preliminary relationships between flow regime characteristics and climate, altitude and 

geologic features. For example, a close link between E’-D’ flow regimes and oceanic 

climate regime was found. In addition, it seemed evident that the F’ flow regime was a 

direct response to Mediterranean climate conditions and that A’, B’ and C’ groups were 

located in climatic transition zones. As the mentioned groups (F’, E’-D’ and A’-B’-C’) 

represent major variability in the basin (>80%), it was concluded that climate is the 

major factor responsible of flow variability in the Ebro Basin. Other flow differences, 

accounting approximately for the 20% of group variance, seem to be related with site 

altitude and geology factors. Mesoscale studies at the subbasin level and fieldwork are, 

however, needed to confirm these hypotheses. A similar conclusion was arrived at by 

Bejarano et al. (2010) using simulated flow data from the Ebro River Basin. They found 

that natural intra-annual flow variability in the basin responded first to ecoregion and 

rainfall patterns, second to geological nature of catchments and size, and third to 

elevation and slope. Also, other studies made in other contexts around the world report 

similar findings. For example, Jowet and Duncan (1990) found that climate accounted 

for a broad regional distribution of flow regime types in New Zealand. Chiang et al. 
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(2002) showed that similar hydrologic responses were identified by watershed variables 

and precipitation, and Snelder et al. (2009) mapped a natural flow regime classification 

in France based on the proposition that watersheds having similar topography, 

superficial geology and climate would result in similar hydrologic regimes, regardless 

of geographical location. 

Recently, some authors have advocated for the classification of natural flow regimes as 

an essential step previous to any regional water resource plan or/and restoration 

program with the purpose to further transform stream classification into ecologically 

meaningful groups (Hughes et al. 1986, Poff and Ward 1989, Biggs et al. 1990, Bonada 

et al. 2002, Thoms and Parsons 2003, Baeza and García de Jalón 2005, Arthington et al. 

2006, González del Tánago and García de Jalón 2006, Sanborn and Bledsoe 2006, 

Moliere et al. 2009, Snelder et al. 2009, Bejarano et al. 2010, Poff et al. 2010). Many 

examples of stream classification can be found in the literature, applied at different 

spatial scales (from ecoregion to channel reach) and using a wide range of 

environmental variables (e.g. topographic, climatic, hydrologic, geologic, vegetative or 

chemical). Here, we offer an example of flow classification in a middle size basin from 

the Mediterranean region using natural streamflow attributes as classification variables. 

Flow data, when available, are the best guarantee to achieve a reliable characterization 

of historical flow regime. Stream classification would help in the identification and 

characterization of management units, within which environmental flow guidelines 

could be implemented. This approach has been accepted as the first step to set 

environmental flow standards at regional scale (Arthington et al., 2006; Poff et al., 

2010). Providing plausible explanations for flow variation across the basin in terms of 

climate, altitude and geology, our work adds even more consistency to an assessment 

based on robust statistical tools.  
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4.1. INTRODUCTION 

By the late 1990s, there was a growing agreement among scientists and water managers 

that for the purposes of protecting freshwater biodiversity and maintaining the 

ecosystem goods and services provided by rivers, natural flow variability, or some 

semblance of it, must be maintained (e.g. Arthington et al. 1992, Richter et al. 1996, 

Poff et al. 1997, King and Low 1998). This new paradigm was articulated in the 

principle of the “natural flow regime” (hereafter NFR; Poff et al., 1997), which defends 

the variation in flows as a cornerstone to sustain ecosystems (and associated 

biodiversity) and that the natural variation in any river is defined by climatic, geologic 

and land cover controls on precipitation and runoff. Because these controls vary 

geographically, natural flow regimes do so as well.  

In terms of water resources management and related to the principle of the NFR, the 

environmental flow concept is gaining affection among scientists and managers (e.g. 

Annear et al. 2004, Gippel et al. 2009, Gippel 2010, Kendy et al. 2012). The 

environmental flow concept refers to the quantity, timing and quality of water flows 

required to sustain freshwater and estuarine ecosystems and the human livelihoods and 

well-being that depend on these ecosystems (Brisbane Declaration 2007). In this 

direction, Arthington et al. (2006) expose a method that describe the guidelines for 

designing environmental flows at the regional scale in different NFR types. Based upon 

this approach, Poff et al. (2010) presented the ELOHA framework (Ecological Limits 

Of Hydrologic Alteration) that assess the environmental flow needs to develop and 

implement environmental flow standards at the regional scale. By comparing ecological 

condition along flow-alteration gradients, ecologically relevant flow standards can be 

developed and calibrated for each hydrologic river type. This methodology requires 

hydrologic and ecological information at both impaired and unimpaired sites. 

The problem appears when few good quality hydrological data or even no data at all 

exist. In such situations, flow prediction in ungauged basins becomes a challenge for 

hydrologists all over the world. A variety of approaches can be used to provide 

estimates of hydrological indices at ungauged sites. They range from purely physically-

based to purely empirically-based methods. Physically-based ones are those that aim to 

estimate streamflow by utilising a conceptual understanding of the physics describing 

various parts of the hydrological cycle, such as interception, evaporation and storage 

(e.g. Clark et al. 2008). Empirically-based approaches are those that seek to estimate 
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hydrological indices by quantifying relationships between observed hydrological 

indices and catchment characteristics. The availability of GIS landscape data and the 

ease of computation, compared to the calibration of model parameters, make these 

models very attractive for water managers and riverine scientists (e.g. Chiang et al. 

2002, Alcázar and Palau 2010, Bejarano et al. 2010, Kennard et al. 2010, Li et al. 2010, 

Bao et al. 2012, Liermann et al. 2012, Ahiablame et al. 2013, Pruski et al. 2013, Booker 

and Woods 2014).  

In Spain, many authors have obtained stream classifications at regional scale from 

landscape criteria following the standards of the Water Framework Directive (WFD) 

(e.g. Bonada et al. 2002, Munné and Prat 2004, Sánchez-Montoya et al. 2007). 

However, WFD classification System B, which is the most broadly used in Spain and 

Europe, does not consider key aspects of the NFR for achievement of good ecological 

status of rivers, as seasonal flow patterns, extreme flow conditions or flow 

predictability. For example, CEDEX (2005) classified streams and rivers at a national 

scale by using mean annual streamflow, specific mean annual streamflow, mean 

catchment slope, altitude, latitude, conductivity, mean annual temperature, annual 

temperature range and stream order. Other classification systems are based on estimated 

flow data by the SIMPA model (Álvarez et al. 2005), which is available for the entire 

territory, instead of real measurements at gauged stations (e.g. Alcázar and Palau 2010, 

Bejarano et al. 2010, CEDEX 2005, CEDEX 2010).  

On the other hand, Solans and Poff (2013) (see chapter 3) developed a classification of 

NFR’s in the Ebro River basin (NE Spain) based on real flow data and considering a 

wide spectrum of flow regime characteristics: 54 hydrologic parameters that represent 

four facets of the NFR (magnitude, variability, frequency and duration). The flow 

regimes identified are: Continental Mediterranean-pluvial, Nivo-pluvial, Continental 

Mediterranean-pluvial with groundwater dominance, Pluvio-oceanic, Pluvio-nival-

oceanic and Mediterranean. This classification, however, was restricted to few sites with 

at least 20 years of unimpaired flow data. Nonetheless, a clear affinity between NFR’s 

and geographic location was evidenced, suggesting a link between natural flow type 

distribution and climatic and physical variation in the basin.  

The aim of present work is, therefore, to extend the NFR classification proposed in 

Solans and Poff (2013) (Chapter 3) to the whole Ebro River basin, through a new 

predictive approach based on climatic and catchment physical characteristics. In the 

present chapter, we test the hypothesis that the NFR types found in the Ebro River basin 
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are defined by climatic and physiographic controls. Predictions are undertaken by 

several discriminant analyses in a stepwise manner. Annual precipitation, 

evapotranspiration and air temperature; elevation, catchment area and slope, density 

drainage and geology were used as discriminant parameters. Cross-validation and visual 

evaluation of the distribution of the NFR types across the basin were used to validate 

the results.  

 

4.2. METHODS 

4.2.1. Selection of sites 

We used 51 sites with unimpaired flow data previously classified in chapter 3 as 

training sites (figure 3.2). Another set of 128 sites with poor (< 20 years) or no natural 

flow data were selected as test sites. Test sites are located in high and middle parts of 

the Ebro River basin, and its climate and watershed characteristics are similar to those 

of training sites.  

 

4.2.2. Obtaining of variables 

Catchment characteristics and climate were used as discriminant variables to allocate 

the test sites into the different flow regime types. Raster files (100m x 100m raster cell) 

of: altitude, mean annual precipitation, mean annual temperature, mean annual potential 

evapotranspiration and mean annual hydrologic balance (precipitation minus 

evapotranspiration); and feature files of: superficial geology, streamflow network at 

50.000 and 100.000 spatial scales and subcatchment areas of Ebro sites, were obtained 

from the Ebro Water Authorities. Surface geology data were previously classified into 

four classes (A, B, C and D) according to the infiltration capacity, with A representing 

the maximum and D no infiltration capacity. Geographic Information System tools were 

used to calculate the slope raster map (100m x 100m) and also the variables taking part 

in the analysis. In total, 32 parameters related to climate and watershed properties were 

obtained at the subcatchment scale to carry out the regionalization of natural flow 

regimes at the Ebro River basin (table 4.1). 
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Table 4.1. Climatic and physiographic parameters used in the landscape-based regionalization process of 

natural flow regime types in the Ebro River basin. 

 

Variable code Definition 

Area Subcatchment area (Km2) 

meanHeight Mean altitude of the subcatchment (m) 

minHeight Mínimum altitude of the subcatchment (m) 

maxHeight Maximum altitude of the subcatchment (m) 

Height_range Altitude range of the subcatchment (m) 

St_meanHeight Standard deviation of mean subcatchment altitude (m) 

meanSlope Mean slope of the subcatchment (º) 

maxSlope Maximum slope of the subcatchment (º) 

St_meanSlope Standard deviation of the mean subcatchment slope (º) 

Pmin Minimum value of the mean annual precipitation in the subcatchment (mm/year) 

Pmax Maximum value of the mean annual precipitation in the subcatchment (mm/year) 

Pmean Mean value of the mean annual precipitation in the subcatchment (mm/year) 

St_Pmean Standard deviation of the mean annual precipitation in the subcatchment (mm/year) 

Pmax_Pmin Ratio between Pmax and Pmin 

ETPmin Minimum value of the mean annual potential evapotranspiration in the subcatchment (mm/year) 

ETPmax Maximum value of the mean annual potential evapotranspiration in the subcatchment (mm/year) 

ETPmean Mean value of the mean annual potential evapotranspiration in the subcatchment (mm/year) 

St_ETPmean Standard deviation of the mean annual potential evapotranspiration in the subcatchment (mm/year) 

BHmin Minimum value of the mean annual hydrologic balance in the subcatchment (mm/year) 

BHmax Maximum value of the mean annual hydrologic balance in the subcatchment (mm/year) 

BHmean Mean value of the mean annual hydrologic balance in the subcatchment (mm/year) 

St_BH Standard deviation of the mean annual hydrologic balance in the subcatchment (mm/year) 

Tmin Minimum value of the mean annual temperature in the subcatchment (ºC) 

Tmax Maximum value of the mean annual temperature in the subcatchment (ºC) 

Tmean Mean value of the mean annual temperature in the subcatchment (ºC) 

St_Tmean Standard deviation of the mean annual temperature in the subcatchment (ºC) 

d50 Drainage density 1: Ratio between the river network length at 1:50.000 scale and subcatchment area (Km/Km2) 

d100 Drainage density 2: Ratio between the river network length at 1:100.000 scale and subcatchment area (Km/Km2) 

geo_A Percentage of area in the subcatchment with superficial geologic materials of infiltration class A 

geo_B Percentage of area in the subcatchment with superficial geologic materials of infiltration class B 

geo_C Percentage of area in the subcatchment with superficial geologic materials of infiltration class C 

geo_D Percentage of area in the subcatchment with superficial geologic materials of infiltration class D 
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4.2.3. Regionalization process 

The present regionalization process consists in classifying some stream sites with poor 

or no unimpaired flow data into some a priori known NFR types. This process was 

undertaken in two stages: i) Selection of classification variables for each NFR type. 

This part was performed with training data; and ii) Allocation of new sites into the NFR 

types, with training and test data. Both stages were performed in a stepwise manner due 

to the high cohesion among site groups (NFR types). Figure 4.1 describes one step of 

the classification process, from variable selection to site allocation. 

 

4.2.3.1. Selection of classification variables 

The selection of classification variables for the different NFR types consisted in 

applying several stepwise discriminant analyses (hereafter SDA) and canonical 

discriminant analyses (hereafter CDA), in a stepwise manner.  

At each step (see figure 4.1): 

1)  A CDA plot based on the 32 parameter-set (table 4.1) was constructed to 

visually identify the group (or NFR type) most different from the rest 

(outgroup).  

2) A SDA applied to the two obtained groups, the outgroup and the group 

composed by the rest of sites (global group), extracted the significant 

discriminant (or classification) variables useful to discriminate both groups.  

3) Validation of the classification variables obtained in 2). According to Manly 

(1994), any SDA must be treated with caution and carefully combined with 

cross-validation. Therefore, a cross-validation process using only the 

classification variables obtained in point 2) estimated the expected error for the 

2-group classification (the outgroup and the global group). 

4) Moreover, we plotted the 2-group CDA by using exclusively the classification 

variables obtained in 2). This second CDA permitted to extract the univariate 

contribution of each classification variable for group separation, known as 

loadings or structure coefficients (Rencher 2002). Besides, the 2-group CDA 

plot permitted to verify visually the discriminant power of classification 

variables. Box-plots of major loadings were constructed to visually assess the 

strongest physical and climatic differences between flow regime types. Box-

plots were constructed with row data.  
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Once the classification variables for a NFR type were identified, all sites within this 

type were removed from the data set before proceeding with a new flow type (a new 

step). It was necessary to add a step to separate eastern flow regime types (A and C) 

from western (E and D), due to the high cohesion between the four site groups.  

At each step, pre-treatment of data included transformation, when required, to meet 

normality assumptions, and standardization of variables. Also the first canonical 

correlation coefficient and Rao’s approximation test were computed at each step. Rao’s 

approximation test evaluates the significance of canonical correlation coefficients. 

Stepwise discriminant analysis, canonical discriminant analysis and cross-validation 

were carried out using the SAS 9.1 statistical software package, with SAS Function 

Codes: PROC STEPDISC, PROC CANDISC and PROC DISCRIM, respectively. 

 

 4.2.3.2. Classification process 

Classification of new (test) sites into existing NFR types was carried out through 

Discriminant analysis (DA), following a stepwise process in the same order than 

variable selection process.   

At each step (figure 4.1):  

5)  A DA with training and test sites was performed using the classification 

variables obtained in 2). DA consists in two parts: first, the classification 

function of each group (outgroup and global) is obtained from training data; 

and second, test sites are allocated into the group with the lowest distance 

between the site and the corresponding classification function.  

6)  Validation of allocation process. Cross-validation of both groups, the outgroup 

and the global group, was evaluated using the classification variables obtained 

in 2).  

7)  A 2-group CDA plot was constructed using the training and test sites, and the 

classification variables obtained in 2). The 2-group CDA plot was constructed 

to assert the discriminant power of classification variables and to identify the 

major loadings. Box-plots of the major loadings were built using row data and 

they were compared with box-plots obtained in section 4.2.3.1. Selection of 

classification variables.  
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At each step, pre-treatment of data included transformation to meet normality 

assumptions, when required, and standardization of variables. First canonical 

correlation coefficient and Rao’s approximation test were computed at each step. 

Classification and validation processes were developed using the PROC DISCRIM 

function in SAS 9.1 software package. 

 

Figure 4.1. Description of one step of the landscape-based regionalization process, to extrapolate NFR 

type B across the whole basin. The blue part corresponds to the variable selection process, and 

the green part corresponds to the allocation process. 
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4.3. RESULTS 

4.3.1. Selection of variables 

Table 4.2 shows the classification variables identified at each step and the 

misclassification rates obtained by cross-validation. Table 4.2 also shows the squared 

canonical correlation between first canonical component and the different groups (NFR 

types) at each step. Canonical correlations are high (0.63-0.82) in almost all cases, 

which means strong associations among individual sites within the clusters. Differences 

between NFR types are significant according to Rao’s approximation test.  

 

4.3.2. Allocation of sites 

Table 4.2 shows the number of sites allocated at each group and the misclassification 

error rates obtained by cross-validation: 58 sites were allocated into group B, with a 

misclassification error rate of 1.12% (2/179). Once sites of group B were removed from 

the analysis, 12 sites were allocated into group F, with a misclassification error rate of 

5.36% (6/112). At the next step, 24 sites were allocated into the eastern Ebro sector (A 

and C types), and 34 sites into the western Ebro region (D and E types), with a 

misclassification error rate of 4.26% (4/94). Within the western sector, the transformed 

variable Pmean allocated 17 sites into each group, D and E, with a 5.77% (3/52) 

misclassification error rate. Finally, in the eastern sector, 12 sites were allocated into 

each flow regime, A and C, with 11.90% of misclassification error. 

Table 4.2 also shows the squared canonical correlations between each discriminant 

function and the NFR types. Rao’s test shows significant differences among all pairs of 

site groups. The distribution of the natural flow types obtained through the hydrologic 

regionalization was consistent with the pattern obtained in Solans and Poff (2013) (see 

figure 4.2). 
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Table 4.2. Results obtained at each step of the variable selection and site allocation procedures. The steps 

are ordered downward following the chronological order in the process. Classification variables; nº of 

sites allocated into the group; misclassification rates; squared canonical correlation and F statistic based 

on Rao’s approximation test of canonical correlation correspondent to the first discriminant function. 

Major loadings are highlighted in bold and the correspondent loadings (correlation between the variable 

and the first discriminant function) are indicated between brackets (t=training sites/ T=training+test sites). 

 

Procedure step 
Classification 

variables 

Nº sites 

allocated 

Cross-validation 

 

Squared 

canonical 

correlation 

Pr > F 

Variable 

Select. 
Allocat. 

Variable 

Select. 
Allocat. 

Variable 

Select. 
Allocat. 

Nivo-pluvial 

(group B) 

maxSlope  

(t=0.69;T=0.79) 

58 0% 
1.11 % 

(2/179) 0.82 0.8 <0.0001 <0.0001 

Tmin  

(t=-0.63;T=-0.98) 

Tmean  

(t=-0.77;T=-0.79) 

St_Tmean  

(t=0.75;T=0.81) 

geo_A 

Mediterranean 

(group F) 

meanSlope 

12 
11.9% 

(5/42) 

5.36% 

(6/112) 0.62 0.63 <0.0001 <0.0001 

maxSlope 

ETPmax 

ETPmean 

Tmax 

(t=0.51;T=0.4) 

geo_D  

(t=-0.58;T=-0.65) 

East/West Ebro 

basin 

Area  

24 to East/ 

34 to West 

5.55% 

(2/36) 

4.26% 

(4/94) 
0.82 0.77 <0.0001 <0.0001 

maxHeight 

meanSlope 

St_Pmean 

ETPmax  

(t=0.70;T=0.71) 

d50 

geo_B 

Pluvio-oceanic 

(group D) 

/Pluvio-nival-

oceanic (group E) 

Pmean  

(t=1;T=1) 
17 each 

11.11% 

(2/18) 

5.77% 

(3/52) 
0.67 0.63 <0.0001 <0.0001 

Continental 

Mediterranean-

pluvial with (C)/ 

without (A) 

groundwater 

dominance 

d100  

(t=0.64;T=0.82) 

12 each 
11.11% 

(2/18) 

11.9% 

(5/42) 
0.57 0.5 0.0019 <0.0001 geo_A 

 



 

 

 

Figure 4.2. Clustering of the six flow regimes in the Ebro River  basin based on first a hydrological classification of 51 sites with unimpaired flow data (Solans and Poff 

2013), and a posterior landscape-based regionalization of 128 sites with poor or no natural flow data. Flow regimes are: A: Continental Mediterranean-pluvial (E); 

B: Nivo-pluvial (▲); C: Continental Mediterranean-pluvial with a groundwater-dominated flow pattern (:); D: Pluvio-oceanic (X); E: Pluvio-nival-oceanic (K); 

and F: Mediterranean (k).  



50 

 

4.3.3. Major loadings 

Major loadings were studied for both variable selection and allocation processes, in 

order to assess the robustness of variable contribution to group separation (see figure 

4.1). Major loadings are highlighted in bold in table 4.2. At each step, the same 

variables were identified. Correlations between each variable and the first canonical 

component are indicated within brackets in table 4.2, for variable selection (t) and 

allocation (T) processes. Univariate contribution of variables to group separation is 

steady despite using different site samples (t=training sites; T=training+test sites). 

When comparing box-plots of major loadings, it was observed that differences between 

flow regime types were consistent in both processes for all the variables (see figure 4.3). 

It was observed that B catchments have lower mean annual temperatures (Tmean, Tmin) 

than the other regions. On the other hand, the standard deviation of mean annual 

temperature (St_Tmean) and maximum slopes (maxSlope) in B catchments are the 

highest. Regarding group F, the maximum value of mean annual temperatures (Tmax) 

in F subcatchments is, in general, slightly higher than in the other regions. The main 

difference that determines the F flow type, however, is the low proportion of 

impermeable soil (D soil class) in their drainage catchments, with respect to other areas. 

In 75% of F catchments, superficial impermeable soil materials barely represent 20% of 

the total area. The main climatic difference between the west and east sectors of the 

Ebro basin, is the higher maximum value of mean annual potential evapotranspiration 

(ETPmax) reached in the eastern sector. Inside the western sector, results for Pmean 

show a clear threshold between D and E flow regions around 1000 mm/year. Finally in 

the eastern sector, regions of type A carry a slightly higher flow network density than 

regions of type C.  
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Figure 4.3. Box-plots of major loadings for variable selection process (t) and allocation process (T).  

Initials indicate A, B, C, D, E, F, West, East and General groups. The variables represent raw 

data.  
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4.4. DISCUSSION 

In a previous hydrological classification of natural flow regimes in the Ebro River 

basin, it was suggested a close link between NFR types and climatic and physiographic 

differences across the Ebro River basin (see chapter 3). Extrapolation of hydrologic 

information from sites with available data to places with poor or no data is known as 

hydrologic regionalization. This study presents a hydrologic regionalization of the six 

natural flow regime types identified in Solans and Poff (2013) (Chapter 3) across the 

Ebro River basin through a stepwise landscape-based classification procedure. 

The distribution of flow regime types obtained in the present regionalization matched 

closely that of Solans and Poff (2013). In addition, the process identified robust 

statistical differences between flow regime types regarding physiographic and climatic 

conditions: discriminant functions in both variable selection and allocation processes 

were significant for all cases, and the squared canonical correlations between the 

discriminant functions and the flow groups (i.e. association strength between the 

functions and the site groups) were medium or high in all cases. The consistent squared 

canonical correlation values, in both variable selection and allocation processes, 

indicates consistency in both within-group and between-group differences. Besides, the 

same major loadings were identified in both processes, with similar correlation 

coefficients values, which emphasize the robustness in univariate contribution of those 

variables to group separation.  

Box-plots of major loadings in both processes were consistent, which also demonstrates 

the strong physical and climatic differences between NFR types. These differences, in 

turn, are consistent with actual variation of main climatic and physical features in the 

Ebro River basin. For example, low mean annual temperatures, high variation in mean 

annual temperatures and steep slopes found in B regions are characteristic of high 

mountain environments, where this group is located. A low proportion of impermeable 

soil found in F regions is a distinctive feature of the south-east sector of Ebro basin, 

which is especially rich in karstified carbonate lithologies (see section 2.4. Geology). 

The lower mean annual potential evapotransporation in the western Ebro zone points to 

a climatic transition from oceanic in the western part, with regular storms along the 

year, to mediterranean in the eastern sector, characterized with low rainfalls and arid 

summers (CHE, 2005). Another example is the higher mean annual precipitation 

registered in regions with D flow type in comparison with E flow type. Effectively, sites 
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of type D are located in the highest parts of Cantabrian and Pyrenean Ranges, and on 

the Demanda Mountain, in the Iberian Range, which are the wettest regions of the Ebro 

basin. Finally, the lower flow network density found in regions with C flow type than A 

flow type is consistent with the karstic compositions present in many of the headwaters 

of the central and southern Iberian Range, where C sites are located. It is feasible to 

assume that the river network is poorly developed in these areas, because of the high 

infiltration rates compared to other zones (Buchanan et al. 2013). 

These results encourage us to accept the hypothesis stated at the beginning of this 

chapter: climatic and physiographic factors discriminate and define the NFR conditions 

in the Ebro River basin. 

Other regionalization approaches have been previously developed in the Ebro River 

basin. CEDEX (2010) developed a hydro-regionalization across all major catchments in 

Spain with the purpose of developing a program of environmental flow regimes. They 

created hydro-regions based on inter-annual and intra-annual variability of minimum 

and maximum annual streamflows estimated by SIMPA model (Álvarez et al. 2005). 

They obtained twelve regions for the Ebro River basin, with two of them covering 

almost the whole area. The first one comprises the areas of types B, D, E and part of A 

(left Ebro River side). The other one covers the zones of C type and A type at the right 

side of Ebro River. CEDEX (2005) did also a classification of fluvial segments across 

Spain based on mean annual streamflow and specific mean annual streamflow estimated 

by SIMPA model (Álvarez et al., 2005), mean catchment slope, altitude, latitude, 

conductivity, mean annual temperature, annual temperature range and stream order. 

This classification found ten stream types in the Ebro River basin and three of them 

were the most frequent. The classes found do not correspond either to our flow regime 

types. One of them corresponds to rivers located in low to medium altitude 

Mediterranean mountains, with highly mineralized waters, and covers areas of A, E and 

F flow regime types. A second major class includes rivers located in medium to high 

Mediterranean mountains and encompasses B, C and E flow regime zones. The third 

major class gathers rivers of intermediate altitude wet mountains with highly 

mineralized waters and comprises B and D flow regime type regions.  

The use of only one aspect of the natural flow regime (discharge or variability) and the 

inclusion of other non-hydrological variables in the classification process could be the 

main reasons of this mismatch. Nevertheless, it is worthy to acknowledge the different 

spatial scale of both classifications.  
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Numerous examples of hydrologic regionalizations have been developed using different 

physiographic and climatic variables and a variety of statistical procedures. For 

example, Chiang et al. (2002) found clear relationships between some hydrologic 

parameters and watershed elevation and precipitation in southeastern USA by using 

multiple regression analyses. Kennard et al. (2010) applied a classification tree model 

based on a combination of catchment, substrate, vegetation and climate variables at the 

continental-scale of Australia, and it correctly classified 62.1% of stream gauges into 

their a priori flow-regime classes. Liermann et al. (2012) also used classification and 

regression trees to predict hydrologic class as a function of climatic and physical 

drainage basin characteristics for rivers throughout Washington State. They found 

precipitation variables, elevation and winter temperatures as the principal discriminators 

of hydrologic groups. The lack of importance of physical basin attributes, other than 

elevation, in predicting flow class could be due to the scale (Washington State) and 

resolution (flow segment) of the cited study. This is consistent with other studies that 

place climate as a first-order driver of flow regime at a broad scale, with basin attributes 

affecting more localized flow patterns. For example, Bejarano et al. (2010) found a 

hierarchical importance of physiographic factors to discriminate flow regimes in the 

Ebro River basin based on flow estimations from SIMPA model (Álvarez et al. 2005). 

Biogeography and precipitation regime were the main environmental discriminators, 

followed by geological characteristics and basin size, and finally, by elevation and slope 

of the fluvial segment.  
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5.1. INTRODUCTION 

One critical aspect of any environmental classification is its ecological soundness. If we 

want to develop such a tool, in order to better manage and protect aquatic ecosystems, it 

is crucial to integrate the biological component into the classification process (Dodkins 

et al. 2005, Turak and Koop 2008, Snelder et al. 2012), or by serving as a benchmark 

against which we can test the validity of a particular classification (e.g. Bonada et al. 

2002). These biological validations have been widely applied in a range of aquatic 

ecosystems and covering a variety of classification approaches (Hawkins et al. 2000, 

Bonada et al. 2002, Snelder et al. 2004, Sánchez-Montoya et al. 2007). Stream 

macroinvertebrate communities play a key role in shaping the structure and functioning 

of the ecosystem (Wallace and Webster 1996, Covich et al. 1999), and exhibit a wide 

range of responses to different environmental factors, associated with both natural and 

human induced environmental changes (Vinson and Hawkins 1998, Hussain and Pandit 

2012).  

In this chapter we test the hypothesis that  freshwater ecological characteristics within 

Ebro’s NFR types are more similar than between NFR types, under unimpaired flow 

conditions. 

We applied a non metric multidimensional scaling ordination (NMDS) and an analysis 

of similarities (ANOSIM; Clarke 1993) using stream macroinvertebrate data from 

reference sites (i.e. with minimal anthropogenic alteration) to visually interpret the 

distribution of sites according to macroinvertebrate community similarity within and 

between NFR types, and to test for differences in community structure. 

 

5.2. METHODS 

Aquatic macroinvertebrate data (family level mean percentage abundance for the 2007-

2009 period) were used to biologically test both the hydrologic classification and the 

posterior regionalization across the Ebro basin. We assigned 42 least impaired sites with 

invertebrate data (from the Ebro’s biological reference network) to a natural flow 

regime type based on their geographical location. Assignment of biological sites was 

undertaken according to geographical match between sites and NFR regions. NFR 

regions were defined by the limits of subcatchments of sites belonging to each NFR (see 

figure 5.1). Only five NFR regions had biological information at reference condition: A, 

B, D, E and F (see Appendix 1). The 42 sites were included in a NMDS ordination 
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analysis. NMDS ordination places the samples in an arbitrary dimensional space such 

that their relative distances represent their corresponding pair-wise similarities: nearby 

sites have similar communities and viceversa. A visual assessment of the positioning of 

sites grouped by NFR types was performed. In addition, biotic differences between 

hydrological types were tested by means of ANOSIM using Bray-Curtis distances. Each 

test in ANOSIM produces an R-statistic, which contrasts the similarities of sites within 

a flow type with the similarities of sites among types (when the R value is close to one, 

similarities between sites within a type are higher than those between sites from 

different types, and values close to zero indicate no differences among types). The 

number of Monte Carlo permutations was set at 9999. We also performed pair-wise 

ANOSIM comparisons among hydrological types to distinguish among possibly 

contrasting effects. All analyses were undertaken using the package “vegan” version 

2.0.6 (Oksanen et al. 2013) for the R software, version 2.15.3 (R Core Team 2013). The 

data “autotransform” tool was selected for the NMDS (see MetaMDS function in vegan, 

Oksanen et al., 2013). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

Figure 5.1. Limits of NFR regions are marked off by limits of the subcatchments of sites belonging to each NFR. Flow regimes are: A: Continental Mediterranean-pluvial (E); 

B: Nivo-pluvial (▲); C: Continental Mediterranean-pluvial with a groundwater-dominated flow pattern (:); D: Pluvio-oceanic (X); E: Pluvio-nival-oceanic (K); and F: 

Mediterranean (k). Yellow symbols correspond to 42 sites with biological data and belonging to the reference network of the Ebro River basin.
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5.3. RESULTS 

The ordination of macroinvertebrate communities (NMDS) resulted in a clear separation 

of the 42 sites in the five hydrological types using the available biologic data (A, B, D, E 

and F) (figure 5.2). Types B and F were the most clearly differentiated along the first 

NMDS axis, occupying right-side and left-side positions in the 2D ordination space, 

respectively. Types A, D and E occupied intermediate positions with strong overlap 

along this first axis. The second axis, in contrast, differentiated type A (lower positions) 

from types D and E (upper positions). Types F and B showed central positions with 

much overlap along this second axis 

Analysis of similarities (ANOSIM) revealed significant, global differences in 

macroinvertebrate communities among the NFR types (Global R = 0.251, p=0.0002). 

Pairwise comparisons showed significant differences (p<0.05) between groups, with the 

exception of pairs D-A, D-E and E-F (table 5.1). The widest differences in invertebrate 

communities were found between pairs B-F and B-E, both with an ANOSIM R of 0.47. 

 

 

 

Figure 5.2. Non-metric multidimensional scaling ordination plot for the 42 reference biological sites of 

the Ebro River basin, representing five NFRs: A, B, D, E and F. 
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Table 5.1. Results of pairwise analyses of similarities (ANOSIM) among A, B, D, E and F flow regime 

groups. When R is close to 1, similarities within-group are higher than between-group, and 

when R is close 0 there are no differences between groups. 

 

Groups  R Statistic p  

D, E 0,02 0,365 

D, B 0,22 0,043 

D, F 0,20 0,038 

D, A 0,04 0,287 

E, B 0,47 0,000 

E, F 0,11 0,118 

E, A 0,27 0,012 

B, F 0,47 0,000 

B, A 0,23 0,007 

F, A 0,18 0,039 

 

 

5.4. DISCUSSION  

In order to biologically validate the hydrologic classification of the Ebro River basin, 

we used stream macroinvertebrate communities, whose responses to a number of 

hydrological factors (that constitute the different NFR’s) are well documented in the 

literature (Poff and Ward 1989, Poff et al. 1997, Extence et al. 1999, Hart and Finelli 

1999, Belmar et al. 2012). Not surprisingly, we found that differences in 

macroinvertebrate community composition were greatest between classes at both 

extremes of the flow-stability gradient (B-F), from the nivopluvial flow regime (type B) 

to the extreme low-flows, dry periods and high flashiness characterizing type F. Similar 

results have been reported in other catchments in the Iberian Peninsula (Sanchez-

Montoya et al. 2007, Belmar et al. 2012). Other NFR types that were efficiently 

discriminated were types B (Pyrenean nivopluvial regimes) and E (high Cantabrian 

range, with abundant precipitation and regular flow with an April peak). When other 

pair-wise differences were examined, more subtle, but still significant, biological 

differences were detected, with the exception of pairs: A-D, D-E and E-F. Nevertheless, 

although ANOSIM found no significant differences in similarity between these pairs, 

the relative positioning of sites in the ordination was clearly distinct, showing very little 

overlap. Thus, we consider that these results support the general hypothesis that streams 

with similar NFR’s host similar macroinvertebrate assemblages (Resh et al. 1988, Poff 



61 

 

1996). In addition, these results demonstrate that a landscape-based regionalization can 

work consistently with existing ecological differences in the basin. In New Zealand, for 

example, Snelder et al. (2011) report that flow-ecology relationships (represented by 

habitat availability) vary among major river types defined by morphology and flow 

regime. Although it is well known that the composition and distribution of 

macroinvertebrates in streams is governed by numerous physical, chemical and 

biological factors (see Hussain and Pandit 2012; for a recent review) which could be 

responsible of the observed patterns, we can conclude that the present hydrological 

classification (and so the morpho-climatic surrogates) can explain most of the observed 

variability in macroinvertebrate community composition in the studied area. 

 

The biological validation of natural flow regime classifications should be compulsory 

when the purpose of the classification is the management of water resources according 

to ecosystem requirements. The general scarce data on freshwater macroinvertebrates at 

the lowest levels (genus, species) makes difficult to elaborate accurate assessments 

about indicator or characteristic communities in freshwater ecosystems. However, the 

present work shows promising relationships between macroinvertebrate communities at 

family level and physiographic differences at the regional scale. Family level data, 

although also difficult, is frequently available or more feasible to obtain at many 

regions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

FLOW ALTERATION-ECOLOGICAL RESPONSE (FA-E) 

CURVES AND ELOHA SETTING IN THE EBRO RIVER BASIN 
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6.1. INTRODUCTION 

Societies are demonstrating an increasing awareness of the services and benefits 

provided by healthy freshwater systems, and claim more protection to natural freshwater 

ecosystems (e.g., EU Water Framework Directive 2000, Richter et al. 2003, 2012, 

Millenium Ecosystem Assessment 2003, Annear et al. 2004, Brisbane Declaration 2007, 

Acreman and Ferguson 2010,). Since 90’s, there has been a growing agreement among 

scientists and many water managers that natural flow variability of rivers, or some 

semblance of it, must be maintained for protecting freshwater biodiversity and 

maintaining the ecological services they provide (Arthington et al. 1992, Poff et al. 

1997, King and Low 1998, Bunn and Arthington 2002). Although streamflow is only 

one factor among many others influencing biotic communities (e.g. channel form and 

materials, floodplain connectivity, water temperature and chemistry), streamflow may 

limit biological conditions at some sites where other factors would allow, for example, a 

higher abundance of organisms or greater number of taxa (Konrad et al. 2008).  

Many governmental water allocation policies, dam development plans and urban water 

supply plans have adopted holistic approaches in their planning processes, in order to 

protect freshwater ecosystems while attaining human needs (e.g. Naiman et al. 2002, 

Annear et al.  2004, Richter et al. 2006, Kendy et al. 2012, McManamay et al. 2013). 

Holistic methodologies address the health of river, floodplain and estuarine ecosystems, 

rather than focusing only on individual species or specific ecosystem service benefits. 

They consider the full range of hydrologic conditions needed to sustain ecosystem 

health, rather than focusing only on low or minimum flows. Top-down methods are 

holistic approaches that consist in defining environmental flows in terms of acceptable 

levels of change from the natural flow regime (NFR) (King et al. 2003). An example of 

top-down method is the ELOHA framework (Arthington et al. 2006, Poff et al. 2010). 

The ELOHA framework aims to set environmental flow regimes at the regional scale. 

ELOHA is based on: 1) within a region, the ecological characteristics of streams and 

rivers of different hydrological types are expected to be relatively similar compared to 

the ecological characteristics between types. These different types of rivers may 

represent distinct “management units”; and 2) flow alteration-ecological response 

relationships can be quantified by determining empirical measurement along gradients 

of flow regime alteration. The flow alteration-ecological relationships can be used to 

develop and calibrate relevant flow standards for each stream or river type. Ecological 
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response to flow alteration may vary from no change to linear or to a threshold response 

(Anderson et al. 2006, Arthington et al. 2006), and the response may be positive or 

negative, depending on the selected ecological variable(s), the specific flow metric(s), 

and the degree of alteration for a given river type (Arthington 2012). Regardless of the 

rigor of the scientific analyses, expert judgement calls are required to adapt the process 

and to interpret the results (Kendy et al. 2012). Stakeholders and decision makers may 

evaluate, in addition, acceptable risk as a balance between the perceived value of the 

ecological goals (and ecosystem services), the economic costs involved, and the 

scientific uncertainties between ecological responses and flow alteration (Poff et al. 

2010, Arthington 2012). Significant interest has achieved ELOHA framework among 

water managers and stewards, either for management tests (Sanderson et al. 2012, 

Buchanan et al. 2013, Mcmanamay et al. 2013, Mackay et al. 2014) or actual planning 

actions. For example, Kendy et al. (2012) report the elaboration of River Basin projects 

in six states and three interstates in United States following partially or totally the 

ELOHA framework. Nevertheless, there is a lack of implementation of the ELOHA 

framework in either European river systems or Mediterranean ones. 

The EU Water Framework Directive (2000/60/CE, hereafter WFD) aims at the 

regulation of water uses within Europe to promote sustainable water management. The 

WFD encourages its members to take actions to prevent deterioration of groundwater, 

freshwater and associated ecosystems and to reach a good ecological potential of 

artificial and heavily modified water bodies and a good ecological status of the rest of 

surface water bodies by the year 2015. National legislation must be put in place to 

achieve the directive and competent agencies selected to implement it by developing 

river basin management plans that lay out the measures required to achieve at least 

“good ecological status” by 2015.  

In Spain, legislation explicitly indicates that rivers and wetlands are not “users” of 

water, but environmental flows are considered a restriction for water allocation. 

Environmental flows in Spain must be agreed through a trading process with 

stakeholders, taking into account all water allocation entitlements (BOE-A-2007-

13182). Consequently, very often environmental flows set by law are insufficient for 

maintaining sustainable freshwater habitats. Spanish legislation defines environmental 

flows as minimum flows, maximum flows, frequency and timing of maximum and 

minimum flows, floods regime and rate of change. Spanish legislation also rules the 

methods that must be used to obtain environmental flow regimess: hydrologic and 
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hydrobiologic methods. The last ones are based on the weighted usable area of some 

target species. These methods were included in the instructions adopted by law (BOE-

A-2008-15340) for development of Spanish River Basin Management Plans. 

 

The object of this thesis is testing ELOHA method in the Ebro River basin in order to 

inform implementation of environmental flow regimes in the basin. In the previous 

chapters, there were shown a hydrologic classification of NFR’s based on different 

hydrologic parameters with sound ecologic content (Chapter 3; Solans and Poff 2013), 

and the extrapolation of the Ebro’s NFR types across the basin through a landscape-

based regionalization process, followed by a biological validation of the NFR typology 

(Chapters 4 and 5; Solans and Mellado-Díaz 2015). The aim of the present chapter is to 

test the underlying hypothesis about the existence of consistent links, within NFR types, 

between hydrologic features and freshwater ecological responses in a gradient of flow 

alteration (Poff and Zimmerman 2010, Kendy et al. 2012, Sanderson et al. 2012, 

Buchanan et al. 2013). To understand cause-effects relationships between flow 

impairment and ecosystem responses is of high importance for the design and 

implementation of environmental flows, especially in projects involving large areas 

with scarce ecological data, or when time or budget makes not possible to undertake 

accurate ecological studies (Kennen et al. 2010, Niu and Dudgeon 2011, Richter et al. 

2012, Carlisle et al. 2014). In this chapter, we develop empirical flow alteration-

ecological response (FA-E) curves along a gradient of flow regime alteration for three 

NFR types identified in the Ebro River basin. From these curves, we set the 

corresponding Ecological Limits of Hydrological Alteration (ELOHA) for each NFR 

type. 

 

6.2. METHODS 

6.2.1. Obtaining of data 

On the one hand, reference condition (control sites) is represented by flow records and 

biological data from unimpaired locations. On the other hand, impaired condition 

corresponds to hydrologic and biological data from sites affected by dam operation.  

Daily and monthly flow time series were obtained from Centro de Estudios 

Hidrográficos (CEDEX). Benthic macroinvertebrate data at family level were provided 

by Confederación Hidrográfica del Ebro (CHE). Biological reference sites belong to 
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Ebro’s reference biological network, and biological impaired sites belong to Ebro’s 

macroinvertebrate control network.  

Hydrologic data comprise the period 1946-2009 and, in general, encompass the 

biological period (2007-2010) (see Appendix 2).  

All biological samples were taken in summer (june-september), one per year. According 

to Bonada et al. (2007) there is variation in taxon richness in winter and summer 

seasons. Nevertheless, in Mediterranean streams spring and early summer period is 

considered the most representative of the annual macroinvertebrate community 

composition (Bonada et al. 2009, Belmar et al. 2012). 

 

6.2.1.1. Reference condition 

Baseline hydrology was obtained from 52 unimpaired sites that were classified in six 

types (see figure 3.2). Reference macroinvertebrate assemblages were obtained from 42 

reference biological sites that were assigned to different NFR types (see figure 5.1).  

8 hydro-biological pairs of sites were set for reference condition: 2 for each A, B, D and 

F NFR types (see figure 6.1 and Appendix 2). Matching sites were obtained based on 

synchrony of data and proximity of locations. Due to the absence of fitting data, no 

matching sites were performed for NFR type E.  

 

6.2.1.2. Impaired condition 

Solans and Mellado-Díaz (2015) classified 128 sites with poor (< 20 years) or no 

natural flow data from the Ebro River basin, into the six NFR types previously found, 

by using climatic and physiographic descriptors (see chapter 4). A visual assessment of 

geographic location of sites with respect to dam location and also an evaluation of flow 

time series permitted to select 38 sites affected by dam operation.  

Correspondences between impaired hydrologic sites and impaired biological sites were 

applied according to location of sites and synchrony of data. 17 impaired flow sites and 

21 impaired biological sites were selected to elaborate pairs of sites for impaired 

condition (see figure 6.1 and Appendix 2; for details). Because of the existence of a 

unique hydro-biological pair of sites for type F, this group was discarded from forward 

analyses due to the unavailability of constructing robust FA-E curves. 

 

 



 

 

 

Figure 6.1: NFR regions of the Ebro River basin obtained in Solans and Mellado-Díaz (2014). Hydrologic (▲) and biological sites () selected to carry out the FA-E curves 

for different NFR types. R is for reference condition, and I for impaired condition.
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6.2.2. Pre-treatment of data 

A filling in interpolation process was applied to the 22 flow time series taken into 

account in the study: 6 control sites and 16 impaired sites from A, B and D NFR types. 

First, we filled holes at daily scale up to 10 days, and then, at monthly scale up to 3 

months. At the end of the infilling process, years that still had gaps at monthly scale 

were removed from the analysis because completed years were required to obtain 

hydrologic parameters. 

A visual evaluation of impaired flow time series identified jumps and changes on flow 

variability likely due to changes on dam operation. Impaired time series were shortened 

in order to keep the most recent stationary time series, actually related to available 

freshwater biological data (period 2007-2010).  

 

6.2.3. Flow alteration-ecological response (FA-E) curves 

6.2.3.1. Pre-selection of variables in reference condition 

On the one hand, 54 hydrologic variables representing magnitude, frequency and 

duration components of the NFR were obtained at the 6 reference flow sites (table 3.1). 

Hydrologic variables were computed from monthly flow data, previously standardized 

by the grand mean flow. Variables related to drought conditions: percentage of years 

with dry periods (yQ0), annual frequency of dry periods (nQ0y), and mean and 

maximum duration of dry periods (MDQ0 and MAXDQ0, respectively) were obtained 

from daily flow data because of the short drought periods, normally less than one 

month.  

 

On the other hand, 40 macroinvertebrate metrics recorded from hydro-ecological 

literature were computed at the 6 biological control sites (table 6.1). When data were 

available for multiple years, each metric was computed at each year and the average rate 

was extracted.  

Due to the large number of potential hydro-ecological combinations (54x40), a pre-

selection of variables was needed. The optimum for obtaining robust FA-E curves is to 

relate highly correlated hydrologic and ecological metrics in reference condition 

(Kennen et al. 2010, Korte et al. 2010, Poff et al. 2010, Buchanan et al. 2013, Cuadrado 

et al. 2013). In the present work, however, because of the few cases available at 
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reference condition (2 cases for each NFR type), it was not possible to obtain assertive 

correlation assessments. Therefore, we selected variables based on variable accuracy. 

For hydrologic variables, accuracy was evaluated with respect to the medians obtained 

from all reference sites belonging to each NFR type (see figure 3.1). Only the variables 

whose values left at maximum 10% from the corresponding medians were considered 

for subsequent analyses. Accuracy of ecological variables was evaluated from the 

coefficient of variation (CV), which was computed at each NFR type with the two 

control sites available at reference condition. Only the variables with CV equal or less 

than 0.1 were considered.  

Table 6.2 shows the variables pre-selected at each NFR type. 

 

6.2.3.2. Definition of reference condition  

We obtained empirical frequency distributions (EFD) for both hydrologic and bio-

ecological pre-selected variables, by using exclusively the reference data sets: 30 

hydrological sites (12 for type A, 10 for type B and 8 for type D) (see figure 3.1); and 

26 bio-ecological sites (8 for type A, 12 for type B and 6 for type D) (see Appendix 1). 

The probability distribution function (PDF) that fitted better each EFD was computed, 

and it statistically defined the reference population of each variable: the 95% most 

frequent values of the PDF. The reference condition of each variable was defined by an 

upper and a lower limits, the 97.5% and the 2.5% PDF critical values respectively. The 

50% critical value of the PDF curve area that represents the central value of each 

variable was also extracted.  

Other authors suggest similar ranges for reference condition, for example Arthington et 

al. (2006) report that the 95
th

 percentile of the reference frequency distribution in 

hydrologic variables can be used as the “benchmark” for high risk of ecological damage 

when ecological data are absent.  

All computations were carried out by Statgraphics Centurion X64.  



 

 

Table 6.1: Biological and ecological variables taken into account in the construction of FA-E curves in the Ebro River basin. 

Variable code Definition 

 

  

ABUNDANCE   

EPTa % abundance of (Ephemeroptera + Plecoptera + Trichoptera) 

EPT_ChEPTa % abundance of (Ephemeroptera + Plecoptera + Trichoptera) / % abundance of (Chironomidae + Ephemeroptera + Plecoptera + Trichoptera)  

EOPHT_Da % abundance of (Ephemeroptera + Odonata + Plecoptera + Heteroptera + Trichoptera) / % abundance of Diptera 

lgETD+1a log-transformed (abundance of selected taxa of (Ephemeroptera + Trichoptera + Diptera) +1) 

lgETDPC+1a log-transformed (abundance of selected taxa of (Ephemeroptera + Trichoptera + Diptera + Plecoptera + Coleoptera) +1) 

Ninsect_a % abundance of non-insects 

DplusNinsect_a % abundance of (Diptera + non-insects) 

Dnchironm_plusNinsect_a % abundance of (non-chironomid Dipterians + non-insects) 

CMa % abundance of (Crustacea + Mollusca) 

3dominant_a % abundance comprised by the 3 most dominant taxa 

5dominant_a % abundance comprised by the 5 most dominant taxa 

Gold_a Gold index = 1-(% abundances of (gastropods + oligochaetes + Diptera))/100 

 

  

RICHNESS   

Nr total nº taxa 

Ninsect_r total nº non-insect taxa 

ETr total nº (Ephemeroptera + Trichoptera) taxa 

EPTr total nº (Ephemeroptera + Plecoptera + Trichoptera) taxa 

EPT_EPTOCHr total nº (Ephemeroptera + Plecoptera + Trichoptera) taxa / total nº (Ephemeroptera + Plecoptera + Trichoptera + Odonata + Coleoptera + Heteroptera) taxa 

OCHr total nº (Odonata + Coleoptera + Heteroptera) taxa 

Insect_r total nº taxa Insecta 

Molusc_r total nº taxa Mollusca 

Crust_r total nº taxa Crustacea 

 

INDIVIDUAL TAXA   

Plecop_a % abundance Plecoptera 

Trichop_a % abundance Trichoptera 

Coleop_a % abundance Coleoptera 

Chironom_a % abundance Chironomidae 

Ephem_a % abundance Ephemeroptera 

Odon_a % abundance Odonata 

Dipt_a % abundance Diptera 

Ephem_r nº Ephemeroptera taxa 

Plecop_r nº Plecoptera taxa 

Trichop_r nº Trichoptera taxa 

 

  

  



 

 

Variable code Definition 

DIVERSITY   

ShW_d Shannon-Wiener index (H). Log base 10. 

Hill1_d Hill's number (a=1): exp (H) 

Simp_d Simpson's concentration index (λ) 

Gini_d Gini diversity index: 1-λ 

Hill2_d Hill's number (a=2): λ^(-1) 

Mrgf&Guti_d Margalef & Gutierrez  diversity index: (1-λ) / λ 

Pielou_d Pielou's eveness index 

 

  

WATER QUALITY   

IBMWP_q IBMWP 

ASPT_q IBMWP/ Nº taxa in IBMWP 
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Table 6.2. Hydrologic and bio-ecological variables pre-selected for the construction of FA-E curves, 

based on its high accuracy. 

 

NFR type Hydrologic variables Ecological variables 

A 

MMAR  EPT_ChEPTa Chironom_a 

MAPR lgETD+1a Plecop_r 

VDEC lgETDPC+1a ShW_d 

MMAX 3dominant_a Hill1_d 

MQ75 5dominant_a Simp_d 

MQ90 Gold_a Gini_d 

FQ3x ETr Hill2_d 

  EPTr Mrgf&Guti_d 

  EPT_EPTOCHr Pielou_d 

  Nr IBMWP_q 

  Insect_r ASPT_q 

  Plecop_a   

B 

MOCT EPT_ChEPTa ShW_d 

VNOV lgETD+1a Hill1_d 

MMAX lgETDPC+1a Simp_d 

MQ75 3dominant_a Gini_d 

MQ90 5dominant_a Hill2_d 

M2MAX Gold_a Mrgf&Guti_d 

M3MAX EPT_EPTOCHr Pielou_d 

  Coleop_a ASPT_q 

  Ephem_r Heptageniidae_IndVal 

D 

MJAN lgETD+1a Trichop_r 

MFEB 3dominant_a ShW_d 

MAPR 5dominant_a Hill1_d 

MQ75 Gold_a Gini_d 

V3MIN Nr Hill2_d 

M2MAX ETr IBMWP_q 

M3MAX Insect_r ASPT_q 

  Molusc_r 

  

 

6.2.3.3. Selection of FA-E relationships 

We obtained for impaired flow sites and impaired biological sites (see Appendix 2) the 

variables listed in table 6.2. Preliminary scatterplots between hydrologic and ecological 

variables were conducted by using both, reference and impaired sites, in order to 

visually evaluate the strength of each flow-ecology relationship along the flow 

impairment gradient.  

Because the goal of present study is establishing the limits of hydrologic alteration to 

prevent the degradation of freshwater ecosystems, only the variables (hydrologic and 

ecological) that had values inside and outside the reference limits were taken into 

account.  
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Moreover, only consistent FA-E relationships were selected to assess ELOHA in the 

basin. Consistency of hydro-ecological relationships was assumed when: 1) ecological 

condition at all impaired sites was distant to those of reference sites; and 2) ecological 

condition at impaired sites was correlated to the corresponding hydrological condition, 

along the gradient of hydrologic impairment.  

 

6.2.4. Setting ecological Limits of Hydrologic Alteration (ELOHA) 

At any consistent hydro-ecological relationship selected in section 6.2.3.3. Selection of 

FA-E relationships, we computed deviations of the metric values with respect to the 

corresponding central reference values. The central value was the 50% critical value of 

the PDF curve for each variable. Plotting flow-ecology deviations from reference (FA-E 

curve) is a very interesting and indicative tool, since you can see how much is degraded 

an ecological asset along a gradient of flow-impairment. Poff and Zimmerman (2010) 

also used the midpoint of the range of pre-impact values to compute deviations in either 

flow or ecological alteration in post-impact condition with respect to pre-impact 

condition.  

ELOHA values for each hydrological variable were set from real data, instead of using 

the critical values defined by the reference PDF curves (see 6.2.3.2. Definition of 

reference condition). Real data permitted to validate ELOHA values by actual 

ecological impacts, instead. The limits of hydrologic alteration defined at the present 

study correspond to the minimum hydrological deviations that produce both hydrologic 

and ecological impacts (both outside reference limits). In curves of NFR type B, three 

ecological variables presented consistent relationships with a unique hydrologic variable 

(MQ75). In this case, upper and lower ELOHAs were fixed at the minimum hydrologic 

deviations among the 3 FA-E curves that produced both hydrological and ecological 

impacts. 

 

6.3. RESULTS 

Seven FA-E curves were obtained in present study as guidelines for developing and 

calibrating environmental flow standards in the Ebro River basin: 3 to NFR type A 

(figure 6.2 a, b and c), 3 to NFR type B (figure 6.2 d, e and f) and 1 to NFR type D 

(figure 6.2 g).  Table 6.3 shows the statistical information for all the variables: PDF 

type, median and extreme PDF’s percentiles, extreme PDF’s percentiles expressed in 
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terms of % change from central value, and ELOHA, upper and lower thresholds, 

expressed in terms of % change from central value.  

 

6.3.1. ELOHA for Natural Flow Regime type A  

Mean monthly flows in March (MMAR), mean monthly flows that exceed the 75th 

percentile (MQ75) and frequency of high flow events (FQ3x) were identified as the best 

hydrologic variables that indicate the ecological status in streams of type A. 

MMAR was identified as a good indicator of Plecoptera abundance. The limits of 

alteration of MMAR were set at +/- 21% from baseline (see table 6.3), defined by 

points IA1 and IA2 (see figure 6.2 a).  These deviations correspond to -1 (-21%) and +1.5 

(+21%) times the mean annual flow.  

Limits of MQ75 and FQ3x variables were both related to EPT_EPTOCHr variable, 

which is the proportion of Ephemeroptera, Trichoptera and Plecoptera (EPT) taxa with 

respect to Ephemeroptera, Trichoptera, Plecoptera, Odonata, Coleoptera and 

Heteroptera (EPTOCH). According to results, ecological impact occurs, in both cases, 

because of an excess of the hydrologic variable (IA2) with respect to reference (see 

figure 6.2 b and c). In case of MQ75, ecosystem suffers a great impact when MQ75 

exceeds 18% the central value (2.9 times the mean annual flow). For FQ3x the severe 

impact occurs when the variable exceeds 54% the central value (1.03 times/year). 

 

6.3.2. ELOHA for Natural Flow Regime type B 

MQ75 was the only hydrologic variable selected to construct FA-E curves for streams 

with NFR type B. MQ75 showed a consistent relationship with several diversity indices 

(e.g. Shannon-Wiener and Pielou) and abundance of Coleoptera taxa (see figure 6.2 d-f). 

The lower ELOHA was related to Shannon-Wiener (ShW_d) and Pielou’s (Pielou_d) 

diversity indices because they indicated especial sensitivity to reductions on MQ75 

index (see figure 6.2 d, e). Pielou’s index, however, showed the lowest hydrologic 

alteration causing an ecological impact (IB11). Therefore, it was fixed as the lower 

ELOHA, at -12,2% deviation from central reference value (1.9 times the mean annual 

flow). It is notorious, however, the confusion existing around this threshold, since the 

plot presents points with higher hydrological deviations than IB11, but they are inside 
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ecological reference limits (e.g. IB2, IB10, IB5, IB6, IB7) (see section 6.4.3. External 

factors). 

Regarding to the upper limit, both ShW_d and abundance of Coleoptera taxa 

(Coleop_a) showed that ecological impacts occurred because of an excess of MQ75 

value. The minimum hydrologic alteration that caused an ecological impact was related 

to Coleop_a index, at IB13, when MQ75 increased 23% from central value (2.66 times 

mean annual flow). This deviation was set, therefore, as the upper limit for MQ75 

alteration. Some instability can be observed also in the MQ75 upper limit (see figure 6.2 

f), because there exists sites with higher flow deviations than IB13 presenting an accepted 

ecological condition (e.g. IB8) (see section 6.4.3. External factors).  

Another misleading phenomenon occurring in curves of NFR type B is related to the 

impaired site IB1. Despite being IB1 inside natural flow range and close to reference sites, 

diversity in IB1 exceeds the natural range (see figure 6.2 d, e) (see section 6.4.3. External 

factors).  

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

Table 6.3: PDF type for each variable, median and extreme PDF’s percentiles, and upper and lower PDF’s reference thresholds expressed in terms of % change from central 

value; and also the ELOHA for hydrologic variables: upper and lower thresholds expressed in terms of % change from central value.  

   

 

 

 

NFR 

type 

variable 

type 
variable PDF 

PDF               

2.5% 

crit. 

value 

PDF              

50% 

crit. 

value 

PDF              

97.5% 

crit. 

value 

PDF lower 

threshold 

(change from 

central value) 

PDF upper 

threshold 

(change from 

central value) 

ELOHA lower 

threshold 

(change from 

central value) 

ELOHA upper 

threshold 

(change from 

central value) 

A 

Hydrologic 

MMAR Log-Logistic 1,065 1,266 1,506 -16% 19% -21% +21% 

MQ75 Log-Normal 2,204 2,459 2,743 -10% 12%  - +18% 

FQ3x Generalized Logistic 0,417 0,674 0,9 -38% 34%  - +54% 

Ecological 
Plecop_a Log-Logistic (3 parameters) 4,557 18,586 32,633 -75% 76%  -  - 

EPT_EPTOCHr Log-Logistic 0,356 0,504 0,714 -29% 42%  -  - 

B 

Hydrologic MQ75 Log-Logistic (3 parameters) 2,042 2,161 2,605 -5% 21% -12% +23% 

Ecological 

ShW_d  Extreme Value 0,784 0,945 1,026 -17% 9%  -  - 

Pielou_d  Weibull 0,525 0,637 0,702 -18% 10%  -  - 

Coleop_a Weibull 0,883 13,43 53,126 -93% 296%  -  - 

D 
Hydrologic MJAN Generalized Logistic 1,442 1,788 1,963 -19% 10%  - +17% 

Ecological Gold_a   Generalized Logistic 0,66 0,781 0,824 -16% 5%  -  - 



 

 

Figure 6.2: FA-E curves obtained for A (a-c), B (d-f) and D (g) NFR types. Symbols:  Reference sites;  Impaired sites. Yellow symbols: Impaired sites outside reference 

condition. Black lines are the deviations corresponding to critical values of PDF’s reference condition (%).  Red lines are the ELOHAs obtained from real data (%). 
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Figure 6.2: (Continued) 
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The larger number of hydro-biological points available for NFR type B permitted to 

observe a clearer tendency in FA-E curves (see figures 6.2 d, e and f). The FA-E 

patterns in type B approached a quadratic polynomial regression: R
2
 between

 
0,42 and 

0,49 (e.g. figure 6.3). Biodiversity and Coleoptera abundance are maxima in a certain 

high flow magnitude (MQ75 between -5% and +21% deviation from reference or 2-2.6 

times the mean annual flow). At some alteration of high flows magnitude, either 

increment or decrease, ShW_d, Pielou_d and Coleop_a indices maintain its normal 

levels. However, if the alteration is too intense, then those parameters drop off. 

 

 

Figure 6.3: FA-E curve for NFR type B, with MQ75 and ShW_d variables. The FA-E curve follows a 

quadratic polynomial regression (R2=0.49). Symbols:  Reference sites;  Impaired sites. 

Black lines are the limits set by PDF reference condition. 
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(see section 3.4.1. Relating natural flow regime types and climatic and watershed 
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relation to GOlD index (GOlD_a). GOlD index indicates the proportion of Gastropoda, 
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17.1% from baseline (2.09 times mean annual flow) for maintaining a good ecological 

condition (see figure 6.2 g). GOlD_a do not show any lower ELOHA for MJAN. 

 

6.4. DISCUSSION 

According to results, we accept the underlying hypothesis of existence and consistency 

of flow alteration ecological response relationships in streams or rivers within NFR 

types in the Ebro River basin. 

The importance of getting robust FA-E patterns relies on the possibility of making 

ecological predictions from known hydrologic alterations in streams belonging to the 

same NFR type.  

 

6.4.1. Ecological limits of hydrologic alteration in the Ebro River basin 

Our results show for example that for NFR type A, flow alteration rates in March of 

21% from baseline can be related to reductions in Plecoptera taxa abundance 

(Plecop_a) up to 79% or 96% if flow is exceeded or reduced, respectively. Plecoptera 

taxa is represented in both, reference and impaired sites by an unique taxon, Leuctridae. 

Although Plecoptera richness in impaired sites is exactly the same than in reference 

sites, Leuctridae abundance is reduced drastically under impaired conditions, either 

when MMAR increases (IA2) or diminishes (IA1, IA3 and IA4). Leuctridae can be normally 

found in lotic means, preferably in headwaters with moderate or high water velocities 

and good oxygenation (Dolédec et al. 2007, Graf et al. 2007, Mérigoux et al. 2009). At 

the present case, sites IA1 and IA2 are affected by an interbasin transfer from upper IA1 to 

upper IA2. The main uses of the water transfer are population supply and irrigation. Sites 

IA3 and IA4 are downstream Santolea dam, which is used for water supply, irrigation and 

electricity generation. Obviously, these infrastructures affect natural flow regimes. The 

maintenance of spring flow magnitude is known to be important for aquatic species that 

are adapted to particular flow regimes, especially those species that rely on flow cues 

for reproduction and support of crucial life cycle stages (Kennen et al. 2010). For 

example, Jones (2013) found 10 times more Plecoptera in the natural rivers compared 

with Magpie River affected by a hydropower dam. Vaikasas et al. (2013) also found 

significant higher proportions of Plecoptera taxa in the control sites than in sites below 

hydropower dams. Reductions of Plecop_a in IA1, IA2, IA3 and IA4 do not seem to be 

related to organic pollution, indeed. According to IBMWP index, waters in the four 
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impaired sites have very good quality (IBMWP > 100), and ASPT index at four 

impaired sites remains inside reference condition range. Moreover, GOlD index and 

total richness that are used to indicate organic pollution (Rosenberg and Resh 1993, 

Giller and Malmqvist 1998, Morais et al. 2004, Pinto et al. 2004) have similar values in 

IA1 and IA2 than in reference sites. Some works in Iberian streams have reported, in 

addition, certain tolerance of some Leuctridae to organic pollution (Zamora-Muñoz and 

Alba-Tercedor 1992,1996).  

Another sensitive ecological variable related to flow in region A is EPT_EPTOCHr. 

EPT_EPTOCHr is an index that has been used to characterize lotic-lentic conditions 

and it represents the Ephemeroptera, Plecoptera and Trichoptera (lotic) richness relative 

to Odonata, Coleoptera and Heteroptera (lentic) richness (Bonada et al. 2006). In all 

impaired flow sites of type A, both EPT and OCH richness are lower with respect to 

reference sites. OCH richness, however, is especially low in site IA2, where Odonata and 

Heteroptera taxa suffer dramatic reductions. IA2 experiments the highest increments on 

annual high flows (+18%) and annual high flow frequency (+54%), and, as seen 

previously, also experiments the highest mean monthly flows in March. An increment 

of annual flows and an increment of high flows magnitude and frequency in IA2 can 

convert lentic conditions with temporary streams and ponds, to permanent streams with 

lotic conditions. These environmental changes can produce deep restructuring in the 

ecosystem. These results agree with those from other studies developed in 

Mediterranean-climate sites. For example, Bonada et al. (2006, 2007) found a clear 

seasonal pattern regarding EPT and OCH metrics in northern California. During wet 

season riffle-like taxa (EPT) may dominate river beds, whereas some could be replaced 

by pool-like taxa (OCH) in summer (Langton and Casas 1999, Rieradevall et al. 1999 

Bogan and Lytle 2007). Vivas et al. (2002) studied the macroinvertebrate patterns 

existing in 12 basins in Spain and Mallorca Island and the potential relationships of 

these patterns with physicochemical and physiographic metrics. Vivas et al. (2002) 

concluded that Coleoptera, Odonata and most of Heteroptera taxa prefer clearly 

extremely low flows and/ or temporal streams in dry basins with high salinity.  

 

In streams of NFR type B we found good relationship between high flows magnitude 

(MQ75) and both species diversity and abundance of Coleoptera taxa. Species diversity 

and abundance of Coleoptera taxa reduced increasingly as MQ75 distance from 

reference increased. Biodiversity indices have low values when the community is 
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dominated by a few species or when the number of species is small (Legendre and 

Legendre 2012). Results of present study agree other studies that found significant 

higher taxonomic diversity in control sites than in sites in and below hydropower dams 

or downstream water diversions (Rader and Belish 1999, Céréghino et al. 2002, 

Camargo et al. 2005, Vaikasas et al. 2013). Moreover, García de Jalón et al. (1994) 

reported that coleopterans tended to disappear or reduce in abundance below Valparaiso 

reservoir (Spain) due to the short-term flow fluctuations.  

FA-E curves in type B streams (nivo-pluvial flow regime) showed a consistent 

threshold-type pattern, which means the existence of clear thresholds of hydrologic 

alteration, beyond which ecological condition drop off (Poff et al. 2010). This pattern 

was also identified in snowmelt river types of western North American, between 

recruitment of native riparian trees and timing of flows (Mahoney and Rood 1998).  

 

In streams with NFR type D the relationship between indices GOlD_a and MJAN was 

indicative. GOlD index indicates the proportion of Gastropoda, Oligochaeta and Diptera 

in the sample. GOlD index has been associated to organic pollution, showing high 

values in high or good water quality status and low values in moderate or poor water 

quality status (Morais et al. 2004, Pinto et al. 2004). In present work, GOlD_a is 

drastically reduced in ID3, but it does not show correlation with other indices related to 

pollution (e.g. IBMWP_q, ASPT_q, Trichop_r or ET_r). The low GOlD_a value in ID3 

is caused by an increment of Oligochaeta and Chironomidae taxa with respect to others 

impaired sites. Some works have associated such increments with the effects of 

hydropower dams (Munn and Brusven 1991, Jones 2013, Vaikasas et al. 2013). And it 

is consistent with ID3 because it is located just below a hydropower dam. Regulated river 

reaches below some hydropower dams with high daily variations in water level are 

typically characterized by species-poor macroinvertebrate communities containing a 

few small sensitive species, small individuals, and immature stages (García de Jalón et 

al. 1994). In some cases, flow regulation may favor the proliferation of specific, more 

tolerant taxa such as chironomids (Munn and Brusven 1991, Rader and Belish 1999). 

 

The limits of hydrologic alteration found in present study agree with the presumptive 

standard suggested by Richter et al. (2012). The presumptive standard asserts that a high 

level of ecological protection will be provided when daily flow alterations are no greater 

than 10%; a moderate level of protection is provided when flows are altered by 11-20%, 
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and that alterations greater than 20% will likely result in moderate to major changes in 

natural structure and ecosystem functions. The limits of alteration found here agree with 

those proposed in Richter et al. (2012), although our study is based on monthly flow 

data. The thresholds of the presumptive standard are supported by its own experience 

(Richter et al. 2003, 2006) and are consistent with other international experiences in 

conducting environmental flow assessments, like in a Central American river (Esselman 

and Opperman 2010), in Queensland, Australia (Brizga et al. 2002) and with a national 

US analysis of hydrologic alteration, which documented that biological impairment was 

observed in an increasing percentage of sites beyond 25% of hydrologic alteration 

(Carlisle et al. 2011). 

 

6.4.2. Risks of few available data 

There exists a serious constraint to take into account when one considers applying the 

ELOHA framework that is the necessity of a large fieldwork database. The poor 

available synchronized hydrologic and biological data in the Ebro River basin limited 

the possibility of first, selecting strong hydro-ecological relationships in reference 

condition, and second, extracting robust FA-E curves that showed clear thresholds or 

nonlinear responses to changes in flow features at all NFR types.  

Concerning the first point, we had only two pairs of reference sites with available 

hydro-biological data for each NFR type. The few pairs of sites prevented us to use 

powerful multivariate statistical tools (e.g. coinercia analysis), so that we evaluated high 

correlated flow-ecological relationships at each NFR type. The selection of variables 

affects deeply the criteria used to establish ELOHA and, by extension, environmental 

flow standards (Buchanan et al. 2013). For example, extreme flow conditions are a 

cornerstone to structure stream communities in Mediterranean-climate streams, 

especially low flows (Bonada et al. 2006, Belmar et al. 2012). However, low-flow 

related metrics were not used in present work as a criterion to assess environmental 

flows, because its low accuracy among sites impeded to be selected in pre-selection 

stage.   

Shortage of data is also responsible of weak FA-E curves. For example, ELOHA 

assessment in region F was rejected because of the existence of a unique impaired 

hydro-biological pair of sites with consistent data. Additionally, in region E we could 
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not build FA-E curves because of the absence of interrelated hydrologic and biological 

sites at reference condition.  

Unfortunately, shortness of data, especially biological data, is a very common 

shortcoming in freshwater environmental works. Poff and Zimmerman (2010) did an 

extensive literature review up to 165 published papers aimed at finding statistically 

supported patterns between types of flow alteration and ecological response metrics. 

They noticed the lack of data points for the entire range of flow alteration as the 

principal constraint to test specific hypotheses to inform environmental science and 

management.  

Due to the few data backing up the FA-E curves found in the present study, it is 

compulsory to test these curves throughout a monitoring program. 

 

6.4.3. External factors 

The scatter of points and the instability in threshold values observed in B curves put in 

evidence the influence of other factors than hydrology on macroinvertebrate 

communities. 

It is important to notice that other non-hydrological factors, like degraded stream habitat 

and especially poor water quality, can surely affect the ecological status of freshwater 

ecosystems, and the capacity of freshwater ecosystems to maintain its function and 

structure against flow alterations (Buchanan et al. 2013). A higher biodiversity index 

value in impaired sites than in reference sites, for example, might not be necessarily 

positive, since biodiversity can increase artificially by invasive species. We 

acknowledge that external factors can add noise to hydro-ecological relationships. 

Because of that, we think that ELOHA method has promising advantages when 

alteration of natural flow regime is the main constraint on freshwater systems (e.g. 

intensive river regulations or withdrawals). 

Instability on ELOHA values, however, not always must indicate the presence of 

external factors affecting ecosystem response. Instability on high flow thresholds in FA-

E curves for type B, for example, could also be due to physical disturbances in 

geomorphology produced by high flows or floods that, consequently, may promote 

changes in freshwater communities (Molles 1985, Grimm and Fisher 1989, DoleOlivier 

et al. 1997).  

 



85 

 

6.4.4. Precision of data 

6.4.4.1. Hydrologic data 

The present work demonstrates that coarse hydrologic data is not a limitation to identify 

ecological impacts at regional scale. Other authors have suggested limits on invertebrate 

metrics related to streamflow features at monthly scale (Konrad et al. 2008, Carlisle et 

al. 2014). Many U.S. states and watershed administrations are having success in 

developing and applying regionalized environmental flow criteria to water resource 

planning using monthly time series (Kendy et al. 2012). Although working at daily scale 

might be ideal, working with monthly flow data has huge advantages because frequently 

getting consistent daily flow data is difficult. Besides, data analyses at monthly scale are 

easily computed and represent the seasonal dynamics of runoff, summer recession and 

base-flow, which are important to many species life-history cues (Bunn and Arthington 

2002, Lytle and Poff 2004). Therefore, assessing the status of freshwater ecosystems by 

managing water resources at monthly scale encourages water managers and stewards to 

address sustainable measures on water resource plans at developed basins. 

 

If short term variation in flow is important to biotic richness and composition, we might 

expect relatively poor association between long-term flow characteristics and the biota 

collected at a site. In present study, however, we found consistent FA-E curves between 

macroinvertebrate samples collected in the period 2007-2010 and characteristics of the 

most recent flow time series ranging between 9 and 63 years. Chinnayakanahalli et al. 

(2011) also detected relationships between streamflow regimes from 1874-1988 (ranged 

between 10 and 103 years), and benthic invertebrate samples collected between 1992 

and 2003. These relationships support the underlying hypothesis that long-term flow 

patterns are part of the hydrological template that influence which specific organisms 

can establish and persist in a specific stream.  

 

6.4.4.2. Biological data 

We must not disregard the risk of working at family level, where species with different 

environmental preferences may be included (e.g. Baetidae, Hydropsychydae, 

Chironomidae, Limnephilidae, Gammaridae). This generalization on biological data 

represents a limitation to obtain robust FA-E relationships. Belmar et al. (2013) found 
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that the strength of relationships between community composition and the flow regimes 

increased from family to species level. Nevertheless, obtaining data at genus or species 

level is not common because it involves huge time consuming, large economical 

resources and qualified personal. Therefore, many ecological studies are carried out at 

family level, providing successful contributions to riverine ecological science (e.g. 

Korte et al. 2010, Valladolid et al. 2010, Buchanan et al. 2013, Cuadrado et al. 2013). 

 

Reconsidering the way in which water infrastructures are managed, mainly channels and 

dams, by taking into account the limitations of hydrologic alteration, could be a first 

step to promote responsible management of water resources and to demonstrate the 

compromise with healthy freshwater ecosystems. Examples of modification of dam 

operation include developing reservoir operating methods in which different e-flow 

rules are designed to maintain key ecological functions within the downstream riverine 

ecosystem (Yin et al. 2010, 2011), structural and operational considerations in 

hydropower dam development (Renöfalt et al. 2010), designing control flow releases for 

flood-control dams (Richter and Thomas 2007, Batalla and Vericat 2009, Yin et al. 

2014), improving efficiency on irrigation techniques and management practices, so that 

deliveries from irrigation dam does not mean a stressful impact on natural seasonality of 

flows (Richter and Thomas 2007).  

Moreover, decision-support systems can be particularly useful at basin scale for 

differentiating, prioritizing and optimizing among multiple objectives for dam 

management (Suen and Eheart 2006, Richter and Thomas 2007, Paredes-Arquiola et al. 

2011, Molinos-Senante et al. 2014). 

 

ELOHA method was designed to establish flow standards from limiting the degree of 

flow alteration based on some ecological goals set for a region, as well as on the “risk” 

stakeholders and decision-makers are willing to accept to attain these goals. The present 

paper, however, sets limits of water withdrawals to maintain freshwater ecosystems in 

an unimpaired situation regarding natural flow regime. This proposal can be used as a 

starting point for expert panels to identify “thresholds” of potential concern in Ebro’s 

freshwater systems for the accomplishment of the ecological goals set at the region 

(Richter et al. 2003). Setting quantitative limits of hydrological alteration based on 

interrelationships between hydrologic and ecological aspects of freshwater systems is 

pioneer in Spain, and even very few studies around the world have reached this degree 
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of detail (Richter et al. 2006, Poff and Zimmerman 2010, Kendy et al. 2012, Sanderson 

et al. 2012, Buchanan et al. 2013, Mcmanamay et al. 2013).  

McManamay et al. (2013) highlighted some important limitations of ELOHA method to 

restore freshwater systems: first, it depends on existence of baseline ecological 

conditions that often are difficult or impossible to obtain. Second, restoration of altered 

flows does not always mean ecological restoration, especially when flow is not the main 

limitation of the ecosystem (e.g. temperature below dams, eutrophication or the 

insufficient sediment supply downstream dams). ELOHA framework, however, can be 

an excellent option when alteration of natural flow regime is the main constraint on 

freshwater systems (e.g intensive river regulation) or when the aim is to design the first 

guidelines of environmental flow regimes at regional or watershed scale. Other 

techniques involving stream habitat restoration (Bernhardt and Palmer 2007, Roni et al. 

2008), gravel additions (McManamay et al. 2010) or reverting water pollution can 

complement ELOHA guidelines at the small (local) or medium (reach) scale.  
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CHAPTER 3. CLASSIFICATION OF NATURAL FLOW REGIMES IN THE 

EBRO RIVER BASIN (SPAIN) BY USING A WIDE RANGE OF HYDROLOGIC 

PARAMETERS. 

1. A clear affinity between NFR types and geographical location was found in the Ebro 

River basin, suggesting a link between NFR type distribution and climatic and 

physical variability in the basin. 

 

2. Six NFR types were found in the Ebro River basin based on 54 hydrologic 

parameters that represent four facets of the NFR (magnitude, variability, frequency 

and duration). The NFRs are Continental Mediterranean-pluvial, Nivo-pluvial, 

Continental Mediterranean-pluvial with groundwater dominance, Pluvio-oceanic, 

Pluvio-nival-oceanic, and Mediterranean. It supports the hypothesis of the existence 

of different NFR types in the Ebro River Basin. 

 

3. Climate accounts up to 80% of flow regime variability within the Ebro River basin. 

Other flow differences seem to be related to site altitude and geological factors. 

 

4. Coarse time step data (average monthly flows) are sufficient to explain flow 

variability at regional scale, when this variability is strongly dependent on physical 

factors (e.g. climate). 

 

CHAPTER 4. A LANDSCAPE-BASED REGIONALIZATION OF NATURAL 

FLOW REGIMES IN THE EBRO RIVER BASIN  

5. The distribution of NFR types obtained through a landscape-based classification was 

consistent with the distribution pattern obtained with the previous hydrological 

classification.  

 

6. Robust statistical differences regarding physiographic and climatic conditions exist 

between the six Ebro’s NFR types. All the differences are consistent with actual 

climatic and physiographic variability in the basin. It supports the hypothesis that 

climate and physiography discriminate and define NFR conditions in the basin. 

 



90 

 

CHAPTER 5.  BIOLOGICAL VALIDATION OF THE EBRO’S NFR TYPES 

7. NMDS ordination resulted in a clear separation of five over the six NFR types using 

biological data; and ANOSIM revealed significant differences in macroinvertebrate 

communities between NFR types. We consider that these results support the general 

hypothesis that streams with similar NFR host similar reference macroinvertebrate 

assemblages. 

 

8. A hydrological classification plus a landscape-based regionalization are good tools 

to discriminate among different reference macroinvertebrate community 

compositions in the Ebro River basin.  

 

9. Biological data at family level was sufficient to discriminate between five NFR 

types in the Ebro River basin. 

 

CHAPTER 6. FLOW ALTERATION-ECOLOGICAL RESPONSE (FA-E) 

CURVES AND ELOHA SETTING IN THE EBRO RIVER BASIN 

10. Actual relationships exist between monthly hydrologic parameters and 

macroinvertebrate community structure traits at family level, in three NFR types of 

the Ebro River basin. It supports the underlying hypothesis about the existence of 

consistent links between flow alteration features and freshwater ecological 

responses in streams within NFR types. 

 

11. Seven FA-E curves were obtained as guidelines for developing and calibrating 

environmental flow standards in the Ebro River basin: 3 to Continental 

Mediterranean-pluvial flow regime, 3 to Nivo-pluvial flow regime and 1 to Pluvio-

oceanic flow regime. 

 

12. Regarding to Continental Mediterranean-pluvial flow regime:  

 

• Thresholds of +/-21% of alteration in March flows (MMAR) mark the limits of 

reference Plecoptera abundance. These thresholds correspond to -1 (-21%) and + 

1.5 (+21%) times the mean annual flow.  
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• Upper thresholds of 18% of alteration in high flows magnitude (MQ75) (2.9 

times the mean annual flow) and 54% of alteration in high flows frequency 

(FQ3x) (1.03 times/year) mark the thresholds for stability in ecosystem 

structure, for example in the proportion of Ephemeroptera, Trichoptera and 

Plecoptera taxa (EPT) with respect to Odonata, Coleoptera and Heteroptera taxa 

(OCH). These thresholds correspond to 2.9 times the mean annual flow and 1.03 

times/year, respectively. 

 

13. Regarding to Nivo-pluvial flow regime:  

 

• A lower threshold in flow alteration of high flows (MQ75) was fixed by Pielou’s 

index at -12.2% (1.9 times the mean annual flow). The upper flow alteration 

threshold was set by Coleoptera taxa abundance at +23% (2.66% times the mean 

annual flow). 

• A consistent threshold-type pattern was obtained for FA-E curves in type B 

streams. Species diversity and abundance of Coleoptera taxa were found  

maxima in a certain high flow magnitude. Species diversity and abundance of 

Coleoptera taxa were reduced increasingly as alteration of MQ75 increased. If 

the alteration was too intense, then those parameters droped off. 

• The scatter of points and the instability in threshold values observed in nivo-

pluvial flow regime curves put in evidence the influence of other factors than 

hydrology on macroinvertebrate communities condition.  

 

14. Regarding to Pluvio-oceanic flow regime:  

 

• Alteration of flows in January (MJAN) should not exceed 17.1% from baseline 

(2.09 times the mean annual flow) to maintain GOLD index inside reference 

condition 

 

15. The lack of coordinated hydrological and biological data sites in the Ebro River 

basin prevented selecting strong hydro-ecological relationships in reference 

condition, and also extracting robust FA-E curves for all NFR types. The design and 

establishment of appropriate monitoring arrangements is a critical final step in the 

assessment and implementation of environmental flows. 
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APPENDIX 1: List of the biological sites used in the biological validation of NFR types in the Ebro 

River basin. 

 

 

NFR type Site code Coordinate X30 Coordinate Y30 River name Reference year  

A 

1141 739234 4664441 Alcanadre/puente de las Cellas 2009 

1282 750066,211 4671558,956 Vero/ camping de Alquézar 2009 

1398 726553 4691423 Guatizalema/Nocito 2007-2008-2009 

2005 744863 4672514 Isuala/Alberuela de la Liena 2007-2008-2009 

2006 745162 4693664 Isuala/Las Bellostas 2007 

2007 738705 4670468 Alcanadre/Casbas 2007-2008-2009 

2023 740844 4685582 Mascún/Rodellar 2009 

3008 616272 4583710 Jalón / Campiel 2009 

B 

539 713200 4719685 Ausín/Isín 2007-2008-2009 

804 684456 4734575 Aragón Subordán/ La Peñeta 2007 

808 685485 4682313 Gállego/Sta. Eulalia 2007-2008-2009 

1128 750500,008 4716811,575 Vellós/aguas abajo del nacimiento 2007-2008-2009 

1270 795474,127 4731947,766 Ésera/Plan del hospital de Benasque 2007-2008-2009 

1448 678767 4748227 Veral/Zuriza 2007-2008-2009 

2012 694899 4728912 Estarrón/Aísa 2007-2008-2009 

2013 691002 4729484 Osía/Jasa 2007-2008-2009 

2014 717744 4697692 Guarga/Ordovés (Gállego) 2007-2008-2009 

2024 686905 4721999 Aragón Subordan/Embún 2009 

2027 741447 4725937 Arazas/Torla (pradera Ordesa) 2007-2008-2009 

2029 687228 4742744 Aragón Subordan/Hecho (selva de Oza) 2007-2008-2009 

D 

166 470450 4737500 Jerea/Palazuelos de Cuesta de Urria 2007-2008-2009 

816 663422 4731520 Escá/Burgui 2007-2008-2009 

1006 451994 4774394 Trueba/El Vado 2007-2008-2009 

1065 635470 4759490 Urrobi/puente carretera Garralda 2007-2008-2009 

1393 629615 4760708 Erro/Sorogain 2007-2008-2009 

1446 654431 4761485 Irati/cola del embalse de Irabia 2007-2008-2009 

E 

197 549835 4687736 Leza/Ribafrecha 2007-2008-2009 

1004 443603 4758099 Nela/Puentedey 2007-2008-2009 

1169 472635 4700319 Oca/Villalmondar 2007-2008-2009 

1173 488914 4685122 Tirón/Aguas arriba fresneda de la sierra 2007-2008-2009 

1178 499678 4664569 Najerilla/Villavelayo (aguas arriba) 2007-2008-2009 

1387 481544 4684662 Urbión/Sta. Cruz del Valle 2007-2008-2009 

2001 510890 4663019 Urbión/Viniegra de abajo 2007-2008-2009 

2002 524428 4661359 Mayor/aguas abajo Villoslada de Cameros 2007-2008-2009 

2011 487483 4745228 Omecillo/Corro 2007-2008-2009 

F 

623 774669,921 4527252,1 Algas/Mas de Bañetes 2007-2008-2009 

1083 661143 4693392 Arba de Luesia/Luesia 2007-2008-2009 

1191 564031 4653654 Linares/San Pedro Manrique 2007-2008-2009 

1193 569560 4639347 Alhama/Magaña 2007-2008-2009 

1240 769267,472 4522203,37 Matarraña/Beceite,Parrizal 2007-2008-2009 

1279 670284 4682286 Arba de Biel/ El Frago 2009 

1380 738752 4514043 Bergantes/Mare de Déu de la Balma 2007-2008-2009 
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APPENDIX 2: Hydrologic and biological matching sites selected to perform the ELOHA assessment 

in A, B, D and F natural flow regime types. Site code: R for reference condition, and I for impaired 

condition. 

 

 

Flow 

regime 

type 

Site 

code 

Hydrologic 

site: Name-ID 

Record 

period 

Nº years 

flow data 

Biologic site: 

Name- ID 

Record 

period 

Nº years 

biologic 

data 

A 

RA1 Las Cellas-091 1952-2008 51 CEMAS-1141 2009 1 

RA2 Barbastro-095 1953-2009 50 CEMAS-1282 2009 1 

IA1 P. Alcofea-032 1979-2008 29 CEMAS-0032 2008-2010 3 

IA2 Quicena-190 1980-2008 29 CEMAS-0551 2007-2009 3 

IA3 
E. Santolea-106 1948-2007 59 

CEMAS-0106 2007-2010 4 

IA4 CEMAS-1235 2007-2010 4 

B 

RB1 Zuriza-080  1952-2008 50 CEMAS-1448 2007-2009 3 

RB2 Javierregay-061  1957-2009 41 CEMAS-2024 2009 1 

IB1 Escaló-252 1991-2008 18 CEMAS-1106 2007-2009 3 

IB2 Capdella-267 1991-2008 17 CEMAS-1110 2007-2009 3 

IB3 
Balaguer-096 1984-2008 25 

CEMAS-0096 2007-2009 3 

IB4 CEMAS-0207 2007-2010 4 

IB5 

Pinyana-097 1980-2007 28 

CEMAS-0097 2007-2009 3 

IB6 CEMAS-0625 2007-2009 3 

IB7 CEMAS-0627 2007-2010 4 

IB8 Eriste-145 1992-2008 18 CEMAS-1133 2007-2009 3 

IB9 Graus-013 1966-2008 42 CEMAS-0013 2007-2010 4 

IB10 Búbal-250 2000-2008 9 CEMAS-1088 2007-2009 3 

IB11 Anzánigo-123 1972-2008 35 CEMAS-0123 2007-2009 3 

IB12 Sta. Eulalia-059 1946-2008 61 CEMAS-1092 2007-2009 3 

IB13 Yesa-101 1985-2008 23 CEMAS-0101 2007-2010 4 

D 

RD1 Palazuelos-166  1966-2008 27 CEMAS-0166 2007-2009 3 

RD2 Sigues-063 1951-2009 59 CEMAS-0816 2007-2009 3 

ID1 Arive-066 1946-2008 63 CEMAS-1062 2007-2009 3 

ID2 Eugui-152 1980-2008 29 CEMAS-0159 2007-2010 4 

ID3 Echauri-069 1994-2006 13 CEMAS-0069 2007-2009 3 

F 

RF1 Biota-155 1969-2009 40 CEMAS-1083  2008-2009 2 

RF2 S. Pedro 

Manrique-043 
1957-2008 52 CEMAS-1191  2007-2009 3 

IF1 Valderrobres-

109 
1970-2008 39 CEMAS-1375 2007-2009 3 
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