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ZUSAMMENFASSUNG
Weltweit wird es für Wasserversorger zunehmend schwieriger ausreichende und bezahlbare Wassermengen für die verschiedenen Wassernutzungssektoren zur Verfügung zu stellen ohne dabei
Flussökosysteme und ihre wertvollen Ökosystemdienstleistungen zu gefährden. Seit 1950 hat sich die
menschliche Bevölkerung fast verdreifacht, die Wasserentnahme vervierfacht und der Bau von großen
Staudämmen verachtfacht. Die zeitliche und räumliche Veränderung von Stromabflüssen ist eine der
gravierendsten Folgen des globalen Wandels und weitere Beeinträchtigungen sind aufgrund des wachsenden Bevölkerungsdrucks und der projizierten klimatischen Veränderungen zu erwarten. Die Auswirkungen wurden in zahlreichen hydrologischen Studien behandelt, jedoch mit einem klaren Fokus
auf menschliche Wasserbedürfnisse. Ökologische Wasserbedürfnisse hingegen wurden oft vernachlässigt oder sehr vereinfacht dargestellt. Die Geschwindigkeit und die Intensität, mit der der Verlust an
Artenvielfalt voranschreitet, übertrifft bei weitem die Fähigkeit der Wissenschaftler globale ökologische Konsequenzen mit einzelnen Fallstudien abzuschätzen. Somit besteht ein dringender Bedarf ökologische Folgen großskalig zu bewerten. Das Ziel dieser Arbeit besteht darin verschiedene direkte (d.h.
Staudammsteuerung und Wassernutzung) und indirekte (d.h. Klimawandel) Auswirkungen menschlichen Handelns auf globale und kontinentale Abflussregime zu modellieren. Dies ermöglicht räumliche
und zeitliche Änderungsmuster aufzudecken und Regionen mit besonders hohem Risiko systematisch
zu identifizieren.
Aufgrund der Komplexität von Flussökosystemen basieren die Studien dieser Arbeit auf folgenden
Grundprinzipien: (i) dem ‚Natural Flow Paradigm‘, (ii) der Erkenntnis, dass verschiedene Abflüsse
unterschiedliche ökologische Funktionen haben und (iii) dem ‚Flood Pulse Concept‘. Folglich werden
in dieser Arbeit verschiedenartige Abflussparameter berücksichtigt, um die Abweichungen vom natürlichen Abfluss zu bestimmen. In zahlreichen Modellexperimenten wurden tägliche Abflusszeitreihen
von modifizierten und natürlichen Abflussregimen mithilfe des globalen hydrologischen Modells WaterGAP3 simuliert. WaterGAP3 entspricht dem aktuellen Stand der Forschung und wurde im Rahmen
dieser Arbeit weiter verbessert. So berücksichtigt das Modul für die Staudammsteuerung jetzt 6025
große Staudämme und unterscheidet fünf verschiedene Staudammtypen. Außerdem beinhaltet WaterGAP3 nun die Wassertransfers von 480 großen Städten, inklusive deren 1642 Entnahmestellen. Um
die Fähigkeit von WaterGAP3, unterschiedliche Abflussparameter abzubilden, zu quantifizieren, wurde eine Validierung gegenüber gemessenen Zeitreihen für alle 32 ‚Indicators of Hydrological Alteration‘ durchgeführt. Insgesamt zeigte sich, dass simulierte Hochwasserspitzen höher in der Magnitude,
kürzer in der Dauer und zeitlich früher im Vergleich zu gemessenen Daten auftreten. Niedrigwasserspitzen hingegen tendieren zu einer niedrigeren Magnitude und treten zeitlich später sowie seltener
auf. Vorschläge für die Verbesserung von spezifischem Modellverhalten beinhalten eine Überarbeitung
des Algorithmus der variablen Fließgeschwindigkeit und die Berücksichtigung von Flussauenspeichern.
In der ersten Studie wird eine Methode erstellt, die es ermöglicht den bordvollen Abfluss (Qbf) für
jede einzelne Zelle eines großskaligen Rasters abzuschätzen. Qbf ist ein relevanter Parameter für eFlow
Auswertungen, da er den Punkt kennzeichnet, bei dem sich der Fluss hydraulisch mit der angrenzenden Flussaue verbindet, und verschiedene ökologische Prozesse sich radikal ändern. Die vorgeschlagene Methodik basiert auf Hochwasserhäufigkeitsanalysen und verwendet die partielle Reihe, eine
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statistikbasierte Grenzwertauswahl und die generalisierte Pareto Verteilung. Die zugrundeliegenden
täglichen Abflussreihen wurden mithilfe von WaterGAP3 simuliert. Eine Validierung gegenüber beobachteten Daten zeigte, dass Qbf mit einer hohen Modelleffizienz (E1=0.71) und gewichteten Korrelation (ωr2=0.90), sowie einer systematischen Überschätzung von 22,8% zufriedenstellend abgeschätzt
werden kann. Die Validierung von alternativen Ansätzen ließ erkennen, dass die Verwendung von täglichen Klimaeingabedaten eine Grundvoraussetzung ist. Die partielle Reihe lieferte geringfügig bessere Ergebnisse als die jährliche Reihe, wobei die Auswahl eines geeigneten Grenzwertes entscheidend
war. Die Auswahl der Verteilungsfunktion hatte keinen signifikanten Einfluss.
Hauptsächlich aufgrund der Veränderung von hydrologischen Prozessen verschwinden fluviogene
Feuchtgebiete zunehmend. Ihre ökologische Intaktheit sowie ihre wertvollen Ökosystemdienstleistungen hängen von regelmäßigen Überschwemmungen natürlicher Abflussregime ab. Somit wurde in einer Studie für 93 fluviogene Ramsar Feuchtgebiete die Veränderung der Überschwemmungen untersucht. Unter Berücksichtigung von Staudamm-Management, Wassernutzung und Wassertransfers größerer Städte wurden fluviogene Feuchtgebiete mit erheblich reduzierten Überschwemmungen auf allen
Kontinenten gefunden. Insgesamt zeigten 29% der Feuchtgebiete erheblich reduzierte Überschwemmungsfrachten und weitere 8% waren signifikant beeinflusst. In der Zukunft werden die Beeinträchtigungen weiter zunehmen. Große Staudamminitiativen finden in einem Drittel der Gebiete flussaufwärts statt, insbesondere in Südamerika (67% der Fälle), Asien (60%) und Afrika (47%). Des Weiteren
zeigen Länder der Balkanhalbinsel in Europa eine hohe Aktivität im Errichten neuer Staudämme. Aufgrund des Klimawandels werden sich bis zu den 2050ern die Überschwemmungsfrachten für 41% der
Feuchtgebiete verringern - unter Berücksichtigung des Ensemble Medians aus fünf ausgewählten
Klimaprojektionen. Dabei kann für 16% der Standorte der Rückgang signifikant oder sogar erheblich
sein. Als Gebiete mit hohem Risiko wurden Osteuropa, Westasien sowie die Mitte von Südamerika
identifiziert. Mögliche Gegenmaßnahmen umfassen adaptive Staudammsteuerung, Bereitstellung von
eFlows, Erhöhung der Wassernutzungseffizienz und verbessertes Hochwassermanagement. Die Einführung dieser Maßnahmen ist jedoch oft eine komplexe Aufgabe und wird insbesondere durch fehlende gesetzliche und institutionelle Regelungen und Interessenskonflikte verhindert. So fehlt bei ungefähr der Hälfte aller Standorte, und insbesondere in Asien und Afrika, die Berücksichtigung ökologischer Wasserbedürfnisse in der nationalen Gesetzgebung. Grenzüberschreitende Flüsse der Länder
Ukraine, Weißrussland und Russland sowie der Amazonasregion weisen hingegen eine niedrige institutionelle Kapazität auf. Des Weiteren wird gezeigt an welchen Standorten ein starker Wettbewerb um
die Ressource Wasser vorherrscht und somit die Erhöhung der Wassernutzungseffizienz hilfreich sein
könnte, um Interessenskonflikte zu vermeiden.
Die Auswirkungen des Klimawandels auf die Überschwemmung von fluviogenen Feuchtgebieten
wurden anhand von drei Indikatoren (Hochwasserfracht, -dauer und -zeitpunkt) in einer weiteren Studie für Europa analysiert. Sie bestätigt, trotz der Verwendung von drei unterschiedlichen Klimaprojektionen für die 2050er, die reduzierten Hochwasserfrachten für Feuchtgebiete in Osteuropa. Außerdem
zeigt sie, dass Hochwasser in Osteuropa wahrscheinlich einen Monat früher auftreten werden. Als
Hauptgrund dafür konnten die im Frühjahr durch Schneeschmelze induzierten Hochwasserspitzen
ausgemacht werden, welche unter Klimawandel niedriger ausfallen und vorzeitig stattfinden. Gemäß
einer Literaturrecherche beinhalten die Konsequenzen verringerte Flussauenhabitate, Besiedlung
durch mehr terrestrische Arten und Invasoren sowie einen Rückgang in Fischproduktion und -vielfalt.
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Die vorzeitigen Hochwasser könnten bestimmte Habitate unerreichbar machen, sowie die Lebenszyklen von Flora und Fauna auf unterschiedlichen Ebenen beeinflussen. So könnte zum Beispiel die Verteilung von Samen und das Ansiedeln der Gattungen Weide und Pappel beeinträchtigt sein.
In der letzten Studie dieser Arbeit wird die ERFA-Methode zur Quantifizierung des ökologischen
Risikos durch Abflussregime-Modifizierungen für tägliche Zeitreihen angepasst und angewendet, um
die Veränderung diverser Abflussparameter unter Klimawandel sowie die verschiedenen Dynamiken
in den unterschiedlichen Klimazonen von Europa zu beschreiben. Dazu wurden unter Berücksichtigung von drei Klimaprojektionen zukünftige Abflussregime für die 2050er modelliert. Die Abweichungen vom natürlichen Abflussverhalten wurden anhand von 24 nicht redundanten und ökologisch
relevanten Indikatoren bewertet. Magnitude, Zeitpunkt, Häufigkeit, Dauer und Änderungsrate bestimmter Abflüsse werden berücksichtigt, wobei sowohl der Durchschnittswert als auch die jährliche
Variabilität der 30-Jahresperiode mit in die Bewertung einfließen. Ergebnisse zeigen, dass der Klimawandel insbesondere in der mediterranen (aufgrund von reduzierten Niederschlägen über das Jahr
hinweg) und der borealen Klimazone (aufgrund von geringerer Schneemasse, zunehmenden Niederschlag und stark ansteigenden Temperaturen) Abflussregime verändern wird. In der temperierten Klimazone nehmen die Veränderungen vom ozeanischen hin zum kontinentalen Klima zu. In der trockenen mediterranen Zone werden die monatlichen Abflüsse wahrscheinlich in allen Monaten zurückgehen in den 2050ern, was aufgrund der hohen Wasserentnahmen für Feldfruchtbewässerung in dieser
Region zu Interessenskonflikten führen kann. In der borealen Klimazone wurden die stärksten Auswirkungen auf den Zeitpunkt von Hoch- und Niedrigwässern identifiziert, was insbesondere Arten beeinträchtigen könnte, deren Lebenszyklusphasen an das zeitliche Auftreten von extremen Abflüssen
gekoppelt sind. In der kontinentalen temperierten Zone werden wahrscheinlich insbesondere die Niedrigwässer über Sommer durch den Klimawandel reduziert, was zum einen die Wasserqualität der Flüsse als auch die Wasserversorgung der großen Sektoren Energieerzeugung und Bewässerung weiter beeinträchtigen kann. Am Ende dieser Studie werden für alle sechs Klimazonen typische Abflussregime
unter Klimawandel detaillierter beschrieben.
Die entwickelten Ansätze dieser Arbeit in Kombination mit dem Modellsystem WaterGAP3 bieten
eine wissenschaftlich fundierte Grundlage für weitere großskalige Studien an der Schnittstelle zwischen anthropogenem und ökologischem Wasserstress. Diese werden für eine nachhaltige Wassernutzung dringend benötigt.
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SUMMARY
Worldwide water managers see themselves increasingly challenged to allocate sufficient and
affordable water supplies to different water use sectors without further degrading river ecosystems and
their valuable services to mankind. Since 1950 human population almost tripled, water abstractions
quadrupled, and large dam construction octuplicated. The alteration of river flows, temporally and
spatially, is one of the main consequences of global change and further impairments can be expected
given growing population pressure and projected climate change. The implications have been
addressed in numerous hydrological studies, but with a clear focus on human water demands.
Ecological water requirements have often been neglected or addressed in a very simplistic manner. As
pace and intensity of biodiversity loss exceed by far the ability of scientists to evaluate ecological
consequences globally by means of case studies, there is urgent need to assess ecological implications
on larger scales. This thesis aims at modelling different direct (i.e. dam operation and water use) and
indirect (i.e. climate change) impacts of human activities on global and continental river flow regimes,
and evaluating their consequences for river ecosystems. This allows capturing spatial and temporal
patterns of change and systematically identifying hotspots of potential risk.
Due to the complexity of river ecosystems, assessments of this thesis are based on (i) the natural
flow paradigm, (ii) the perception that different flows have different ecological functions, and (iii) the
flood pulse concept. Consequently, various ecologically relevant flow characteristics are considered in
the assessments to investigate deviations from natural flow. Daily time series of modified and natural
flow regimes were simulated in several model experiments by one of the current state-of-the-art global
hydrology models WaterGAP3. In the context of this thesis WaterGAP3 has been further improved.
The dam module now takes into account the operation of 6,025 large dams and distinguishes
optimisation schemes of five different dam types. Additionally, water transfers of 480 larger cities and
their 1,642 withdrawal points were implemented in the model. In order to quantify the ability of
WaterGAP3 to reproduce specific flow characteristics, a validation against observed data was
conducted for all 32 Indicators of Hydrological Alteration. Altogether, simulated flood peaks tend to
be higher in magnitude, shorter in duration, and happen earlier and more often in comparison to
observed data. Low flow pulses tend to be lower in magnitude, occur later in the year and not as
frequent. Suggestions for improving specific model behaviour include revising the variable flow
algorithm and implementing floodplain storages in the model.
First, a methodology is established which allows estimating bankfull flow (Qbf) for each grid cell
of a large-scale raster. Qbf is a relevant parameter in eFlow assessments as it marks the point where
rivers hydraulically connect to adjacent floodplains and several ecological processes radically change.
The proposed method is based on flood frequency analysis and applies the partial duration series
(PDS), an increasing threshold censoring procedure, a declustering scheme and the generalised Pareto
distribution. The underlying daily discharge data were modelled by WaterGAP3. A validation against
observed data shows that Qbf can be reasonably estimated with a high model efficiency (E1=0.71) and
weighted correlation (ωr2=0.90), as well as a systematic overestimation of 22.8%. The validation of
alternative approaches indicates that the application of daily climate input is a basic prerequisite. The
PDS provides slightly better estimates than the annual maximum series (AMS). While the choice of
the distribution function has no significant impact, the threshold setting in the PDS is crucial.
VI

Riparian wetlands are progressively disappearing mainly due to alteration of hydrological
processes. Their ecological integrity as well as their vital ecosystem services for mankind depend on
regular inundation patterns of natural flow regimes. Hence, major hydrological threats were assessed
for 93 riparian wetlands of international importance. Considering dam operation, water consumption
of five different sectors and water transfers of larger cities, riparian wetlands with seriously reduced
inundation patterns were found on all continents. Altogether, 29% of the sites possess seriously
decreased flood volumes (>40%), while other 8% are significantly affected (>30%). Impairments are
likely to increase in the future. Major dam projects are initiated in one third of the upstream areas with
potential ecological impacts especially for wetlands in South America (67% of the sites), Asia (60%)
and Africa (47%). Additionally, countries of the Balkan Peninsula in Europe show a high activity in
regard to the construction of new dams. Due to climate change the average flood volume is likely to
decrease at 41% of the sites in the 2050s as indicated by the ensemble median of 5 GCM projections.
At 16% of the sites reductions can be significant or even serious. As hotspots, Eastern Europe,
Western Asia as well as the centre of South America were identified. Counteractive measures include
adaptive dam management, eFlow provisions, water use efficiency enhancement, and improved flood
management. However, their implementation is a complex task and often hindered due to missing
legal/ institutional arrangements and conflicts of interests. Establishing eFlow provisions in the
legislative framework at about half of the sites and especially upstream of Asian and African sites
could support the conservation of riparian wetlands. The same applies for enhancing transboundary
institutional capacity particularly for rivers of the Ukraine, Belarus and Russia as well as the Amazon
basin. Additionally, wetlands with a high water resource competition in the upstream area were
determined. Here, water use efficiency enhancement could be helpful to avoid conflicts.
The impact of climate change on riparian wetland flooding was addressed in another study for
Europe by means of three different indicators (flood volume, duration and timing). It confirms the
reduced flood volumes for Eastern Europe, although three different climate realisations were applied
for the 2050s. Additionally, high flows are likely to appear one month earlier in Eastern Europe. As a
main reason, lower and earlier snowmelt induced flood peaks were identified. According to a literature
survey, consequences of decreasing flood pulses include reduced floodplain habitats, colonisation by
more terrestrial species or invaders, and declined fish production and diversity. The earlier spring
floods can make habitats unreachable and affect life cycles of biota on various levels of scale. For
example, seed dispersal and settlement for genera like willow or poplar are likely to be affected.
In the last assessment of this thesis, a methodology to quantify ecological risk due to flow
alteration (ERFA methodology) was adjusted and applied to daily time series in order to describe
shifts of various flow parameters under climate change, and identify diverse dynamics for each distinct
climate zone in Europe. Therefore, climate change-induced flow alterations of the 2050s were
modelled taking into account three different GCM-projections. Deviations from natural conditions
were assessed by a set of 24 non-redundant, ecologically relevant indicators. These indicators address
changes in flow magnitude, timing, frequency, duration, and rate of change, and for each flow
parameter the average and the inter-annual variability of the 30-year period are taken into account.
Results indicate that climate change can be expected to modify flow regimes especially in the
Mediterranean (due to drier conditions with reduced precipitation throughout the year) and in the
boreal climate zone (due to strong reduction in snow melt, increased precipitation, and strong
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temperature rises). In the temperate climate zone, impacts increase from oceanic to continental climate
with highest impacts around the Carpathians and the Balkan mountains. In the dry Mediterranean
zone, flow magnitudes are likely to be lower in all months of the year in the 2050s, which could lead
to conflicts regarding the high water abstraction for irrigation in this region. Strongest impacts on both
high and low flow timing were found for the boreal climate zone. This is likely to affect especially
species whose key life-cycle phases are linked to the timing of annual extremes. In the temperate
continental climate zone, climate change is likely to further reduce low flows during summer which
could interfere with water quality and water provisions for the sectors electricity and irrigation. High
flow pulses are likely to occur earlier in the year and be lower which would affect riparian wetland
inundation. In the northern climates (particularly Norway and Sweden), high flows tend to be
increased due to remarkably higher projected winter precipitation and faster proceeding snowmelt in
spring. At the end, typical future flow regimes under climate change are illustrated in detail for each
climate zone.
The established approaches in this thesis in combination with the modelling framework
WaterGAP3 provide a sound basis for further large-scale assessments at the intersection of human and
ecological water stress, which are urgently needed to support a sustainable path into the future.
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CHAPTER 1
1 INTRODUCTION
1.1

Background
“A major challenge for society is to satisfy the growing demands for food and water, without
degrading natural ecosystems and the services they provide.” (Sullivan et al., 2006)

Today water managers worldwide are increasingly challenged to allocate sufficient and affordable
water supplies to different water use sectors of growing human population. Their provisions have
brought about many socioeconomic benefits for mankind in the past. For example, in the agricultural
sector, irrigation raises crop productivity, enables cultivation in more arid environments, reduces crop
losses associated with dry periods, triggers economic growth, and is crucial for global food security
(FAO, 2002; Hanjra and Qureshi, 2010). About 40% of crop production and almost 60% of cereal
production is provided by irrigated agricultural land (FAO, 2002; Abdullah, 2006). In the electricity
sector, cooling with freshwater enables the generation of thermoelectric power. 80% of global
electricity production stems from thermal power plants driven by coal, oil, gas, biomass or nuclear
energy carriers (Flörke et al., 2011; Byers et al., 2014). Each day important commodities such as food,
paper, chemicals, electronics, metals, gasolines and oils are produced and depend on freshwater
availability. Approximately, 7% of global water withdrawals are used to fabricate, wash, dilute,
process, cool or transport all these commodities from different manufacturing industries (Bakkes et al.,
2008). Furthermore, freshwater provisions fulfil basic human needs and are essential for drinking,
cooking, sanitation and personal hygiene.
All these benefits gained from water provisions for anthropogenic purposes, however, have been
achieved with little consideration of ecological consequences. Today, the vast majority of rivers
worldwide are being tapped for water provisions with often serious impairment in the long run to their
ecological integrity and diversity (Richter et al., 2011). River systems are considered to be the most
threatened ecosystems on the planet (Malmqvist and Rundle, 2002). Their loss of biodiversity is
proceeding faster than in marine or terrestrial ecosystems (Jenkins, 2003; UNESCO, 2003) and at a
rate comparable to historical periods of great extinctions (Brown and Lomolino, 1998). These
statements are endorsed by several studies. For example, Ricciardi and Rasmussen (1999) quantified
recent extinction rates of North American freshwater fauna to 0.5 per cent per decade on average and
five times higher than the rates for terrestrial fauna. Indicating changes of fish, bird, reptile, amphibian
and mammal populations, the global freshwater living planet index (LPI) decreased by 76% between
1
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1970 and 2010, compared to 39% for both marine and terrestrial LPIs (WWF, 2014). Based on
freshwater invertebrates indexed as vulnerable, endangered, or extinct in the IUCN Red List, Strayer
and Dudgeon (2010) estimated that on a global scale 10,000 to 20,000 freshwater species are likely to
be either extinct or at risk due to human activities. In addition to declines in species diversity,
freshwater habitats are disappearing worldwide as well. Although the extent of wetlands entails a high
level of uncertainty at the global level and varies between different inventories (MEA, 2005a), 64-71%
of all wetlands are estimated to have been lost since 1900 (Davidson, 2014). Even higher numbers are
reported for floodplain wetlands. For example, in Europe and North America up to 90% of all
floodplains are functionally extinct and in developing countries they are vanishing at an accelerating
rate, predominantly due to hydrological changes (Revenga et al., 2000; Tockner and Stanford 2002).
Dudgeon et al. (2006) classified threats to freshwater biodiversity into five interacting categories:
flow modification, habitat degradation, water pollution, overexploitation, and species invasion.
Modifications of natural flow regimes are often regarded as the most serious and enduring threat to
ecological integrity of rivers (Sparks, 1995; Ward et al., 1999; Norris and Thoms, 1999; Bunn and
Arthington, 2002; Poff et al., 2007) and their strong impacts on river ecosystems have been well
documented in numerous case studies (e.g. Petts, 1984; Cushman, 1985; Nilsson and Berggren, 2000;
Stromberg et al., 2007; Merritt and Poff, 2010). Conducting a review of 165 papers, Poff and
Zimmermann (2010) found that in 92% of the case studies ecological consequences were reported as a
result of flow alteration. Similar outcomes (86% of 65 case studies) were reported in a review of Lloyd
et al. (2004). Today, natural patterns of flow are modified worldwide by different human activities. A
significant shift emerged in the 1950s, when global change began to accelerate (Steffen et al., 2004).
Since then, population more than doubled and human activity to satisfy the needs for water, food,
energy and goods increased massively. The construction of dams brought about many benefits in
regard to water supply (domestic, agricultural and industrial), hydropower generation, flood control
and navigation. Today, they contribute to 12-16% of global food production and 19% of global
electricity generation (WCD, 2000; Froehlich et al., 2007; Richter and Thomas, 2007). However, since
1950 the number of large dams has increased eightfold from 5,750 to more than 47,000 (ICOLD,
2007; Richter and Thomas 2007). These dams can retain nearly 8,300 km3 of water, which represents
about 20% of annual global runoff (Biemans et al., 2011), and fragment approximately 60% of the
world’s rivers (Revenga et al., 2000; Nielsson et al., 2005). Consequently, dams have considerable and
widespread influence on river flow regimes and affect natural dynamics of important habitats such as
riparian wetlands, floodplains, estuaries and deltas. River flows are further modified by water
abstractions, which reduce the amount of water in rivers. According to AQUASTAT statistics, 3,856
km3 of water were withdrawn globally in the year 2003 (FAO, 2010). The main fraction was used for
agricultural (70%) followed by industrial (19%) and domestic purposes (11%). Since 1950, total water
abstractions quadrupled (Steffen et al., 2004) and Flörke et al. (2013) computed that simulated
domestic and industrial water uses increased from ca. 300 km3 in 1950 to 1,345 km3 in 2010. The
impact of water usage on river flow regimes varies at different locations. Although large amounts of
freshwater are available on global scale, locally it can be scarce due to the spatial and temporal uneven
distribution. For example, river flows of major rivers such as Colorado, Ganges, and Huang He Rivers
do not reach the sea for most of the time in the year due to upstream water withdrawals (Richter et al.,
2003). Water requirements of river ecosystems are often neglected, however, water allocations to
nature are in many cases difficult as nearly 80% of the world’s population live in areas exposed to
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high levels of threat to water security (Vörösmarty et al., 2010). In fact, in regions where natural water
availability is not sufficient to fulfil human water demands, an increasingly frequent applied solution
is to establish man-made infrastructure to transfer water for much needed water supplies (Davies et al.,
1992). Especially large cities, which spatially concentrate freshwater demands of millions of people
into small areas, currently divert 184 km3 of water over a distance of 27,000 km (McDonald et al.,
2014) causing inter- and intra-basin transfers. Altogether, more than 63,000 km of canals have been
constructed to supply water for domestic, agricultural and industrial purposes as reported by
Abramovitz (1996). Any transfer of water causes flow alterations and thus, has ecological, physical
and chemical ramifications for both donor and recipient river system.
In coming decades, the challenge for society to balance human and ecosystem water requirements
will intensify even more with the projected increase in human population and associated needs for
water. Each year, global population is growing by about 80 million people and estimates suggest that,
on its current growth trajectory, more than 9.6 billion people will populate this planet by the 2050s
(Population Reference Bureau, 2015). Alcamo et al. (2007) found in their simulations, that total water
withdrawals worldwide could increase from 3,594 km3/year in 1995 to 4,931-5,125 km3/year in 2055,
depending on the scenario. Shen et al. (2008) even expects that global water withdrawals will exceed
6,000 km3/year in 2055. Additionally, development of dams and water infrastructure will continue in
the future. In the last six decades, the global number of dams rose tremendously and is forecasted to
further increase, especially in developing countries (Grill et al., 2015). In order to satisfy energy
demands of the growing world population, currently more than 3,700 large hydropower dams are
planned or under construction (Zarfl et al., 2015). Furthermore, in the near future, climate change has
the potential to play a crucial role in modifying river flow regimes on the global scale. Firstly, climate
change has an impact on river flow regimes directly due to rising temperatures and changing
precipitation amounts and patterns. Higher temperatures could potentially increase evaporation rates
from surfaces and transpiration by plants, which would lead to a reduction in runoff (Frederick and
Major, 1997). In addition, in snow or glacier-affected river basins, runoff is altered by a decline in
meltwater (Verzano and Menzel, 2009b). Regionally and seasonally differing developments are
simulated for precipitation amounts and patterns (IPCC, 2007a) which will cause, depending on the
location and season, higher or lower runoff values in the future (Alcamo et al., 2007). Secondly,
climatic changes can generate or aggravate water-supply shortages in some regions of the world and
thus, threaten agricultural yields, economic gains or even human lives. These implications are likely to
encourage engineering solutions such as dams and diversions, so that climate change is an important
driver of further water infrastructure development. Hence, climate change also indirectly alters river
flow regimes (Strayer and Dudgeon, 2010; Poff and Matthews, 2013). Thirdly, the belief in
stationarity (i.e. a time-invariant probability distribution of any variable in a natural system) has been
abandoned due to global warming. It is anticipated that climate change will accelerate the hydrological
cycle with an increasing frequency and intensity of extreme weather events such as floods and
droughts (Milly et al., 2008; Brown, 2010). Again, this could lead to increased water stress for river
ecosystems, but also to more human flood fatalities and property losses, which will demand for waterengineering responses such as dams and levees (Arthington et al., 2006; Kundzewicz et al., 2007).
Considering current trends and emerging forces (i.e. climate change, water scarcity, development
pressures, and energy crisis), the complex conflicts between different water use sectors, and between
river development and ecosystem conservation can be expected to further increase in the near future.
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As a consequence, the accelerated loss of biodiversity is likely to continue, and major changes in
biodiversity and ecosystem services are expected by 2050 (Jenkins, 2003; MEA, 2005b; Allan et al.,
2005; Revenga et al., 2005; Richter, 2009; CBD, 2014). However, there is growing awareness among
scientists and policy makers that biodiversity, river ecosystem integrity, and inherent ecosystem goods
and services need to be sustained, and water demands of anthropogenic water use sectors should be
balanced with ecological water requirements. An important cornerstone was the Earth Summit (United
Nations Conference on Environment and Development) 1992 in Rio de Janeiro (Acreman et al., 2014),
which proclaimed in its Declaration to “equitably meet developmental and environmental needs of
present and future generations” (Principle 3) and that “development and environmental protection are
interdependent and indivisible” (Principle 25). Petts (1996) stated that the Rio Declaration has major
consequences on how we use and manage our water resources. Acreman and Dunbar (2004)
concluded that a logical extension to the Rio outcomes is to grant water rights to river ecosystems
besides the rights demanded by humans. Water provisions for nature have been considered as a key
element in international policies (e.g. the Ramsar Convention on Wetlands, Convention on Biological
Diversity) as well as in national water laws (e.g. UK Water Resources Act 1963, US Clean Water Act
1972, French Freshwater Fishing Law 1984, Swiss Water Protection Act) (Gleick et al., 2006;
Forslund, 2010; Acreman et al., 2014). After the Rio Summit, several national laws have been
amended (see Gleick et al., 2006; Chen et al., 2013). To name some examples: In 1994, the Australian
Water Reform called for “allocations for the environment as a legitimate user of water” and providing
“a better balance in water resource use including appropriate allocations to the environment in order to
enhance/ restore the health of river systems” (Attachment A). The South African National Water Act
of 1998 requires to determine “the Reserve” for water resources, which consists of two parts, the
“basic human needs reserve” (i.e. water for essential human needs such as drinking, food preparation
and personal hygiene) and the “ecological reserve” (i.e. water to protect aquatic ecosystems) (Chapter
3, Part 3). Water provisions to other water use sectors such as agriculture and industry have a lower
priority and shall be allocated “after the requirements of the Reserve […] have been met” (Chapter 4,
Part 8). Furthermore, these developments are reflected in the European Union Water Framework
Directive (WFD; 2000/60/EC), which was adopted in 2000 and demands its Member States to protect
and restore water bodies in Europe, aiming for a “Good Ecological Status” for most rivers by 2015.
For the purposes of environmental protection, “natural flow conditions of water within the
hydrological cycle” shall be taken into account (Article 34) and “quantity and dynamics of water
flow” are named as a quality element for the classification of ecological status (Annex V, 1.1.1.). In
2010, the new German Federal Water Act (WHG) entered into force and contains a paragraph on
minimum flow provisions for the first time (Article 33). This paragraph only permits water
abstractions and impoundments, when ecological requirements specified in Article 6(1) and Articles
27-31 are met.
Despite the political and legal progress, water provisions for river ecosystems are still assigned a
low priority in water management (Poff et al., 1997; Revenga et al., 2000; Smakhtin et al., 2004a),
much less funds have been invested into river ecosystem conservation in comparison to human water
security (GEF, 2008; Vörösmarty et al., 2010), and in many countries ecological water requirements
have never been assessed until today (Smakhtin and Eriyagama, 2008; Richter, 2009). Thus, most
river reaches and wetlands worldwide remain vulnerable to overexploitation (Poff et al., 2009; Richter
et al., 2011). A stakeholder survey of Moore (2004) revealed that the main obstacles for environmental
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flow application are a lack of understanding of socio-economic costs and benefits as well as a lack of
political will. In the past and still today, environmental flows (eFlows) 1 are practised in a ‘reductionist
mode’ (Richter, 2009; Poff and Matthews, 2013). That is, they are restricted to low flow provisions
and/ or conservation of single species such as valued game fish. However, considering river
ecosystems and their complex water requirements can lead to high social and economic benefits in the
mid and long term. Intact river systems provide natural capital (e.g. clean water, food, materials, and
energy) and valuable ecosystem services (e.g. water purification, waste assimilation, flood storage,
local livelihoods and recreation areas) to mankind (de Groot, 1987; Gleick, 1998; Postel and Richter,
2003; MEA, 2005a). While economic benefits of industrial, agricultural and domestic water uses are
well quantified, this is seldom done for ecological benefits as their quantification in market terms is
more difficult. However, several studies provide monetary values for river ecosystem services. For
example, the Colorado River basin is expected to generate economic benefits of US$69.2 billion to
US$496.4 billion each year (Batker et al., 2014), and the floodplain wetlands of the Danube 650
million Euro per year (Gren et al., 1995). On a global scale, the monetary value of ecosystem services
from freshwater ecosystems was estimated at US$6.5 trillion per year by Costanza et al. (1997), and
more recently, a global economic assessment of ‘The Economics of Ecosystems and Biodiversity’
(TEEB) determined the value of the world’s wetlands at US$3.4 billion per year (Brander and Schuyt,
2010). Despite the adherent uncertainty of these numbers, all these estimations show that the value of
freshwater ecosystems to mankind should not be neglected and that considering ecological water
requirements within the Integrated Water Resources Management (IWRM) framework can have
ecological, social, cultural and economic benefits.
Among scientists there is now a strong consensus that (i) freshwater ecosystems should be
considered as ‘legitimate users’ of water, whose water requirements should be taken into account in
allocation schemes in-line with other water use sectors (Naiman et al., 2002; Postel and Richter,
2003), and (ii) components of natural flow variability need to be maintained or restored to some
degree to minimise ecological consequences (Poff et al., 1997; Postel and Richter, 2003; Arthington et
al., 2006; Richter 2009). In order to define the amount of water that should be kept in the river and the
degree of acceptable flow modification, the concept of environmental flows has evolved. While this
concept is clearly concerned with sustaining river ecosystems by mitigating unfavourable hydrological
impacts of dams and water management, it aims to benefit society, economy and environment (Dyson
et al., 2008). As balancing environmental flows with water demands of other water use sectors is often
a controversial issue due to different interests of various stakeholders, the concept currently embraces
social sciences and strives for ‘social-ecological sustainability’ (Pahl-Wostl et al., 2013; Poff and
Matthews, 2013; Acreman et al., 2014). Over the years, the environmental flow concept has
continuously evolved in response to emerging challenges. In its early phase, it was applied at river
reach scale (usually below larger dams) and in the context of flow restoration. Since then, more than
200 individual environmental flow methodologies have been practised in 44 countries (Tharme, 2003).
With the identification of global stressors such as climate change, the concept opened up to an era of
globalisation in the mid-2000s (Poff and Matthews, 2013). Nowadays, river flow regimes are modified
worldwide. The pace and intensity of human development as well as the rapid decline in biodiversity
1

As widely used now in the scientific literature, the term ‘environmental flows’ is applied in this study to describe “the hydrological regime
required to sustain freshwater and estuarine ecosystems, and the human livelihoods and well-being that depend on them.” (Acreman et
al., 2014)
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exceed by far the ability of scientists to evaluate ecological consequences with global coverage on a
river-by-river basis (Poff et al., 2009). This situation clearly asks for large-scale assessments, which
are able to provide quantitative evaluations of anthropogenic river flow regime modifications on
global and continental scales.

1.2

Scientific objectives

Given the situation as outlined in the previous section, this thesis aims at supporting the
environmental flow community by assessing river flow regime alterations on global and continental
scales to foster the discussion on balancing water requirements of river ecosystems and anthropogenic
water use sectors. It is now widely accepted that (i) any artificial flow modification affects the river
ecosystem (Acreman and Dunbar 2004) and (ii) river flow constitutes a key variable, which
determines important characteristics of the river ecosystem (Power et al., 1995; Poff et al., 2009) and
mediates transfers of matter, energy or organisms within the system (Pringle 2003). Consequently, this
thesis focuses on hydrology. Below, the current state of research is described regarding large-scale
environmental flow assessments and how this thesis aims to advance this field of eco-hydrological
research.
In the last twenty years global and continental water resources have been assessed in the scientific
literature with the development of large-scale hydrological models (Alcamo et al., 1997, 2003a;
Vörösmarty et al., 1998; Arnell, 1999a; Fekete et al., 1999; Takahashi et al., 2000; Döll et al., 2003;
Hanasaki et al., 2007, 2008; van Beek and Bierkens, 2009). At these scales the impacts of climate
change and/ or water use on river flows have been analysed in various studies (e.g. Arnell, 1999b,
1999c, 2000, 2004; Parry, 2000; Vörösmarty et al., 2000; Oki et al., 2001; Alcamo and Henrichs,
2002; Alcamo et al., 2003b, 2007; Oki and Kanae, 2006; Rockström, et al., 2009; Hoff et al., 2010).
These studies brought about important knowledge by identifying global change effects on annual (and
seasonal) water availability and hotspots of current or future water stress. Typically indicators such as
‘per capita annual water availability’ and ‘the mean annual withdrawals-to-availability ratio’ were
applied. Only a few large-scale studies took into account specific flow characteristics or extreme flow
events such as floods and droughts. Nohara et al. (2006) evaluated the impact of climate change on
monthly hydrographs for 24 major rivers in the world. With a focus on extreme events, changes in
flood hazards and hydrological droughts occurrences have been analysed for different climate
scenarios by Prudhomme et al. (2002), Voss et al. (2002), Lehner et al. (2006), Dankers and Feyen
(2009), and Feyen and Dankers (2009). Dam impact studies were conducted mostly on regional scales
(e.g. Magilligan and Nislow, 2005; Fitzhugh and Vogel, 2010). Large-scale studies considered
reservoir capacity or river fragmentation (Dynesius and Nilsson, 1994; Nilsson et al., 2005) and/or
concentrated on irrigation, mean water availability or sediment transport (Vörösmarty et al., 1997;
Biemans, 2011). However, recently dam operation schemes became available for large-scale
modelling purposes (Coe, 2000; Hanasaki et al., 2006; Haddeland et al., 2006; Van Beek et al., 2011).
All the large-scale impact studies mentioned above have in common that they took into account longterm average flow conditions, focused on water scarcity with consequences for direct human water
requirements (e.g. basic human needs or food production shortfalls), or identified regions with a risk
for increases in flood extremes (i.e. floods with higher return periods).

6

INTRODUCTION

While ecological water requirements have been evaluated for river reaches or single basins in
various studies (e.g. Poiana and Johnson, 1993; Auble et al., 1994; Ellison and Bedford, 1995; Toner
and Keddy, 1997; Nislow et al., 2002; Piniewski et al., 2012; Moore et al., 2012), they have been
neglected in large-scale assessments. However, in the last ten years, a few researchers took first
important steps: Smakhtin et al. (2004b) were the first who assessed environmental water requirements
on a global scale. Based on monthly flow data, they estimated mean annual environmental water
requirements (EWR) by summing up the calculated low flow requirements (LFR; represented by a Q90
baseflow) and high flow requirements (HFR; represented by zero to 20% of mean annual runoff
depending on the type of flow regime). This method was incorporated in many business reports and
valued for its global coverage and simplicity. However, it was criticised in the scientific literature for
its calculation rules and parameters, neglecting inter-annual variability, being over-simplistic, and
finally underestimating environmental water requirements (Arthington et al., 2006; Hoekstra et al.,
2011; Pahl-Wostl et al., 2013). Also based on simulated monthly flow data, Hanasaki et al. (2008)
developed a methodology to calculate monthly environmental flow requirements. They used the H08
model and algorithms of Shirakawa (2004, 2005) to calculate results with global coverage. Two
further methods for global assessments were developed by Pastor et al. (2014). Their proposed
Variable Monthly Flow (VMF) method distinguishes low, intermediate and high flow months in order
to determine the percentage of mean monthly flow which should be allocated to the environment.
While most global water assessments focus on surface water, Gleeson et al. (2012) analysed
unsustainable depletion of groundwater on a global scale and considered environmental water
requirements to be equal the monthly flow quantile Q90. The focus on ecological consequences due to
river flow regime modifications occurred only recently on global scales, and took into account dam
operation and water use (Döll et al., 2009) as well as climate change and water use (Döll and Zhang,
2010). These two studies applied a large-scale hydrological model with a spatial resolution of 0.5 x
0.5° (~55 x 55 km2), considered five ecologically relevant flow parameters based on long-term
averages, and estimated fish species reduction according to an algorithm of Xenopoulos et al. (2005),
which is based on a regression between long-term average discharge and number of endemic fish
species. Hoekstra et al. (2012) applied in their global monthly water scarcity assessment a
“presumptive environmental flow standard”, which is currently proposed by leading water resource
experts (Hoekstra et al., 2011; Richter et al., 2011). Accordingly monthly water consumption should
not exceed 20% of total discharge. The studies of Laize ́ et al. (2010, 2014) were the first which
assessed the combined effects of climate change and socio-economic pressures for different future
scenarios, and applied a full set of ecologically relevant hydrological indicators on a detailed river
network covering pan-Europe. Future climatic and socio-economic implications of hydrological
alterations on European wetlands and their specific ecosystem services were analysed by Okruszko et
al. (2011). Grill et al. (2015) investigated the impacts of dams on river flow and fragmentation and
applied two novel discharge-based indicators in their global assessment. Different stressors (i.e.
catchment disturbance, pollution, water resource development and biotic factors) were analysed on a
global scale by Vörösmarty et al. (2010) to evaluate human and biodiversity perspectives on water
security, and only recently, Janse et al. (2015) developed the first global biodiversity model, named
GLOBIO-Aquatic, to assess human implications on freshwater biodiversity.
Today, global modelling of environmental water requirements is still in its developmental stages.
Especially before 2010, they have been neglected or treated in a very simplistic manner. Often the
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focus has been on water volume, average flow conditions and low flows. Ecologically important
parameters such as flow extremes, timing and variability were not or only vaguely taken into account.
Furthermore, structures of global models were less appropriate to simulate ecologically important
components of the river flow regime (e.g. coarser spatial resolution, absence of dam operation).
Subsequently and parallel to the studies described above (partly co-authored), studies incorporated in
this thesis (Schneider et al., 2011a; Schneider et al., 2011b; Schneider et al., 2013; Schneider et al.,
2015) were published aiming for the following objectives:
Objective 1: Application of ecologically relevant indicators
Environmental flow provisions that are defined as a percentage of mean discharge (as done in
earlier studies) can be allocated in many different ways throughout the year. However, complex flowdependant ecosystem habitats and functions are provided by specific flow characteristics and flow
alteration of any kind can lead to ecological ramifications. Consequently, this thesis takes into account
single flow events and considers flows of different magnitudes (rather than mean annual flows or only
Q90), multiple flow characteristics (next to water volume), and inter-annual flow variability (besides
mean values).
Objective 2: Consideration of different components of the river ecosystem
Most global environmental flow assessments focused on in-channel river flows. Only recently
freshwater needs of other river ecosystem components such as groundwater, wetlands and estuaries
were embraced. On the one hand, river flow is often considered the single most important ecological
factor for determining the biological, physical and chemical processes of wetlands. In the past,
alteration of hydrological processes has caused most wetland degradation (McCosker, 1998; Tockner
and Stanford, 2002). On the other hand, river system health often depends on availability and access to
riparian wetlands, which considerably enhances production and affects community composition and
energy pathways (Junk et al., 1989). Therefore, this work regards riparian wetlands as an integral part
of the river ecosystem and analyses flow alterations, which support these components.
Objective 3: Assessment of impacts on global and continental scales
Today, river flows are considerably affected by human activities worldwide, and the speed of river
ecosystem destruction and biodiversity loss is exceeding the ability of scientists to review applied
water management practices and ecological consequences for each river. Hence, this thesis aims to
contribute to the concept of environmental flows by assessing river flow regime modifications on
global and continental scales for a detailed river network. These assessments can provide many
benefits: (i) They capture large-scale spatial and temporal patterns of change. (ii) They serve as
screening tools to systematically identify hotspots of potential risk for which further detailed research
is required, and thereby complement more explicit methodologies applied at finer scales. (iii) They
support policy makers at international level (e.g. at forums like UNEP, OECD, European Union,
Convention on Wetlands of International Importance, and Convention on Biological Diversity) in
balancing water allocations to humans and nature, implementing global conservation efforts, and
planning of water infrastructure location and design. (iv) They offer an initial indication for regions
where ecological data are scarce. (v) They can lead to knowledge transfer between regions with
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similar circumstances today or in the future and (vi) contribute to advance the research in the field of
eco-hydrology and global change.
Objective 4: Evaluation of impacts of different drivers of global change
In order to address trade-offs between human and ecological water demands, multiple stressors on
human water security and ecosystem conservation need to be considered. This includes water
abstraction of different water use sectors as well as dam operation and reservoir storage with their
valued benefits for water supply, electricity production, navigation, flood control, and recreation. In
the future, global warming and land-use changes will further contribute to human and environmental
water stress. All these stressors interact in different ways and at different locations inducing
substantial alterations in river flow regimes with geographical disparities in directions and causes. This
means, each river is likely to be affected by several and different types of impacts. Thus, this thesis
seeks to identify ecologically significant modifications of natural flow regimes by different direct and
indirect effects of anthropogenic activities alone and in combination.
Objective 5: Analysis of current and future time series
Considering the projected increase in human population and associated water needs as well as
expected climatic changes, trade-offs between human and ecosystem water requirements will be even
more challenging in the coming decades. Therefore, assessing future impacts on river flow regimes is
one key area of current research. This thesis takes into account current flow regime modifications, but
also modifications of future time slices to depict a comprehensive picture of possible future scenarios.
In order to address uncertainty of current climate modelling, different GCM projections are applied.
Within this context and under consideration of the five objectives described above, this thesis
concentrates on modelling and assessing the impacts of climate change, dam operation and water use
on global and continental river flow regimes, and especially addresses four crucial research questions:
1. How capable is the global modelling framework WaterGAP3 of being applied in
environmental flow assessments and how can it be improved for this purpose in the future?
2. How can bankfull flow, a relevant parameter for environmental flow analyses and flood
related hydrological processes, be estimated on a global grid cell raster?
3. How is current water management affecting natural inundation patterns of riparian
wetlands of international importance? At which sites inundation is likely to be further
impaired in the future and where could the implementation of conservation measures be
hindered?
4. How will global warming affect future river flow regimes in the different climate zones of
Europe?
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1.3

Thesis outline

The introduction described the overall picture this thesis is embedded in, previous research
initiatives in the field of global environmental flow assessments, as well as scientific objectives and
research questions of this thesis.
Chapter 2 explains how this thesis aims to model and assess impacts on complex river ecosystems
and provides a validation of various ecologically relevant flow characteristics modelled by the global
hydrology model WaterGAP3.
In Chapter 3, a new methodology is developed and validated which allows estimating bankfull
flow for each single grid cell of a global drainage direction map. Bankfull flow marks the starting
point of floodplain wetland inundation and hence, constitutes an important parameter of environmental
flow assessments.
Chapter 4 applies the established methodology for estimating bankfull flow and analyses current
(i.e. dam operation and water use) and future impacts (climate change and major dam initiatives) on
flooding patterns of riparian wetlands of international importance (Ramsar sites). Furthermore, an
upstream analysis assesses for each single site the challenges (i.e. water resource competition, and
missing legal and institutional arrangements) to implement counteractive measures.
Chapter 5, in turn, applies the bankfull flow methodology and focuses on future impacts of climate
change on floodplain wetland inundation in Europe. The study takes into account future climate
projections of three different GCMs and three different ecologically relevant inundation characteristics
(volume, timing and duration of overbank flows).
Chapter 6 applies a new approach to quantify ecological risk due to flow regime alteration (ERFA
methodology). Results describe shifts of various flow characteristics under climate change and
identify diverse dynamics for each distinct climate zone in Europe. To address uncertainty, biascorrected climate forcing data of three different global climate models are considered.
Chapter 7 summarises the key findings of this thesis by answering the specific research questions
listed in the Introduction section. Furthermore, it discusses advancements and shortcomings of this
thesis and provides recommendations for future research.
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2 M O D E L L I N G A N D A S S E S S I N G W AT E R F O R N AT U R E
In 1997, Richter et al. famously brought up the question: “How much water does a river need?”.
Since then, many scientists have aimed to answer this question by applying various environmental
flow methods at different scales (Tharme et al., 2003; Arthington 2012). In comparison to other water
use sectors, the determination of ecosystem water requirements is even more challenging. River
ecosystems are very complex and can be described as the sum of interactions between their various
components including biotic (fish and other vertebrates, insects and other invertebrates, plants, and
microorganisms) and abiotic factors (physical and chemical characteristics). River flow has a central
role in river ecosystems and is often called a master or key variable in the scientific literature (Power
et al., 1995; Poff et al., 2009). It varies in space and time and influences other abiotic characteristics
such as water temperature, flow velocity, flow depth, oxygen content, water chemistry, soil moisture,
and bed load sediment size (Stanford and Ward, 1979; Allan, 1995; Richter et al., 1997). Thus, river
flow shapes crucial and temporally variable habitat features within the river channel as well as of
adjacent floodplains and thereby, fundamentally determines structure, function and biotic composition
of the river ecosystem (Mitsch and Gosselink, 1993; Richter et al., 1996). Consequently, river
ecosystems have complex water requirements which cannot be satisfied by mean annual water or
minimum flow provisions. Although considerable progress has been made recently to understand
flow-ecology relationships, complex water requirements of river ecosystems have been ignored in
many studies in favour of simplistic and static environmental flow rules (Arthington et al., 2006). In
addition, large-scale assessments are typically hindered by a lack of local information and
inappropriate model structures. In this Chapter it shall be briefly explained (i) how complex ecological
water requirements are addressed in the global and continental impact assessments of this thesis, and
(ii) how suitable the applied hydrology model WaterGAP3 is to model ecologically relevant flow
characteristics.

2.1

Underlying principles
In order to better cope with ecosystem complexity, large-scale assessments of this thesis were

based on the following hydro-ecological principles of the environmental flow concept:
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The ‘Natural Flow Paradigm’
A fundamental assumption of environmental flow research is the natural flow paradigm, which
states that the natural flow regime, including natural fluctuations, provides the optimum conditions for
a river ecosystem (Richter et al., 1997; Poff et al., 1997; King et al., 2000; Acreman et al., 2009). Over
evolutionary time spans and in direct response to the established flow regime, endemic biota has
developed different morphological (e.g. body shape), physiological (e.g. tolerance to flow velocity or
oxygen deprivation) and behavioural traits (e.g. upstream migration and floodplain spawning) as
described in detail by Lytle and Poff (2004). Under natural conditions, provided habitats are exploited,
ecological niches are occupied, and the range of flows can be tolerated by the native biota. As a
consequence, any artificial modification of flow has the potential to substantially change ecological
functions and habitats provided by the natural flow regime, and hence, constitutes a serious threat to
native river biodiversity and river ecosystem integrity. In particular, species that occupy narrow
habitats and are ecologically specialised are vulnerable to extinction (Allan et al., 2005). Modified
conditions are likely to favour the spread of generalists and nonindigenous species (Kingsford, 2000;
Bunn and Arthington, 2002; Poff et al., 2007). Therefore, the natural flow regime serves as reference
condition in the impact studies presented in Chapters 3 – 6. Current modified or future projected
conditions are compared to it and ecological consequences for flora and fauna are assumed to be more
severe the more the flow regime is altered from natural conditions (Poff et al., 2009; Laize et al.,
2014). Today the natural flow regime also plays a central role in the regional Ecological Limits of
Hydrologic Alteration (ELOHA) framework (Poff et al., 2010; Acreman et al., 2014).
‘Different flows have different ecological functions’
First environmental flow assessments focused on securing low flow provisions, which are
sufficient enough in volume to provide a minimum species habitat and to maintain aerobe conditions
in case of water quality issues. It was assumed that river ecosystems could be conserved by
maintaining river flow above a critical limit (Poff et al., 1997; Richter and Richter, 2000; Acreman
and Dunbar, 2004). Scientists now understand that the total flow regime varying from hydrological
droughts to floods is required to maintain biotic composition, integrity, and evolutionary potential of
riverine ecosystems (King and Tharme, 1994; Richter et al., 1996; Lytle and Poff, 2004; Mathews and
Richter, 2007). Flows of different quantity have different ecological functions as exemplified in Table
2.1.
Furthermore, flows of different magnitude (i.e. the amount of water per unit time) can be described
by their timing (i.e. the time of the year specific flow conditions usually occur), duration (i.e. the
period of time specific flow conditions prevail), frequency (i.e. the occurrences of specific flow
conditions) and rate of change (i.e. the speed one magnitude changes to another). While the flow
magnitude determines habitat attributes and availability, timing defines if life-cycle requirements are
met. Many species require an array of different habitat types to complete their entire life cycle, and
key life-cycle phases are often linked to the timing of annual extremes in order to either exploit or
avoid them. Examples include: Fish spawning is mostly confined to a specific time of the year when
flood levels offer the highest spawning habitat availability for fish (Van de Wolfshaar et al., 2010).
The timing of seed dispersal and germination of certain plants, like willow and poplar, coincides with
lower flow levels, so that settlement on the floodplain has a higher success rate (Merritt et al., 2009).
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Thus, the timing of certain flow events also influences the degree of stress, which can be entirely
different at specific times of the year. Duration determines if life-cycle phases such as spawning, egg
hatching, rearing, and migration can be completed as well as if stressful effects accumulate. For
example, the duration of low flows specifies the time period over which prey is concentrated with
predators in limited areas. Flow duration is also expected to define the zonation of plant communities
at river banks (Casanova and Brock, 2000). Frequency statistics, in turn, describe the occurrence of
reproduction or mortality events. Velocity-sensitive organisms (e.g. juvenile fish, deposited eggs,
periphyton) may be displaced by increasing numbers of high flow events (Moog, 1993; Allan, 1995;
Richter et al., 1997). The rate of change refers to flashiness of the river and is closely linked to
stranding of species in ponded depressions or at river banks. Non-native species often lack the
behavioural traits which are necessary to avoid being left behind or displaced by sudden low or high
flow events (Minckley and Deacon, 1991). Ecological functions of the parameters listed above are
described in detail by Poff et al. (1997) who provide numerous examples from the scientific literature.
Further descriptions can be found in Richter et al. (1996), Bunn and Arthington (2002), Suen and
Herricks (2009), and Poff and Zimmerman (2010).

Table 2.1: Ecological functions of different river flow levels (examples are taken from Postel and Richter, 2003; Richter et al., 2006)

Flow magnitude

Ecological function

Natural droughts

- Allow recruitment of certain plants on the floodplain
- Concentrate prey into limited areas benefiting predators

Low flows

- Provide adequate habitat for juveniles
- Provide drinking water for terrestrial animals

Medium flows

- Fish migration, spawning and dispersal
- Sediment transport and moving gravel

High flows/
freshets

- Improve water quality after prolonged low flows
- Trigger migration, spawning and dispersal
- Maintain suitable salinity conditions in estuaries

Floods

- Maintain channel structure
- Flush organic materials (food) and woody debris (habitat structures) into channel
- Enable access to floodplains for spawning, nourishment, escaping from predation
- Recharge floodplain water table and deposit nutrients

All in all, many ecological and evolutionary processes depend on various facets of a dynamic river
flow regime, which can be described by different flow parameters. That is (i) only a holistic flow
regime can offer specific habitats, ecological niches, and functions to support a high regional species
diversity and ecosystem integrity, and (ii) morphological, physiological, and behavioural adaptations
of species evolve over long time spans in response to different components of the flow regime.
Consequently, allocating annual amounts of water to the environment, as done in previous studies, is
insufficient and inconsiderate. In order to address environmental water stress, assessments of this
thesis take into account multiple indicators. In Chapter 6, flow regime alterations of a daily time series
are assessed by considering magnitude, timing, duration, frequency and rate of change of specific flow
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events. For this purpose, the Indicators of Hydrological Alteration (IHA; Richter et al., 1996, 1997)
have been used. This set of 32 different indicators recognises all aspects of the flow regime as
ecologically important, addresses the five key parameters described above, is sensitive to
anthropogenic influences (Taylor et al., 2004), and has been widely used (Yin et al., 2011). Reviewing
171 different hydrologic indicators, Olden and Poff (2003) showed that the IHA capture almost the
entire spectrum of all available hydrological indicators, but also give redundant information for some
flow characteristics. In order to describe non-redundant departures from the natural flow regime, the
number of indicators was reduced to a subset of twelve indicators according to information derived
from the scientific literature (Olden and Poff, 2003; Monk et al., 2007) and a rank-based correlation
analysis (Kendall, 1938) applied to the simulated data. In addition, for each of these indicators, the
median (i.e. the 50th percentile) and the inter-quartile range (i.e. the difference between the 75th and the
25th percentile) were taken into account so that, in the end, 24 different flow characteristics of the time
series were investigated. Hence, average change as well as inter-annual variability were considered to
address environmental water stress. Impacts on natural patterns of floodplain inundation were assessed
in Chapter 5. Here ecological impacts were addressed by three different indicators: change in flood
volume (i.e. the cumulative amount of inundation flows), duration (i.e. number of days with
inundation flows), and timing (i.e. the month of the year with the highest flood volume). These
indicators were chosen for the following reasons: Flood volume is a measure for the extent of
inundation. It determines the disturbance generated, and affects the floodplain shape and the amount of
matter and organisms transported. The timing of inundation has an impact on the ecological
functioning of floodplains and influences life cycles of biota on various levels of scale. Flood duration
accounts for the abiotic soil conditions and the amount of settlement of fine sediments.
The ‘Flood Pulse Concept’
Assessments of this thesis consider floodplain and riparian wetlands as an integral part of the river
ecosystem. These ecotones lie at the interface of aquatic and terrestrial realms and depend on natural
patterns of inundation (Gregory et al., 1991; Bayley, 1995). Here, flood pulses are the key driving
force, which periodically connect the river to its adjacent floodplains. Thereby, they cause an
important exchange of water, organisms, organic matter, and inorganic nutrients, initiate ecological
processes, cause a high spatio-temporal heterogeneity, and create specific habitats for fish, water birds,
macroinvertebrates, and the typical floodplain vegetation (Welcomme, 1979; Junk, 1989; Breen, 1990;
McCosker, 1998; Tockner and Standford, 2002). Regarding fish, these areas offer rich food resources
(e.g. invertebrates, fruits and seeds) promoting fast growth, can be used for spawning and rearing, and
provide refuges from predators or main channel water with higher flow velocity and lower temperature
(Xenopoulos et al., 2005; Mathews and Richter, 2007). Thus, flood pulses have positive effects on
multispecies fish production, which is, in most cases, substantially enhanced by access to floodplains
(Bayley, 1991; Bayley, 1995). Terrestrial animals benefit as well from floodplain habitats. Water birds
use them as breeding grounds and migrating organisms as important stopover corridors (Sparks, 1995;
Naiman and Décamps, 1997). Furthermore, flood pulses can be considered as disturbance events that
periodically set back community development and keep pristine floodplains in a state of early
succession (Junk et al., 1989; Hughes, 1997; Junk and Wantzen, 2004; Geerling et al., 2006). The
resident flora and fauna have adapted to these disturbance events and thereby, developed a competitive
edge in regard to generalists or invasive species. For example, the root system of floodplain vegetation
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can tolerate oxygen depleted soil for a long time (McCosker et al., 1998). As a consequence,
floodplain wetlands are hotspots of biodiversity with often more than 2,000 species at a site (Tockner,
2002; Allan et al., 2005). In addition, their number of rare species and community types is
disproportionately high (Nislow et al., 2002). All characteristics and interactions caused by flooding
are described by the flood pulse concept (Junk et al., 1989; Tockner et al., 2000) and engender one of
the most dynamic, diverse and productive systems in the world (Naiman et al., 1993; Nilsson and
Berggren, 2000).
Given the importance of pristine floodplain and riparian wetlands for river ecosystem integrity,
assessing the alteration of ecologically important flood pulses addresses crucial research questions of
environmental, water, and flood management. Therefore, in Chapter 3 a method is elaborated to
estimate bankfull flow for each single grid cell of a global drainage direction map. Bankfull flow
marks an important threshold. Above this discharge flooding occurs, which hydraulically connects
rivers to adjacent floodplains leading to radical changes in the biological processes (Navratil et al.,
2006). In subsequent studies (Chapter 4 and 5) impacts of water resources development and climate
change on overbank flows are evaluated. Any alteration of natural overbank flow patterns can have
severe consequences on the quality and functioning of floodplain wetlands and the entire river
ecosystem. Hence, assessing alterations of these flows can play an important role in the analysis of
environmental flows.

2.2

Assets of WaterGAP3

Recently, the concept of environmental flows opened up to an era of globalisation. Main reasons
include: (i) river flow regimes are markedly influenced by human activities on a global scale, (ii) the
pace of species extinction and river ecosystem destruction is exceeding the ability of scientists and
water managers to evaluate adherent ecological consequences with global coverage by means of
current resource-intensive interdisciplinary methods applied on a river-by-river basis, (iii) integrated
assessments beyond climate change are required, and (iv) large-scale hydrology models became more
sophisticated in the last years operating now at finer spatial and temporal resolutions (Poff et al., 2009;
Pahl-Wostl et al., 2013; Poff and Matthews, 2013). For all assessments of this thesis, the global
modelling framework WaterGAP3 (Water – Global Assessment and Prognosis) was applied.
WaterGAP3 is described in the introductory section of each of the following Chapters and in detail by
Verzano (2009). The following text focuses on WaterGAP3’s assets for large-scale environmental
flow assessments and provides a validation of specific simulated flow parameters by means of
different efficiency criteria.
Applying the hydrological model WaterGAP3 as a tool for assessing anthropogenic river flow
regime modifications and associated ecological impacts offers the following benefits:
•

Global coverage with a high spatial resolution
WaterGAP3 allows large-scale assessments on global and continental scales and performs its calculations on a 5 x 5 arc minutes (approximately 9 x 9 km at the Equator) grid cell raster. WaterGAP3 belongs to a very few models worldwide that can operate at this fine spatial resolution.
This enabled implementing high-resolution physiographic input data such as soil properties (FAO
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Soil Map of the World; FAO, 2003), land cover (GLCC; USGS, 2008), topography (SRTM30;
Farr et al., 2007), drainage direction (HydroSheds; Lehner et al., 2008), permafrost and glaciers
(Aus der Beek and Teichert, 2008), as well as location and extent of lakes and wetlands (GLWD;
Lehner and Döll, 2004). Therefore, hydrological processes can be represented with a higher level
of detail in WaterGAP3.
•

High temporal resolution
Finer temporal resolution data are required for assessing ecological responses to river flow regime
alteration. While monthly flow regimes can serve as a starting point to provide some ecologically
relevant information, daily flow data are used in the ideal case (Poff, 1996; Poff et al., 2009). WaterGAP3 is able to simulate both daily and monthly time series, and this is important, as many
ecological functions and habitats are facilitated by daily flows. For example, daily precipitation
patterns are crucial for flood formation (Prudhomme et al., 2002), which in turn is responsible for
floodplain inundation (as assessed in Chapters 4 and 5). Flow variability is expected to increase
under climate change (Milly et al., 2008; Brown, 2010) and analysis of daily flow regimes ensures
that future flood peaks are not underestimated in the assessment (Chapter 6) because of averaged
values. Chapter 3 of this thesis describes an approach to estimate bankfull flow, an event which,
depending on the river size, lasts only some days. Actually, the highest uncertainty in this study is
derived from downscaled monthly climate input. Hence, daily flow regimes are a necessity for
bankfull flow estimates. Recently, global or continental climate forcing datasets became available
with a daily temporal resolution (e.g. Sheffield et al., 2006; Hirabayashi et al., 2008; Weedon et
al., 2011). WaterGAP3, with its daily calculation time step, is able to make full use of the information provided by these datasets.

•

Integrated assessments
The integrated freshwater modelling framework WaterGAP3 can be used to assess various direct
and indirect human impacts on river flow regimes. The effect of global warming is taken into account via changes in temperature and precipitation influencing model parameters such as snowmelt, runoff generation, and evapotranspiration. Water abstractions and return flows are considered by the water use component of the model, which calculates water demands of five different
water use sectors (Flörke and Alcamo, 2004; Alcamo et al., 2003a, b; Döll and Siebert, 2002; Aus
der Beek et al., 2010; Flörke et al., 2011, 2013). In order to assess flow alterations due to dam operation and reservoir storage, the dam module of WaterGAP3 was improved as part of this thesis
(see Chapter 4). The module now takes into account the management of 6,025 large dams and distinguishes optimisation schemes of five different dam types. Additionally, inter- and intra-basin
transfers of 480 larger cities and their 1,642 withdrawal points were implemented in the model
(City Water Map; McDonald et al., 2014). The impact of land use and land cover change could be
considered as well by using projected input maps from large-scale land-use change models such as
LandSHIFT (Schaldach et al., 2009; Alcamo et al., 2011). In the Chapters 4 to 6, the impacts of
climate change, dam management, water use, and water transfers are taken into account and evaluated separately or in combination. As WaterGAP3 also possesses a water quality component
(Voss et al., 2012; Williams et al., 2012; Reder et al., 2015), even global environmental water
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stress analyses at the intersection of flow alteration, water pollution, and human water stress are
possible.
•

Simulation of natural and modified flow regimes
Assessment of river ecosystem health implies comparison to reference conditions (Norris and
Thoms, 1999). In the impact assessments of this thesis (Chapters 4 to 6), modified flow regimes
are compared to natural flow conditions. In WaterGAP3 model runs, single anthropogenic impacts
such as dam management, water use, water transfers, climate change, and land-use change can be
activated or deactivated. Hence, WaterGAP3 allows modelling natural flow regimes and assessing
single impacts as well as interactions of different impacts in combination.

•

Assessment of future scenarios
Next to climate change, future river flows will be impacted by demographic, socio-economic and
technological developments. WaterGAP3 can be easily used to evaluate future risks under different possible climate and socio-economic/ policy scenarios by adapting key model drivers to scenario conditions. Combining the techniques of large-scale modelling and scenario analysis offers
different benefits in the field of environmental flows. This includes (i) quantifying the uncertainty
of current climate projections for different flow characteristics, (ii) illustrating the consequences of
specific policies on river ecosystems, (iii) testing of different water management options to balance water demands of different water use sectors, (iv) identifying critical forces of future developments to support mid- and long-term planning, and (v) enhancing the understanding of complex
systems and the interplay of different driving forces.

2.3

WaterGAP3 validation for specific flow parameters

WaterGAP3 represents a state-of-the-art global water model. In recent years, several hydrological
key processes have been refined in the model aiming to improve its ability to simulate specific flow
parameters: (i) flow velocity is computed dynamically, which enables to differentiate between lowland
and mountainous rivers (Verzano et al., 2005; Verzano et al., 2012), (ii) river length is depicted more
realistically by considering an individual meandering factor for each grid cell derived from a highresolution DDM (Lehner et al., 2008), (iii) snow-related processes are calculated on sub-grid scale of 1
arc minute, so that snowmelt-induced flood peaks are enhanced (Verzano and Menzel, 2009b), and
(iv) the distribution of permafrost is improved by applying the Frost Number method (Aus der Beek
and Teichert, 2008). As environmental water stress assessments demand for examining changes in
different flow parameters, a validation was conducted for various Indicators of Hydrological
Alteration (IHA; Richter et al., 1996, 1997) to quantify the ability of WaterGAP3 to reproduce single
flow characteristics. For this purpose, WaterGAP3 results were compared to observed flow
characteristics at 238 gauging stations in Europe (Figure 2.1), which were derived from daily
discharge time series provided by the Global Runoff Data Centre (GRDC, 2004). Depending on the
available daily time series, the time period 1961-1990 or 1971-2000 was considered.
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Figure 2.1: Location of GRDC gauging stations applied for the validation of specific flow parameters

In order to evaluate the performance of WaterGAP3, diverse efficiency criteria are available. Each
criterion places emphasis on different modelling behaviours and thus, possesses assets and drawbacks.
To provide a comprehensive picture and overcome the drawbacks of a single measure in our
validation, the following efficiency criteria have been chosen according to information provided by the
scientific literature (Legates and McCabe, 1999; Bäse, 2005; Krause et al., 2005; Moriasi et al., 2007):
Modified Nash–Sutcliffe efficiency (E1)
The Nash-Sutcliffe efficiency E (Nash and Sutcliffe, 1970) is a normalized statistic that is often
used in the field of hydrology and indicates how well a plot of simulated values S against observed
values O fits to the 1:1 line. However, E is relatively insensitive to systematic over- or
underestimations. Another drawback is that residuals are squared. This would cause that larger rivers
with higher discharge values have a higher influence in this validation than smaller rivers with lower
discharge values. Therefore, a modified form of E was used with j=1 (Eq. 2.1) as proposed by Legates
and McCabe (1999) and Krause et al. (2005). This modification leads to a better overall evaluation,
but generally causes lower values for E compared to the squared form. This might be misleadingly
interpreted as lower model performance. The range of E lies between -∞ and one and the closer E is to
one, the better the model results. A simulated flow parameter is represented well by the model when E
is greater than 0.5. Values lower than zero indicate an unacceptable model performance (Moriasi et al.,
2007), where model predictions are less accurate than the mean of the observed values.
∑𝑛 |𝑂 −𝑆 |𝑗

𝑖
𝑖
𝐸𝑗 = 1 − ∑𝑖=1
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Modified index of agreement (d1)
The index of agreement d (Willmot, 1981) is a normalized statistic similar to E, which takes into
account the ratio of the mean square error and the potential error (Eq. 2.2). It has a co-domain from
zero (no correlation) to one (perfect fit), which eases the interpretation of the results. In addition, it can
disclose additive and proportional differences in the simulated and observed means and variances
(Legates and McCabe, 1999; Moriasi et al., 2007). However, d is also not very sensitive to systematic
model over- or underpredictions, provides relatively high values (>0.65) even for poor model
performances, and would be more sensitive to larger rivers with higher discharge values due to the
squared residuals (Krause et al., 2005). Therefore, a modified version of d is applied for this validation
with j=1, which again leads to a better representation of smaller values in the data field, but also to
lower values of d in comparison to the squared form.
𝑗
∑𝑛
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Weighted coefficient of determination (ωr2)
The coefficient of determination r2 quantifies only the dispersion around the regression line and
thus, a model that systematically over- or underpredicts can still produce good r2 results. In order to
get a more comprehensive assessment that also accounts for the dynamics of the simulated data, r2 was
multiplied by the gradient m of the regression line (or its reciprocal) while intercept b was forced to be
zero (Eq. 2.3). The range of ωr2 values lies between zero and one. Again, the closer the value is to one,
the better the model results. The gradient m provides further information whether simulated values
tend to be over- (m>1) or underestimated (m<1). A gradient m close to 1 indicates a high model
performance.
𝜔𝑟 2 = �

|𝑚| ∙ 𝑟 2
𝑓𝑓𝑓 𝑚 ≤ 1
−1
2
|𝑚| ∙ 𝑟 𝑓𝑓𝑓 𝑚 > 1

(2.3)

Mean percentage error (MPE)
To measure systematic over- or underestimation, the mean percentage error (MPE) was included
in this validation. The MPE is the computed average of percentage errors by which simulated values S
differ from observed values O (Eq. 2.4). In contrast to the root mean square error (RMSE) or
percentage bias (PBIAS), the MPE has the benefit that all pairs of observed and simulated data have
the same weight in the calculation (i.e. larger values and outliers are not overestimated). However,
positive and negative errors can compensate each other in the MPE. In general, positive values
indicate a systematic overestimation, while negative values indicate a systematic underestimation of
the model. The optimal value is zero.
𝑀𝑀𝑀 =

1 𝑛 𝑆𝑖 −𝑂𝑖
∑
𝑁 𝑖=1 𝑂𝑖

∙ 100 [%]

(2.4)
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In the following validation results are presented for different Indicators of Hydrological Alteration
addressing flow magnitude, timing, duration, frequency, and rate of change.
Monthly flow magnitudes (hydrological winter half-year)
Monthly flow magnitudes of the winter half-year (November to April) are represented very well
by WaterGAP3 (Figure 2.2). All modified Nash-Sutcliffe values are clearly above 0.5 (range 0.71 to
0.85). In addition, all modified indices of Agreement d1 (range 0.87 to 0.97) and weighted coefficients
of determination ωr2 (range 0.76 to 0.88) are close to one. However, in all six month, WaterGAP3
tends to systematically overestimate flow magnitudes. All mean percentage errors MPE are positive
(range +8.9 to +26.7%) and gradients m are above 1 (range 1.09 to 1.30).

Figure 2.2: Scatter plots between simulated and observed monthly flow magnitudes of the hydrological winter half-year.
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Monthly flow magnitudes (hydrological summer half-year)
Even slightly better values were gained for the efficiency criteria E1, d1, and ωr2 for the monthly
flow magnitudes of the summer half-year (May to October; Figure 2.3). Again, all values for E1 (range
0.82 to 0.87), d1 (range 0.91 to 0.94) and ωr2 (range 0.86 to 0.97) are close to 1, indicating a high
model performance for monthly flow magnitudes. Except in the autumn month September and
October, monthly flow magnitudes of the summer half-year tend to be systematically underestimated
by WaterGAP3. From May to August, the MPE ranges from -10.3 to -2.0% and gradient m is below
one (range 0.88 to 0.96).

Figure 2.3: Scatter plots between simulated and observed monthly flow magnitudes of the hydrological summer half-year.
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Maximum flow magnitudes
Maximum flow magnitudes of different duration ranging from daily to seasonal were validated
(Figure 2.4). The longer the considered time interval, the better the results of all selected efficiency
criteria. Comparing daily to monthly flow magnitudes, E1 values increase from 0.42 to 0.82, d1 values
from 0.75 to 0.92, and ωr2 from 0.66 to 0.87. E1 values above 0.5 are gained by considering a time
interval of 7 days or longer. In general, WaterGAP3 tends to overestimate flood peaks, however, with
a good correlation to the regression line. While daily flow magnitudes are overrated by +45.1% on
average, monthly flow magnitudes are overvalued by only 9.9% on average. Correspondingly,
gradient m decreases from 1.45 for daily magnitudes to 1.13 for monthly flow magnitudes.

Figure 2.4: Scatter plots between simulated and observed maximum flow magnitudes.
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Minimum flow magnitudes
Minimum flow magnitudes are represented very well by WaterGAP3 for all considered temporal
resolutions from daily to seasonal (Figure 2.5). All values for E1 (range 0.67 to 0.83) are above 0.5,
and values for d1 (range 0.83 to 0.92) and ωr2 (range 0.70 to 0.89) are close to 1 as well indicating a
high model performance in regard to minimum flow magnitudes. Again, the performance is increasing
the longer the considered time interval of the magnitudes. Regarding daily to monthly flow
magnitudes, WaterGAP3 tends to systematically underestimate minimum flow magnitudes. This is
especially the case for medium and larger rivers expressed by a gradient m smaller than 1. However,
MPEs are close to 0 (range -4.9 to +0.8%).

Figure 2.5: Scatter plots between simulated and observed minimum flow magnitudes.

Timing of minimum and maximum flow magnitudes
The timing of the annual 1-day maximum flow is simulated quite well by WaterGAP3 (Figure
2.6). The E1 is marginally above 0.5, d1=0.78 and ωr2=0.73 describe a medium performance, and the
regression line is quite close to the 1:1 line (m= 0.94). On average, simulated peaks by WaterGAP3
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tend to occur earlier in the year than observed peaks (mean error = -11days). Correspondingly, earlier
peaks were found at 70% of the gauging stations. Nevertheless, at two-thirds of the gauging stations
maximum flow peaks happen in the same month (i.e. within ±30 days) as actually observed. The
model performance for annual 1-day minimum flow timing is not as good as for the 1-day maximum
flow timing. All efficiency criteria are slightly lower (E1=0.35, d1=0.71, ωr2= 0.64). Again, the
gradient m is quite close to the 1:1 line (m=1.06), but the dispersion is higher. At 71% of the gauging
stations, WaterGAP3 simulates minimum flow magnitudes that occur later in the year than actually
observed and the mean error is +20 days. Simulated minimum flow pulses happen in the same month
as observed in 45% of the cases. The timing of annual extremes is described by the Julian date of the
year and provides values from 1 to 365. However, x- and y- axes of the scatter plot needed to be
extended in order to respect the turn of the year. For example, if a simulated maximum peak happened
on the 10th of January (i.e. day 10) and an observed maximum peak on the 21st of December (i.e. day
355), than the difference was determined to be +20 days (rather than -345 days). In such a case, 10th of
January was labelled as day 375. This proceeding and the application of the modified forms for E and
d with j=1 allowed to calculate the same efficiency criteria for the timing indicators as for the other
indicators stressed in this validation.

Figure 2.6: Scatter plots between simulated and observed timing of flow extremes.

Frequency and duration of high and low pulses
Validation results are poor for simulated frequency and duration of extreme flow events (Figure
2.7). Modified Nash-Sutcliffe efficiencies E1 are below zero (range -1.08 to -0.05) and weighted
coefficients of determination ωr2 are close to zero (range 0.0 to 0.13) indicating a poor fit to the 1:1
line and a high dispersion of the values. At most gauging stations, mean duration of high pulses is
strongly underestimated (MPE=-37.2%, m=0.57), but their quantity is overestimated (MPE=+63.3%,
m= 1.41). The quantity of low pulses, in contrast, is strongly underestimated in daily time series of
WaterGAP3 (MPE=-29.3%, m=0.46). The tendency of simulated mean low pulse duration is less clear
with a positive MPE of +37.6% and a gradient m below 1. Results suggest that the duration of low
pulses is overestimated at more flashy rivers and underestimated at more constantly flowing rivers.
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Figure 2.7: Scatter plots between simulated and observed frequency and duration of flow extremes.

Rate of change
Validation results for rates of change show that WaterGAP3 strongly reacts to changes in
precipitation and runoff (Figure 2.8). Especially the mean rise rate, but also the mean fall rate is
strongly overestimated with MPEs of +112.1% and +46.1%, respectively. This is also fortified by the
gradients m with values clearly above 1. Considering the efficiency criteria E1, d1 and ωr2, it can be
said that the model performance of WaterGAP3 is poor regarding rates of change.

Figure 2.8: Scatter plots between simulated and observed rates of change.
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The validation of specific flow characteristics derived from daily WaterGAP3 time series revealed
informative results, which could be used to further improve specific model behaviour in the next
years. All in all, flood peaks modelled by WaterGAP3 tend to be higher in magnitude, shorter in
duration, and happen more often in comparison to observed data. In addition, annual maximum flows
happen slightly earlier in the year. Correspondingly, monthly flow magnitudes of the hydrological
winter half-year, where precipitation and snowmelt events usually cause higher discharge values in
Europe, are often overestimated. Low flow pulses modelled by WaterGAP3, in contrast, tend to be
lower in magnitude, appear later in the year and less frequent compared to observed time series.
Decreasing flows usually occur from May onwards in Europe, with low flows in summer.
Accordingly, monthly flow magnitudes taking place from May to August are underestimated by
WaterGAP3. The rate of change parameters show that the model reacts too sensitive to changes in
precipitation. Despite the application of modified efficiency criteria, which usually leads to lower
performance values, validation results show that WaterGAP3 provides good results for monthly flow
magnitudes of the entire year, annual maximum and minimum flow magnitudes of different duration
(i.e. from daily to seasonal), and the timing of daily maximum peaks. A medium model performance
was found for the timing of annual minimum flows and improvements are required regarding the
model behaviour for rate of change as well as for duration and frequency of extreme flow pulses.
These improvements could be realised by implementing floodplain storages, improving the soil
module, and/ or revising the dynamical flow velocity of the model. Floodplains act as temporary water
storages above bankfull stage that have the potential to dampen magnitude, frequency and rise rate of
high flows, and to increase their duration. Soil module and dynamical flow velocity could be revised
in a way that the module reacts less sensitive to hydrological changes. In order to show the impact of
simulated flow velocity on specific flow characteristics, a further validation was conducted using
WaterGAP3 times series modelled with a constant flow velocity (as applied in earlier publications).
Surprisingly, better model results were achieved when WaterGAP3 was driven with a constant flow
velocity (Table 2.2).
Validation results show that flow velocity has almost no impact on the model performance in
regard to flow parameters such as monthly flow magnitudes, minimum flow magnitudes, maximum
flow magnitudes with a time interval of 30 days or higher, and timing of extreme flow events.
However, when a constant flow velocity is applied, improved validation results are discernible for
flow magnitudes with a shorter time interval (i.e. 7 days or lower), mean rise rate, as well as frequency
and duration of extremes. For example, considering mean rise rate, E1 values increase from -0.45 to
0.32, d1 values from 0.47 to 0.66, and ωr2 from 0.39 to 0.67, while the MPE decreases from 112.1 to
37.8%. Regarding 1-day maximum flow magnitudes, E1 values improve from 0.42 to 0.68, d1 values
from 0.75 to 0.85, and ωr2 values from 0.66 to 0.80, while the MPE decreased from 45.1 to 20.6%.
Furthermore, the compliance to observed data improves as exemplarily depicted for the different
maximum flow magnitudes (Figure 9). The shorter the considered time interval of the maximum flow
magnitude, the lower the compliance to the observed data. However, substantially better results are
gained for the 1-day, 3-day, and 7-day maximum flow magnitudes with the constant flow velocity.
This example shows that revising the variable flow velocity currently implemented in WaterGAP3 has
a high potential to enhance the model performance of specific flow parameters that currently have a
low compliance to observed data.
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Table 2.2: Validation results for different Indicators of Hydrological Alteration derived from WaterGAP3 runs driven with variable
and constant flow velocity.

Efficiency criterion
variable
Flow veleocity
January mean flow
0.81
February mean flow
0.85
March mean flow
0.82
April mean flow
0.85
May mean flow
0.87
June mean flow
0.86
July mean flow
0.82
August mean flow
0.84
September mean flow
0.85
October mean flow
0.85
November mean flow
0.71
December mean flow
0.72
1-day minimum flow
0.67
7-day minimum flow
0.71
30-day minimum flow
0.78
90-day minimum flow
0.83
1-day maximum flow
0.42
7-day maximum flow
0.60
30-day maximum flow
0.82
90-day maximum flow
0.89
1-day minimum date
0.35
1-day maximum date
0.51
No. high pulses
-1.08
No. low pulses
-0.05
Mean duration of high pulses -0.15
Mean duration of low pulses
-0.56
Mean rise rate
-0.45
Mean fall rate
0.07

d1

E1
constant
0.81
0.85
0.82
0.86
0.88
0.87
0.84
0.83
0.85
0.85
0.74
0.70
0.70
0.73
0.80
0.83
0.68
0.69
0.84
0.89
0.34
0.55
-0.56
0.02
-0.04
-0.44
0.32
0.45

variable
0.91
0.93
0.91
0.93
0.94
0.93
0.91
0.92
0.92
0.93
0.87
0.87
0.83
0.85
0.89
0.92
0.75
0.82
0.92
0.95
0.71
0.78
0.32
0.43
0.48
0.30
0.47
0.61

wR2
constant
0.91
0.93
0.91
0.93
0.94
0.94
0.92
0.92
0.92
0.93
0.88
0.86
0.85
0.87
0.90
0.92
0.85
0.86
0.92
0.95
0.71
0.80
0.38
0.45
0.49
0.33
0.66
0.73

variable
0.87
0.87
0.86
0.88
0.92
0.91
0.86
0.93
0.97
0.88
0.76
0.79
0.70
0.74
0.89
0.89
0.66
0.71
0.87
0.93
0.64
0.73
0.09
0.00
0.13
0.00
0.39
0.47

constant
0.85
0.88
0.87
0.90
0.95
0.93
0.91
0.96
0.96
0.88
0.80
0.76
0.78
0.81
0.92
0.88
0.80
0.79
0.89
0.94
0.63
0.75
0.10
0.00
0.14
0.00
0.67
0.53

MPE
variable
13.7
10.8
15.0
8.9
-2.0
-7.6
-10.3
-4.3
0.4
11.2
26.7
25.7
0.8
-4.9
-0.2
8.2
45.1
30.6
9.9
4.8
+20 days
-11 days
63.3
-29.3
-37.2
37.6
112.1
46.1

constant
14.1
10.6
15.0
8.6
-1.3
-6.4
-7.8
-3.4
0.7
11.8
23.8
28.1
4.1
-1.8
1.4
8.8
20.6
21.7
8.5
4.4
+19 days
-13 days
40.9
-31.7
-31.0
35.8
37.8
3.9

Figure 2.9: Compliance of WaterGAP3 simulation results to observed GRDC data for maximum flow magnitudes of different
length considering variable and constant flow velocity (compliance bounds ±30%).
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3 L A R G E -S C A L E M O D E L L I N G O F B A N K F U L L F L O W : A N
EXAMPLE FOR EUROPE
2

Summary
Bankfull flow is a relevant parameter in the field of large scale modelling especially for the
analysis of environmental flows and flood related hydrological processes. In our case, bankfull flow
data were required within the SCENES project in order to analyse ecological important inundation
events at selected grid cells of a European raster. In practise, the determination of bankfull flow is a
complex task even on local scale. Subsequent to a literature survey of bankfull flow studies, this paper
describes a method which can be applied to estimate bankfull flow on a global or continental grid cell
raster. The method is based on the partial duration series approach taking into account a 40-year time
series of daily discharge data modelled by the global water model WaterGAP. An increasing threshold
censoring procedure, a declustering scheme and the generalised Pareto distribution are applied.
Modelled bankfull flow values are then validated by different efficiency criteria against bankfull flows
observed at gauging stations in Europe. Thereby, the impact of (i) the applied distribution function, (ii)
the threshold setting in the partial duration series, (iii) the climate input data, and (iv) applying the
annual maxima series are evaluated and compared to the proposed approach. The results show that
bankfull flow can be reasonably estimated with a high model efficiency (E1 = 0.71) and weighted
correlation (ωr2 = 0.90) as well as a systematic overestimation of 22.8%. Finally it turned out that in
this study focusing on hydrological extremes, the application of the daily climate input data is a basic
requirement. While the choice of the distribution function had no significant impact on the final
results, the threshold setting in the partial duration series was crucial.

3.1

Introduction

The bankfull flow concept was introduced by Wolman and Leopold (1957). In general, it defines
the point where the river channel is full of its capacity and the flow is just before entering the active
floodplain. Hence, bankfull flow marks an important breakpoint. Above bankfull flow, flooding occurs
which hydraulically connects rivers to adjacent floodplains and riparian wetlands leading to radical
changes in the biological processes (Navratil et al., 2006). Overbank flows (i) allow movement onto
2

• Published as ‘Schneider, C., Flörke, M., Eisner, S., Voss, F., 2011a. Large scale modelling of bankfull flow: an Example for Europe.
Journal of Hydrology, 408, 235-245’.
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floodplain habitats to spawn, feed, or escape predation (Richter et al., 1996), (ii) deplete the oxygen
content of the soil root zone influencing floristic composition and vegetation community (McCosker et
al., 1998), (iii) create pioneer habitat by reshaping the floodplain through erosion and sediment
processes (Hughes, 1997; Petts, 2000; Geerling et al., 2006), and (iv) enhance the productivity of
rivers and adjacent floodplains through carbon and nutrient exchanges (Junk et al., 1989).
Consequently, a natural pattern of overbank flows has significant impact on the health of riverine
ecosystems and hence, bankfull flow can play an important role in the analysis of environmental
flows. In addition, knowledge of bankfull flow is essential for modelling flow velocity (Schulze et al.,
2005), flood risks (Verzano, 2009) and flood related hydrological processes such as the temporary
storage of river discharge in adjacent floodplains and riparian wetlands.
In our case, bankfull flow data where required within the SCENES project (Water Scenarios for
Europe and Neighbouring States, Kämäri et al., 2008) in order to assess the impact of climate change
on future floodplain inundation in Europe (Schneider et al., 2011b). Thereby, we chose bankfull flow
as a parameter which indicates the starting point of inundation at selected grid cells of a European
raster and subsequently analysed changes in volume, duration and timing of overbank flows.
However, even on local scale, the correct determination of bankfull flow is a complex analysis
which can be difficult and subjective (Williams, 1978; Johnson and Heil, 1996) as a river is not always
encompassed by only one inundation surface. There are river reaches where different terraces and
benches form more than one morphological level (Gordon et al., 1992). Sometimes local
characteristics of bank stability, sedimentation, erosion and vegetation can produce an unstable river
channel or a non-obvious breakpoint between the river channel and the floodplain (Navratil et al.,
2006). Because of this complexity various definitions of bankfull stage exist and have been applied in
the scientific literature. Williams (1978) listed eleven different definitions of bankfull which can be
classified based on (i) geomorphic features such as top of the banks or significant breaks in slope, (ii)
geometric features such as the first maximum of the bench index or the stage where the width-to-depth
ratio of the cross section becomes a minimum, or (iii) boundary features such as changes in vegetation
or sediment composition. Because of this ambiguity in definition and the subjectivity in choosing
bankfull, often different stages can be identified at the same river cross section leading to a range of
results for bankfull flow. In practise, several methods exist to determine bankfull flow (Williams,
1978). These methods are generally based on a station’s rating curve (i.e. stage-discharge
relationships), hydraulic geometry (i.e. relationships between discharge and flow features such as
cross-sectional area, mean depth or water surface width), empirical equations (e.g. the Gauckler–
Manning equation), or flood frequency analysis.
Flood frequency analysis is a widely used methodology to determine the recurrence and magnitude
of extreme flow events but is applied to estimate bankfull flow events as well. Here, using flood
frequency analysis relies on the assumption that on the long-term average, bankfull flow appears with
a specific frequency. Leopold et al. (1964) stated that there is a remarkable similarity in the frequency
of bankfull stage on a variety of rivers in terms of diverse physiographic settings and sizes. In
hydrology, the frequency of flow events is usually expressed by the return period (Begueria, 2005),
and is defined as the average time interval in which a flow event equals or exceeds a specific
magnitude one time. Thereby, flow events can be of different duration.
30

LARGE-SCALE MODELLING OF BANKFULL FLOW: AN EXAMPLE FOR EUROPE

As bankfull flow is of ecological and hydrological significance, its calculation supports
environmental flow analyses as well as the simulation of hydrological processes such as flow velocity
and floodplain water balances. However, possibly due to its complexity and the associated uncertainty,
bankfull flow has never been determined in a large scale modelling approach so far. The aim of this
paper is to estimate bankfull flow for large scale modelling purposes on a continental grid cell raster of
five arc minutes (longitude and latitude), and simulate all river discharges by the global scale
hydrological model WaterGAP3. In order to evaluate the uncertainty of the developed approach,
simulated data are validated against bankfull flow data observed at gauging stations across Europe.
Thereby, the effects of the chosen distribution function, the threshold setting in the partial duration
series, the flood frequency method and the temporal resolution of the climate input data on the
bankfull flow results are assessed.
This Chapter is organised as follows. In Subchapter 3.2 the method to estimate bankfull flow is
described and a literature review is conducted to verify the specific return period of bankfull flow.
Additionally, the modelling approach of daily hydrographs is outlined with special focus on
WaterGAP’s latest improvements regarding its ability to simulate flood peaks. Subchapter 3.3 presents
the results including a validation against observed bankfull flow data at gauging stations across
Europe. Finally, the results are discussed in Subchapter 3.4.

3.2
3.2.1

Methods
Flood frequency analysis

To estimate bankfull flow for each grid cell of a continental or global raster, an approach is needed
which does not solely depend on local characteristics of the river channel and hydraulic data because
this information is not available as input for large scale modelling. For this reason, stage-discharge
relationships, hydraulic geometry or empirical equations could not be employed for our purposes.
Flood frequency analysis, in turn, basically requires discharge time series of sufficient length (i.e. at
least 20–30 years) which can be simulated by a hydrological model. Mainly, two methods in flood
frequency analysis do exist which can be used to estimate bankfull discharge: (i) the Annual
Maximum Series (AMS) and (ii) the Partial Duration Series (PDS) approach. Due to its simpler
application, the AMS has been more popular and used in a large number of studies. It has been agreed
that in the AMS best approximation of bankfull flow is obtained by considering a return period of 1.5
years (Dury et al., 1977; Dunne and Leopold, 1978). Table 3.1 provides an overview of flood
frequency studies which were conducted in the last decades and used the AMS to examine the return
period of bankfull flow. Most of these studies have been conducted in the USA, but also in Australia,
New Zealand and Belgium.
The first two columns of Table 3.1 show the range and average return period of bankfull flow
events found in studies for rivers of different size, characteristics and climatic regions. The second
column indicates that in many cases the average return period of a bankfull flow event is indeed close
to 1.5 years. For example 20 out of 31 studies have an average return period between 1.3 and 1.7
years. The first column indicates that values often range between one and two (i.e. in 13 out of 33
studies) or one and three years (i.e. in 20 out of 33 studies). However, these studies also reveal that on
a few localities bankfull flow may diverge greatly from the suggested value of 1.5 years (Williams,
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1978; Mosley, 1981; Sherwood and Huitger, 2005). Particularly, rivers that have been facing an
extreme flood in the recent past possess a higher return period for bankfull flow (Gordon et al., 1992).
The assumption of a fixed return period is also not true for all types of rivers. Sweet and Geratz (2003)
stated that bankfull flow occurs more frequently within coastal plains. This finding is supported by
other studies conducted at coastal plains (McCandless, 2003; Metcalf, 2004) as presented in Table 3.1.
Nevertheless, despite these exceptions, the studies have proven that for most rivers a quite good
estimation of bankfull flow can be gained by applying a return period of 1.5 years in the AMS. In
total, for 497 observations out of 623, a return period between one and two years has been found
which corresponds to 80% (see column 3 and 4).
Table 3.1: Bankfull flow studies based on the annual maximum series conducted in the past decades for rivers of different size and
characteristics.
Return period
range
[years]

Return period
average
[years]

Number of
observations
total

Country
(Location)

Source

2.2
-

Number of
observations with
a return period
within 1-2 years
-

1.2 – 2.7
1.1 – 1.85

9
-

USA (PA)
Australia (QLD)

1.07 - 4.0

1.6

17

20

USA (IA, IN, MD,
MS, NE, OR, WI)

Wolman, 1955
Dury et al., 1963
in Wilkerson, 2008
Leopold et al., 1964

1.24 - 2.69
1.01 – 32
1.18 - 3.26
1 – 10
1.11 - 5.3
1.09 - 1.80
1.1 – 1.9

1.5
1.5
1.18 - 1.40 (mode)
1.5 (median)
2.1
1.4
1.5

20
18
10
10

24
39
36
15
72
31
10
10

1.01 - 3.65
1 – 3.11
1.5 – 1.7
1.12 - 1.86
1.2 – 1.5
1.26 - 1.75

1.41
1.4
1.64
1.49
1.37
1.5

42
36
5
14
6
23

43
75
5
14
6
23

Australia (NSW)
USA (ID)
USA (Western)
USA (CO, WY)
New Zealand
Belgium
USA (NC)
USA (NC;
mount. streams)
USA (OK)
USA (OR, WA, ID)
USA (Rocky Mtn.)
USA (VT)
USA (PA, MD)
USA (MD, Piedm.)

1.1 – 1.5

1.3

9

9

1.05 - 1.80

1.48

14

14

1.04 - 1.37

1.17

14

14

1.0 – 1.5
1.20 - 2.7
1.0 – 4.4
1.0 – 1.4
1.0 – 2.3
1.11 - 3.40
1.01 - 9.65
1.1 – 2.3
1.01 - 2.35
1.05 - 3.60
1.01 - 3.80
1.16 - 3.35
<1.0 - 2.1
<1.0 - 1.5

1.31
1.49
1.86
1.1
1.46
1.52
1.77
1.36
1.54
2.1
2.28
2.07
1.26
1.09

14
16
28
23
51
15
34
40
7
6
8
6
5
6

14
18
41
23
52
16
40
41
14
10
15
12
8
9

USA (NC;
urban streams)
USA (MD)
USA (DE, MD;
coastal plain)
USA (PA, MD)
USA (NY; C. Mtn.)
USA (MT)
USA (FL, coast)
USA (PA, MD)
USA (NY)
USA (OH)
USA (MD, VA, WV)
USA (NY)
USA (NY)
USA (NY)
USA (NY)
USA (VA, MD)
USA (KY)

Woodyer, 1968
Emmett, 1975
Williams, 1978
Andrews, 1980
Mosley, 1981
Petit and Pauquet, 1997
Harman et al., 1999
Harman et al., 2000
Dutnell, 2000
Castro and Jackson, 2001
Emmett and Wolman, 2001
Jaquith and Kline, 2001
White, 2001
McCandless and Everett,
2002
Doll et al., 2002
McCandless and Everett,
2003
McCandless, 2003
Cinotto, 2003
Miller and Davis, 2003
Lawlor, 2004
Metcalf, 2004
Chaplin, 2005
Westergard et al., 2005
Sherwood and Huitger, 2005
Keaton et al., 2005
Mulvihill et al., 2005
Mulvihill et al., 2006
Mulvihill et al., 2007
Mulvihill and Baldigo, 2007
Krstolic and Chaplin, 2007
Vesely et al., 2008

Table 3.2: Bankfull flow studies based on the partial duration series.

Return period
average [year]
0.40 – 4.40
0.11 – 0.31

32

Return period
range [year]
1.20
0.19

Number of
observations
33
10

Location

Source

Belgium
USA (NC, coastal plain)

Petit and Pauquet, 1997
Sweet and Geratz, 2003
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While the differences between return periods of the AMS and the PDS are insignificant for return
periods larger than 10 years, they diverge at lower values. In case of bankfull flow, a return period of
0.92 years can be assumed in the PDS (Dunne and Leopold, 1978). This return period stems from the
mathematical relationship between the return period of 1.5 years in the AMS and the PDS. Due to its
complexity, the PDS approach has not been widely used in past studies (Table 3.2). Petit and Pauquet
(1997) found an average return period of 1.2 years for rivers in Belgium, whereas Sweet and Geratz
(2003) showed that bankfull flow occurs more often on coastal plains.
A drawback of the AMS approach is that it only takes into account the largest flow event of each
complete year recorded. Thus, other flood events within a year are neglected, even though several of
them may be larger than maxima of other years (i.e. annual maxima are not always true extremes). In
addition, the AMS is mathematically incapable of providing sub-annual return periods and hence, is
unsuitable for the determination of bankfull flow which usually appears somewhat more often than
once a year (Navratil et al., 2006). The PDS approach, in contrast, considers all flood peaks above a
specific threshold level. However, the setting of an appropriate threshold is a complex task as it is
assumed that selected flood peaks (i.e. the threshold exceedances) are independent of each other and
exponentially distributed, and their annual number follows a Poisson distribution. This property of
independence is not so obvious when dealing with hydrological series. Frequently, floods tend to
appear grouped in bunches introducing a variable degree of serial dependence in the data series
(Begueria, 2005). Nevertheless, it is accepted that a threshold can be found that is high enough to
ensure the independence of the threshold exceedances. The PDS provides several important
advantages (Begueria, 2005) and the most important advantage for our analysis is the enhanced
resolution for high frequency events such as bankfull flow (Sweet and Geratz, 2003). The PDS
approach is able to provide sub-annual return periods and respects that in some years, rivers can have
more than one bankfull flow event. In addition, the PDS adapts better to heavy-tailed distributions
which are prevalent in hydrology (Madsen et al., 1997) and uses the information provided by the
simulated hydrographs more efficiently as it includes more flood peaks (Kite, 1977). A direct
comparison of Madsen et al. (1997) applying Monte Carlo simulations has shown that the PDS should
generally be preferred in comparison to the AMS. Consequently, to more precisely estimate bankfull
flow, the PDS approach is used in this study.
3.2.2

Applied approach

The PDS approach (Langbein, 1949; Shane and Lynn, 1964; Todorovic and Zelenhasic, 1970;
Davison and Smith, 1990) was applied on daily time series of river discharge for the 40-year time
series 1961–2000 modelled by the large-scale hydrological model WaterGAP3 (Verzano, 2009). As
mentioned before, the most crucial part in applying the PDS is the setting of an appropriate threshold.
Still, no general accepted guidelines exist for its selection and more research is required on this issue
(Nguyen, 2002). Generally, a threshold that is too low makes the threshold exceedances too close in
time and thus, violates the assumption of independence. On the other hand, a threshold that is too high
leads to an important loss in information of the hydrograph. In practise, different systematic methods
have been proposed and applied which are, for example, based on a fixed average number of threshold
exceedances per year (Konecny and Nachtnebel, 1985), a specific return period (Waylen and Woo,
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1983), a predefined frequency factor k (Rosbjerg and Madsen, 1992), or the mean excess plot
(Engeland et al., 2004). Lang et al. (1999) and Begueria (2005) stated that no unique specific threshold
value exists which can be used in each application. Hence, in order to determine the most suitable
threshold out of a range of possible thresholds, an increasing threshold censoring procedure is
proposed supported by statistical tests. Consequently, we initially considered a low threshold value
and increased it step-by-step. Thereby, the dispersion index (DI) test was used to determine the most
suitable threshold. In the literature, often an average number of one to five threshold exceedances per
year has been recommended for the threshold setting. Therefore, we started with a threshold level that
delivers five flood peaks per year on average and gradually increased this value until the Poisson
assumption could be verified by the DI statistics. This test is proposed by Cunnane (1979) and is based
on the idea that data adjust to a Poisson process in case the ratio of the average number of threshold
exceedances per year and its variance is close to one. A threshold was selected when the DI was
entering a specified confidence interval around one, whereas upper and lower confidence limits were
calculated by testing against a chi-square distribution using a 5% significance level. Ashkar and
Rousselle (1983) showed that once the exceedance series follows a Poisson process, then any higher
threshold is likely to suit as well. Therefore, this method has the advantage of providing a threshold
which takes into account the highest possible number of flood peaks compared to all other Poisson
admissible thresholds and thus, produces the most reliable estimates (Ashkar and Rousselle, 1987).
In order to support the assumption of independence, a declustering scheme was applied. As flood
events occur grouped in clusters (i.e. several daily peaks pertain to the same flood event), only the
maximum peak within a cluster was included in the PDS. Thereby, a cluster was defined by an upcrossing of the threshold level and the subsequent down-crossing of 70% of the threshold level. This
value was arbitrarily chosen to avoid that a small rain event in times of a decreasing flood causes
another flood peak in the PDS.
In a next step, the selected flood peaks from the PDS were ranked in their order of magnitude and
fitted to a distribution function. This allows that the return period of bankfull flow can be interpolated.
While the generalised extreme value distribution (GEVD) or the Pearson type-3 distribution (P3) have
traditionally been used for series of block maxima (such as the AMS series), Pickands (1975)
introduced the generalised Pareto distribution (GPD) to model threshold exceedances. Since then, it
has been applied by many investigators and proposed in association with the PDS for the study of
extreme events such as floods (Zhang, 2007).
The GPD is described by three parameters. The location parameter ζ complies with the threshold
value. The remaining two parameters, shape parameter κ and scale parameter α, can be estimated by
various procedures such as the method of moments (MOM), probability weighted moments (PWM),
L-moments (LM), maximum likelihood (ML), Principle of maximum entropy (POME), least squares
(LS), tail index, maximum penalized likelihood (MPLE), minimum density power divergence
(MDPD), LIKELIHOOD moment estimator (LME) and median estimator (MED) as well as nonparametric estimators (NP). In conventional statistical moments, data are squared and cubed which
gives greater weight to flood peaks which are far from the mean. In this study, L-moments were used
because they are always linear combinations of the ranked flood peaks and hence, they have the
advantage of providing parameter estimates that are nearly unbiased, highly efficient and not much
influenced by outliers (Hosking, 1990; Stedinger et al., 1993).
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3.2.3

Modelling of daily river discharge

The hydrological modelling system Water – Global Assessment and Prognosis (WaterGAP) has
been developed to simulate the distribution and availability of water resources on a global scale.
WaterGAP combines a global hydrological model (Döll et al., 2003) with several global water use
models (Flörke and Alcamo, 2004; Alcamo et al., 2003a; Döll and Siebert, 2002) taking into account
water consumption by households, manufacturing, energy production, livestock and irrigation. Within
the scope of this paper, we focus on the hydrological component of WaterGAP as the natural flow
regime is required for the estimation of bankfull flow not considering water abstractions and dam
management. The hydrological model of WaterGAP is based on spatially distributed physiographic
characteristics such as land cover, elevation and slope, soil properties, hydrogeology and the location
and area of reservoirs, lakes and wetlands. For each grid cell, a daily vertical water balance is
computed prescribing surface runoff and groundwater recharge considering canopy, snow and soil
water storages. The water balance for open water bodies is explained by the difference between
precipitation and evaporation, and determines runoff from the freshwater areas of the individual grid
cells. The total simulated runoff of a grid cell is composed of the runoff from land and from open
freshwater bodies. Water flow between grid cells is assumed to occur only as river discharge and is
routed along a predefined drainage direction (Döll and Lehner, 2002) to the next downstream cell.
Water flow from surface water bodies to groundwater as well as groundwater flow between cells is not
taken into account. The simulated river discharge is calibrated at 221 gauging stations in Europe
against measured annual discharge data from the Global Runoff Data Centre (GRDC, 2004).
So far, WaterGAP has been applied on a spatial resolution of 0.5° grid cell size globally. The
model has been refined during the last few years and its spatial resolution has been increased to 5 by 5
arc minutes globally (approximately 6 x 9 km in Central Europe) establishing the model version
WaterGAP3. The main physiographic input datasets used in WaterGAP (e.g. soil properties, land
cover, topography, drainage direction) are available as high spatial resolution maps. This improves not
only the representation of different physiographic model input parameters but also allows a better
understanding of the underlying hydrological processes. Thus, required input data and the river
network are represented with a higher level of detail. In addition, representations of key processes
describing the water cycle have been improved with special focus on the model’s ability to simulate
floods. For example, the snow modelling routine has been revised (Verzano and Menzel, 2009a). The
snow dynamics are modelled on sub-grid scale of 1 arc minute (roughly 1.2 x 1.8 km in Central
Europe), which improves the representation of snow cover within a grid cell and hence, snow melt
induced flood peaks in spring. In addition, the river length has been improved by an individual
meandering factor for each grid cell derived from a high-resolution drainage direction map (Lehner et
al., 2008).
In order to drive WaterGAP3 for historic simulations, the WATCH-forcing data (Weedon et al.,
2011) have been used as climate input. The dataset has a spatial resolution of 30 arc minutes, is biascorrected and covers the whole globe. For the usage in WaterGAP3 the climate data have been simply
disaggregated to a spatial resolution of 5 arc minutes. The WATCH-forcing dataset was chosen
because it provides the required meteorological forcings (air temperature, precipitation, longwave and
shortwave radiation) on a daily time step for the period 1958–2001.
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3.2.4

Validation

Observed data
In order to evaluate the uncertainty of our approach, modelled bankfull flow values were tested
against observed data. In contrast to the United States, where for most US Geological Survey (USGS)
gauging stations bankfull stage is recorded in the station description, observed bankfull flow data are
not easily available in Europe. Therefore, Water and Shipping authorities (WSA), environmental
agencies and hydrological institutes were enquired for observed bankfull flow data at gauging stations
on major rivers in Europe (Table 3.3). In some federal states of Germany (e.g. Hesse, Bavaria,
Saxony), the flood alarming level 1 is defined as a point where first overflowing occurs or water starts
to enter the floodplain. Hence, the associated discharge values were also taken into consideration in
our validation as a surrogate for bankfull flow.
Table 3.3: Sources of observed bankfull flow data used for model testing.

Country
Austria
Czech Republic
Finland
Germany

Poland
Switzerland
UK

Definition
Bankfull flow
Bankfull flow
Flood alarming level 1
Bankfull flow
Flood discharge
Flood alarming level 1
Flood alarming level 1
Flood alarming level 1
Bankfull flow
Flood alarming level 1
Flood alarming level 1
Flood alarming level 1
Flood discharge
Bankfull flow
Bankfull flow
Bankfull flow
Bankfull flow

Data source
via Donau - Österreichische Wasserstraßen GmbH
Amt der Tiroler Landesregierung
Hochwassernachrichtendienst Bayern (http://www.hnd.bayern.de/)
Povodi Labe, statni podnik
Syke ymparisto
Hochwassernachrichtendienst Bayern (http://www.hnd.bayern.de/) Hessisches
Landesamt
für
Umwelt
und
Geologie
(HLUG)
http://www.hlug.de/medien/wasser/messwerte.htm
WSA Hann. Münden
WSA Bingen
WSA Magdeburg
WSA Dresden
Landesumweltamt Brandenburg
Kierownik Osrodka Hydrologii, Instytut Meteorologii i Gospodarki Wodnej
University of Warsaw
Bundesamt für Umwelt (BAFU)
Center for Ecology and Hydrolgy (CEH)
(http://www.geog.soton.ac.uk/research/62rivers/)

Bankfull flow approaches
To assess the uncertainty of different aspects of our approach, bankfull flow was calculated from
the daily discharge time series in different approaches (Table 3.4).
Table 3.4: Applied approaches to calculate bankfull flow.

Approach
app1
app2
app3
app4
app5
app6
app7

Method
PDS
PDS
PDS
PDS
PDS
AMS
PDS

Return period
0.92
0.92
0.92
0.92
0.92
1.50
0.92

Distribution
GPD
P3
GPD
GPD
GPD
P3
GPD

Threshold
DI-statistics
DI-statistics
1.0 exc. p.a.
3.0 exc. p.a.
5.0 exc. p.a.
DI-statistics

Climate
daily
daily
daily
daily
daily
daily
monthly

Approach 1 (app1) depicts the proposed approach where latest recommendations of the scientific
literature were considered. Here bankfull flow was determined by the PDS considering an increasing
threshold censoring procedure with DI statistics, the generalised Pareto distribution (GPD) and a
return period of 0.92 years. The GPD has been replaced by the P3 distribution in app2 which requires
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the calculation of the mean, standard deviation, coefficient of variation (CV) and skew coefficient
(CS) of the arithmetic as well as logarithmic values of the series. Depending on the skewness of the
series the logarithmic P3 (i.e. if CSlog > 0) or the arithmetic P3 distribution (i.e. if CSlog < 0 and CSarith
> 0) have been applied. The arithmetic P3 was also used in the particular case where CSlog ≤ 0 and
CSarith ≤ 0, and CSarith was set to 2CVarith (Maniak, 2005). In app3 to app5, the threshold setting has
been regarded. Instead of a threshold selection by the DI statistics, different average numbers of
threshold exceedances per year (i.e. one, three and five) were taken into account. The AMS which
considers only the largest flood peak of each year was applied in combination with a P3 distribution in
app6. The calculation of bankfull flow in an annual series corresponds to a return period of 1.5 years.
To analyse the effect of the temporal resolution of climate input data on bankfull flow results,
WaterGAP was driven in an additional model run by monthly climate data (app7). We used a
combination of the datasets CRU TS 2.1 (Mitchell and Jones, 2005) and CRU TS 1.2 (Mitchell et al.,
2004) which provide monthly information on precipitation, temperature, cloud cover and the number
of rain days per month. Although the CRU TS 1.2 dataset has a higher spatial resolution (10 arc
minutes), it covers only the predominant part of Europe. In order to get information for grid cells that
were not covered, the CRU TS 2.1 dataset with a spatial resolution of 30 arc minutes was applied.
Then both datasets were simply downscaled to a 5 arc minutes grid. As WaterGAP simulates river
discharges on a daily time step, the monthly climate input had to be downscaled from monthly to daily
values. In this context, temperature and cloudiness were downscaled with a cubic-spline-function
between the monthly averages, which were assigned to the middle of each month. Precipitation was
first distributed equally over the number of rain days per month. The rain days were then distributed
within a month by using a two-state, first-order Markov Chain for which the parameters were chosen
according to Geng et al. (1986).
Efficiency criteria
Different efficiency criteria are available to assess the difference between simulated and observed
data. Each criterion may place different emphasis on different modelling behaviours and thus,
possesses assets and drawbacks. In order to overcome the drawbacks of a single measure and provide
a more comprehensive picture, the following efficiency criteria were chosen for the validation of our
bankfull modelling approach and are described in detail by Krause et al. (2005):
Weighted coefficient of determination (ωr2).
The coefficient of determination r2 quantifies only the dispersion around the regression line and
hence, a model that systematically over- or underpredicts can still produce good r2 results. In order to
account for the dynamics and get a more comprehensive assessment of the simulated bankfull flow
results, we multiplied r2 in Eq.4.1 by the slope m of the regression line whereas the intercept b was
forced to be zero. The range of ωr2 values lies between zero and one. Thereby, the closer the value is
to one, the better the model results.
𝜔𝑟 2 = �

|𝑚| ∙ 𝑟 2
𝑓𝑓𝑓 𝑚 ≤ 1
|𝑚|−1 ∙ 𝑟 2 𝑓𝑓𝑓 𝑚 > 1

(4.1)
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Modified Nash–Sutcliffe efficiency (Ej).
The Nash–Sutcliffe efficiency E is often used in the field of hydrology. It indicates how well the
plot of simulated values S against observed values O fit to the 1:1 line. One of its drawbacks is that
residuals are squared. This causes larger values to have a higher influence. Consequently, we made use
of a modified form of E with j = 1 which is displayed in Eq. 4.2. This modification leads to a better
representation of smaller values in the data field, but generally causes lower values for E compared to
the squared form. The range of E lies generally between -∞ and 1. Again, the closer the value is to 1,
the better the model results.
∑𝑛 |𝑂 −𝑆 |𝑗

𝑖
𝑖
𝐸𝑗 = 1 − ∑𝑖=1
𝑛 |𝑂
−𝑂�|𝑗
𝑖=1

𝑖

𝑤𝑤𝑤ℎ 𝑗 = 1

(4.2)

Mean percentage error (MPE).
To measure systematic over- or underestimation, the mean percentage error (MPE) was used. The
MPE is the computed average of percentage errors by which simulated values S differ from observed
values O (Eq. 4.3). In contrast to the root mean square error (RMSE) or percentage bias (PBIAS), the
MPE has the benefit that all pairs of observed and simulated data have the same weight in the
calculation (i.e. larger values and outliers are not overestimated). However, positive and negative
errors can compensate each other in the MPE. In general, positive values indicate a systematic
overestimation, while negative values indicate a systematic underestimation of the model. The optimal
value is zero.
𝑀𝑀𝑀 =

3.3
3.3.1

1 𝑛 𝑆𝑖 −𝑂𝑖
∑
𝑁 𝑖=1 𝑂𝑖

∙ 100 [%]

(4.3)

Results
Estimation of bankfull flow at European scale

With the proposed approach (app1), bankfull flow was modelled for 180,721 grid cells of a 5 x 5
arc minutes raster (longitude and latitude) in Europe (Figure 3.1). That is, the PDS approach was
applied making use of an increasing threshold censoring procedure and the generalised Pareto
distribution (GPD). The method was performed individually for each grid cell taking into account a
return period of 0.92 years for bankfull flow and the daily hydrographs where simulated by the global
water model WaterGAP3 forced by bias corrected, daily climate input. Major rivers in Europe can be
clearly identified in the map and highest bankfull flow values can be found at the Danube mouth.
Generally, as would be expected for humid climates, bankfull flow values increase downstream of
each river.
3.3.2

Model testing

As described in Chapter 3.2.4, bankfull flow was estimated in different approaches considering
different flood frequency methods (i.e. PDS and AMS), distribution functions (i.e. GPD and P3),
threshold values in the PDS (i.e. an increasing threshold censoring procedure and a fixed number of
threshold exceedances per year) and climate input data (i.e. daily and monthly time series). Altogether,
66 observed bankfull flow values (Qbf,obs) at European gauging stations could be gained from enquiries
which were compared to simulated bankfull flow (Qbf, app1–7) at the corresponding grid cell of the
WaterGAP3 raster (Table 3.5).
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Table 3.5: Comparison of simulated versus observed bankfull flow data [m3/s].
Country

River

Station

AT
AT
AT
AT
AT
AT
CH
CH
CZ
DE
DE
DE
DE
DE
DE
DE
DE
DE
DE
DE
DE
DE
DE
DE
DE
DE
DE
DE
DE
DE
DE
DE
DE
DE
DE
DE
DE
DE
DE
DE
DE
DE
DE
DE
DE
DE
DE
DE
DE
DE
FI
FI
GB
GB
GB
GB
GB
GB
GB
GB
PL
PL
PL
PL
PL
PL

Danube
Danube
Inn
Inn
Salzach
Salzach
Aare
Rhein
Jizera
Danube
Danube
Danube
Danube
Danube
Danube
Danube
Elbe
Elbe
Elbe
Elbe
Elbe
Fulda
Fulda
Iller
Iller
Inn
Inn
Inn
Main
Main
Main
Main
Main
Main
Main
Main
Main
Neiße
Oder
Oder
Rhein
Rhein
Rhein
Rhein
Salzach
Salzach
Werra
Werra
Weser
Weser
Kokemäenjoki
Kymijoki
Avon
Bedford Ouse
Clyde
Exe
Severn
Thames
Trent
Tweed
Biebrza
Notec
Oder
Vistula
Vistula
Warta

Kienstock
Korneuburg
Brixlegg
Innsbruck
Golling
Salzburg
Brugg
Rheinfelden
Turice
Donauwörth
Hofkirchen
Ingoldstadt
Oberndorf
Passau Ilzstadt
Pfelling
Schwabelweis
Barby
Dresden
Tangermünde
Torgau
Wittenberge
Guntershausen
Rotenburg
Kempen
Wiblingen
Mühldorf
Oberaudorf
Wasserburg
Frankfurt Osthafen
Kemmern
Kleinheubach
Raunheim
Schweinfurt
Schwürbitz
Steinbach
Trunstadt
Würzburg
Guben2
Eisenhüttenstadt
Hohensaaten-Finow
Andernach
Kaub
Mainz
Worms
Burghausen
Laufen
Allendorf
Heldra
Hann Münden
Karlshafen
Kolsi
Anjala
Evesham
Roxton
Daldowie
Thorverton
Bewdley
Kingston
Colwick
Boleside
Burzyn
Nowe Drezdenko
Polecko
Smolice
Tczew
Gorzow Wielkop.

Qbf
-obs5130
5440
1170
1470
471
645
884
3329
225
592
1570
997
1070
3320
1070
1180
1230
727
1210
1150
1340
412
151
288
291
921
1110
1060
944
151
807
947
535
136
677
501
465
162
746
1311
5892
4183
3520
3300
1450
1870
165
202
626
403
650
480
125
122
370
154
420
450
550
358
100
131
540
372
3150
485

Qbf
-app14996
4999
1232
1046
852
955
1099
3171
156
1074
2380
1433
1537
4731
1882
1963
1744
1130
1646
1076
1851
390
177
210
398
1446
1340
1490
764
234
732
827
598
232
675
610
581
105
896
1169
5664
4237
4251
3712
1207
1252
329
339
716
800
535
411
273
248
275
299
479
574
739
288
80
167
826
328
2631
404

Qbf
-app24976
4974
1215
1041
838
942
1072
3192
152
1068
2398
1420
1519
4639
1865
1952
1757
1148
1674
1085
1908
392
180
218
394
1434
1316
1469
762
228
719
828
590
232
663
602
572
97
892
1185
5655
4254
4247
3673
1185
1225
331
341
720
805
531
408
279
242
274
292
477
565
723
279
84
153
826
329
2753
429

Qbf
-app35229
5187
1225
1055
844
962
1099
3215
160
1134
2453
1471
1627
4771
1961
2033
1905
1196
1848
1178
2151
397
174
205
392
1488
1319
1480
855
241
794
915
637
238
717
661
608
105
959
1447
6257
4473
4431
3841
1212
1225
329
340
732
821
535
411
277
253
272
291
472
593
733
290
100
167
896
350
3190
505

Qbf
-app45078
5080
1220
1051
845
964
1078
3171
155
1071
2489
1422
1531
4783
1897
1972
1887
1148
1779
1107
2083
392
175
213
401
1440
1327
1478
807
242
748
877
614
234
689
636
598
105
881
1304
5821
4308
4287
3744
1211
1253
325
332
716
805
530
398
272
247
275
292
483
592
736
285
91
156
821
330
3036
404

Qbf
-app54996
4999
1232
1046
852
955
1093
3122
156
1085
2380
1433
1537
4731
1882
1963
1744
1113
1646
1078
1851
382
169
213
398
1447
1340
1490
764
234
732
827
598
226
675
610
581
104
896
1169
5664
4237
4251
3712
1207
1252
322
329
700
783
522
NA
271
248
277
299
479
574
739
288
80
NA
826
328
2631
NA

Qbf
-app65178
5170
1226
1054
851
957
1034
3238
149
1089
2422
1445
1553
4659
1913
1967
1873
1252
1827
1202
2111
404
171
231
418
1445
1343
1484
799
224
750
859
595
215
682
593
587
96
904
1308
5923
4319
4295
3700
1201
1252
322
325
729
812
488
373
286
243
265
291
469
572
741
270
97
141
833
306
3278
446

Qbf
-app73546
3496
1093
959
538
594
777
2556
101
574
1269
696
900
2922
954
1056
988
712
939
736
1015
257
91
70
138
966
1152
958
430
81
436
610
287
71
354
265
260
115
469
730
3746
3444
3072
2760
753
741
180
171
453
525
412
402
93
91
152
120
162
238
265
142
66
92
385
240
1959
310
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Figure 3.1: Bankfull flow estimations for a European grid cell raster calculated by the PDS approach applied on modelled daily
discharge data for the time period 1961–2000.

For each approach, the efficiency criteria described in Chapter 3.2.4 were calculated to assess the
uncertainty of different aspects of the approach (Table 3.6).

Table 3.6: Validation results presented by different efficiency criteria.

Efficiency criterion
m
ωr2
Ej (j=1)
MPE

app1
1.04
0.90
0.71
+22.8%

app2
1.04
0.90
0.71
+22.2%

app3
1.10
0.85
0.69
+27.7%

app4
1.07
0.88
0.71
+24.3%

app5
1.04
0.90
0.70
+23.4%

app6
1.08
0.88
0.71
+24.1%

app7
0.72
0.69
0.63
-29.3%

In the proposed approach (app1), bankfull flow could be estimated with a high weighted
correlation close to one (ωr2 = 0.90). As the gradient m of the regression line is 1.04 and therefore
close to the 1:1 line, the correction of r2 was quite small. The modified Nash–Sutcliffe coefficient (E1
= 0.71) lies between 0.5 and 1 and indicates a good model efficiency. However, the MPE shows that
bankfull flow is in general still overestimated by 22.8%.
In app1 the threshold for the PDS was set by an increasing threshold censoring procedure based on
DI statistics. The threshold had been increased stepwise from five threshold exceedances onwards
until (i) the DI was within the confidence interval around one and (ii) the hydrograph could provide
the required number of threshold exceedances. Table 3.7 shows at which step a threshold could be
selected for the calculation of bankfull flow. In 69.7%, bankfull flow could already be determined by a
threshold which delivered on average five threshold exceedances per year. The threshold needed to be
raised further in 22.8% of the cases to get independent flood peaks. A dispersions index within the
confidence interval around one could not be found in 7.5% of the cases.
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Table 3.7: Frequency distribution of the selected threshold levels.

Threshold exceedances
DI within the
confidence interval

1.0-1.9
6.1%

2.0-2.9
6.1%

3.0-3.9
7.6%

4.0-4.9
3.0%

5.0
69.7%

not found
7.5%

Impact of the distribution function
In app2 the P3/log-P3 distribution was used instead of the GPD. Figure 3.2a depicts that the use of
a different distribution function had only a small impact on the results for bankfull flow. The same
results were gained for ωr2, E1 and the gradient m. In our analysis of 66 data pairs, the overestimation
(MPE) is even a bit smaller (by 0.6%) compared to app1.

Figure 3.2: Scatter plots between modelled and observed bankfull flow values. Thereby, the application of the PDS with a GPD
(app1) is compared to a) the PDS with a P3 distribution (app2), b) the AMS with a P3 distribution (app6), c) different thresholds in the PDS taking into account one (app3) and five threshold exceedance per year (app5) rather
than a procedure with DI statistics (app1), and d) monthly climate input (app7) to drive WaterGAP rather than
daily climate input (app1).
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Impact of the threshold setting
The impact of the threshold setting on the bankfull flow results is significantly higher (Figure
3.2c). Table 3.6 exemplifies the results which took one (app3), three (app4) and five (app5) threshold
exceedances per year on average into account. App5 generated the best results, but in three out of 66
cases no results could be gained as the related hydrographs could not provide five threshold
exceedances per year. The overestimation in the three approaches was between 23.4 and 27.7% and
also ωr2 and E1 are slightly worse in comparison to the DI statistics approach (app1).
Impact of applying an annual maxima series
In app6 the AMS was used instead of the PDS. The ωr2 is 0.88 with a gradient m of 1.08, E1 is
0.71 and the overestimation accounts for 24.1% (Figure 3.2b). Therefore, in our analysis, the results of
the AMS are not as good as the PDS with DI statistics (app1), but quite similar compared to the
approaches using a fixed number of threshold exceedances (app4 and app5).
Impact of the climate data temporal resolution
While all approaches so far tended to overestimate bankfull flow, the application of monthly
climate input data leads to a significant underestimation (m = 0.71; MSE = -29.3%) as plotted in
Figure 3.2d. This is especially the case for larger rivers (Qbf > 1,000 m3/s). In addition, the weighted
correlation (ωr2 = 0.69) and model efficiency (E1 = 0.63) are much lower compared to the other
aspects analysed before.

3.4

Discussion and conclusions

This study aimed at applying and testing a method which could be used to estimate bankfull flow
on a global or continental grid cell raster. As datasets of river width, depth or cross sectional area are
not available for large scales, bankfull flow was determined by flood frequency analysis. Thereby,
latest recommendations of preferring the PDS (rather than the AMS) in combination with a
generalised Pareto distribution (GPD) and an increasing threshold censoring procedure were
considered. The large data samples (i.e. 40-year time series) modelled by WaterGAP allow that
parameters of the GPD can be estimated with satisfying accuracy.
Although bankfull flow can differ greatly at few locations from the discharge of a specific return
period, our literature review on bankfull flow studies in the past showed that in 80% of the cases a
good estimation of bankfull flow can be gained by flood frequency analysis. Even though most of
these studies were conducted in the USA, a wide range of different river types (lowland, mountainous,
coastal and urban rivers), river sizes and climatic conditions were covered in the review.
In this study, the model was tested against observed bankfull flow data at different gauging
stations in Europe. Results show that bankfull flows can be reasonable estimated with a large-scale
modelling approach for larger rivers in Europe by applying a return period of 0.92 in the PDS. A good
agreement tested with different efficiency criteria emerged between modelled and observed bankfull
flow values, but also a systematic overestimation of bankfull flow by 22.8%. The overestimations of
flood peaks by WaterGAP could be further reduced in the future by implementing river floodplain
processes in the model. In practice, adjacent floodplains act as temporal water storage and thereby,
reduce flood peaks and flow velocity.
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In practise, a number of distributions have been suggested for flood frequency analysis. The
validation of our approach indicated that the choice of the distribution function was not as crucial as
the setting of an appropriate threshold in the PDS. A calculation with a Pearson3/log Pearson3
distribution led only to minor changes. This result fits to the statement of Nguyen (2002) that the
choice of the distribution seems not to be as important as an adequate data sample. The size of the data
sample as well as other basic assumptions of the PDS such as independence and homogeneity are
influenced by the threshold setting. In our validation, different threshold levels were used which led to
considerable changes in the bankfull flow estimates. This coincides to the findings of other studies
(Önöz and Bayazit, 2001; Begueria, 2005) which showed that different threshold levels can
significantly modify the lower part of the distribution. Taking into account more threshold
exceedances in the PDS generated better bankfull flow estimates in this study which can be explained
by the overestimations of higher flood peaks in WaterGAP. However, when five threshold
exceedances per year were considered, no estimates could be gained for a few locations as the related
hydrographs could not provide the required number of flood peaks. Furthermore, in almost 23% of the
cases the DI test failed which violates the assumption of independence and demands for a higher
threshold level. Altogether, best results were gained in this study of 66 data samples by the PDS using
an increasing threshold censoring procedure with DI statistics. Thereby, it verifies the assumption of
independence and uses the information provided by the hydrograph more efficiently.
The AMS has some drawbacks compared to the proposed approach, but is much easier in its
application. The results in our validation were slightly worse compared to the proposed approach, but
still good estimates of bankfull flow could be gained. Madsen et al. (1997) came to the conclusion that
in general, the PDS approach should be preferred.
Only recently, global or continental climate forcing datasets have become available with a daily
resolution (e.g. Sheffield et al., 2006; Hirabayashi et al., 2008; Weedon et al., 2011). Thus, WaterGAP
has been driven with monthly climate input data so far, which needed to be artificially downscaled to
daily time steps. The new established, bias corrected WATCH forcing climate dataset allowed for the
first time to drive WaterGAP with daily climate input. While for the simulation of mean annual
discharges the higher temporal resolution of daily climate input may not have a significant impact, in
our analysis focusing on single flood flow events, daily climate input led to more accurate bankfull
flow estimates. Indeed, the highest uncertainty in this study was derived from the downscaled monthly
climate input. This is especially the case for larger river basins.
In Europe, many river reaches have been artificially changed in the past. Local characteristics such
as levees, dykes, canalisation and river regulation as well as widening, deepening and realigning of
river reaches by construction work cannot be considered in this approach. Therefore, the uncertainty of
the bankfull flow results is higher, the more far conditions are from natural at a specific grid cell.
However, the validation indicated that still reasonable estimates of bankfull flow can be gained for
large scale modelling purposes to differentiate between in-channel and flooding flows. An alternative
method to our approach is described by Bjerklie (2007). This method is based on remotely estimating
river geometry data such as width, stage and slope by satellite or aerial remote sensors. In the future,
this method could allow establishing large-scale inventories of hydraulic river data which could be
used to calculate bankfull flow. However, this method still requires more research and advances in
remote sensing technology, and it will take time until continental datasets are available.
43

CHAPTER 3

44

CHAPTER 4
4 M A J O R H Y D R O L O G I C A L T H R E AT S F O R
W E T L A N D S O F I N T E R N AT I O N A L I M P O RTA N C E

R I PA R I A N

Summary
Riparian wetlands have been reportedly disappearing at an accelerating rate. Their ecological
integrity as well as their vital ecosystem services for mankind depend on regular inundation patterns of
natural flow regimes. However, river hydrology has been altered worldwide. Dams cause less variable
flow regimes and water abstractions decrease the amount of flow so that ecologically important flood
pulses are often reduced. Given growing population pressure and projected climate change, immediate
action is required. Adaptive dam management, sophisticated environmental flow provisions, water use
efficiency enhancement, and improved flood management plans are necessary for a sustainable path
into the future. Their implementation, however, is often a complex task and depends inter alia on legal
and institutional arrangements. This paper aims at identifying major hydrological threats for 93
Ramsar sites, many of which are located in transboundary basins. The WaterGAP3 modelling
framework is used to compare current and future modified flow regimes to natural flow conditions.
Results show that current water resource management seriously impairs riparian wetland inundation at
29% of the analysed sites. Further 8% experience significantly reduced flood pulses. New dam
initiatives are taking place in one third of the upstream areas with potential ecological impacts
especially for riparian wetlands in South America, Africa, Asia and the Balkan Peninsula. Hotspots for
climate change impacts were identified for Eastern Europe, Western Asia as well as the centre of
South America. Further results indicate whether local water resource competition and the existing
institutional framework could impede the implementation of conservation measures.

4.1

Introduction

On global scale, 64-71% of all wetlands have been lost since 1900 (Davidson, 2014) and even
higher numbers are expected for floodplain wetlands. For example, in Europe and North America up
to 90% of all floodplains are functionally extinct and in developing countries they are disappearing at
an accelerating rate (Tockner and Stanford, 2002). Moreover, river systems belong to the most
threatened ecosystems on the planet and the global freshwater Living Planet Index, indicating changes
of fish, bird, reptile, amphibian and mammal populations, declined by 76% since 1970 (WWF, 2014).
One of the main reasons for this situation is the alteration of natural flow regimes (including natural
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inundation patterns) due to water resource development (Dynesius and Nilsson, 1994; Kingsford,
2000; Tockner and Stanford, 2002). Dams are built for different purposes such as water supply,
hydropower generation, flood control, and navigation. On the one hand, dams offer important benefits
and contribute to 12-16% of global food production and 19% of global electricity generation (WCD,
2000; Richter and Thomas, 2007). On the other hand, dams have been identified as the largest
anthropogenic impact on the natural environment (Petts, 1984; Dynesius and Nilsson, 1994; Poff et al.,
1997). A study of Nilsson et al. (2005) showed that on the global scale dams affect 59% of all large
(i.e. VMAD ≥ 350m3/s) river systems. In the year 2000, the total cumulative storage capacity of large
dams accounted for approximately 8,300 km3 (Chao et al., 2008; ICOLD, 2007), so that more than
20% of global annual river discharge can be retained in reservoirs (Vörösmarty et al., 1997). In
general, dams cause less variable flow regimes by considerably dampening flood peaks and elevating
low flows. The downstream effects of individual dams are felt for tens to hundreds of kilometres,
reducing the extent and frequency of floodplain wetland inundation (Collier et al., 1996; McCully,
1996; Poff, 2007). Further decreases in flow are caused by water abstractions of an exponentially
growing world population. In the year 2003, 3,856 km3 of water were withdrawn globally according to
AQUASTAT statistics (FAO, 2010). The main fraction was used by agriculture (70%) followed by
industrial (19%) and domestic water supply sectors (11%). Often, man-made infrastructure is required
to transfer water and fulfil water demands of different sectors. In particular large cities, which spatially
concentrate freshwater demands of millions of people into small areas, currently divert 184 km3 of
water over a distance of 27,000 km (McDonald et al., 2014) causing flow alterations through interand intra-basin transfers. River flow regime modifications by dams, abstractions and diversions have
come at great costs (WCD, 2000; WWF, 2004; Richter and Thomas, 2007). Reviewing 165 case
studies, Poff and Zimmermann (2010) demonstrated that alterations of natural flows lead to ecological
consequences. In 92% of the cases, ecological impacts were reported. Similar outcomes (86% of 65
case studies) were found by Lloyd et al. (2004).
While floods are known as one of the most damaging natural disasters worldwide affecting human
lives and property (Jonkman, 2005; Doocy et al., 2013; Swiss Re, 2014), they are also essential at
natural sites and benefit river-floodplain ecosystems and their socio-economic functions for society. In
this paper we emphasize that a new approach is needed to water resource management. This approach
should include not only flood protection for people but also the allowance of sufficient high flows for
sustaining floodplain wetlands which also provide vital services to society.
A natural river floodplain represents an ecotone at the interface of aquatic and terrestrial realms,
which is periodically flooded and dried, and falls into the wetland category (Gregory et al., 1991;
Bayley, 1995). Here, flows above bankfull are by far the single most important driving force
(Welcomme, 1979; Junk et al., 1989; Tockner and Stanford, 2002) initiating ecological processes,
shaping habitat structures, and causing an important exchange of water, organisms, organic matter and
inorganic nutrients (Matthews and Richter, 2007). All characteristics and interactions caused by
flooding are described by the flood pulse concept (Junk et al., 1989; Bayley, 1991; Tockner et al.,
2000; Junk and Wantzen, 2004) and engender one of the most dynamic, diverse and productive
systems in the world (Naiman et al., 1993; Nilsson and Berggren, 2000). Not only do floodplain
wetlands contain more species than any other landscape unit (Tockner and Stanford, 2002; Allan et al.,
2005), they also possess a disproportionately high number of rare species and community types
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(Nislow et al., 2002). As hotspots of biodiversity, they provide vital ecosystem services for society and
economy: (i) The high productivity of floodplains generates important resources such as wood, reed,
hay and fish. Their soils are very fertile due to the regular enrichment of nutrient-rich sediments, and
floodplain fishery is an important source of protein and income for millions of people, especially in
tropical countries (Bayley, 1991). (ii) Decomposition rates of floodplain wetlands are high as well.
They act as biogeochemical reactors that improve water quality during inundation by removing
nutrients and toxins. Thus, they help to buffer non-point-source pollution (Dynesius and Nilsson,
1994). (iii) Aesthetic and recreational values support human leisure time activities such as fishing,
hunting, hiking and wildlife watching. (iv) The rich genetic and species diversity ensures ecosystem
integrity and serves as raw material for adaptation, evolution and medical research, and (v) access to
and inundation of natural floodplains buffer extreme hydrological events and hence, help to avoid
flood damages. Costanza et al. (1997) estimated the monetary value of ecosystem services from
floodplains and swamps worldwide at US$3,231 billion per year, and more recently, a global
economic assessment of ‘The Economics of Ecosystems & Biodiversity’ (TEEB) determined the value
of the world’s wetlands at US$3.4 billion per year (Brander and Schuyt, 2010). Despite the adherent
uncertainty of these numbers, they show that next to ecological, social and cultural benefits, also
financial gains can be achieved by floodplain conservation methods.
Due to population growth, climate change and new dam initiatives, impacts on riparian wetlands
are very likely to further increase in the next decades. Currently, major initiatives in hydropower
development are taking place as a new source of renewable energy. At least 3,700 major dams are
either planned or under construction, which is supposed to reduce the number of remaining freeflowing rivers by further 21% (Zarfl et al., 2015). These dams offer economic opportunities, but have
the potential to negatively impact river ecosystem health and cause conflicts among fellow riparians.
Climate change may severely alter flow regimes over large regional scales as well (Nohara et al.,
2006; Laize et al., 2014). Depending on the applied scenario, Okruszko et al. (2011) showed that
European wetlands could lose 26 to 46% of their ecosystem services by 2050 due to climatic and
socioeconomic impacts on hydrology. Today, a strong consensus exists among scientists that (i)
natural flow variability needs to be maintained to some degree to preserve river ecosystems and the
goods and services they provide (Poff et al., 1997; Postel and Richter, 2003; Arthington et al., 2006;
Richter, 2009), and (ii) ecosystems should be considered as ‘legitimate users’, whose water
requirements should be taken into account in allocation schemes in-line with other water use sectors
(Naiman et al., 2002; Postel and Richter, 2003; Poff and Matthews, 2013). Measures encompass
adaptive integrated dam management that reconciles interests of different water use sectors, water useefficiency enhancement, and sophisticated environmental flow (eFlow) provisions, e.g. according to
the Block Building Methodology (BBM; Tharme and King, 1998) or the Basic Flow Methodology
(BFM; Palau and Alcazar, 2012), which respect ecologically relevant flow elements such as flood
pulses for riparian wetlands. Additionally, questions are being asked about cost and effectiveness of
current flood and floodplain management policies, and the potential of restoring river floodplains and
dead stream branches to minimize flood damages (Sparks, 1995). However, implementing such
measures is a complex task and faces challenges such as setting strategic goals, identifying operation
targets, having conflict resolution mechanisms in place, involving stakeholders, and monitoring the
entire development (Pahl-Wostl et al., 2013). International reviews (Moore, 2004; Le Quesne et al.,
2010) revealed that the main obstacles for environmental flow application around the world include a
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lack of political will and stakeholder involvement, insufficient legal, institutional and monitoring
capacities, as well as conflicts of interests. Consequently, a comprehensive framework for
implementing eFlow provisions requires that appropriate legal and institutional arrangements are in
place. This is especially the case in transboundary river basins. The more countries affect the water
management upstream of a riparian wetland, the more groups of stakeholders with different interests
are present, the higher the potential for conflicts, and the more interdependencies are created at
different administrative levels both within and between the countries (GWP, 2014). Hence,
international water treaties and institutions are required to agree on common goals, coordinate basinwide water management and allocate water to different users (Le Quesne et al., 2010). In the past,
ineffective governance systems have often led to overexploitation of water resources with detrimental
effects for river ecosystems and, in the long-term, for human well-being (Pahl-Wostl et al., 2013).
Despite the political and legal progress in recent years, water provisions for river ecosystems are
still assigned a low priority in water management (Poff et al., 1997; Revenga et al., 2000; Smakhtin et
al., 2004b), much less funds have been invested into river ecosystem conservation in comparison to
human water security (GEF, 2008; Vörösmarty et al., 2010), and in many countries ecological water
requirements have never been assessed until today (Smakhtin and Eriyagama, 2008; Richter, 2009).
Thus, most river reaches and wetlands worldwide remain vulnerable to overexploitation (Poff et al.,
2009; Richter et al., 2011). Case studies show that floodplain wetlands have been downsized and
transformed into terrestrial ecosystems due to reduced flooding caused by water resource management
(Hughes, 1988; Maheshwari et al., 1995; Barbier and Thompson, 1998; Kingsford, 2000; Nislow et
al., 2002). The goal of this study is to identify riparian wetlands that are threatened due to modification
of inundation regimes. Thereby, following research questions are addressed:
1. What is the impact of current water resource management on riparian wetland flooding?
Thereby this study considers operation (rather than reservoir capacity and river fragmentation)
of all large dams from the GRanD database, distinguishes operation schemes of different dam
types, and takes into account water consumption of five different water use sectors including
water transfers of larger cities.
2. At which sites inundation is likely to be further impaired in the future? Therefore, major dam
initiatives were quantified upstream of each wetland as well as the impact of climate change
on future flood pulses.
3. At which sites the implementation of conservation measures could be hindered? Therefore, the
presence of legal and institutional arrangements that can be particularly instrumental for
conservation efforts as well as water resource competition was assessed upstream.

4.2

Methodology

Primarily, this study focuses on the analysis of riparian wetlands of international importance which
are listed under the Ramsar Convention, a global framework for intergovernmental cooperation aiming
for the conservation and sustainable use of wetlands. The Ramsar Classification System describes
different wetland types, but does not categorize floodplain wetlands as a specific wetland type. Hence,
Ramsar wetlands were taken into account, which mainly depend on lateral overspill of adjacent rivers
(i.e. fluviogenic wetlands) according to information provided by the Ramsar information sheets (RSIS,
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no date). For Europe, a higher number of sites were gained as the European wetland geodatabase
(Okruszko et al., 2011) clearly defines wetland type and main source of water for each European
Ramsar wetland. Altogether, 93 sites were selected ranging from 5 to 55,374 km2 in size. They are
located in 48 different countries and 47 different river basins. The highest number was found in the
Danube basin, which contains 19 riparian wetlands. The assessment of these sites is based on the flood
pulse concept, which describes the flood pulse as a major driver determining the extent of the river
floodplain and the biota living within it (Junk et al., 1989; Tockner et al., 2000). Today, riparian
wetlands are at risk due to current dam and water management practices that make river flows less
variable and reduce lateral overspill to the adjacent floodplains. Hence, in a first step, we compared
current modified river flow regimes to natural flow conditions to determine the change in flood
volume. The modified flow regimes consider dam operation and water consumption of five different
water use sectors including water transfers of larger cities. The natural flow regimes serve as reference
conditions taking into account current climate and land-cover conditions, but no further anthropogenic
impacts. In a second step, a multi-indicator assessment was conducted addressing future threats and
challenges to implement eFlows.
4.2.1

Modelling water management impacts on flood pulses

In order to assess the impacts of current water resource management, the following procedure was
taken: (i) simulation of daily river discharge representing natural flow regimes of the time period
1981-2010, (ii) simulation of daily river discharge representing modified flow regimes of the same
time period, (iii) estimation of bankfull flow as a crucial threshold that marks the starting point of
inundation, (iv) analysis of all overbank flows by calculating the mean annual flood volume for the
modified and the natural flow regimes, and (v) determining the deviations in flood volume in the
modified flow regimes in comparison to natural conditions. For the simulation of daily discharge time
series, the integrated WaterGAP3 modelling framework was applied (Verzano, 2009), which performs
its calculations on a global 5 x 5 arc minute grid cell raster (~9 x 9 km2 at the Equator). The global
hydrology model of WaterGAP3 computes the macro-scale behaviour of the terrestrial water cycle. In
order to run it for the time period 1981-2010, the WATCH-Forcing-Data-ERA-Interim (WFDEI;
Weedon et al., 2014) were used as climate input. It consists of a set of daily, 0.5 x 0.5 degree gridded
meteorological forcing data, which were simply disaggregated to the 5 arc minute resolution as
required by the model. Forced by the climatic time series, WaterGAP3 calculates daily water balances
for each grid cell taking into account distributed physiographic characteristics from high spatial
resolution maps describing slope, soil type, land cover, aquifer type, permafrost and glaciers, as well
as extent and location of lakes and wetlands. The total runoff in each grid cell, derived from the water
balances of land and freshwater areas, is routed along a predefined drainage direction map (DDM5;
Lehner et al., 2008) to the catchment outlet. At about 1,600 gauging stations, the simulated river flow
is calibrated against observed annual river flow data from the Global Runoff Data Centre (GRDC,
2004). The calibration process adjusts only one model parameter, which has an effect on cell surface
runoff generation at gauging stations (Döll et al., 2003). Land cover data were derived from the Global
Land Cover Characterization map (GLCC; USGS, 2008) and for EU countries from the CORINE
Land Cover map (CLC2000; EEA, 2004). This entire setting was used to gain near-natural flow
regimes.
For the modified flow regimes, additionally, anthropogenic impacts on river discharge due to
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water use and dam operation were taken into account. For these model runs, the natural discharge was
reduced in each grid cell by the consumptive water use as calculated by the global water use models of
WaterGAP3. These models simulate spatially distributed sectoral water uses for the five most
important water use sectors: electricity production, manufacturing, domestic use, agricultural crop
irrigation and livestock watering (Aus der Beek et al., 2010; Flörke et al., 2013). Assuming an optimal
water supply to irrigated crops, net irrigation requirements are simulated for each grid cell based on
climatic conditions, dominant crop type and irrigated area around the year 2005 (GMIAv5; Siebert et
al., 2013). Livestock water demands are determined by multiplying the number of animals per grid cell
by the livestock-specific water use intensity (Alcamo et al., 2003a). The amount of cooling water
consumed by the electricity production sector is calculated by multiplying the water use intensity of
each power station with the equivalent annual thermal electricity production. The water use intensity is
affected by the cooling system (once-through flow cooling, tower cooling, or ponds) and the type of
fuel (coal and petroleum, natural gas and oil, nuclear, or biomass and waste) used at each power
station (Flörke et al., 2012a). Power station characteristics such as type, size and location are derived
from the World Electric Power Plants Data Set (UDI, 2004). Consumptive water uses of the
manufacturing and domestic sectors are computed on a country scale following data from national
statistics and reports, which are subsequently allocated to the grid cells of the associated country by
means of urban population and population density maps, respectively (Flörke et al., 2013). For the
domestic sector, WaterGAP3 also considers the water transfers of 480 larger cities including their
1,642 withdrawal points (City Water Map; McDonald et al., 2014).
In order to assess flow alterations due to dam operation, 6,025 large dams with a total storage
capacity of 6,200 km3 were allocated to the WaterGAP3 stream net based on information of the Global
Reservoir and Dam (GRanD) database (Lehner et al., 2011). The criteria of implementation were a
minimum dam height of 15 meters, which is in accordance with the ICOLD definition for large dams.
Additionally, dams exceeding a reservoir storage volume of 0.5 km³ were considered even with a
lower dam height. The operation of dams is performed in WaterGAP3 as a function of dam type. All
dams with the main purpose for irrigation are operated according to the algorithm of Hanasaki et al.
(2006) with minor modifications by Döll et al. (2009). In the algorithm, annual reservoir release is a
function of long-term annual reservoir inflow, the water balance over the reservoir, and the relative
reservoir storage at the beginning of the operational year. Subsequently, monthly reservoir releases are
calculated depending on the downstream consumptive water use in each month.
For this study, additional dam types were implemented in WaterGAP3 and their operation is based
on an optimization scheme provided by Van Beek et al. (2011). Depending on the dam type, an
objective function is applied that maximizes electricity production by maximizing the hydrostatic
pressure head to the turbines (hydropower dams), minimizes flood damages by minimizing overbank
flows (flood control dams), and aims for a constant outflow by minimising deviations from the annual
mean (water supply and navigation dams). Furthermore, different constraints are considered, which
reserve sufficient storage capacity to accommodate larger floods for seven days (flood protection) and
keep sufficient water in the reservoir to safeguard a minimum flow for at least thirty days (minimum
flow provisions). Given current reservoir storage and monthly inflow data of the upcoming year, the
overall modelling strategy is to find the monthly target storages (and corresponding monthly reservoir
releases) that would ensure optimal functioning of the dam. This strategy was realized in WaterGAP3
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by evaluating objective functions and constraints through deterministic dynamic optimization
(Bellman, 1957) and discretizing reservoir storage by the Savarenskiy's scheme (Savarenskiy, 1940)
considering a discretization width of 2%. At the beginning of each month, the accumulated objective
function value is computed for the upcoming twelve months taking into account every possible
combination of the discrete reservoir storage classes. The combination, which provides the most
suitable value for the objective function without harming any constraint, determines the dam operation
scheme. As inflow data, forecasted monthly values are used derived from average simulated flows of
the last 5 years (rather than simulated values for the future year). This prospective scheme reflects
more realistically the hydrological situation, where water managers have to deal with uncertain
forecast as well (van Beek et al., 2011). The monthly target storages together with the actual incoming
flow are subsequently used to calculate the daily reservoir releases.
An important parameter in our analysis is bankfull flow, which describes the point where the flow
just starts entering the active floodplain. Bankfull flow was estimated for each single grid cell by the
partial duration series approach taking into account 30-year time series of daily discharge data
modelled by WaterGAP3 and applying an increasing threshold censoring procedure, a declustering
scheme and the generalized Pareto distribution. The approach including a validation is described in
detail by Schneider et al. (2011a). As floodplain inundation requires overtopping of the banks, each
daily flow above bankfull was a critical flow to examine. The flood volume (i.e. the cumulative
amount of daily discharge above bankfull) is a measure for the extent of flooding and was determined
for the modified and the natural flow regimes as mean annual value over the 30-year time period. The
percentage change in mean annual flood volume between both regimes describes the anthropogenic
impact on floodplain inundation due to dam and water management. This approach was carried out for
each single grid cell of the global 5 arc minute raster. The assessment in Chapter 3 was performed in
two ways: (i) For the continental numbers, only grid cells that feature a bankfull flow higher than 100
m3/s and an inundation area according to Fluet-Chouinard et al. (2015) were regarded and named
‘river reach’. (ii) For the riparian wetland analysis, only associated grid cells on the WaterGAP3 raster
were investigated.
No generalizable relationships between flow alteration and ecological impact are available for
large-scale assessments. In order to distinguish levels of modification, ‘thresholds for potential
concern’ were applied for the deviation (Δ) in flood volume between the modified and the natural flow
regimes (Table 4.1). These thresholds are based on the ‘20% rule’ likely indicating moderate to major
changes in ecosystem structure and functions (Richter et al., 2011) and initial thoughts from some
water resources experts to set a global standard on eFlow requirements (Hoekstra et al., 2011).
However, it has to be considered that already small reductions in flood volume can result in large
decreases in extent of area flooded (Taylor et al., 1996; Kingsford, 2000; Tockner and Stanford, 2002).
Table 4.1: Thresholds for different levels of mean annual flood volume deviation (Δ) between modified and natural flow regimes (as
suggested for global assessments by Hoekstra et al., 2011)

River status

Level of modification

Thresholds for reduction in flood volume

A
B
C
D

unmodified/ slightly
moderately
significantly
seriously

Δ ≤ 20%
20% < Δ ≤ 30%
30% < Δ ≤ 40%
Δ > 40%
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In general it can be expected that the greater the deviation from natural condition, the greater the
expected ecological impact (Poff and Hart, 2002; Magilligan and Nislow, 2005). Quantitative
relationships between peak flows and ecosystems are provided, e.g. by Wilding and Poff (2008) for
rivers in the U.S. state Colorado. In their study, riparian vegetation responds by a maximum change of
12% in community composition for each 10% reduction in peak flows. Consequently, a reduction of
40% in flood volume, which indicates a serious modification in our analysis, could lead to a 48%
change in riparian vegetation. Stream invertebrates, in turn, respond exponentially. A 40% change in
peak flow caused a maximum response of 54% change in invertebrates. Poff and Zimmerman (2010)
found in their review that fish sensitively respond negatively to changes in flow magnitude. A
consistently large decline in fish diversity occurred, in particular where changes in flow magnitude
were 50% or higher.
4.2.2

Multi-indicator assessment of further threats

Under global change, modification of river flow regimes is likely to continue in the next decades.
The following indicators were applied in order to assess future impacts on riparian wetland flooding:
Future dam construction:
The construction of new dams will further dampen flood pulses in the coming decades and put
additional pressure on riparian wetlands. For each selected site the number of dams has been
determined from all upstream dam projects over 10 megawatts in capacity that were planned, proposed
or under construction as of July 2014 (Petersen-Perlman, 2014). A number of sources were used to
build the dataset: the United Nations Framework Convention on Climate Change’s Clean
Development Mechanisms (http://cdm.unfccc.int), International Rivers, and other organisations’
websites known to fund dam construction (e.g., World Bank).
Climate change impact on flood volumes:
Climate change constitutes another factor that is altering inundation patterns of riparian wetlands.
Projections indicate that future flow regimes are likely to be different due to regionally and seasonally
changing precipitation patterns and amounts. Additionally, the higher temperatures influence snow
melt (Verzano and Menzel, 2009b), frequency and intensity of extreme weather events such as floods
and droughts (Milly et al., 2008), as well as transpiration by plants and evaporation from surfaces
(Frederick and Major, 1997; IPCC, 2007a). The impact of climate change was measured in this study
by calculating the percentage change in mean annual flood volume in the 2050s (represented by the
time period 2041-2070) in comparison to the baseline period (1981-2010). Therefore, additional
WaterGAP3 runs were conducted for the entire timeline driven with bias-corrected, daily climate data
from five different general circulation models (GFDL-ESM2M, HadGEM2-ES, IPSL-CM5A-LR,
MIROC-ESM-CHEM, and NorESM1-M) taken from ISI-MIP (Hempel et al., 2013). Thereby, we
assumed climate drivers to follow the Representative Concentration Pathway leading to a radiative
forcing (cumulative measure of human emissions of GHGs from all sources) of 6.0 W/m² (RCP6.0),
which depicts a medium-high emission scenario with stabilization from 2050 onwards (Riahi et al.,
2011). Dam operation and water use were disabled in these model runs to focus on the sole effect of
climate change. Results are presented as ensemble median, so that the direction of change is reflected
by at least 3 out of the 5 selected GCMs. Thereby, only reductions have been documented in the
results chapter, as it cannot be distinguished whether the increase in flood volume benefits wetland
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inundation or causes more flood damages downstream, which, in turn, would be an incentive to build
more dams for flood control (Poff and Matthews, 2013).
In order to counteract flow alteration threats to riparian wetlands, different measures are available.
However, their implementation is not straightforward and depends on the local situation. The
following indicators were applied to evaluate for each Ramsar site the potential to implement
conservation measures such as eFlow provisions:
Water resource competition:
A high level of water scarcity in the upstream area indicates a high competition for water resources
between different water use sectors and reduces the potential to allocate adequate amounts of water for
ecological requirements. Especially flood pulse provisions would require a relatively large amount of
water at a specific time of the year. However, in some regions, water withdrawals alone can have a
strong impact on the river flow regime. For example, water withdrawals at the Murray Darling Basin
cause that only 36% of the natural flow drains into the sea (Jolly, 1996). Water scarcity was defined
according to Hoekstra et al. (2012) and occurs when the blue water footprint exceeds blue water
availability. This approach assumes that no more than 20% of total discharge is depleted by
consumptive water use. In regard to the time series 1981-2010, the average number of month per year
with water scarcity upstream is used to depict the competition for water resources.
Presence of legal provisions for eFlows:
While having a legal provision is no guarantee that eFlows are actually established in practice,
enforced or adequate at all, it is an important first step for setting strategic goals, advocating ecological
water requirements with stakeholders, securing planning resources, and promoting eFlow
implementation (Le Quesne et al., 2010). This indicator depicts whether the country of the site has
normative provisions for eFlows in its Water Act (yes) or not (no). In the case of federal countries
such as the US or Canada, the score refers to the state(s) where the site is located. The main sources of
information for this indicator were OECD (2015), Benítez Sanz and Schmidt (2012), Le Quesne et al.
(2010), and the FAO Water Lex Legal Database (FAO, no date).
Transboundary institutional resilience:
In transboundary upstream areas the complexity of water management increases and conflicts are
more likely. Formal arrangements governing transboundary river basins, in the form of international
water treaties and river basin organisations (RBOs), can be particularly instrumental in managing
disputes among different stakeholders involved in water resources management. The greater political
and institutional capacities are, the higher is the potential for implementing eFlows which is
considered a complex task. Institutional frameworks can determine targets, responsible authorities,
reoperation strategies, reallocation of water shares, monitoring efforts and consequences of assessment
outcomes (Le Quesne et al., 2010; Pahl-Wostl et al., 2013). Therefore, for all sites with a
transboundary upstream area, the institutional resilience was determined. The calculation of this
indicator was based on the level of formal institutional capacity expressed by the presence of RBOs, at
least one relevant treaty, and specific treaty provisions such as water allocation mechanism, conflict
resolution mechanism, and flow variability management. For each of these components present at
basin-country unit (BCU) level, one point was given allowing for a resilience score ranging from zero
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to five. In order to gain values for the upstream areas, BCU-values were aggregated by considering a
weight for each BCU, which was derived from the runoff ratio of the BCU compared to the total
upstream area. The scores were then grouped into 4 classes that describe a low (score <=2), low-mid
(score of >2 to 3), mid-high (score of >3 to 4) and high (score of >4 to 5) institutional capacity. All
underlying data were obtained from De Stefano et al. (2012) and complemented with data embedded
in international RBOs (Schmeier, no date).

4.3

Results

Riparian wetlands depend on natural patterns of inundation. However, flow regimes of most large
river systems in the world have been altered due to different anthropogenic impacts with severe
consequences for river ecosystems. Comparing current (1981-2010) modified river flow regimes to
natural flow conditions, the highest percentage of river reaches with seriously affected overbank flows
due to dam operation and consumptive water use occurs in Europe and North America (Figure 4.1). At
these two continents, 53% of all large dams are located even they make up less than one quarter of the
total land area. However, riparian wetlands of international importance with seriously altered
inundation regimes can be found on all continents (Figure 4.2). Altogether, half of the 93 selected
riparian Ramsar wetlands are impaired by at least moderately reduced flood volumes. Eight and 29%
of the sites, respectively, are even significantly and seriously affected. In our analysis, dams for
hydropower generation are the most frequent dam type in almost one third of the selected upstream
areas, followed by irrigation dams in one fourth of the cases. However, regarding only wetlands with
seriously modified inundation patterns, irrigation dams are the most frequent dam type in almost half
of the cases (46%). This illustrates the crucial role of irrigation as a strong competitor to ecological
water requirements. In the following subsections, the situation of riparian wetlands is analysed in more
detail for each continent and a multi-indicator assessment is conducted to evaluate the threat for each
site.

Figure 4.1: Percentage of river reaches per continent with seriously (>40%) and significantly (>30%) modified overbank flows
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Figure 4.2 : Global map of overbank flow alterations for selected riparian wetlands of international importance (#1-93) as a consequence of current water resource management

4.3.1

Europe

In general, a high impact by water resource use appears in Europe, where 20% of river reaches
present seriously modified river flow regimes (Figure 4.1). This is especially the case in the south
(mainly affected by dams for irrigation) and in the north (mainly affected by dams for hydropower),
but also larger rivers that drain into the Black Sea often show serious modifications (e.g. Dnieper,
Dniester, and Don rivers). Nevertheless, a high percentage (56%) of the 43 selected Ramsar sites in
Europe possess only slightly impacted inundation patterns (Table 4.2). The seriously impacted sites
are Paúl do Boquilobo (#55) and Doñana (#56) in the Iberian Peninsula, Morava Floodplain (#33),
Dnieper River Delta (#41), Lower Dniester (#42), and Dniester-Turunchuk Crossrivers Area (#43)
close to the Black Sea, and River Luiro Mires (#14) in the far North of Europe. At these sites flood
volumes are reduced due to water resource management by more than 40% in comparison to natural
flow conditions. Nine of the analysed sites are located along the Danube for which slightly (#31),
moderately (#44, #48, #50, #51, #52) and significantly (#35, #37, #46) reduced flood volumes were
identified. Significantly impaired flood pulses occur as well at the Elbauen (#20) in Germany. In
Europe, hydropower dams are the most frequent dam type in 56% of the upstream areas. However, the
seriously impacted sites in the Iberian Peninsula are mainly affected by water management for
irrigation.
In the future, climate change is likely to further decrease flood pulses at more than half of the
selected European wetlands. At 23% of the sites, reductions might be even significantly or seriously.
Most of the concerned sites are located in Eastern Europe, i.e. in the Ukraine (#24, #26, #43), Hungary
(#32, #36), Slovakia (#34), Moldova (#42) and Romania (#45), but also occur in Spain (#56) and
Germany (#29). Lower Dniester (#42), Dniester-Turunchuk Crossrivers Area (#43) and Doñana (#56)
experience already seriously reduced flood volumes under current water management practices. In
most upstream areas in Europe, no further dam infrastructure is planned or under construction.
55

CHAPTER 4

Nevertheless, at 19% of the selected sites quite a high number of new dams could be constructed
upstream in the near future. All of these sites are located at the Balkan Peninsula (i.e. in Hungary,
Bulgaria, Romania, and Serbia) and the dams are likely to have an impact on riparian wetlands in the
lower Danube basin. Currently, the concerned sites are slightly (#46), moderately (#48, #50, #51, #52)
or significantly (#46) impaired due to water resource management, but the new dam construction
would further diminish inundation.
Table 4.2: Outcomes of the multi-indicator assessment for riparian wetlands in Europe
ID Name of wetland

Ramsar
Flood vol. reduction Flood vol. reduction No. of dams No. of month p. a. Legal eFlow Transboundary
reference water management clim. change 2050s planned
w/ water scarcity provisions inst. resilience

14
33
41
42
43
55
56
20
35
37
46
44
48
49
50
51
52
53
54
15
16
17
18
19
21
22
23
24
25
26
27
28
29
30
31
32
34
36
38
39
40
45
47

3FI039
3SK005
3UA009
3MD002
3UA006
3PT005
3ES001
3DE005
3AT002
3SK006
3HR002
3HU015
3RO001
3RS001
3RO016
3RO017
3BG006
3FR001
3HR004
3EE001
3UK106
3UK144
3SE003
3UK023
3DE022
3DE021
3UK059
3UA028
3BY002
3UA021
3DE028
3UA022
3DE009
3CZ008
3DE011
3HU023
3SK014
3HU021
3FR013
3HU025
3AT023
3RO004
3HR003

River Luiro Mires
Morava Floodplain
Dniepro River Delta
Lower Dniester
Dniester-Turunchuk Crossrivers Area
Paúl do Boquilobo
Doñana
Elbauen, Schnackenburg-Lauenburg
Donau-March-Thaya-Auen
Danube Floodplain
Nature Park Kopacki Rit
Gemenc
Danube Delta
Obedska Bara
Canaralele de la Harsova
Danube Islands-Bugeac-Iortmac
Belene Islands Complex
Camargue
Neretva River Delta
Matsalu Nature Reserve
River Spey - Insh Marshes
Firth of Tay and Eden Estuary
Helgeån
Lower Derwent Valley
Unteres Odertal, Schwedt
Niederung der unteren Havel
Nene Washes
Desna River Floodplains
Mid-Pripyat State Landscape Zakaznik
Prypiat River Floodplains
Unterer Niederrhein
Stokhid River Floodplains
Rheinauen (Eltville, Bingen)
Litovelské Pomoraví
Donauauen & Donaumoos
Upper Tisza
Tisa River
Ipoly Valley
Grande Briere
Rába valley
Upper Drava River
Mures Floodplain
Lonjsko Polje & Mokro Polje

seriously
seriously
seriously
seriously
seriously
seriously
seriously
significantly
significantly
significantly
significantly
moderately
moderately
moderately
moderately
moderately
moderately
moderately
moderately
slightly
slightly
slightly
slightly
slightly
slightly
slightly
slightly
slightly
slightly
slightly
slightly
slightly
slightly
slightly
slightly
slightly
slightly
slightly
slightly
slightly
slightly
slightly
slightly

slightly
moderately
slightly
seriously
seriously
slightly
significantly
moderately
moderately
moderately
slightly
moderately
significantly
slightly
significantly
moderately
seriously
slightly
moderately
seriously
seriously
seriously
seriously
-

0
0
0
0
0
0
0
0
0
0
2
0
107
102
107
107
107
0
4
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
36

0
3
3
3
4
5
5
0
0
0
0
0
2
0
1
1
0
2
0
0
0
0
2
1
0
0
4
0
0
0
0
0
0
0
0
0
0
4
4
0
0
0
0

no
no
no
no
no
yes
yes
yes
yes
no
no
yes
yes
no
yes
yes
yes
yes
no
yes
yes
yes
no
yes
yes
yes
yes
no
no
no
yes
no
yes
yes
yes
yes
no
yes
yes
yes
yes
yes
no

high
low
mid-high
mid-high
mid-high
mid-high
high
high
high
high
high
high
high
high
high
high
high
mid-high
low
low
high
high
high
high
high
high
high
high

EFlow applications (including flood pulses) might be most challenging in the upstream areas of
seriously impacted sites. Here water resource competition is highest with up to five month of water
scarcity per year upstream of Paúl do Boquilobo (#55) and Doñana (#56), where large amounts of
water are required for agricultural irrigation. All significantly impaired sites are characterized by zero
month with water scarcity indicating a higher potential for eFlow provisions. About two third of the
European wetlands considered are located in countries that have some kind of normative provision to
establish eFlows. Nevertheless, they are missing at 5 of the 7 seriously affected sites. In comparison to
other continents, Europe has the highest percentage (65%) of transboundary upstream areas, which
demands for international cooperation in regard to water resource management. Even up to 14
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countries share the upstream area of internationally important wetlands at the Danube basin. Wetlands
of the Rhine River depend on the management of five to six countries. In most upstream areas of the
selected European wetlands (71% of the cases), transboundary institutional resilience shaped by
international treaties and RBO agreements is high. Exceptions are sites located in the Ukraine, Belarus
and Western Russia, where formal institutional arrangements are limited. The high number of major
dam initiatives at the lower Danube basin presents a risk for conflicts among riparians. However, the
high institutional capacity in this area might help to avoid disputes and to balance anthropogenic and
ecological water requirements.
4.3.2

North America

In North America, 19% of river reaches were classified as having seriously modified flooding
patterns due to a high number of large dams for various purposes (hydropower, irrigation, flood
control, and water supply). However, in northern Canada, Alaska and southern Mexico a high number
of river reaches show only slightly flow modifications. According to our analysis, two of the four
selected North-American riparian wetlands receive seriously (Peace-Athabasca Delta, #1 and CacheLower White Rivers, #4), and one significantly reduced flooding (Lac Saint-Pierre, #2). The Emiquon
Complex (#3) is only slightly affected by water resource development (Table 4.3).
Table 4.3 : Outcomes of the multi-indicator assessment for riparian wetlands in North America
ID Name of wetland
1
4
2
3

Peace-Athabasca Delta
Cache-Lower White Rivers
Lac Saint-Pierre
The Emiquon Complex

Ramsar
Flood vol. reduction Flood vol. reduction No. of dams No. of month p. a. Legal eFlow Transboundary
reference water management clim. change 2050s planned
w/ water scarcity provisions inst. resilience
4CA007
4US008
4CA036
4US033

seriously
seriously
significantly
slightly

-

0
0
0
0

0
4
0
2

yes
no
no
yes

high
-

While a high number of dams were constructed in North America in the last century, no further
dams are planned or under construction in upstream areas of the selected Ramsar sites. Additionally,
the ensemble median of the climate projections indicates no further reduction in flood volume for the
2050s.
The highest water resource competition was found upstream of Cache-Lower White Rivers (#4),
where the blue water footprint exceeds blue water availability on average in four month of the year.
Normative eFlow provisions still need to be established in the Water Act and reoperation schemes
could be considered especially for flood control dams, which are prevailing in the upstream area. Also
non-structural flood control measures could provide opportunities. For example, reconnecting rivers to
their floodplains (where possible) reduces flood-control storages of reservoirs and thus, increases the
potential to allocate water for hydropower generation, water-supply or eFlow provisions (Watts et al.,
2011). At Peace-Athabasca Delta (#1) and Lac Saint-Pierre (#2) a higher potential could exist for
sophisticated eFlow applications as water scarcity is not an issue. The establishment of legal eFlow
provisions upstream of #2 would be a first important step towards eFlow applications.
4.3.3

Australia

In Australia, mainly river reaches of the Murray-Darling basin are characterized by seriously
reduced overbank flow events. In our analysis, six out of seven selected sites possess seriously
modified flooding regimes (Table 4.4): Gwydir Wetlands (#89), Macquarie Marshes (#90), Riverland
(#91), Banrock Station Wetland Complex (#92), Barmah Forest (#93), and Ord River floodplain (#88).
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Except the latter one, all of them are located in the Murray-Darling basin and in their upstream areas
more than 100% of the annual flow can be stored in reservoirs. Agricultural irrigation is responsible
for the highest water withdrawals and irrigation dams are the most frequent dam type in almost all
upstream areas. Kingsford (2000) stated that many floodplains at the Murray-Darling basin have
turned into terrestrial ecosystems. One of our selected Australian sites is nearly undisturbed, i.e.
Kakadu National Park (#87) located in Northern Australia.
Table 4.4: Outcomes of the multi-indicator assessment for riparian wetlands in Australia
ID Name of wetland

Ramsar
Flood vol. reduction Flood vol. reduction No. of dams No. of month p. a. Legal eFlow Transboundary
reference water management clim. change 2050s planned
w/ water scarcity provisions inst. resilience

88
89
90
91
92
93
87

5AU031
5AU051
5AU027
5AU029
5AU059
5AU014
5AU002

Ord River floodplain
Gwydir Wetlands
Macquarie Marshes
Riverland
Banrock Station Wetland Complex
Barmah Forest
Kakadu National Park

seriously
seriously
seriously
seriously
seriously
seriously
slightly

significantly
-

0
0
0
0
0
0
0

3
7
8
9
10
5
0

yes
yes
yes
yes
yes
yes
yes

-

While climate change is not likely to further diminish wetland inundation at most sites, the Gwydir
River in the upper Murray-Darling basin shows significantly reduced flood volumes in the ensemble
median of the climate projections. Impacts of new water infrastructure on flow regimes are not
expected. No major dam initiatives are taking place in the upstream areas of the selected Ramsar sites.
However, at all seriously affected sites water scarcity is often a major issue and occurs on average in
three to ten month per year. This indicates a high competition for water resources in the upstream
areas, notably Banrock Station Wetland Complex (#92), Riverland (#91) and Macquarie Marshes
(#90) (10, 9 and 8 month, respectively). Nevertheless, eFlow provisions are part of the Australian law
and have also been implemented e.g. for floodplain wetlands of the Murray-Darling basin (Poff and
Matthews, 2013).
4.3.4

South America

Currently, still the lowest percentage of river reaches (7%) with serious flow modifications occurs
in South America. Especially many river reaches in the Amazon basin are in pristine conditions and
many riparian wetlands possess only slightly modified inundation patterns with no or only a few large
dams in the upstream area. However, seriously modified inundation patterns are existent in South
America at one third of the nine selected Ramsar sites: La Segua (#5) in Ecuador, as well as
Humedales Chaco (#12) and Jaaukanigas (#13) in Argentina (Table 4.5).
Table 4.5: Outcomes of the multi-indicator assessment for riparian wetlands in South America
ID Name of wetland

Ramsar
Flood vol. reduction Flood vol. reduction No. of dams No. of month p. a. Legal eFlow Transboundary
reference water management clim. change 2050s planned
w/ water scarcity provisions inst. resilience

5 La Segua
12 Humedales Chaco
13 Jaaukanigas
6 Mamiraua
7 Ilha do Bananal
8 Rio Yata
9 Rio Blanco
10 Rio Matos
11 Pantanal Matogrossense

6EC005
6AR013
6AR009
6BR003
6BR004
6BO011
6BO009
6BO010
6BR001

seriously
seriously
seriously
slightly
slightly
slightly
slightly
slightly
slightly

slightly
slightly
slightly
seriously
seriously
slightly
moderately

0
34
34
125
3
0
0
3
9

4
0
0
0
0
0
0
0
0

yes
no
no
yes
yes
no
no
no
yes

mid-high
mid-high
low
-

In the future, climate change might decrease riparian wetland inundation at all sites located south
of the Amazon River, particularly at the slightly affected sites Rio Yata (#8) and Rio Blanco (#9) with
reductions of more than 40% according to the ensemble median. At Pantanal Matogrossense (#11)
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flood pulses are moderately decreased in the 2050s under climate change. In South America, the
highest percentage of Ramsar sites was found with dams planned or under construction in the
upstream areas. Two-thirds of the sites are likely to be influenced by new dam initiatives. Especially in
the Amazon basin, a very high number of dams is planned influencing flooding patterns of the
Mamiraua wetland (#6). Four countries share the upstream area of this site and the current formal
transboundary institutional capacity is low, which could make the implementation of conservation
measures more difficult. Further extensive dam initiatives take place at the Parana and Paraguay River
basins. These are likely to affect Pantanal Matogrossense (#11) with slightly reduced flooding as well
as Humedales Chaco (#12) and Jaaukanigas (#13) with already seriously reduced flooding under
current water resource management. For the latter two, the establishment of legal eFlow provisions in
the corresponding national law would be a first important step for their conservation. Water scarcity is
not critical in any of the South-American sites except la Segua (#5), where the blue water footprint
exceeds blue water availability on average in 4 month of the year under current conditions.
4.3.5

Asia

In Asia, 10% of the river reaches possess seriously modified overbank flows and hotspots are
located in India, eastern China and the Middle East. Today, China possesses the highest number of
large dams, followed by the United States and India (Rosenberg et al., 2000). In our analysis, one third
of the 15 selected Asian wetlands are seriously impacted by water resource development: the Volga
Delta (#74) in Russia, Hawizeh Marsh (#77) and Shadegan Marshes & Mudflats of Khor-Al Amaya
& Khor Musa (#78) at the Persian Gulf, as well as Shandong Yellow River Delta Wetland (#75) and
Dongdongtinghu (#79) in China (Table 4.6).
Table 4.6 : Outcomes of the multi-indicator assessment for riparian wetlands in Asia
ID Name of wetland

Ramsar
reference
74 Volga Delta
3RU002
75 Shandong Yellow River Delta Wetland 2CN045
77 Hawizeh Marsh
2IQ001
78 Shadegan Marshes
2IR006
79 Dongdongtinghu
2CN004
81 Middle stretches of Mekong River
2KH003
80 Sundarbans Reserved Forest
2BD001
84 Tram Chim National Park
2VN004
72 Lower Dvuobje
2RU013
73 Oka & Pra River Floodplains
3RU007
76 Lower part of Pyandj River
2TJ003
82 Boeng Chhmar
2KH001
83 Bau Sau Wetlands
2VN002
85 Lower Kinabatangan-Segama Wetland 2MY006
86 Danau Sentarum
2ID002

Flood vol. reduction
water management
seriously
seriously
seriously
seriously
seriously
significantly
moderately
moderately
slightly
slightly
slightly
slightly
slightly
slightly
slightly

Flood vol. reduction No. of dams No. of month p. a. Legal eFlow
clim. change 2050s planned
w/ water scarcity provisions
seriously
0
0
no
56
6
yes
moderately
1
7
no
1
6
no
566
0
yes
45
0
no
276
5
no
57
0
no
3
0
no
seriously
0
0
no
0
2
no
0
4
no
7
0
no
0
0
no
0
0
no

Transboundary
inst. resilience
low-mid
high
high
high
low
low-mid
-

A very high number of new dams are planned in Asia, which have the potential to affect 60% of
the selected Ramsar sites. Major dam initiatives are likely to impair especially the wetlands
Dongdongtinghu (#79) and Shandong Yellow River Delta (#75) in China, Sundarbans Reserved Forest
(#80) in the Ganges-Brahmaputra-Meghna basin, as well as Tram Chim National Park (#84), Middle
stretches of the Mekong River (#81) and Bau Sau Wetlands (#83) at the Mekong River basin. All of
these wetlands possess already moderately to seriously reduced flood volumes under current
conditions. At the Mekong River basin, the Mekong River Commission is part of a high institutional
capacity, which could help to negotiate transboundary issues and implement eFlow provisions.
Wetlands affected by reduced flooding under climate change are all located in Western Asia, i.e. in
Russia (#73, #74) and Iraq (#77).
59

CHAPTER 4

At the Volga River, the construction of Soviet Union-era dams for hydropower and navigation has
seriously altered the natural flow regime, which negatively influences the dynamics of the Delta (#74).
No water scarcity occurs upstream, but climate change is likely to further reduce flood pulses
seriously at the Volga Delta (#74) and legal eFlow provisions are missing. The two Ramsar sites at the
Persian Gulf (#77, #78) have been heavily affected by water management and abstractions for
irrigation. Here, on average in seven and six month of the year, respectively, water scarcity occurs
indicating a high competition for water resources. For Hawizeh Marsh (#77), the ensemble median of
the five GCM-projections indicates a further, moderate reduction in flood volume in the 2050s. Its
upstream area intersects with four countries and presents a low-mid institutional capacity to deal with
transboundary issues, which increases the threat for this site. At Yellow and Yangtze River,
particularly large dams for water supply and flood protection play a crucial role. While no water
scarcity appears in the upstream area of #79, the blue water footprint exceeds blue water availability
on average in 6 months of the year in the upstream area of #75. In our analysis, China is the only
Asian country that has normative provisions for eFlows in its Water Act. However, new dam
construction upstream of these two sites is huge.
4.3.6

Africa

In Africa only 8% of the river reaches were classified as having seriously modified overbank flows
and around half of the selected wetlands are only slightly affected under current conditions. However,
one third of the 15 sites are impaired by seriously or significantly altered overbank flow events (Table
4.7). The seriously influenced sites due to current dam operation and water use are Embouchure de la
Moulouya (#58) in Morocco, Marromeu Complex (#69) in Mozambique, as well as Baturiya Wetland
(#61) and Lower Kaduna-Middle Niger Floodplain (#64) in Nigeria, followed by Sebkhet Kelbia (#57)
in Tunisia, which has significantly reduced flood volumes. At all moderately to seriously affected
sites, crop irrigation accounts for the highest water withdrawals in the upstream areas and irrigation
dams constitute the most frequent dam type (except at Tana River Delta where hydropower dams are
prevailing). Hence, especially in Africa measures are required that balance environmental and
agricultural water requirements without reducing food security.
Table 4.7: Outcomes of the multi-indicator assessment for riparian wetlands in Africa
ID Name of wetland

Ramsar
reference
58 Embouchure de la Moulouya
1MA015
61 Baturiya Wetland
1NG004
64 Lower Kaduna-Middle Niger Floodplain 1NG007
69 Marromeu Complex
1MZ001
57 Sebhet Kelbia
1TN016
59 Delta Interieur du Niger
1ML001
60 Lake Chad Wetlands
1NG002
65 Tana River Delta
1KE006
62 Zone Humide Du Moyen Niger II
1NE007
63 Bahr Aouk at Salamat
1TD005
66 Kilombero Valley Floodplain
1TZ003
67 Luangwa Floodplains
1ZM005
68 Zambezi Floodplains
1ZM007
70 Okavango Delta System
1BW001
71 Ndumo Game Reserve
1ZA014

Flood vol. reduction
water management
seriously
seriously
seriously
seriously
significantly
moderately
moderately
moderately
slightly
slightly
slightly
slightly
slightly
slightly
slightly

Flood vol. reduction No. of dams No. of month p. a. Legal eFlow
clim. change 2050s planned
w/ water scarcity provisions
slightly
0
6
no
0
4
no
5
0
no
slightly
12
0
no
0
7
no
1
4
no
0
11
no
0
7
yes
3
1
no
slightly
0
0
no
2
0
yes
0
0
no
slightly
1
0
no
1
0
no
0
0
yes

Transboundary
inst. resilience
mid-high
high
mid-high
low-mid
mid-high
low-mid
mid-high
mid-high
high

At about half of the selected African sites, dams are planned or under construction upstream,
though the number of dams is relatively small in most upstream areas. The highest number occurs
upstream of Marromeu Complex (#69) and Lower Kaduna-Middle Niger Floodplain (#64) with 12 and
5 dam initiatives, respectively. However, these upstream areas are large in size, so that the effect on
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the wetlands might be not so strong. In addition, no water scarcity occurs upstream of these two sites
under current conditions, which increases the potential for eFlow applications. A smaller number of
dam initiatives is taking place upstream of the moderately affected Delta Interieur du Niger (#59) and
some slightly affected sites (#62, #66, #68 and #70). The impact of climate change is relatively small
on the African wetlands. At only 4 sites (#58, #63, #68 and #69) flood pulses are slightly reduced in
the 2050s. However, Embouchure de la Moulouya (#58) and Marromeu Complex (#69) have already
seriously reduced flood pulses under current water resource management.
Lake Chad Wetlands (#60, 11 month), Sebkhet Kelbia (#57, 7 month) and Tana River Delta (#65,
7 month) are riparian wetlands with the highest number of months showing water scarcity upstream.
Here, flood volumes are moderately to significantly reduced. In addition, the seriously impaired
Ramsar sites #58 and #61 are facing on average four and six months of water scarcity per year. The
high competition for water resources at these sites makes the application of eFlows more difficult.
However, no new dams are planned upstream of all these sites. So far, legal eFlow provisions are only
considered at 20% of all sites in Africa. Except at Tana river delta, they are missing in all upstream
areas with moderately to seriously reduced flood pulses as well as where new dam initiatives are
taking place. In Africa, wetland conservation requires a good cooperation between different countries,
as often more than one country influences water management upstream. For example, the selected
wetlands of Zambezi and Niger depend on the water management of up to eight countries. However, at
these two rivers cooperation is supported by formal transboundary institutional mechanisms, which
were rated mid-high to high in this study. While the same applies to the Okavango Delta (#70) and
Ndumo Game Reserve (#71), there is potential to enhance transboundary institutional capacity
upstream of Bahr Aouk at Salamat (#63) and Lake Chad Wetlands (#60), which currently possess a
low-mid institutional resilience upstream.

4.4

Discussion and conclusions

Freshwater demands of an exponentially growing world population, hydropower development as a
new source of renewable energy, and projected climate change pose important challenges to the
maintenance of riparian wetlands. Since these provide valuable services and are disappearing at an
alarming rate, assessing the alteration of ecologically important flood pulses addresses crucial research
questions related to environmental, water and flood management. Therefore, this study aimed at
identifying major hydrological threats to riparian wetlands of international importance, in particular
assessing (i) impacts of current water management on overbank flows, (ii) potential impairments of
flooding regimes in the future due to new dam initiatives and climate change, and (iii) the challenges
for implementing conservation measures such as eFlow provisions, which often depend on the degree
of water resource competition upstream as well as the presence of specific legal and institutional
arrangements.
Currently, the concept of eFlows is transitioning from an era of ecosystem integrity and
conservation at single river reaches to a period of globalization, where regional studies are
complemented by global water assessments that cover large-scale developments. Main reasons are
increasing socio-economic and climatic changes on global scale and the associated pace of ecosystem
destruction, but also because more sophisticated global hydrology models are available now (Poff and
Matthews, 2013). In the last years, WaterGAP3 has been further improved and constitutes a state-of61
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the-art global water model that performs its calculations on a daily time-step and on 5 x 5 arc minutes
spatial resolution. In addition, WaterGAP3 operates now more than 6,000 dams by dynamic
optimization schemes for different dam types and considers the water infrastructure of larger cities.
The described approach should be regarded as a screening tool that systematically identifies hotspots
of threatened riparian wetlands where further hydro-ecological research should be focused on taking
into account local expertise of site-specific ecological, social and economic conditions.
Our approach considers the operation of a high number of large dams with a total storage volume
of 6,200km3. However, results for current flood pulse reduction should be regarded as an
underestimation, as only large dams that are captured by global datasets are taken into account. The
aggregated effect of remaining smaller dams has an impact on floodplain inundation as well
(Rosenberg et al., 2000). As no global datasets exist that describe specific operation rules or strategies
for individual dams, the dam operation module in WaterGAP3 considers generic operation schemes
reflecting the main purpose of each dam. It does not acknowledge eFlow provisions that are already
enforced in reality. Thus, the performance of our dam module is lower compared to detailed reservoir
models using site-specific information. In reality, inundation is also influenced by river construction
(e.g. embankment, re-aligning, widening or deepening) and land-use changes (e.g. deforestation, land
drainage, or sealing of large urban areas). All these influences interact with water resource uses and
climate change, but are out of scope of this study.
For this study, 93 Ramsar wetlands, which depend on lateral overspill of adjacent rivers, were
analysed. About half of them (49%) are facing no or only slightly impacts due to human water
resource management. However, according to our simulations almost one third of them are seriously
and further 8% are significantly impaired by reduced flood pulses. Seriously affected sites occur on all
continents. Dam reoperation strategies aiming at ecosystem restoration depend on the dam’s main
operating purpose (Watts et al., 2011). In our assessment hydropower dams were the most frequent
dam type in the upstream areas, however, irrigation dams were prevailing in the upstream areas of
seriously affected sites. Consequently, notably for irrigation and hydropower dams, innovative and
integrative operating rules need to be developed, which maintain global food security and economic
benefits, while at the same time releasing eFlows for ecosystem health and biodiversity.
In agreement with results of Zarfl et al. (2015), extensive dam construction is on the way in one
third of the upstream areas with potential ecological impacts in particular for South American (67% of
the sites), Asian (60%) and African (47%) wetlands. Also countries of the Balkan Peninsula in Europe
show a high activity in new dam initiatives. We found that a large impact by future dams is likely in
the upstream areas of wetlands that are located in the basins of Amazon, Parana, Paraguay, Yangtze,
Yellow, Mekong, Ganges-Brahmaputra, and Danube Rivers. Additionally, climate change will modify
seasonal flow patterns in the future. In the 2050s, the average flood volume is likely to decrease at
41% of the sites due to climate change alone. At 16% of the sites, reductions can be significantly or
even seriously (i.e. >30%). Thereby, three spatial hotspots were identified: Especially in Eastern
Europe, Western Asia as well as in South America below the Amazon River, flood pulses are likely to
be reduced under climate change. Applying a different set of climate projections, lower snowmeltinduced flood peaks in spring were also found by Schneider et al. (2011b; 2013) for Eastern Europe.
The degree of water resource competition in a river basin determines the amount of water that can
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be allocated for ecological purposes. The highest competition for water is existent in the upstream area
of Lake Chad Wetlands (Nigeria) followed by wetlands of the river basins Murray-Darling (Australia),
Schatt al-Arab (Persian Gulf), Tana (Kenia), Moulouya (Morocco), and Yellow (China), where water
scarcity occurs upstream on average in six to ten month of the year. The lowest water scarcity, in turn,
appears in upstream areas of South American wetlands, where only one site is facing water scarcity
upstream. In general, wetlands with seriously reduced flood volumes possess the highest values for
water scarcity. Here, eFlow requirements are violated in at least one month of the year in 70% of
upstream areas. Therefore, especially at these sites, measures are required which increase water use
efficiency (e.g. by water recycling, technological innovations, dripping irrigation, changing crop mix,
importing agricultural products, water metering or other incentives to save water) to raise the amount
of water, which can be allocated for ecological requirements.
The implementation of eFlows is a complex task and requires that legal and institutional capacities
are in place to promote stakeholder involvement, conflict resolutions, monitoring as well as setting of
strategic goals and responsibilities (Le Quesne et al., 2010; Pahl-Wostl et al., 2013). A first important
step for eFlow applications is the acknowledgement of ecological water requirements in the
legislation. As this does not guarantee that eFlows are actually established in practice, enforced or
adequate at all, it shows that ecological water requirements are on the radar of legislators and water
practitioners, and helps advocating ecological water requirements with stakeholders. At about half of
the sites normative eFlow provisions are considered in the national or state Water Act of the wetland.
The highest percentage of sites without normative eFlow provisions occur in Asia (87% of the cases)
and Africa (80%). The more countries depend on the available water resources and affect the river
flow regime with their management, the more challenging is the implementation of eFlows. While
about half of the 93 selected wetlands have transboundary upstream areas, the highest percentages
appear in Europe (65%) and Africa (60%). For all transboundary upstream areas it is important that
river basin organisations, international water treaties and specific treaty provisions are in place that
manage disputes on water resource allocation among different stakeholders. The lowest values for
institutional resilience were found in the transboundary upstream areas of wetlands that are located in
the Ukraine, Belarus and Russia as well as in the Amazon basin. A low institutional capacity in
combination with new dam construction occurs at the wetlands Mamiraua (#6) and Lower Dvuobje
(#72). Here, the establishment of formal arrangements would be of special importance for riparian
wetland conservation. While the transboundary institutional resilience indicator considers the
institutional capacity that is shaped in international treaties and RBO agreements, it is important to
stress that the presence of formal arrangements is no guarantee that they are effectively enforced in
practice.
For the identified hotspots, the implementation of appropriate eFlows is likely to be most urgent.
The reduced flood pulses can have lasting ecological impacts such as loss of biodiversity, invasion of
non-native species (Poff et al., 1997), modification of river food webs (Wootton et al., 1996),
salinization of soils (Nilsson and Berggren, 2000), reduced primary and secondary productivity
(Tockner and Stanford, 2002), as well as habitat deterioration and loss of floodplain wetlands, river
deltas and ocean estuaries (Rosenberg et al., 1997; Rosenberg et al., 2000). Climate change and
growing population pressures demand for immediate action to conserve wetlands and river ecosystem
integrity. The concept of eFlows can be an important strategy for sustainable development and offers
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opportunities for society as a whole to benefit from vital ecosystem services of riparian wetlands such
as maintenance of genetic diversity, production of food, fibre and fodder, decomposition of pollutants
and nutrients, provision of local recreational areas and tourism economies, and control of devastating
flood events. In practice, the provision of eFlows for wetland inundation is associated with some
challenges. (i) It needs to be assured that high-flow pulses do not expose people to flood risk and
damage. This may require, for example, defining a maximum admissible flow for river reaches,
buying land from farmers, or establishing floodways that direct floodwater around human settlements.
(ii) In case of water scarcity, flow targets can be achieved with less water by ‘piggy-backing’ or by
using storage capacities of groundwater aquifers downstream (Watts et al., 2011). Today, only a tiny
fraction of rivers worldwide is protected by eFlow applications and in most cases those are restricted
to low flows (Richter et al., 2011). The potential to implement eFlow provisions and exploit
opportunities is by far not exhausted. Even synergies rather than trade-offs between sectors might be
possible.
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5 THE FUTURE OF EUROPEAN FLOODPLAIN WETLANDS
U N D E R A C H A N G I N G C L I M AT E
3

Summary
In the future, climate change may severely alter flood patterns over large regional scales.
Consequently, besides other anthropogenic factors, climate change represents a potential threat to river
ecosystems. The aim of this study is to evaluate the effect of climate change on floodplain inundation
for important floodplain wetlands in Europe and to place these results in an ecological context. This
work is performed within the Water Scenarios for Europe and Neighbouring States (SCENES) project
considering three different climate change projections for the 2050s. The global scale hydrological
model WaterGAP is applied to simulate current and future river discharges that are then used to: (i)
estimate bankfull flow conditions, (ii) determine three different inundation parameters, and (iii)
evaluate the hydrological consequences and their relation to ecology. Results of this study indicate that
in snow-affected catchments (e.g. in Central and Eastern Europe) inundation may appear earlier in the
year. Duration and volume of inundation are expected to decrease. This will lead to a reduction in
habitat for fish, vertebrates, water birds and floodplain-specific vegetation causing a loss in
biodiversity, floodplain productivity and fish production. Contradictory results occur in Spain, France,
Southern England and the Benelux countries. This reflects the uncertainties of current climate
modelling for specific seasons.

5.1

Introduction

Floodplain wetlands are defined by their recurring inundation caused by flooding of adjacent rivers
and often, the health of riverine ecosystems is dependent on the natural pattern of these inundation
events (Junk et al., 1989). Hence, changes in flood flows have severe consequences on ecological and
biological processes in river ecosystems. They may drain wetlands close to the river, reduce the
productivity of river banks, lower the dynamics of delta regions and eradicate communities of
organisms in the water (Nilsson et al., 2005). Today, river systems are already regarded as the most
threatened ecosystems on the planet (Malmqvist and Rundle, 2002) and the loss of biodiversity in
3

• Published as ‘Schneider, C., Flörke, M., Geerling, G., Duel, H., Grygoruk, M., Okruszko, T., 2011b. The future of European floodplain
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riverine ecosystems has proceeded faster over the past 30 years than in terrestrial or marine
ecosystems (Jenkins, 2003). Besides other anthropogenic factors such as river regulation,
channelisation, wetland drainage and water abstractions, climate change may severely alter the natural
pattern of inundation over large regional scales in the future. Due to increasing temperatures,
evapotranspiration will be raised nearly everywhere causing a reduction in runoff (Frederick and
Major, 1997). Precipitation patterns are also altering under climate change with regionally and
seasonally different developments (IPCC, 2007a) leading to higher or lower runoff values in the future
(Alcamo et al., 2007). In addition, in snow-affected catchments, runoff is influenced by a decreased
volume and duration of snow cover in the winter time (Verzano and Menzel, 2009b). All these effects
interact differently at different locations leading to unfavourable changes in the river flow regimes
with large geographical differences in directions and causes.
The hydrological impacts, in turn, can have significant consequences on the quality and
functioning of floodplain wetland ecosystems that have evolved under, and become dependent on,
regular inundation. Inundation (flooding) steers floodplain aquatic connectivity and the transport of
matter and organisms through the system (Junk et al., 1989; Tockner et al., 2000). The floodplain
landscape, and hence its connectivity gradient, is formed by interaction between the hydromorphological regime and changing biota. Along these gradients, called ecotones, environmental
factors vary and provide specific habitats for flora and fauna species. The formation of the floodplain
landscape as well as the abiotic conditions in floodplain ecotones are highly influenced by the
magnitude, timing and duration of inundation (Petts and Amoros, 1996; Hughes, 1997; Tockner et al.,
2000). The magnitude of inundation affects the disturbance generated by a flood by: (i) determining
the surface area inundated, (ii) determining the amount of matter and organisms transported, and (iii)
influencing the floodplain shape. But reshaping the floodplain by erosion and sedimentation processes
is essential for creation of pioneer habitat (Hughes, 1997; Petts, 2000; Marston et al., 2001; Geerling et
al., 2006). Sediment and associated nutrients, transported in the main channel, are deposited in
floodplains during floods. The distribution of these sediments and nutrients affect ecological
succession and production of various floodplain elements, such as floodplain forests and floodplain
lakes (Amoros and Wade, 1996; van Geest et al., 2005).
The timing of inundation has an influence on the ecological functioning of floodplains, such as
affecting life cycles of biota on various levels of scale. Some examples include: spawning habitat
availability for fish species varies greatly at different flood levels, and spawning is mostly confined to
a certain time in the year (Van de Wolfshaar et al., 2010). Also settlement of seeds, like poplar or
willow, depends on the flood level during seed dispersal. The timing determines if suitable habitat can
be colonised and additionally, a subsequent summer floodplain inundation can remove young
seedlings and prevent settlement entirely (Merritt et al., 2009). In plant community research, summer
floodplain inundations are regarded as more influential than winter inundations, because they
determine the zonation of grassland communities, while winter inundations seem to sustain the
zonation (van Eck et al., 2004). Also tolerance to inundation of floodplain forest species is lower in the
growing season than in winter (Glenz et al., 2006). In the decomposition phase of floodplain life
cycles, inundation of floodplains in winter is related to higher decomposition rates of floodplain litter
than summer inundations (Langhans and Tockner, 2006).
Finally, flood duration accounts for the abiotic soil conditions, the amount of settlement of fine
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sediments and amount of groundwater contact. The adaptation to flood duration is a selective pressure
to floodplain species. For example, Casanova and Brock (2000) stated that duration determines the
zonation of plant communities. Floodplain forest species survival under flood duration stress varies
greatly and determines short-term (extreme) and long-term (chronic influence) community
composition (Glenz et al., 2006).
While flooding can cause damages with enormous costs, it is beneficial at natural locations and
stimulates important ecosystem services of floodplain wetlands such as detoxification and nutrient
removal, biomass and fish production, carbon storage, as well as biodiversity maintenance. In
addition, healthy floodplains have recreational and aesthetic value. The aim of this study is an
ecologically based assessment of flooding by quantifying the changes in magnitude, timing and
duration of overbank flows for major European rivers affected by climate change impacts. For our
analysis we used the global scale hydrological model WaterGAP (Water – Global Assessment and
Prognosis) to simulate floods on the European scale. In addition, three climate change projections for
the 2050s (2040–2069) were selected, calculated by three different GCMs (General Circulation
Models): two representing the IPCC SRES (Special Report on Emissions Scenarios) A2 and one the
SRES B1 scenario. As a flood indicator we used the ‘bankfull flow approach’ for deriving the
inundation parameters. Finally, the expected effects on selected ecological components are
qualitatively demonstrated.
This chapter is organised as follows. In Methods we describe the selection process of floodplain
wetlands for this analysis, the estimation of bankfull flow as an indicator for inundation and the
analysis of all overbank flows by different hydrological parameters. Furthermore, the modelling
approach of current and future river discharge data by WaterGAP and the selected climate change
projections are described in this section. In Results and Discussion, at first, the impacts of climate
change on volume, duration and timing of inundation are presented. Subsequently, the hydrological
changes are discussed and their effect on ecology is qualitatively evaluated.

5.2
5.2.1

Methods
Selection of rivers

The analysis focuses on major European rivers that have a high biological potential due to the
flooding of adjacent floodplain wetlands. As there is no commonly accepted database of valuable
European floodplains, the following procedure has been implemented in order to select the rivers of
interest. First, a database of vast (i.e. area greater then 5,000ha) European wetlands was created and
the riparian (river fed) wetlands were extracted for further analysis. Second, spatial analysis of the
Corine (Coordination of Information on the Environment) Land Cover (CLC) map (EEA, 2004) was
performed in order to find the river valleys with specific classes of vegetation assuming that this
indicates the potential or the need of flood pulsing.
The database of European wetlands was established in the context of the SCENES project (Water
Scenarios for Europe and for Neighbouring States; contract no. GOCE 036822, integrated project in
the 6th framework programme) and consists of 102 objects including spatial data and attributes.
Thereby, the following data-filtering and preparation procedure was applied:
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1. Data about protected wetlands were collected from available European sources (NATURA
2000, Ramsar Convention) and national wetland surveys supported by expert knowledge of
wetland specialists in Europe. This database contains more than 4,000 objects.
2. The database was filtered by means of area (i.e. larger than 5,000 ha), which resulted in
more than 400 objects.
3. The database was divided into countrywide sets, which were sent to national experts for
verification. The main question of the survey was about the ‘real’ extent of the wetland
area. Within the database, a protected area is a mix of different habitats and the wetland of
interest can cover an insignificant part of the protected territory. Additionally, national
experts were asked for further characteristics of the selected objects such as water feeding
and wetland type. This part of the procedure resulted in 102 objects.
4. In parallel, a database containing the spatial boundaries of the selected wetlands was
created and related to the WGS84 (World Geodetic System 1984) coordinate system. The
reviewed database was unified into one comprehensive dataset consisting of tables and
ArcGIS software shapefiles (*.shp) associated in topologically correct layers.
A first subset of rivers that fed wetlands during high flows was identified by means of spatial
analysis based on the created wetland datasets. Thereby the focus was on hydrological dependent
wetlands (so-called riparian wetlands or wetlands of fluviogenic type of hydrological feeding). As the
spatial extent of each of the wetland objects was known and precisely mapped in the WGS-84
coordinate system, topological correctness allowed the wetland database to be related to the drainage
direction map (DDM5; Lehner et al., 2008) as used in WaterGAP. Subsequently, 44 rivers were
selected for the subsequent hydrological analysis.
A second subset of rivers was identified by the analysis of land cover in the river valleys. As a
most coherent and prospective data source for the presented study, the CLC dataset was used. During
the analysis, the following land use categories were taken into consideration: wetlands, inland
marshes, peat bogs, natural grasslands, pastures scrub and herbaceous vegetation associations. If the
combined size of such labelled area was greater than 5,000 ha and crossed by a major river of the
DDM5 map, then the river was chosen for further analysis. This phase of the selection resulted in the
choice of 30 rivers.
Finally, 74 rivers were taken into consideration, all representing major European rivers responsible
for the hydrological feeding of important European wetlands or associated with floodplains still
covered with the vegetation resulting from high moisture conditions.
5.2.2

Bankfull discharge approach and application

The floodplain analysis performed in this study is based on the concept that in a riverine
ecosystem different flows have different functions. Floodplains are hydrology-dependent ecosystems
and in order to maintain their multitude of crucial ecological as well as socio-economic functions, they
depend on high flows that lead to inundation. In the analysis of flood dynamics and their ecological
impacts, the scientific community has largely adopted magnitude and frequency of bankfull discharge
as one of the important concepts (Navratil et al., 2006). Bankfull discharge is the flow at which the
channel is full to its capacity (to the top of the banks), where the flow just begins to enter the active
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floodplain (Leopold et al., 1964). Above this discharge, all in-channel secondary channels and inchannel wetlands are generally hydraulically connected and so it provides important information for
the ecological functioning of the river (Navratil et al., 2006).
The determination of bankfull discharge, however, is a complex analysis, and a choice has to be
made between different existing methods. In order to estimate bankfull discharge for large-scale
modelling purposes, an approach needed to be found that does not require in-situ river characteristics
or hydraulic data (such as cross-sectional area) that are not available on a continental grid. Using flood
frequency analysis in order to estimate bankfull flow is based on the assumption that on the long-term
average, bankfull discharge occurs with a certain time interval (this finding does not imply regularity
of occurrence). This assumption is not true for all types of rivers (e.g. bankfull events occur more
frequently within the coastal plain as shown by Sweet and Geratz, 2003), but still good estimates of
bankfull flow can be gained. Leopold et al. (1964) stated that there is a remarkable similarity in the
frequency of bankfull stage on a variety of rivers in diverse physiographic settings and sizes. Although
some localities may diverge greatly from a specific frequency (Williams, 1978; Mosley, 1981), a
number of studies worldwide have proven a correlation between certain flood return periods and
bankfull discharge (Woodyer, 1968; Harman et al., 1999; Castro and Jackson, 2001). Therefore, in this
study a statistical approach on flood frequency analysis has been chosen that was applied on daily
discharge data of a 42-year time series (1961–2002) simulated by WaterGAP (Schneider et al. 2011b).
Two methods in flood frequency analysis exist that can be used to estimate bankfull discharge: (i)
the Annual Maximum Flood (AMF) approach and (ii) the Partial Duration Series (PDS) approach.
Due to its simpler structure, the AMF approach has been often used and a best approximation is
obtained by considering a recurrence period of 1.5 years (Dury, 1977; Dunne and Leopold, 1978).
However, a direct comparison has shown that the PDS approach should generally be preferred
(Madsen et al., 1997). The PDS approach takes into account all flood peaks above a certain threshold
and thus, has several important advantages in contrast to the AMF approach (Begueria, 2005). The
most important advantage for our analysis is the enhanced resolution for high frequency events (Sweet
and Geratz, 2003) such as the inundation of floodplains. The return period of bankfull discharge is
very close to the smallest value that can be obtained by using annual series (i.e. one year). The PDS
approach, however, is able to provide sub-annual recurrence intervals and respects that in some years,
rivers can have more than one bankfull flow event. In addition, the PDS approach adapts better to
heavy-tailed distributions that are common in hydrological applications (Madsen et al., 1997) and
makes better use of simulated hydrographs as it includes more flood peaks (Kite, 1977). Thus to be
more precise in estimating bankfull discharge, we made use of the PDS approach and a return period
of 0.92 years was applied as suggested by Dunne and Leopold (1978). In Europe, the PDS approach
was applied by Petit and Pauquet (1997) to determine the return period of bankfull discharge of 33
gravel-bed rivers in Belgium. For these rivers, an average return period of 1.2 years was found.
5.2.3

PDS approach

The PDS approach is based on the selection of flood peaks above a fixed threshold and comprises
the assumptions that these are mutually independent, exponentially distributed and their number per
time period follows a Poisson distribution (Langbein, 1949; Shane and Lynn, 1964; Todorovic and
Zelenhasic, 1970; Davison and Smith, 1990). Hence, the choice of an appropriate threshold is the
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crucial part of the PDS approach that, however, represents one of the most difficult issues in its
application (Nguyen, 2002). In general, a threshold that is too low makes the threshold exceedances
too close in time and thus, introduces serial dependence. On the other hand, a threshold that is too
high, leads to an important loss in information of the hydrograph.
In the scientific literature, different systematic methods for the choice of threshold have been
proposed and applied whereas the determination of the optimal threshold selection still requires more
research (Adamowski et al., 1998; Deidda and Puliga, 2009). Many researchers suggested
methodologies that are based on the mean number of threshold exceedances per year. Most frequently
a value between one and five has been cited (Choulakian et al., 1990; Begueria, 2005). However, Lang
et al. (1999) stated that no unique specific value exists for precise modelling and hence, an increasing
threshold censoring procedure is recommended that is based on mathematical tests. One of these tests
is the dispersion index (DI) that was proposed by Cunnane (1979). The DI is used to verify the
adequacy of the Poisson assumption and is defined as the ratio of the average number of threshold
exceedances per year to its variance. If the threshold exceedances follow a Poisson process, then the
DI should be close to 1. Consequently, the DI was used in this study to find the most suitable threshold
within a range of 1–5 threshold exceedances per year. The values applied for threshold setting were:
1.0/ 1.2/ 1.6/ 2.0/ 2.5/ 3.0/ 3.5/ 4.5/ 5.0. Ashkar and Rousselle (1983) showed that if a specific
threshold has been found that follows a Poisson process, then any higher threshold produces
independent flood peaks. Thus, we started with the lowest threshold of our range (i.e. 5) and raised it
step-by-step until the DI was close to 1 (i.e. the DI must be within the limits of a confidence interval
around 1 that was calculated by testing against a chi-squared distribution with a significance level of
0.05). In addition, the assumption of independence was relaxed by applying a declustering scheme. As
hydrological events occur grouped in clusters (i.e. multiple peaks correspond to the same flood event),
only the single highest flood peak within a cluster was included in the PDS. Thereby, one flood event
is characterised by an up-crossing of the threshold level and the subsequent down-crossing.
The gained flood peaks were then arranged in order of magnitude and fitted to a Generalised
Pareto distribution (GPD), which is a special case of both exponential and Wakeby distribution. The
GPD was introduced by Pickands (1975). Since then, it has often been used in hydrology, especially
for the distribution of independent exceedances over a certain threshold (Hosking and Wallis, 1987;
Davison and Smith, 1990; Wang, 1991; Rosbjerg et al., 1992) because of its inherent properties.
Finally, estimating the inherent parameters of the GPD enabled the calculation of bankfull discharge
by applying a recurrence period of 0.92 years.
The procedure to determine bankfull discharge includes the modelling of a 42-year time series on a
daily resolution, threshold setting, declustering and distribution fitting. All was done individually for
each relevant WaterGAP grid cell (5 × 5 arc minutes) in Europe. However, our continental approach is
connected with a number of uncertainties such as the setting of an appropriate threshold, the ambiguity
of bankfull stage and the assumption of a specific return period that characterises bankfull discharge
for all types of rivers.
5.2.4

Parameter of interest

In general, all components of a natural flow regime have a certain ecological significance. Low,
medium and high flows create and maintain different habitat features, and aquatic species have
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evolved life history strategies primarily in direct response to them (Bunn and Arthington, 2002). As it
is important for this study to know about the flow events associated with overtopping of the banks and
inundation of the floodplain, any flow greater than bankfull flow is considered a critical flow to
investigate. But besides the magnitude of these overbank flows, it is also important to analyse how
long they last and at what time of the year they occur. Flood magnitude and volume account for the
extent of inundation whereas the duration of inundation determines whether a particular life-cycle
phase of aquatic species can be completed. The timing of inundation assesses if life-cycle
requirements are met, because key life-cycle phases are linked to the timing of annual extremes.
In this study, these parameters were regarded as crucial for describing hydrological alterations and
are defined as follows (see also Figure 5.1):
•

Flood volume for inundation (i.e. the cumulative amount of water above bankfull flow).

•

Duration of overbank flows (i.e. the number of days flow exceeds bankfull flow).

•

Timing of inundation (i.e. the month of the year with the highest flood volume).

Figure 5.1: Parameters applied in this study to analyse floodplain inundation.

5.2.5

Modelling of current and future daily time series

To compute the impact of climate change and important driving forces on future water resources,
the WaterGAP model (Water – Global Assessment and Prognosis) (Alcamo et al., 2003; Döll et al.,
2003) was used. The model version applied in this study, WaterGAP3, herein referred as WaterGAP,
computes both water availability and water uses on a 5 × 5 arc minutes grid (longitude and latitude),
covering the whole of Europe. WaterGAP consists of two main components: a Global Hydrology
Model to simulate the terrestrial water cycle and a Global Water Use Model (Flörke and Alcamo,
2004) to estimate water withdrawals and water consumption of five different water use sectors. As this
study focuses on the impact of climate change on hydrological alterations of river discharges, the
influence of water uses has not been taken into account. Thus, only the hydrological model of
WaterGAP is described in more detail.
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The aim of the Global Hydrology Model is to simulate the characteristic macro-scale behaviour of
the terrestrial water cycle in order to estimate water availability. Herein, water availability is defined
as the total river discharge, which is the sum of surface runoff and groundwater recharge. The
upstream/downstream relationship among the grid cells is defined by a global drainage direction map
(DDM5), which indicates the drainage direction of surface water (Döll and Lehner, 2002).
Additionally, the flow length per grid cell is enhanced by applying an individual meandering factor for
each grid cell derived from a high-resolution DDM (Lehner et al., 2008). In a standard model run,
river discharges are simulated in 19,254 river basins in Europe. The effect of changing climate on
runoff is taken into account via the impacts of temperature and precipitation on the vertical water
balance.
Next to others, the main improvements of the model were done with special focus on the models
ability to simulate floods. First, the storage of precipitation as snow is a crucial process within the
hydrological cycle, as snow melt in spring induces increased river discharges and even floods in snowaffected watersheds. Second, with the calculation of dynamical flow velocities the differentiation
between mountainous rivers with steep river bed slopes and rivers in lower altitude regions is possible.
Therefore, the inclusion of snow-related processes with snow melt calculated by a simple degree-day
algorithm on sub-grid scale (Verzano and Menzel, 2009b) and the consideration of dynamical flow
velocity (Verzano et al., 2005) were implemented in the model code.
The parameters of interest indicating hydrological alterations in major European floodplain
wetlands have been derived from the 30-year time series of gridded daily river discharge results
calculated by WaterGAP for the reference period (1961–1990) and for three GCM-scenario
combinations representing the 2050s (2040–2069). Thus, time series were modelled for selected
European floodplain wetlands taking into account a daily resolution.
5.2.6

Climate change scenarios

The baseline climate input including monthly information on precipitation, temperature and others
covers the timeframe 1961–1990. For the model simulations we used a combination of the datasets
CRU TS 2.1 (Mitchell and Jones, 2005) and CRU TS 1.2 (Mitchell et al., 2004). Although the CRU
TS 1.2 dataset has a higher spatial resolution (10 arc minutes) it covers only the predominant part of
Europe. In order to get information for grid cells that were not covered, the CRU TS 2.1 dataset with a
spatial resolution of 30 arc minutes was applied. Then both datasets were simply downscaled to a 5 arc
minutes grid. Both CRU datasets, TS 2.1 and TS 1.2, provide monthly values for precipitation,
temperature, cloud cover and the number of wet days per month. However, the WaterGAP model
simulates river discharges on a daily time step. Therefore, the monthly climate input had to be downscaled from monthly to daily values. In this context, temperature and cloudiness were downscaled with
a cubic-spline-function between the monthly averages, which were assigned to the middle of each
month. Precipitation was first distributed equally over the number of wet days per month and then
distributed between the wet days within a month. The latter calculation was mathematically realised
by using a two-state, first-order Markov Chain, for which the parameters were chosen according to
Geng et al. (1986). Both, downscaling of temporal and spatial data are associated with uncertainties as
local sub-grid features and dynamics are neglected. However, Prudhomme and Davies (2009) showed
that these uncertainties are generally lower than uncertainties caused by using different GCMs. In the
72

THE FUTURE OF EUROPEAN FLOODPLAIN WETLANDS UNDER A CHANGING CLIMATE

scope of this paper, only one downscaling method was used.
The impact of climate change on water resources is expected to be stronger in 2050 compared with
2025. For this reason, we have drawn our attention only to the 2050s time period. To take into account
the uncertainty of climate modelling, two SRES emission scenarios from three different GCMs were
analysed. Within the SCENES project, the following model and scenario combinations were selected:
(1) The IPSL-CM4 model from the Institute Pierre Simon Laplace, France representing an A2 scenario
(IPCM4-A2). This GCM-scenario combination indicates high temperature increase and low
precipitation increase or decrease in Europe (warm and dry); (2) The MICRO3.2 model from the
Center for Climate System Research, University of Tokyo, Japan representing an A2 scenario (MIMRA2). In accordance with the IPCM4 model, the Multifrequency Imaging Microwave Radiometer
model projects a high temperature increase over Europe, but in combination with a high precipitation
increase or low decrease (warm & wet); (3) The ECHAM5/MPI-OM model from the Max-Planck
Institute for Meteorology, Germany representing a B1 scenario (MPEH5-B1). In contrast to the A2
scenario, the B1 scenario predicts a small temperature increase and an average precipitation change
(moderate). These models were chosen to compute climate projections under changed levels of
greenhouse gas emissions as specified for the SRES A2 and B1 scenarios for the 2050s represented by
a time series covering the years 2040–2069. The original GCM outputs have a spatial resolution of
1.875° × 1.875° (T63, longitudinal and latitudinal) and have been downscaled to the 5 arc minutes grid
cells by applying a simple bilinear interpolation approach. Here, monthly temperature (T) and
precipitation (P) results were used from the selected GCMs described above. The number of rain days
per month and the cloudiness were taken from the reference period (1961–1990), and then the climate
values were downscaled to daily climate as described in the section above. Hence, a possible increase
of climate variability at the daily scale was not taken into account. This simple approximation of
pseudo-daily future climate input was initially implemented in WaterGAP for studies of climate
change impacts on long-term average discharge and may affect the simulated magnitude of high flows.
The future climate input was scaled in consideration of the difference between observed and simulated
climate of the reference period (Henrichs and Kaspar, 2001; Lehner et al., 2006). For temperature, the
observed CRU time series were scaled by adding the respective difference between the future and
present-day temperature values from the GCM. For precipitation, observed precipitation time series
were scaled by multiplication with the respective ratio between future and present-day precipitation.
An exception to this rule occurs when present-day precipitation is close to zero (<1 mm); in this case
the respective value was added. Following this method, monthly values for 30-year climate time series
were constructed for the 2050s. This scaling approach is frequently applied to force global scale
hydrological models for climate change studies.

5.3

Results and discussion

Although high flows leading to floodplain inundation can occur the whole year, usually, they
accumulate within a specific season or month of the year. Therefore, our results strongly depend on
seasonal climatic conditions. Within this study we assumed that the more uniform the results for a
river and the larger a regional pattern, the higher the significance of changes in future floodplain
inundation.
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5.3.1

Change in flood volume

Flood volume determines the extent of inundation. The three different climate change realisations
generally imply a change in flood volume for almost all regions of Europe (Figure 5.2). In Central and
Eastern Europe, all three climate projections show agreement in flood volume causing floodplain
inundation, which is likely to be reduced in the 2050s. The climate impacts are stronger under the
IPCM4-A2 and MIMR-A2 projections compared with the MPEH5-B1 scenario realisation. Likewise,
there is agreement in Ireland, Scotland and Western England. In this area more water will be available
for floodplain inundation in the future.

Figure 5.2: Change in flood volume in the 2050s compared with the baseline period (1961–90) under different future GCMscenario combinations (IPCM4-A2, MIMR-A2 and MPEH5-B1). Agreement between these scenarios is shown in the
map on the bottom right. Here, grid cells are labelled as ‘no change’, when the change in flood volume is within the
range of ±10% under all three applied scenarios. If the change in flood volume increases under all three scenarios
and the increase is higher than 10% in at least one scenario, then the grid cell is marked as ‘all increase’. The same
applies for ‘all decrease’ in case of a reduction.

An area of high uncertainty indicated by contradictory results in our analysis occurs in France,
Spain and the Benelux countries, as well as on the River Thames and Derwent. Depending on the
climate change data used, flood volume is reduced (IPCM4-A2) or increased (MIMR-A2) in the
future. However, in these regions, agreement can be found in mountainous areas where rivers originate
at high altitude. A reduced flood volume is predicted under all three climate change projections for
river reaches at the Sisterna Iberico (Turia), the Pyrenees (Cinca and Garonne), Massif Central
(Dordogne, Loire and Lot), the Alps (Rhone, Rhine, Enns, Mura, Drava, Isar, Inn, and Po), and
likewise at the Dinaric Alps (Neretva) and Rila mountains (Maritza). The reduced flood peak is then
carried forward along the rivers, at least for some distance.
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5.3.2

Change in duration of overbank flows

The sensitivity of floodplains is often based on the duration of floodplain inundation. For the
parameter duration a quite similar picture is drawn as for the flood volume (Figure 5.3). In Central and
Eastern Europe as well as in mountainous areas the duration of overbank flows is reduced, while in
Ireland, Scotland and Western England duration of overbank flows is increased. The results based on
MPEH5-B1 climate predict for most rivers only minor changes. Again, in France, Northern Spain and
the Benelux countries as well as on the River Thames, no agreement can be found under the three
GCM-scenario realisations. In contrast to the flood volume, there is also no agreement for the rivers
Elbe, Havel, Warta and Narew, as well as for parts of the Oder and Dnieper.

Figure 5.3: Change in duration of overbank flows in the 2050s compared with the baseline (1961–90) under different future
GCM-scenario combinations (IPCM4-A2, MIMR-A2 and MPEH5-B1). Agreement between these scenarios is shown
in the map on the bottom right.

5.3.3

Change in timing of floodplain inundation

The timing of floodplain inundation is important as access to and availability of floodplain habitats
must coincide with life-cycle requirements of flood dependent local flora and fauna. Figure 5.4 depicts
the month of the year with the highest flood volume in the baseline period, i.e. the time of the year
where usually floodplain inundation occurs. According to this finding, in Western and Southern
Europe, floodplain inundation accumulates in the winter (blue grid cells) while in Central, Eastern and
Northern Europe inundation usually occurs in spring (green grid cells). The North of Fennoscandia
and mountainous areas stand out with the highest flood volume occurring mostly in June.
In the 2050s, there will be a shift in timing of floodplain inundation on many rivers in Europe,
especially under the IPCM4-A2 and MIMR-A2 climate projections (Figure 5.5). In Eastern and
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Northern Europe, floodplain inundation is expected to occur earlier than under baseline conditions (i.e.
at least one month). In Southern and Central Europe, timing of floodplain inundation is likely to be
earlier for many rivers, but there are also some rivers, especially in northern Italy, where timing can
also be later within the year.

Figure 5.4: Month of the year with the highest flood volume within the baseline period (1961–90) as simulated by WaterGAP for
each grid cell in Europe.

Figure 5.5: Change in timing of floodplain inundation in the 2050s compared with the baseline (1961–90) under different future
GCM-scenario combinations (IPCM4-A2, MIMR-A2 and MPEH5-B1). Agreement between these scenarios is shown
in the map on the bottom right. Here, grid cells are labelled as ‘no shift’, when the highest flood volume occurs under all three scenarios in the same month as in the baseline. Grid cells are labelled as ‘earlier’ or ‘later’, when the
shift has the same direction under all three scenarios and is at least one month in one scenario.
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5.3.4

Assessment of the hydrological changes

The impact of climate change on floodplain inundation is induced on the one hand by increasing
temperatures and on the other hand by spatial and temporal changes in precipitation patterns. Northern
and Eastern Europe are characterised by cold or continental climate with strong winters often
permanently below 0°C. Floodplain inundation in this area often occurs as a consequence of snow
melt in spring falling together with strong precipitation events during this time (see also Figure 5.4).
Due to increasing temperatures under climate change, extent and duration of snow cover are
significantly reduced in this area in the 2050s. In the Northern Hemisphere, a reduction of
approximately 10% in snow cover has been observed since 1966 (IPCC, 2001) and Arnell (1999b)
showed that in the 2050s, snow cover will be considerably decreased over large parts of Central and
Eastern Europe by the end of the winter. In addition, precipitation falls more often as rain instead of
snow, leading directly to runoff in the winter time. Hence, in Central and Eastern Europe, discharges
are likely to be increased in the winter, but the resulting snow melt induced flood peak in spring is
expected to be decreased in the 2050s as less water is stored in the snow pack. This development in
snow-affected river basins was demonstrated on an example in Belarus by Arnell (1999) and is
exemplified here for the Narew River in Figure 5.6.

Figure 5.6: Two-year example of the Narew River in Poland simulated by WaterGAP3 showing changing discharges in the 2050s
under the three applied scenarios compared with the baseline period (blue hydrograph).

The reduced flood volume for inundation and the reduced duration of overbank flows as identified
in this study for rivers in Central and Eastern Europe can be explained by the major role of snow melt
in this region. Here, in the snow-affected river basins, the three scenarios show high agreement. An
analysis of flood hazards was also conducted by Dankers and Feyen (2008). They also found a
considerably decrease in flood hazards in the northeast of Europe. While in their study, this situation
applies for the Baltic States, Finland and Northern Russia, in this study reduced flood volumes were
already found in Poland and Eastern Germany. These differences could be explained by a much higher
return period (i.e. 100 years) and the choice of a different GCM input. Dankers and Feyen (2008)
expected in their analysis an increase in flood hazards in France and Northern Italy. This development
corresponds to our analysis at least in two scenarios (MIMR-A2 and MPEH5-B1).
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The duration of overbank flows shows a similar development as the flood volume. But considering
MIMR-A2 climate, the duration of overbank flows shows an increase for a few rivers in Central and
Eastern Europe (the Elbe, Havel, Warta and Narew, as well as parts of the Oder and Dnieper).
However, this change can be explained by the increased runoff in the winter, which causes some
minor discharge peaks above bankfull flow for this climate projection, but does not lead to widespread
inundation of the associated floodplains. As the 0°C level is crossed earlier in the year, snowmelt is
induced earlier in the year, too. Therefore, floodplain inundation is likely to occur earlier within the
year in the 2050s. The same effect on flood patterns applies to rivers originating in mountainous areas
(e.g. Alps, Massif Central, and Pyrenees) where snow melt influences the different indicators for some
river distance. The shift in flood patterns to earlier seasons in the year in European mountain regions
could also be shown by Dankers and Feyen (2008).
Western and Southern Europe are characterised by maritime climate with milder winters where
snow melt does not play a crucial role in the formation of high flows. Here, floodplain inundation is
often caused by winter rains at a time of the year where evapotranspiration is low. Hence, in this area,
future predictions of floodplain inundation strongly depend on the GCMs’ precipitation patterns rather
than temperature. However for France, Spain, Southern England and the Benelux countries, the three
different climate projections applied in this study predict contradictory results for precipitation in
winter (Figure 5.7), the time where usually overbank flows occur in these regions.

Figure 5.7: Absolute change in average precipitation in winter between the three different scenario realisations (IPCM4-A2,
MIMR-A2, MPEH-B1) for the 2050s and the baseline conditions.

Under the IPCM4-A2 climate projection, less winter precipitation in France, Spain, South England
and the Benelux countries leads to a reduction in floodplain inundation, while under the MIMR-A2
climate higher winter precipitation causes an increase in floodplain inundation. The MPEH5-B1
climate shows moderate changes in winter precipitation with higher winter precipitation in parts of
France, Benelux and Southern England, but less winter precipitation in Spain, parts of Turkey and the
Middle East. Consequently, for the selected rivers in France, Spain, Southern England and the Benelux
countries, this analysis provides contradictory results that reflect the uncertainties of current climate
model calculations.
In this study, the scaling approach was chosen to calculate future projections of temperature and
precipitation to force WaterGAP (see Methods). This approach was applied to CRU climate data that
provide a significantly higher spatial resolution (0.167°) in contrast to time series calculated by GCMs
(1.875°). Therefore, snow-induced flood peaks were represented significantly better, especially in the
comparable small mountains of Europe. On the other side, the application of time series calculated by
GCMs would directly respect the enhanced future climate variability, which is again supposed to
increase flooding in the future in many areas (IPCC, 2007b; Kundzewicz et al., 2007). For future
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analysis, uncertainties due to spatial downscaling could be reduced by applying Regional Climate
Model (RCM) output to force WaterGAP. State-of-the-art RCMs possess a spatial extent between 12
and 50 km over Europe (Christensen and Christensen, 2007). Uncertainties due to temporal
downscaling could be minimised by using lately established climate data based on daily time steps
(Weedon et al., 2010).
5.3.5

Ecological impacts

Here, the results regarding changes in volume, duration and timing of inundations are placed in an
ecological context, focusing on the effects on two major floodplain vegetation types and fish. To
assess the effect of climate change on floodplain vegetation, a literature survey was carried out. The
challenge is to fit the knowledge available to the applied model scale and outputs.
Floodplain vegetation
As shown above climate change has an impact on the hydro-morphological regime of rivers and
wetlands, and as such can influence the spatial arrangement of floodplain vegetation. In particular the
vegetation communities that reach their climax stage after long development cycles and depend on
specific hydro-morphological regimes are sensitive to climate change. Those include the hardwood
floodplain forests and the dry river grasslands that also inhabit the so-called river corridor species or
‘Stromtalpflanzen’ (Burkhart, 2001; van Looy and Meire, 2009). Drier river grasslands and riparian
mixed forest habitat is already marginalised through direct anthropogenic impacts such as
deforestation and the cut-off of the lower dynamic floodplain area from the river by embankments.
Expert judgement based on the literature reviewed gives the following climate related factors and
ranges, which are needed to sustain hardwood forests and dry floodplain grasslands (Table 5.1).
Exact dry grassland and hardwood forest community composition varies across Europe depending
on eco-region and adaptation to existing flood regimes and local management. Management such as
grazing, mowing or cutting, and flood regime both influence vegetation composition (Gerard et al.,
2008). Therefore, to assess effects of climate change on the European scale, the relative shift of
parameters is the most important factor. Important to distinguish are the acute sensitivity of
individuals and the sensitivity of populations or communities to chronic hydrologic alteration (Merritt
et al., 2009). The latter is important to sustain the dry grasslands and floodplain forests on the long
term (Geerling et al., 2006).
Changes in flood magnitude as found under most climate projections seem to point toward a
reduction of flood volumes (Figure 5.2). Consequently, the floodplain area can decrease and formerly
inundated floodplain forests and dry grasslands will be colonised by more terrestrial species or
invaders (Predick and Turner, 2008). This situation will directly lead to a decline of habitat area for
these vegetation types. Secondly, a decrease of flood volume can lead to morphologically less active
systems, especially in the upland areas. However, this change can lead to an initial increase in
softwood forest establishment as deduced from Marston et al. (2001). The loss of floodplain dynamics
will eventually lead to a loss of floodplain diversity, also for dry grasslands.
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Table 5.1: Climatic factors and their responses for floodplain forests and dry river meadows. The vegetation types focused on are in
the Natura 2000 habitat list (CEC 1992): (91E0) Alluvial forests with Alnus glutinosa and Fraxinus excelsior (AlnoPadion, Alnion incanae, Salicion albae); (91F0) Riparian mixed forests of Quercus robur, Ulmus laevis and Ulmus minor, Fraxinus excelsior or Fraxinus angustifolia, along the great rivers (Ulmenion minoris); (6120) Dry river grasslands
of calcareous soils. In the NL these are of the Medicagini-avenetum pubescens type (van Looy and Meire, 2009) also including the Stromtalpflanzen (Burkhart, 2001); (6440) Alluvial meadows of river valleys of the Cnidion dubii (Germany) also including the Stromtalpflanzen (Burkhart, 2001). Growing season is defined as the months May to September.

Climatic factor

Habitat type
Alluvial hardwood forest

Alluvial 'dry river meadows'

Magnitude
Extreme flood

At least every 10-20 years to block succession to Winter floods maintain habitat gradients shaped by
summer floods.
pure terrestrial forest.

Sedimentation

Fundamental for succession towards less fre- Increased input from sediment rich in nutrients will
quent inundated area.
deteriorate habitat conditions.

Bankfull

125% bankfull can be important to create new 125% bankfull can be important to create new pioneer
pioneer sites along meandering rivers to colonize sites along meandering rivers to colonize (Richter and
by succession precursors for hardwood forest Richter, 2000). New pioneer sites are important for
development (Richter and Richter, 2000).

dispersal and recruitment for river corridor species
(van Looy and Meire, 2009).

Duration
Inundation (days/year)

< 40 days/y

2 – 20 (max) days/y

Duration of flood event Direct vital range: no longer than 60% of grow- Less than 1 week in growing season
ing season and not two seasons in a row (no recovery; Glenz et al., 2006)
Recruitment: no recruitment when flooded more
than 30-40% of growing season (Glenz et al.,
2006)
Timing
Summer flooding

Chronic increase in inundating in summer can Very sensitive to inundations in summer. Floodplain
influence the species composition of existing inundations in summer influence habitat zonation, (van
sites.

Eck, 2004). An increase of inundations in summer will
lead to decrease of habitat suitability.

Summer drought

Can tolerate summer drought (Glenz et al., 2006) River corridor species (Stromtalpflanzen) seem to have
the advantage on being able to withstand flooding,
while also being able to cope with dry circumstances
due to high drainage capacity of the elevated
floodplain parts they occupy. Changes in either of
these parameters will influence distribution negatively.
(Burkhart, 2001)
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An increase in flood volume will increase floodplain area. A gradual change will affect current
locations of dry grassland and hardwood stands as they are inundated more frequently or with longer
durations. However, available habitat may shift towards formerly dry areas. Secondly, the affected
rivers can become more morphologically active and can rejuvenate existing habitats.
Duration of overbank flows is decreasing for most rivers with agreement of all three climate
projections (Figure 5.3). Change is up to five days per year or more. Overall consequences are similar
as to reduction in flood magnitude, a decrease of habitat availability. However, as other more
frequently inundated areas become suitable, i.e. less inundated, habitat for dry grassland and
floodplain forest may shift towards these.
The results show that the timing of flood peaks may shift, in most agreement the floods appear
earlier in the season. Most influential is timing for reproduction, or seed dispersal for genera like
willow (Salix spp.) or Poplar (Populus spp.). These genera time their seed release in such a way that
competition between different species of Salix spp. and Populus spp. are minimised. Floods affect the
habitat availability, and change in flood timing can decrease the available habitat for some of these
species. Additionally, vegetation reacts also to spring temperature changes and timing of these may
also change due to climate change. This change can either mitigate or enhance the consequences of
changes in flood timing. Recent studies support the notion that floods during the growing season may
be particularly important from the ecological point of view by affecting plant distribution and survival.
In contrast, the effect of winter flood timing on vegetation is not easily determined and regarded less
influential (van Eck et al., 2004). A differentiation between summer and winter floods was not carried
out in this study, but could lead to improvements in future ecological impact assessments.
Fauna (fish)
A reduction in flood magnitude influences the connectivity of the landscape, notably for aquatic
habitats (Petts and Amoros, 1996). In combination with the expected reduction of flood duration, there
will be less habitat available for aquatic species. Fish production will probably decrease when flood
volume decreases as can be deduced from Lindholm et al. (2007) for tropical systems. Additionally,
the expected change of flood timing towards earlier spring can make habitats unreachable. A decrease
in morpho-dynamics for upper reaches can lead to a less diverse riverine landscape with lower
availability of aquatic habitat.

5.4

Conclusion

River ecosystems including floodplain wetlands belong to the most threatened ecosystems on the
planet with a proceeding loss in biodiversity. Regarding the health of these ecosystems, flows above
bankfull flow play a crucial role as ecological and biological processes change when the river is linked
to the associated floodplain. However, floodplain inundation is often disturbed by anthropogenic
factors such as river regulation, channelization, wetland drainage and water abstractions. Climate
change is altering volume, duration and timing of future floodplain inundation events, and therefore
constitutes an additional threat to river ecosystems.
Results of this study indicate that climate change affects floodplain inundations over large regional
scales in Europe in the 2050s. In snow-affected catchments (i.e. in Central, Eastern and Northern
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Europe as well as in mountainous areas) duration and volume of inundation are expected to decrease
and inundation may appear earlier in the year. Here, inundation usually occurs in spring when snow
melt falls together with strong precipitation. Due to an increased temperature, the proportion of
precipitation falling as snow is reduced as well as extent and duration of snow cover. This change
leads to earlier snow melt within the year and considerably reduced snow melt induced flood peaks.
According to this finding on the selected floodplains in Central, Eastern and Northern Europe, the
extent of floodplain habitat is reduced in the 2050s compared with current conditions. Consequently,
floodplain forests and dry grasslands are expected to be colonised by more terrestrial species or
invaders. As habitats for spawning, nursery, foraging and escaping from predation are narrowed, fish
can be negatively affected. All in all, important ecosystem services such as biodiversity maintenance,
nutrient removal, detoxification, carbon storage, floodplain productivity and fish production are likely
to decrease on the selected floodplain wetlands in Eastern and Northern Europe. Hence, to avoid
economic losses and to assure a natural pattern of floodplain inundation, it is important to consider the
impact of climate change in the planning of future adaptation measures.
In warmer regions, inundation strongly depends on the simulated precipitation patterns. Here, the
choice of the climate projection has a bigger influence on the hydrological results compared with areas
where snow melt-induced flood peaks occur. In our analysis, precipitation patterns modelled by three
different GCMs representing two different emission scenarios lead to contradictory results for future
changes in volume, duration and timing of floodplain inundation. This finding reflects the
uncertainties of current climate modelling for specific seasons and therefore, no consistent conclusions
could be drawn for rivers in Spain, France, Southern England and the Benelux countries.
The simulation of flood scenarios and hence bankfull flow events could be improved by the usage
of daily climate data to force WaterGAP. Instead of applying the ‘scaling approach’ to get a higher
spatial resolution climate input according to measured data, time series as calculated by RCMs, but
bias-corrected, could be used to consider changes in future climate variability. One aim in riparian
ecology is to build a general framework for predictions of, for example, vegetation response to altering
inundation conditions. In this study, the ecological impact analysis has been performed in an indicative
and qualitative manner. For our future work, we will improve ecological consequences for fish and
fauna by distinguishing upland and lowland rivers as well as incorporating a more systematic approach
by considering functional classifications of species that respond in similar ways to components of
hydrological regimes.
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6 H O W W I L L C L I M AT E C H A N G E M O D I F Y R I V E R F L O W
REGIMES IN EUROPE?
4

Summary
Worldwide, flow regimes are being modified by various anthropogenic impacts and climate
change induces an additional risk. Rising temperatures, declining snow cover and changing
precipitation patterns will interact differently at different locations. Consequently, in distinct climate
zones, unequal consequences can be expected in matters of water stress, flood risk, water quality, and
food security. In particular, river ecosystems and their vital ecosystem services will be compromised
as their species richness and composition have evolved over long time under natural flow conditions.
This study aims at evaluating the exclusive impacts of climate change on river flow regimes in
Europe. Various flow characteristics are taken into consideration and diverse dynamics are identified
for each distinct climate zone in Europe. In order to simulate present-day natural flow regimes and
future flow regimes under climate change, the global hydrology model WaterGAP3 is applied. All
calculations for current and future conditions (2050s) are carried out on a 5’ x 5’ European grid. To
address uncertainty, bias-corrected climate forcing data of three different global climate models are
used to drive WaterGAP3. Finally, the hydrological alterations of different flow characteristics are
quantified by the Indicators of Hydrological Alteration approach. Results of our analysis indicate that
on the European scale, climate change can be expected to modify flow regimes remarkably. This is
especially the case in the Mediterranean (due to drier conditions with reduced precipitation across the
year) and in the boreal climate zone (due to reduced snowmelt, increased precipitation, and strong
temperature rises). In the temperate climate zone, impacts increase from oceanic to continental.
Regarding single flow characteristics, strongest impacts on timing were found for the boreal climate
zone. This applies for both high and low flows. Flow magnitudes, in turn, will be predominantly
altered in the Mediterranean but also in the Northern climates. At the end of this study, typical future
flow regimes under climate change are illustrated for each climate zone.
4

• Published as ‘Schneider, C., Laize, C. L. R., Acreman, M. C., Flörke, M., 2013. How will climate change modify river flow regimes in
Europe?. Hydrology and Earth System Sciences, 17, 325-339’.
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6.1

Introduction

In the last century, natural flow regimes have been heavily modified by different anthropogenic
impacts (Malmqvist and Rundle, 2002). Worldwide around 50,000 large dams and an estimated
number of 800,000 smaller dams exist, usually generating a less variable flow with elevated low flows
and dampened flood peaks (Nilsson et al., 2005). Water demands of an exponential growing world
population leads to reduced river discharge due to withdrawals for irrigation, electricity production,
manufacturing, domestic purposes and others. In addition, population growth and society’s increasing
demands on resources have caused immense land-use changes. Urbanization and deforestation result
in large sealed areas that alter flow magnitudes and timing through lower evapotranspiration rates and
faster runoff (Sahin and Hall, 1996). Many rivers have also been artificially modified by construction
works such as channelization, embanking, straightening, widening or deepening with further impacts
on flow and flow velocity.
In the future, climate change constitutes another factor for flow regime alteration and will interact
with other anthropogenic flow modifications. Climate change “is now evident from observations of
increases in global average air and ocean temperatures, widespread melting of snow and ice and rising
global average sea level” (IPCC, 2007a). Higher temperatures could potentially increase evaporation
rates at surfaces and transpiration by plants, which leads to a reduction in runoff (Frederick and Major,
1997). Additionally, in snow or glacier-affected river basins, runoff is altered by a decline in
meltwater (Verzano and Menzel, 2009b). Regionally and seasonally differing developments are
simulated for precipitation amounts and patterns (IPCC, 2007a) which will cause, depending on the
location and season, higher or lower runoff values in the future (Alcamo et al., 2007). Moreover, it is
expected that climate change will accelerate the hydrological cycle with an increasing intensity of
rainfalls and frequency of extreme weather events (Milly et al., 2008). All these implications will
interact in different ways at different climatic locations inducing substantial alterations in the river
flow regimes with large geographical disparities in directions and causes.
The consequences of these alterations are manifold. In 2000, approximately 2.4 billion people
lived in water-stressed river basins and this number is supposed to rise in the future (Arnell et al.,
2011c). An increase in water stress can be caused by a reduction in total flow amounts or just by
changes in flow seasonality. For example, irrigated agriculture, the largest blue water user worldwide
(Rost et al., 2008), depends on the available water resources in the summer season during times of low
flows. Even though some basins may attain higher annual runoff values under climate change, the
surplus of water is likely occurring during high flow seasons, which will not solve dry season
problems (Arnell, 2004; Arnell et al., 2011c). Another issue is that higher runoff values in the wet
season can enhance the risk of flooding (IPCC, 2007a). Next to water quantity issues, water quality is
also fundamentally linked to the flow regime as described by Nilsson and Renöfält (2008), especially
when rivers are impaired by sewage water or non-point source pollution. Here, flow regime
modifications influence transport and concentration of chemicals, nutrients, salts, oxygen and organic
matter, but also water temperature which can be crucial for the cooling of thermal power plants
(Flörke et al., 2012a). Furthermore, the shape of rivers can be altered as build-up of sediments and
erosion processes change.
Next to economic and social impacts, especially river ecosystems will be at risk due to altered flow
regimes. In a river ecosystem, different flows have different ecological functions (Bunn and
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Arthington, 2000) and can be characterised by their magnitude, timing, duration, frequency, and their
rate of change. Poff et al. (1997) describes the ecological functions of these parameters in detail,
providing numerous examples from the scientific literature. All in all, the various combinations of
flow magnitude, timing, duration, frequency and rate of change shape different habitat features and
hence, are important to support a high regional diversity (Allan et al., 2005). Scientists now
understand that the total flow regime varying from hydrological droughts to floods is required to
maintain biotic composition, integrity, and evolutionary potential of riverine ecosystems including
associated floodplains and wetlands (Mathews and Richter, 2007; Richter et al., 1996). Another
fundamental assumption of environmental flow research is the natural flow paradigm, which states
that the natural flow regime, including natural fluctuations, provides the optimum conditions for a
river ecosystem (Poff et al., 1997). Over evolutionary time spans and in direct response to the natural
flow regime, native biota has developed different morphological, physiological and behavioural traits
as described by Lytle and Poff (2004). Provided habitats are exploited, all ecological niches are
occupied and the natural range of flows can be tolerated by the endemic biota. Thus, increasing
deviations from natural flow patterns lead to increasing ecological consequences favouring invasive
species at the expense of adapted endemic species. Indeed, in a review of 165 papers, Poff and
Zimmermann (2010) could clearly demonstrate that flow alteration leads to many ecological
consequences. In 92% of the case studies, impacts on river ecosystems were reported in response to
modifications of certain flow parameters. Similar results were found by a review of Lloyd et al.
(2004), where 86% of 65 case studies recorded ecological changes.
Besides possible financial losses in the industrial sector, crop shortfalls and flood damages, the
social costs of ecosystem damage will be high as well. Healthy rivers supply a large number of
ecosystem services and goods to humanity. Their value has been estimated at US$ 6.5 trillion globally
(Costanza et al., 1997; Strayer and Dudgeon, 2010) and includes water purification, food production,
raw material provision, flood mitigation, recreational values and genetic resources to name only a few
of them. These vital functions are based on a rich biodiversity and species which are adapted to
dynamic conditions of running waters variable in space and time (Giller and Malmqvist, 1998).
However, on a global scale, approximately 65% of all riverine habitats are under severe threat
nowadays (Vörösmarty et al., 2010) and the loss of biodiversity has proceeded faster over the last 30
years than in marine or terrestrial ecosystems (Jenkins, 2003) with loss rates comparable to historical
events of great extinctions (Brown and Lomolino, 1998; Ricciardi and Rasmussen, 1999). Indicating
changes of fish, bird, reptile, amphibian and mammal populations, the global freshwater living planet
index declined by 37% since 1970 (Grooten et al., 2012). These numbers are alarming and therefore
the EU Water Framework Directive (200/60/EEC) demands its Member States to protect and restore
water bodies in Europe, aiming for a “Good Ecological Status” for most rivers.
Despite the various impacts on river flow, today only a tiny number of rivers are protected by any
sort of environmental flow management (Richter et al., 2012) and according to current trends in
riverine species loss, global warming, population growth and land-use change, freshwater ecosystems
will remain threatened well into the future (Vörösmarty et al., 2010). Now there is strong consensus
within the scientific community that natural flow regimes need to be protected to some degree and that
further research on anthropogenic flow regime alteration is required (Richter, 2009; Zang et al., 2012).
In various studies of the scientific literature, the impact of climate change on river flow regimes
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has been analysed. Most of them are conducted on a relatively small geographical extent (e.g. on river
basin scale) and/or focus on mean annual or seasonal water flow. Only a few large-scale studies were
published so far which analysed the impact of climate change on specific flow characteristics or on
ecologically relevant flow regimes. Nohara et al. (2006) evaluated the impact of climate change on
monthly hydrographs for 24 major rivers in the world. With a focus on extreme events in Europe,
changes in flood hazards (Dankers and Feyen, 2009) and hydrological droughts (Feyen and Dankers,
2009) have been analysed for different climate scenarios as well. Döll and Zhang (2010) investigated
for the first time the impact of global warming on five ecologically relevant flow parameters at the
global scale and additionally, compared the impacts to flow regime alterations caused by water
withdrawals and dam management. The papers of Laize et al. (2010, 2013) were the first which
assessed the combined effects of climate change and socio-economic pressures for different future
scenarios, and applied a full set of ecologically relevant hydrological indicators on a detailed river
network covering pan-Europe. Recently, the impact of climate change on ecologically important flood
flows has been investigated by Schneider et al. (2011b) for floodplain rivers in Europe. This study
aims at evaluating the sole impact of climate change on river flow regimes in Europe, analysing the
dynamics separately for each climate zone. In particular the following questions shall be addressed: (i)
How will different driving forces such as precipitation, temperature and snowmelt alter in different
climate zones? (ii) Where in Europe will flow regime modifications most severe? (iii) How will
extreme flow characteristics be impacted in each climate zone? And (iv) what will typical flow
regimes look like in the 2050s in the different climate zones?

6.2

Methodology

Assessment of river ecosystem health implies comparison to reference conditions (Norris and
Thoms, 1999). In this study, we compare future climate change-impacted flow regimes to natural flow
conditions of the present. Thereby, we assume that the more characteristics of the flow regime are
relevantly changed, the more severe is the impact on the river ecosystem. Three different model
experiments were carried out by the state-of-the-art global hydrology model WaterGAP3 (Verzano,
2009) to assess the impact of climate change on river flow regimes in Europe. Therefore, WaterGAP3
was driven with climate data from three different General Circulation Models (GCMs) to provide 30year time series of daily discharge data for the 2050s (2041–2070) and the baseline period (1971–
2000), which sets the reference condition. Human impacts such as water withdrawals, return flows,
dam management and land-use changes were disabled in WaterGAP3 to focus on the sole effect of
climate change. Subsequently, for all simulated time series, general flow statistics were calculated to
evaluate the degree of departure from the baseline regimes.
6.2.1

Simulations of flow regimes

For the simulation of river discharge, we applied the latest version of the global water model
WaterGAP (i.e. version 3), which has been refined since earlier studies (Alcamo et al., 2003a; Döll et
al., 2003) and performs its calculations now on a global 5 by 5 arc minutes grid cell raster (∼6×9 km2
in Central Europe). The model combines a global hydrology model and a global water use model
(Flörke et al., 2012a; Aus der Beek et al., 2010). As our analysis focuses on climate change, only the
hydrological component was applied. In order to simulate natural flow conditions, the implemented
management of reservoirs and dams was disabled.
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The basis of the hydrological component is made up of spatially distributed physiographic
characteristics such as land cover, soil properties, topography, permafrost and glaciers, drainage
direction, and the location and area of lakes and wetlands. Recently, these datasets have become
available as high spatial resolution maps, so that physiographic input parameters and hydrological
processes are represented with a higher level of detail (e.g. Farr et al., 2007; Lehner et al., 2008;
USGS, 2008). For each individual grid cell, WaterGAP3 calculates daily water balances. The vertical
water balance of the land area defines groundwater recharge and surface runoff, taking into account
canopy, soil and snow water storages. The water balance of freshwater areas considers lakes and
wetlands, and is affected by precipitation and evaporation. To appropriately fill all water storages, a
model spin up period of ten years was applied and found to be sufficient. While surface waters started
with a full storage for this period, smaller water storages were empty. Both runoff from land and
freshwater areas contribute to the total runoff in each grid cell, which is routed along a predefined
drainage direction map (DDM5; Lehner et al., 2008) to the next downstream cell. In Europe alone, the
simulated river discharge is calibrated at 221 gauging stations against observed annual river flow from
the Global Runoff Data Centre (GRDC, 2004). In the calibration process, described in detail by Döll et
al. (2003), only one model parameter (γ) is adjusted, which affects cell surface runoff generation at
gauging stations.
Besides the higher resolution, several hydrological key processes have been improved in
WaterGAP3 with special focus on the model’s ability to simulate certain flow characteristics: (1)
snow-related processes such as snowmelt-induced floods are enhanced by a revised snow routine on a
sub-grid scale of 1 arc minute (Verzano and Menzel, 2009b); (2) flow velocity is calculated
dynamically, allowing for differentiation between mountainous and lowland rivers (Verzano et al.,
2012); (3) river length is represented more realistically by an individual sinuosity factor per grid cell
derived from a high-resolution DDM (Lehner et al., 2008); and (4) permafrost distribution is improved
using the Frost Number method (Aus der Beek and Teichert, 2008).
The effect of a changing climate on river flow regimes was taken into account by driving
WaterGAP3 with state-of-the-art GCM projections for precipitation, air temperature, and long- and
shortwave radiation as developed in the WATCH project (Hagemann et al., 2011). For this study, all
gridded meteorological forcing data were simply disaggregated to 5 arc minutes to be used in
WaterGAP3. In order to consider the uncertainty in current climate modelling, the time series from
three different state-of-the-art GCMs were applied: (i) ECHAM5/MPI-OM model from the MaxPlanck Institute for Meteorology, Germany, (ii) IPSL-CM4 model from the Institute Pierre Simon
Laplace, France, and (iii) CNRM-CM3 model from Centre National de Recherches Meteorologiques,
France. These GCMs were chosen mainly due to the following reasons: the GCM output was available
on a daily time step and covered the whole of Europe. Further, a statistical bias correction was carried
out on daily precipitation, minimum, maximum and mean air temperature by means of transfer
functions. These functions were used to align the probability distribution function of intensity for these
simulated parameters of both historic and future time series (Piani et al., 2010). In comparison to the
delta-change approach, which was often used in previous impact studies, this procedure provides more
reliable estimates regarding future variability and occurrence of extreme events (Graham et al., 2007).
In addition, the WATCH project provided observed climate data for the baseline period (the WATCHforcing data, Weedon et al., 2011), which were applied for the bias-correction of the GCM
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calculations and could be used for the calibration of the WaterGAP3 model. All three climate
projections employed in this study were underpinned by an SRES A2 emission scenario (IPCC,
2007a). In the absence of further climate policies, this scenario comprises steadily growing CO2emissions, which may double by 2050 compared to the year 2000. The SRES A2 scenario was chosen
because current CO2- emissions are close to the upper end of the SRES scenario range (Manning et al.,
2010). However, due to the inertia of the climate system, the effect of the IPCC emission scenario will
become more obvious in the second half of the 20th century (Meehl et al., 2007). Therefore, we
decided to focus only on one emission scenario in this study.
6.2.2

Indicator assessment

Trends in different flow characteristics provide an indication as to whether ecologically important
habitats are available and life-cycle requirements are met in the future (Suen and Herricks, 2009). In
order to assess changes in river flow regimes, we applied a methodology by Laize et al. (2014), which
is based on the Range of Variability Approach (RVA) using Indicators of Hydrological Alteration
(IHA; Richter et al., 1996, 1997). The IHA/RVA has been widely used (Yin et al., 2011), is sensitive
to anthropogenic influences (Taylor et al., 2004) and recognises that all aspects of the flow regime are
ecologically important. It provides 32 different indicators which are organised into five different
groups.
Reviewing 171 different hydrologic indicators, Olden and Poff (2003) showed that the IHA
capture almost the entire spectrum of all available hydrological indicators, but also duplicate the
information for some flow characteristics. Following their framework, a subset of 12 parameters was
chosen in this study to describe non-redundant departures from the natural flow regime (Table 6.1).
Table 6.1: Hydrologic parameters of the IHA used in this study.

ID

Parameter

Unit

Group

P1
P4
P7
P10
P13
P18
P23
P24
P25
P26
P29
P31

January mean flow
April mean flow
July mean flow
October mean flow
1-day minimum flowa
1-day maximum flowb
Julian date of 1-day minimum
Julian date of 1-day maximum
Number of high pulsesc
Number of low pulsesd
Number of flow rises
Mean rise rate

m3/s
m3/s
m3/s
m3/s
m3/s
m3/s
Day
Day
Number
Number
Number
m3/s

Group 1: Magnitude of monthly water conditions

Group 2: Magnitude of extreme water conditions
Group3: Timing of extreme water conditions
Group4: Frequency and duration of high and low pulses
Group 5: Rate and frequency of water condition changes

a

the lowest single daily value occurring during the year; b the highest single daily value occurring during the
year; c number of times flow rises above 75th flow percentile; d number of times flow drops below 25th flow percentile.

In the first step, the 12 parameters were calculated for each year in the 30-year time series
delivering a data record of 30 values per parameter. Second, for each parameter, the 25th, 50th and 75th
percentile were calculated from the data record. Third, the final indicators for this study were derived
by taking into account the median (i.e. the 50th percentile) as a measure for the average change in
magnitude. Additionally, the inter-quartile range (i.e. the difference between the 75th and the 25th
percentile) was determined as a measure for the inter-annual variability in the 30-year time series
(Laize et al., 2014). Altogether, considering changes in average magnitude and variability of 12
88

HOW WILL CLIMATE CHANGE MODIFY RIVER FLOW REGIMES IN EUROPE?

different flow parameters, this approach provides 24 different indicators for our impact analysis,
which were calculated for the daily time series of all model experiments.
An exception was made in step 2 for the two timing parameters (P23 and P24). Here, the indicators
were calculated by specifying the 30 values from the data record as vectors with x- and y-coordinates
in a unit circle with a radius of one. For this purpose, the 365 days of the year were adjusted to the
360° (i.e. 2π in radians) of the unit circle. Next, the mean x and y components of all vectors were
computed, so that the mean timing of the minimum and maximum flow could be calculated by Eq. (1)
and the variability ν by Eq. (2). In Eq. (1), α describes the angle on the unit circle, which is related to
the mean timing. Depending on the quadrant of the mean vector (described by the coordinates x and
y), 0, π or 2π radians have to be added to α.
𝑦�

𝛼 = tan−1 𝑥̅

(6.1)
(6.2)

𝑣 = 1 − �𝑥̅ 2 + 𝑦� 2

For the setting of flow protection standards, attention has recently turned to percent-of-flow (POF)
approaches, where the degree of allowable departure is expressed as percentage change to natural
conditions (Richter et al., 2012; Yin et al., 2011). In practice, the threshold point at which ecological
health is significantly threatened is difficult to determine. Regarding daily flows, Richter et al. (2012)
suggest that for most rivers alterations greater than ±20% will threaten ecological integrity, while river
ecosystems with endangered species or a highly specialized biota require a lower threshold of 10%.
For UK rivers, specifying abstraction thresholds as required by the Water Framework Directive,
Acreman et al. (2008) defined maximum abstractions to be in the range of 7.5–35% of natural flow,
depending on the ecological sensitivity of the river. Considering threshold values from the literature
and the uncertainty of applying a large-scale approach, we assume that the impact on river ecosystems
is relevant, when the indicator difference is outside a range of ±30%. An exception was made for the
mean timing indicators, where we set the threshold to ±30 days.
The whole indicator assessment described above was carried out separately for each WaterGAP3
grid cell of the 5 arc minute European raster, from which a subset of 22,915 cells has been selected for
our analysis. The criteria of selection was an annual flood of 100 m3/s or higher to represent major
rivers and tributaries in Europe. For ease of display and interpretation of the overall flow regime
modification in Chapter 6.4.2, each grid cell was coloured according to a traffic light coding system
(Table 6.2). As natural flow regimes can be modified in various ways, those indicators showing a
threshold exceedance (i.e. the alteration to natural conditions extends ±30% or 30 days respectively)
were summed presuming that each indicator has the same weight.
Table 6.2: Impact coding system representing the number of indicators which exceed the defined thresholds in the study and their
assigned impact on ecology.

Threshold exceedances

Ecological impact

Colour code

0-5
6-9
10-12
13-24

low
medium
high
severe

green
yellow
orange
red
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6.2.3

European climate zones

In order to distinguish the quality of impact in different regions of Europe, an analysis for different
climate zones was conducted. The “Map of Climate Areas in Europe” (EUCA15000) divides Europe
into 35 different climate areas (Hartwich et al., 2006). For our purposes, the climate areas were
aggregated into six classes, namely: polar, boreal, temperate continental, temperate transitional,
temperate oceanic and Mediterranean (Figure 6.1). WaterGAP’s continental grid cells which were not
covered by EUCA15000, such as the Near East, were labelled according to the Köppen-Geiger climate
classification (Peel et al., 2007). In doing so, arid regions were assigned to the class “Mediterranean”.

Figure 6.1: European climate zones based on information provided by EUCA150000. The six highlighted basins are presented as
typical examples in the Results and Discussion chapter.

In general, the six climate zones applied in this study can by described as follows. In the far north
of Europe, the polar zone is prevailing. Its climate is characterised by extreme cold winters with often
six sub-zero-degree months and cold summers. The boreal climate features very cold winters and short
cool summers. Precipitation occurs, with increasing distance to the coast, mainly in the warmer
summer months. Soil moisture freezes solidly in winter. The boreal climate is followed by the
temperate zone, which was divided into oceanic, transitional and continental climate. In the
continental part, the annual variation in climate is high. While summers are hot and dry, winters are
very cold. Precipitation is relatively moderate in summer and occurs predominantly during winter. In
contrast, temperate oceanic climate provides a narrow annual temperature range as oceans act as a
buffer. Summers are warm and winters are mild. Precipitation is high all season and appears in the
form of rain most of the year. The transitional zone stands in between and can be described by warm
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summers, cold winters and all-season precipitation. Areas of the Mediterranean climate zone are
mainly located close to the sea, which acts as a temperature buffer. Consequently, the annual
temperature range is relatively small. While summers are hot and dry, winters are mild with
temperatures generally above the freezing point. Mediterranean areas receive almost all of their annual
rain during the winter time. Snow is a rare event, but can occur in high mountain ranges.

6.3

Results and discussion

In the following, the impact of climate change on flow regimes in Europe is evaluated for the
2050s (2041–2070). First, mean changes in climatic driving forces are presented to differentiate the
causes of change in each climate zone. Second, areas in Europe are identified where overall flow
regime modification is likely to be most severe. Third, it is shown which of the extreme flow
characteristics (i.e. high and low flows) will be considerably modified in the different climate zones
and finally, potential future flow regime patterns under climate change are described. In our entire
study, we make use of the ensemble mean to mitigate uncertainties in current climate modelling. The
ensemble mean was applied on the results of the different indicators, which were calculated for each
single model experiment and for each selected grid cell. Changes in future flow regimes for each of
the three GCM projections are provided in the Appendix of this thesis.
6.3.1

Change in climatic driving forces

Hydrological flow regimes will be modified by climate change in the future through alterations in
precipitation, temperature and snow cover (Figure 6.2). A north–south divide can be found for
precipitation in Europe. In general, the north is getting wetter and the already dry south is receiving
even less precipitation. In the winter half-year (i.e. October to March), only the Mediterranean
countries receive less precipitation, while the remaining part of Europe and in particular the north
faces higher amounts of precipitation. In the summer half-year (i.e. April to September), reduction in
precipitation is getting more severe in the Mediterranean countries, and Eastern Europe is also highly
affected. Temperature is supposed to increase in all parts of Europe, but especially in the far north and
in Eastern Europe. As a consequence, evapotranspiration rates are likely to be higher leading to a
reduction in runoff (Frederick and Major, 1997). Furthermore, the duration of snow cover decreases
with strongest impacts for the Baltic Sea rim countries, but also in mountainous regions (Alps, Dinaric
Alps, the Carpathians, Rila Mountains, Icelandic and Scandinavian Mountains). Vanham (2012)
concludes in his review that climate change projections indicate substantial reductions in future snow
cover duration for the Alps. On the west coast of Europe, temperature rise is more moderate. The
average values of change for each climate zone are presented in Table 6.3. Regarding the uncertainty
range for the mean values, the climate projections of the three GCMs coincide in the direction of
change in almost all climate zones. Only in the polar zone, one climate projection points in the
opposite direction for winter precipitation.
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Figure 6.2: Climatic changes in the 2050s featuring changes from the baseline in mean precipitation of winter and summer
half-year (left), mean annual temperature and snow cover duration (right). The maps represent the ensemble mean
of the three climate projections.

Table 6.3: Mean change in climate variables for the different climate zones of Europe derived from the ensemble mean of the 2050s.
The brackets contain the range of the three climate projections.

Climate zone

Precipitation
winter [%]

Precipitation
summer [%]

Temperature
annual [°C]

Polar
Boreal
Temperate continental
Temperate transitional
Temperate oceanic
Mediterranean

+ 8.7 (-2.9 to +15.6)
+13.8 (+3.6 to +22.4)
+3.5 (+1.2 to +8.1)
+10.2 (+1.9 to +20.2)
+8.8 (+1.9 to +15.1)
-11.9 (-19.3 to -6.9)

+8.8 (+6.7 to +10.2)
+6.0 (+4.0 to +7.7)
-13.4 (-16.9 to -11.7)
-2.4 (-3.2 to -1.4)
- 9.9 (-14.6 to -6.4)
-23.0 (-29.3 to -19.0)

+2.7 (+1.7 to +3.7)
+2.6 (+1.8 to +3.7)
+2.4 (+1.9 to +2.8)
+2.4 (+1.8 to +2.9)
+2.0 (+1.6 to +2.2)
+2.3 (+2.1 to +2.4)

6.3.2

Overall flow regime modification

According to the simulated changes in the different climate variables, climate change has the
potential to modify flow regimes remarkably across Europe in the 2050s. Döll and Zhang (2010) even
concluded in their work that climate change is likely to have a stronger and more widespread impact
on flow regime modification than water abstractions and dam operation have had up to now. In this
study, severe impacts can be found in Southern Europe, which is likely to suffer under reduced
precipitation in both summer and winter half-year, and in Scandinavia, where precipitation amounts
increase throughout the year and the decline in snow cover plays a crucial role (Figure 6.3).
Furthermore, mountainous regions such as the Carpathians and Balkan mountains are hotspots for
flow regime modifications. Here, considerable reductions in snowmelt and summer precipitation are
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indicated for the 2050s. In Western Europe (i.e. in the UK, Ireland, BENELUX, Denmark, Galicia and
France) the impact is lowest. Hydrological alterations caused by changes in precipitation and
temperature are more moderate in these regions and the impact of snow is low. Our results are in
accordance to the study of Laize et al. (2014), who analysed the impacts on river flow regimes under
different future scenarios with monthly flow indicators and found strongest impacts for the
Mediterranean and the southwest part of Eastern Europe. However, with our setup (i.e. different
climate change projections with bias-correction and daily flow indicators) the impacts for Northern
Europe were stronger.

Figure 6.3: Climate change impact on the natural flow regime in the 2050s under the SRES A2 emission scenario considering
24 selected indicators and the ensemble mean of the three climate projections.

Figure 6.4: Impact of climate change on natural flow regimes for different climate zones in the 2050s, represented by the proportion of grid cells showing low, medium, high or severe impact.
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Regarding the impact in different climate zones, the extent of flow regime modification varies
(Figure 6.4). According to our results, the highest degree of river flow regime alteration can be
expected in the Mediterranean and in the boreal climate zone. Here, respectively 28% and 23% of the
analysed grid cells are affected by severe climate change impacts and the number of grid cells with a
low impact is marginal. In the temperate climate zone, impacts increase from west to east. In the
oceanic part, 86% of the cells still remain in the low and medium impact class in the 2050s, in the
continental part only 37%. The temperate transitional climate zone possesses 66% in these two classes.
Allan et al. (2005) stated that the location of a river basin relative to the ocean may dampen its
response to climate change. For our analysis of total flow regime modification, results for individual
flow characteristics were added together and the same threshold was applied for all flow
characteristics. It has to be considered that a relatively small change in low flows can produce a large
percentage change, with the opposite result for high flows. Hence, more research on individual
thresholds is required for the different flow characteristics.
6.3.3

Modification of extreme flow statistics

Besides the degree of flow regime modification, it is also important to consider which flow
characteristics are modified in the future as they determine which ecological functions are
compromised and thus, which species of flora and fauna are likely to become vulnerable. Climate
change impacts on high flow magnitudes (P18) and timing (P24) are shown for the 2050s in Figure
6.5.

Figure 6.5: Change of high flow magnitude and timing as a result of climate change represented by the ensemble mean for the
2050s.

Maximum flow magnitudes are likely to be higher in Sweden, Norway and in the UK due to
projected increases in winter precipitation. Maximum flows relevantly decrease in Southern Europe
(Spain, Middle and South Italy, Greece, and at rivers influenced by the Taurus Mountains in Turkey)
due to the strong decreases in precipitation throughout the year, as well as in Eastern Europe
(especially at Rivers influenced by the Carpathians and the Balkan mountains). As a consequence,
floodplains in Eastern Europe could be less inundated under climate change with negative effects on
floodplain vegetation and fish (Schneider et al., 2011a). The timing of flood peaks will be shifted more
often towards earlier month as found by Döll and Zhang (2010). In this study, earlier flood peaks are
likely to occur in the eastern part of Europe and partly, where rivers originated at high mountains (e.g.
Carpathians and Taurus mountains). These changes in high flows can be explained by rising
temperatures which cause the 0°C level to be crossed earlier in the year. In addition, precipitation
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more often falls as rain instead of snow. Therefore, thaw happens earlier and less water is stored as
snow pack leading to advanced and lower snowmelt-induced flood peaks in Eastern Europe.
In Europe, low flows usually occur in late-summer or early-autumn. Due to the decline in mean
summer precipitation over large parts of Europe and increasing evapotranspiration rates, further
reductions in low flows (P13) can be expected in southern and eastern regions. Only in Scandinavia
elevated low flows can be observed (Figure 6.6). For both low and high flow magnitudes, no relevant
changes were detected for the UK, Ireland, Denmark, the BENELUX, the Baltic states, and for most
rivers in Germany.

Figure 6.6: Change in low flow magnitude caused by climate change represented by the ensemble mean for the 2050s.

As climate variables are variously affected in the diverse climate zones, different flow
characteristics will be modified (Figure 6.7). Minimum flow magnitudes (P13) are strongly impacted
in the Mediterranean (decrease) and the Northern climates (increase) followed by the temperate
continental climate zones where summers get notably drier. On the contrary, low flows are only
marginally impacted in the temperate transitional and oceanic zone. Maximum flow magnitudes (P18)
are again most intensively modified in the Mediterranean climate zone, but also in the boreal climate
zone. While the timing of minimum flows (P23) will be strongly modified in the two Northern
climates, timing of maximum flows (P24) is mainly altered in the snow climates with warmer
summers. In both cases (i.e. for high and low flows), especially the boreal climate zone is likely to be
impaired by a shift in timing.
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Figure 6.7: Percentage of grid cells which are relevantly affected by climate change according to climate zones in Europe. Magnitude and timing of low and high flows are distinguished.

6.3.4

Flow regimes in the 2050s in different climate zones

In this section, we present for each climate zone, how “typical” monthly flow regimes may look
like in the 2050s under the exclusive effect of climate change. The results may be valid for most rivers
in each climate zone, but local variants are possible due to local effects such as high mountain ranges,
the storage of water in lakes and wetlands, glacier melt water augmentation, ice jam or anthropogenic
modifications. In order to show how homogeneous the results are for each climate zone, the
percentage change of monthly discharge is presented by means of Whisker-boxplots which depict the
median, the 25th and 75th percentile of all selected grid cells belonging to a climate zone. The ends of
the whiskers indicate the minimum and maximum value of the sample, excluding outliers. In addition,
the effects on the flow regime within a climate zone are explained by a hydrograph of a representative
river. These example rivers were chosen by reason of their central location within the climate zone and
their character to reflect the climate-zone-specific flow regime changes as illustrated by the Whiskerboxplots. The related hydrographs contain the ensemble mean of both the monthly natural flow regime
of the baseline period and the flow regime of the 2050s under climate change. For the latter one, the
uncertainty range caused by the three GCM projections is included.
Polar zone
Owing to the long and extreme cold winter in the polar zone, thaw happens very late in spring,
causing a massive flood peak centred usually in May or June. After extreme low flows in winter, this
flood delivers more than 60 per cent of the total annual flow within three months (Haines et al., 1988).
According to the climate projections, the polar zone faces the highest temperature rise (i.e. +2.7°C on
average) and an increase in mean precipitation in both summer and winter half year. In this study,
flows tend to be higher in most months of the year and the higher evapotranspiration rates are
outweighed by higher precipitation amounts (Figure 6.8).
Particularly in April, depending on the location of the site, the flow increase can be very high as
thaw proceeds faster and starts earlier in the year due to the higher temperatures. Snowmelt-induced
flood peaks in May and June show different directions of change with slightly more than 50% of the
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sites indicating lower discharges. A closer analysis indicated that lower flood peaks are likely to occur
mainly in Iceland. On the contrary, peak flows tend to increase in Northern Scandinavia due to the
considerably higher projected winter precipitation, which causes more snow to be stored in the snow
pack, leading to higher snowmelt-induced flood peaks. The example of the Altaelva River in Northern
Norway describes a typical example for the continental part of the polar zone. Here, peak flows are
higher compared to the natural flow regime, but decline faster as a result of the accelerated thaw,
which can lead to lower flows in early summer despite an increase in rainfall.

Figure 6.8: Direction of change in the 2050s plotted for all grid cells of the polar climate zone (left) and the Altaelva river near
Kista (right).

Boreal zone
In the boreal zone as well, only little solar energy input is received during the winter time so that
snow can accumulate for five to six month, often without interruption by melt events. Again, the
prevalent flow pattern is the nival regime where snowmelt and ice break-up cause winter low flows to
be rapidly displaced by a spring freshet, which usually peaks in May (Woo et al., 2008). In summer,
flows recede due to higher evapotranspiration, but a minor secondary peak can occur in mid-autumn
with emerging rainstorms at this time (Haines et al., 1988). In the European boreal zone, the highest
mean winter precipitation increases are projected for the 2050s (i.e. +13.8%), but also mean summer
precipitation is expected to rise by 6%. Accordingly, future winter discharges are higher compared to
the natural flow regime, while summer flows are less impacted (Figure 6.9).
In the boreal region, the advanced thaw is most distinct in comparison to other climate zones (see
Figure 6.2). Consequently, the highest impact can be found on flows in April as discharge peaks,
instead of May, one month earlier in the future. The earlier timing of snowmelt in spring and sporadic
melt events in the winter months reduce the snow storage. However, in Sweden and Norway, these
effects are more than compensated in this study by higher precipitation values and here, spring freshet
magnitudes are more likely to increase in the 2050s. Winter flows are elevated in the boreal climate
zone due to the increased precipitation, rainfall (instead of snow) and occasional melt events occurring
already in the winter months in the 2050s. During summer (June to September), increased
precipitation is often outweighed by a higher evapotranspiration rate. In this study, around half of the
grid cells tend to a lower discharge in summer. The hydrograph of the Chirko-Kem River in Karelia
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(Russia) gives a typical example for the boreal zone with an advanced snowmelt-induced flood peak.
Different studies analysing stream flow trends in Scandinavia (Bergstrom and Carlsson, 1993),
European Russia (Georgiyevsky et al., 1995, 1996, 1997), and the Baltic States (Tarend, 1998)
indicate that winter, summer and autumn flows are increasing, but spring flows have been decreasing
since the mid-1970s. Such results were also found by Woo et al. (2008), who analysed stream flow
hydrology in the boreal region on the global scale.
In addition to the climate change impacts, many rivers are already heavily regulated by dams in the
boreal region, predominantly for the purpose of hydroelectric power generation. However, Renöfält et
al. (2010) see opportunities under climate change for both a more sustainable production of
hydroelectricity and the restoration of river ecosystems. Usually, electricity demand is high in winter
where river flows are at a minimum level. Under climate change, especially winter flows are expected
to increase and the annual surplus of water in this region could be used to operate dams in a way
which makes flow regimes more natural again.

Figure 6.9: Direction of change in the 2050s plotted for all grid cells of the boreal climate zone (left) and the Chirko-Kem river
near Yushkozero (right).

Temperate continental zone
According to the Haines et al. (1988) classification, rivers in the temperate continental zone peak
in early or mid-spring. At this time, spring floods could be produced by rainfall alone, but usually
these events are enhanced by the release of winter precipitation, which was stored as snow during the
colder month. In the summertime, flows typically decline until they rise again in late autumn. The
ensemble mean of the precipitation projections indicates that in the 2050s the high variability in the
continental climate zone will be augmented (see Figure 6.2). While precipitation slightly increases in
winter, the drier summers will be intensified receiving 13.4% less precipitation, which accounts for the
second highest reduction after the Mediterranean climate zone. Furthermore, mean temperature
increase (i.e. +2.4°C) will be higher than in the temperate oceanic climate zone. The WaterGAP3
simulations in this climate zone show that winter flows increase, but peak flows in spring as well as
summer and autumn flows are likely to be lower in the 2050s (Figure 6.10).
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Due to the reduced summer precipitation, flows tend to be remarkably lower between April and
November. Thaw peaks are reduced and occur earlier in the year due to the discussed changes in
snowmelt, which will have a high impact in this region with very cold winter months. However, the
earlier timing is often less advanced than 30 days. The example of the Southern Bug River shows that
both maximum and minimum flows are reduced. Regarding the boxplots which represent the entire
region, the widest ranges of change were found in comparison to other climate zones. The reason is
that the continental climate zone is the biggest area in this study containing important mountain ranges
such as Alps, Pyreneans and Carpathians and ranging from south Sweden to Turkey, causing local
extremes or divergencies. However, the direction of change is very homogeneous over the region from
April to September. Winter flows (December to February) tend to be increased in the 2050s, but show
a wider range of change. For the Black Sea region, Flörke et al. (2012b) found that cross-sectoral
conflicts may arise in the future due to increasing water withdrawals for irrigation and electricity
production purposes. In addition to the climate change impact, this would further reduce flows in the
summer, intensifying the impact on the river flow regimes in this region.

Figure 6.10: Direction of change in the 2050s plotted for all grid cells of the temperate continental climate zone (left) and the
Southern Bug river near Aleksandrova (right).

Temperate transitional zone
Flow regime patterns in the temperate transitional zone are quite similar to flow regimes in the
continental part of Europe, but more uniform. High flows ascend slower and earlier in spring. Low
flows are less distinct. The simulated climate conditions for this region project a relatively high mean
temperature increase by 2.4°C until the 2050s. No explicit change in summer precipitation is detected
in all three climate projections, but mean winter precipitation is expected to increase by 10.2% in the
ensemble mean. Our simulated hydrographs in this region show only a strong impact in the three
winter months of the 2050s (Figure 6.11), exemplarily depicted at the Oder river.
Relatively consistent for the entire region, the results indicate slightly lower flows between April
and November due to higher temperatures and slightly reduced precipitation. Peak flows usually
occurring in March or April are rarely modified but can be slightly advanced. Nevertheless, in the
future, the transitional temperate climate zone could be a region, where discharge formation will not
be substantially influenced anymore by snowmelt. The projected increase in winter precipitation,
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transition of snowfall to rain, and so-called “rain on snow events” can cause that rainfall triggers
immediate runoff peaks, making winter flows not only higher, but also more variable in this region.
Such a trend from snowmelt runoff regimes to winter rainy regimes has already been observed at some
locations (Allan et al., 2005).

Figure 6.11: Direction of change in the 2050s plotted for all grid cells of the temperate transitional climate zone (left) and the
Oder river near Eisenhüttenstadt (right).

Temperate oceanic zone
In the moist temperate oceanic zone with fairly even precipitation throughout the year, flow
regimes are more uniform. Usually, they possess a broad winter peak (in Scotland, a broad autumn
peak) and lower flows in summer due to evapotranspiration losses (Haines et al., 1988). The lowest
value for temperature rise (i.e. +2.0°C on average) was found for this region adjoining the Atlantic
coast. However, mean winter precipitation is increasing by 8.8% and mean summer precipitation is
decreasing by 9.9% over the whole region in the ensemble mean.

Figure 6.12: Direction of change in the 2050s plotted for all grid cells of the temperate oceanic climate zone (left) and the Thames
river near Teddington (right).
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In response to the more moderate changes in climate variables, river flow regimes of the 2050s are
less affected by climate change (Figure 6.12). Nevertheless, flows in the summer half-year tend to be
reduced in the 2050s and flows in the winter months (December to February) show an increase. The
example hydrograph of the Thames river near Teddington illustrates almost natural flow conditions in
the future, which could be maintained in the temperate oceanic zone and especially in the UK. Trend
analyses of river flow regimes in the UK show no clear climate-driven statistical trends so far for both
high (Robson et al., 1998) and low flows (Hisdal et al., 2001). In Ireland and Scotland, in the last forty
years increasing runoff values were discovered by Hannaford et al. (2007).
Mediterranean zone
River flow regimes in the Mediterranean climate zone are highly variable (Oueslati et al., 2010).
While precipitation mainly occurs in the winter half-year, extensive low or even zero flow patterns can
appear during the dry summer months, which can lead to isolated pools along the river (Argyroudi et
al., 2009) and transitions from lotic to lentic waters (Morais et al., 2004). Hydrological simulations for
the Mediterranean climate zone are characterised by a strong reduction in mean precipitation in both
winter and summer half-year. Especially in summer, precipitation decreases by 23% which accounts
for the highest decline found in this study. While Nohara et al. (2006) concluded in his work that
discharge tends to decrease at Mediterranean rivers of Europe, our flow regime simulations for the
2050s indicate that river discharge is likely to be lower during the entire year (Figure 6.13).

Figure 6.13: Direction of change in the 2050s plotted for all grid cells of the Mediterranean climate zone (left) and the Tiber river
near Rome (right).

While changes in river flow show very consistent results for the whole region between April and
September, the range of change is very broad from October to March. One reason for this is the impact
of different mountains ranges in Southern Europe (e.g. Turkish mountains elevate up to 3,900 m), so
that runoff can be influenced at some locations by snow. The hydrograph of the Tiber river near Rome
shows that flow reduction is severe throughout the year. However, the broad variety of uncertainty in
winter river discharge (January to March) is remarkable and indicates the different GCM calculation
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of future precipitation. According to the WaterGAP3 simulations, river flows in the Mediterranean are
likely to be even more intermittent in the future, with an increasing number of zero flow events
creating isolated pools. Moreover, in a holistic context, this situation caused by climate change will be
exacerbated as large amounts of water are withdrawn in this region for irrigation purposes (Schaldach
et al., 2012). Additionally, water quality will be negatively affected as the concentration of pollutants
increases when flows are reduced. Consequently, especially here, intelligent dam management
according to the Block Building Methodology (BBM; Tharme and King, 1998) or the Basic Flow
Methodology (BFM; Palau and Alcazar, 2012) will be required to provide at least certain flow
elements that are ecologically important.

6.4

Conclusions

This study aimed at evaluating the future impact of climate change on river flow regimes in
Europe and identifying the dynamics separately for each climate zone. Therefore, natural flow regimes
of the present-day and future climate change impacted flow regimes of the 2050s were modelled by
the global hydrology model WaterGAP3 taking into account bias-corrected climate projections of
three different GCMs. Subsequently, alterations in various flow characteristics were assessed applying
the Indicators of Hydrological Alteration.
Our results show that besides other anthropogenic factors, climate change may severely alter
natural patterns of flow over large regional scales. Regarding the total degree of flow regime
modification, strongest impacts on European river flow regimes in the 2050s were found for the
Mediterranean and the boreal climate zone. The smallest impacts, in turn, can be expected for the
temperate oceanic climate zone. However, a west–east gradient became obvious in the temperate zone,
with increasing impacts from oceanic towards the continental part of the temperate climate with
highest impacts around the Carpathians and the Balkan mountains.
Changes in temperature, precipitation and snowmelt interact differently at different climate zones,
causing diverse flow characteristics to be altered. In the boreal climate zone, WaterGAP3 calculations
indicated that snow cover duration is considerably reduced. In accordance with that, the timing of both
high and low flows, was predominantly modified in our simulations in the boreal region of Europe.
In the continental part of the polar zone as well as in the Norwegian and Swedish part of the boreal
climate zone, flood peaks tend to be increased due to remarkably higher projected winter precipitation
and faster proceeding snowmelt in spring. On the contrary, in the temperate continental climate zone,
high flows leading to ecologically important floodplain inundation are likely to be reduced. Due to
rising temperatures, the impact of thaw is debased, leading to lower snowmelt-induced flood peaks in
spring.
In most regions, climate change constitutes a threat additional to other anthropogenic factors, in
particular in the dry Mediterranean climate zone, where flows are likely to be lower in all months of
the year in the 2050s, exacerbating the impacts of high water abstraction for irrigation purposes in this
region. But also in the continental climate zone, where high amounts of water are withdrawn for
electricity production and irrigation, climate change is likely to further reduce river flows remarkably
from spring until autumn. Summer precipitation is expected to decrease over large parts in Europe, but
especially in Southern and Eastern Europe.
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At least in the boreal zone, climate change could provide opportunities to re-establish a more
natural flow regime. Many rivers are modified in Scandinavia by dam operations to support
hydropower demands, but competition between different water use sectors is marginal. As
precipitation is expected to increase in both winter and summer half-year, the surplus of water could
be used to operate dams in a way which benefits river ecosystems.
The consequences of flow regime change are manifold. Related water quantity and water quality
issues can provoke socio-economic and environmental problems. Especially river ecosystem health
and provision of ecosystem services are threatened as further modifications of natural flow patterns
will make species more vulnerable to extinction. Freshwater ecosystems might somehow adapt to the
new conditions and probably find a new equilibrium. However, we want to emphasize that, in
reference to ecological impact analyses quoted in this study, this will presumably be accompanied by a
loss in biodiversity, at which especially endangered and specialised species could become extinct, or
be replaced by invasive species. At some point, thresholds could be crossed with unforeseeable
consequences for mankind (Jenkins, 2003). Our results show that the need for environmental flow
actions is further increasing under climate change, and various effects of climate change need to be
considered. To reduce further stress on river ecosystems, adaptive environmental flow management,
intelligent dam operation providing ecologically important elements of the flow regime (e.g. by the
Block Building Methodology), and provision of high flows for floodplain wetland inundation are
required.
Supplementary material related to this chapter is available in the Appendix.
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7 SYNTHESIS
The overall objective of this thesis was to model different direct (i.e. dam operation and water use)
and indirect (i.e. climate change) effects of human activities on global and continental river flow
regimes and evaluate their implications for river ecosystems. However, results need to be considered
in an overall context as river flow regime modifications affect all water use sectors, and impacts for
humanity and ecosystems are inseparably interrelated with each other. Assessments of this thesis were
guided by four research questions, which were specified in Chapter 1 and addressed in the subsequent
Chapters 2 to 6. The Chapter ‘Synthesis’ revisits these research questions in order to summarise major
findings of the different model experiments. In addition, this Chapter critically discusses achievements
of this thesis and suggests potential improvements of the approaches, which can be realised with
ongoing progress in the field of large-scale ecohydrological modelling. The Chapter concludes with
recommendations for future research, which may be considered to further advance ecological impact
assessments on global scales.

7.1

Key findings
1. How capable is the global modelling framework WaterGAP3 of being applied in
environmental flow assessments and how can it be improved for this purpose in the
future?

The global hydrology model WaterGAP3 was applied in this thesis to carry out several model
experiments and assess anthropogenic river flow regime modifications. The model has proven its
worth in various studies focusing on human water requirements of different water use sectors. In this
thesis, it was used for the first time to evaluate ecologically relevant flow regime modifications. For
this type of assessment the following assets of WaterGAP3 were identified in Chapter 2: (i) The model
performs its calculations on a daily time step. This is important as many ecological functions and
habitats are facilitated by hydrological events that last only up to some days (e.g. strong precipitation
events, bankfull flow, and flood formation). Recently, global climate forcing datasets became
available with a daily temporal resolution and WaterGAP3, with its daily calculation time step, is able
to make the full use of the information provided by these data (e.g. intra-monthly flow variability and
its alteration under climate change). (ii) WaterGAP3 belongs to a very few models that can calculate
with a spatial resolution of 5 x 5 arc minutes. This enables incorporating high-resolution
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physiographic input data such as soil properties, land cover, topography and drainage direction, so that
hydrological processes can be represented with a higher level of detail. (iii) WaterGAP3 operates on a
global or continental grid cell raster. With this coverage, the model can capture large-scale spatial and
temporal patterns of change, offer an initial indication for data scarce regions, and serve as a screening
tool to systematically identify hotspots of potential risk for which further detailed research is required.
(iv) In WaterGAP3 model runs, anthropogenic impacts such as water use of different water use
sectors, water transfers of larger cities, dam operation of distinct dam types, as well as future climate
and land-use changes can be activated or deactivated. On the one hand, this allows simulating natural
flow regimes without the anthropogenic effects. Natural flow regimes often serve as reference
condition in eFlow assessments. On the other hand, integrated assessments are possible, which take
into account various stressors of global change or single stressors separately. Finally, by adapting key
model drivers to scenario conditions, WaterGAP3 can be easily utilised to evaluate future risks under
diverse climate, socio-economic and policy scenarios. Combining the techniques of large-scale
modelling and scenario analysis offers several benefits in the field of eFlows such as quantifying the
uncertainty of current climate projections, illustrating the consequences of specific policies on river
ecosystems, testing of distinct water management options to balance water demands of different water
use sectors, identifying critical forces of future developments to support mid- and long-term planning,
and enhancing the understanding of complex systems and the interplay of various driving forces.
Environmental flow assessments demand for investigating changes in diverse flow characteristics.
Therefore, a validation was conducted at 238 gauging stations in Europe to quantify the ability of
WaterGAP3 to reproduce specific ecologically relevant flow parameters addressing flow magnitude,
timing, duration, frequency and rate of change. Different efficiency criteria were selected for the
validation to overcome drawbacks of a single measure and provide a more comprehensive picture.
Validation results show that monthly flow magnitudes of the entire year, annual maximum and
minimum flow magnitudes of different duration (i.e. seven days or longer), and the timing of daily
maximum peaks are represented well by WaterGAP3. A medium model performance was found for
the magnitude of 1-day maximum flows and the timing of annual minimum flows. Results regarding
the model behaviour for rate of change as well as the duration and frequency of extreme flow pulses
were poor and need to be improved with further model development.
In conclusion, WaterGAP3 represents a state-of-the-art global water model which possesses
several assets for eFlow assessments. The validation of specific flow characteristics derived from daily
WaterGAP3 time series revealed instructive results which could be helpful for further model
improvement: (i) Flood peaks tend to be higher in magnitude, shorter in duration, and happen earlier
and more often in comparison to observed data. Correspondingly, monthly flow magnitudes of the
hydrological winter half-year, where usually precipitation and snowmelt events cause higher discharge
values in Europe, are often overestimated. (ii) Low flow pulses tend to be lower in magnitude, happen
later in the year and not frequent enough compared to observed time series. Decreasing flows usually
occur from May onwards in Europe with low flows in summer. Accordingly, monthly flow
magnitudes of May to August are underestimated by WaterGAP3. (iii) The rate of change parameters
show that the model reacts too sensitive to changes in precipitation and runoff.
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2. How can bankfull flow, a relevant parameter for environmental flow analyses and flood
related hydrological processes, be estimated for large-scale modelling purposes?
Bankfull flow is another specific flow parameter that is relevant for eFlow assessments. Above
bankfull, flooding occurs which hydraulically connects rivers to adjacent floodplains and radically
changes biological processes such as migration, reproduction, productivity, and material exchange. In
addition, knowledge of bankfull flow is essential for modelling river flow velocity, flood risks, and
temporary storage of river discharge in adjacent floodplain wetlands. In spite of this relevance,
bankfull flow has never been calculated in large scale modelling approaches so far. Therefore, Chapter
3 of this thesis aimed at defining a methodology that can be applied in the field of large scale
modelling to estimate bankfull flow for each grid cell of a global or continental grid cell raster.
In practice, there are several methods to determine bankfull flow. However, in order to determine
bankfull flow for each grid cell of a large scale raster, an approach was required that does not depend
on field expertise and hydraulic data, because this information is not available as an input for large
scale modelling. For this reason, stage-discharge relationships, hydraulic geometry or empirical
equations could not be employed in this thesis. Leopold et al. (1964) stated that there is a remarkable
similarity in the frequency of bankfull flow on a variety of rivers in diverse physiographic settings and
differing greatly in size. In a number of subsequent studies it was agreed that the best approximation is
obtained by considering a return period of 1.5 years in the annual maximum series (AMS). Although,
this approach was also criticised as greatly differing values were obtained for some locations. Hence,
as a first step, an extensive literature review was conducted to prove that on the long-term average,
bankfull flow appears with a specific frequency. In total, 623 observations were gathered from
bankfull flow studies performed in the USA, New Zealand, Australia and Belgium. Throughout the
studies, a wide range of different river types (lowland, mountainous, coastal and urban rivers), river
sizes and climatic conditions were covered. Results of the literature review confirmed that bankfull
flow can differ greatly at few locations from the discharge of a specific return period, but in 80% of
the cases the return period of bankfull flow was between one and two years in the AMS, which
indicated that a good estimation of bankfull flow can be achieved for most rivers by flood frequency
analysis.
Consequently, a statistical approach on flood frequency analysis was chosen, which was based on
daily discharge time series that can be easily modelled by WaterGAP3. Mostly, the AMS has been
used for this purpose. However, this method has some drawbacks as the return period of bankfull flow
is very close to the limit value which one can obtain by using the AMS (i.e. one year). Hence, this
thesis made use of the partial duration series (PDS), which includes all peaks above a certain
threshold, not merely the highest in each year. The PDS provides several important advantages. The
most important one is the enhanced resolution for high frequency events such as bankfull flow. The
PDS is able to provide sub-annual return periods and respects that in some years, rivers can have more
than one bankfull flow event. In addition, the PDS adapts better to heavy-tailed distributions which are
prevalent in hydrology, uses the information provided by the simulated hydrographs more efficiently
as it includes more flood peaks, and neglects dry years without real floods. Because of its complexity,
the PDS approach is still not widely used. The most crucial part in its application is the setting of an
appropriate threshold. In general, a threshold that is too low makes the threshold exceedances too
close in time and thus, violates the assumption of independence. On the other hand, a threshold that is
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too high leads to an important loss of information provided by the hydrograph. Hence, in order to
determine the most suitable threshold out of a range of possible thresholds, an increasing threshold
censoring procedure was applied supported by dispersion index (DI) statistics to verify the Poisson
assumption of independence. This procedure was chosen, because it provides the advantage of
considering the highest possible number of independent flood peaks. In order to support the
assumption of independent flood events, also a declustering scheme was applied. As several daily
peaks pertain to the same flood event, only the maximum peak within a cluster was included in the
PDS. Finally, selected flood peaks were ranked in the order of magnitude and fitted to a distribution
function. Therefore, the generalised Pareto distribution was applied, which has been proposed in
association with the PDS for the study of extreme events such as floods. Afterwards, the value for
bankfull flow can be determined by the associated return period of 0.92 years for the PDS. This entire
procedure was performed individually for each grid cell of the WaterGAP3 raster.
In order to evaluate the uncertainty of the developed approach, simulated data were validated
against bankfull flow data observed at gauging stations across Europe. Thereby, the impact of the
chosen (i) flood frequency method, (ii) threshold setting in the PDS, (iii) distribution function, and (iv)
temporal resolution of the climate input data on bankfull flow results were assessed by diverse
efficiency criteria. For the described approach, which focuses on single flood flow events, the highest
uncertainty was derived from the downscaled monthly climate input as applied in earlier WaterGAP
studies. Daily climate input, which only recently became available as global datasets, led to much
more accurate bankfull flow estimates especially at larger rivers. The PDS provides slightly better
estimates in our validation in comparison to the AMS that, however, is much easier in its application.
The threshold setting in the PDS turned out to be crucial. Different threshold levels led to significant
changes in the bankfull flow estimates. Best results were achieved by the suggested increasing
threshold censoring procedure. The choice of the distribution function had no significant impact on the
final results. Altogether, results of the validation show that bankfull flow can be reasonably estimated
with a large-scale modelling approach by applying the PDS, a declustering scheme, and an increasing
threshold censoring procedure based on DI statistics. The application of daily climate forcing data is a
basic prerequisite. With this approach a high model performance for bankfull flow estimates was
achieved (E1 = 0.71, ωr2 = 0.90). However, WaterGAP3 generally overestimates bankfull flows by
22.8% on average. This overestimation coincides with the results found in the validation of flood
peaks in Chapter 2 and could be reduced by the proposed revisions for WaterGAP3.
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3. How is current water management affecting natural inundation patterns of riparian
wetlands of international importance? At which sites inundation is likely to be further
impaired in the future and where could the implementation of conservation measures be
hindered?
Riparian wetlands have been reportedly disappearing at an accelerating rate. Their ecological
integrity and their vital ecosystem services for mankind depend on regular inundation patterns of
natural flow regimes. However, current dam and water management practices have caused less
variable river flows and reduced lateral overspill to adjacent wetlands. Given growing population
pressure and projected climate change, further flow alterations can be expected. Therefore, analyses of
internationally important riparian wetlands were conducted in Chapters 4 and 5 based on the flood
pulse concept. Modified flow regimes were compared to natural flow conditions to investigate changes
in inundation patterns. The proposed approach for bankfull flow in Chapter 3 was applied to define the
starting point of inundation. Current (i.e. dam operation and water use) and future threats (i.e. major
dam initiatives and climate change) as well as challenges to implement counteractive measures (i.e.
water resource competition, and missing legal and institutional arrangements) were evaluated by a
multi-indicator assessment.
Considering dam operation and consumptive water use of five different water use sectors (incl.
water transfers of larger cities), riparian wetlands with seriously affected inundation patterns were
found on all continents. Altogether, 29% of the 93 selected Ramsar sites possess seriously reduced
flood volumes (>40%), while other 8% possess significantly impaired flood pulses (>30%). Dam
reoperation strategies aiming at ecosystem restoration depend on the dam’s main operating purpose. In
our analysis, dams for hydropower generation are the most frequent dam type in almost one third of
the selected upstream areas, followed by irrigation dams in one fourth of the cases. However,
regarding only wetlands with seriously modified inundation patterns, irrigation dams are the most
frequent dam type in almost half of the cases (46%). This emphasizes the crucial role of irrigation as a
strong competitor to ecological water requirements. Consequently, notably for irrigation and
hydropower dams, innovative and integrative operating rules need to be developed, which release
eFlows for ecosystem health without reducing global food security and economic benefits.
In the future, inundation patterns are very likely to be further impaired. First, major dam initiatives
are currently taking place, mainly for hydropower as a new source of renewable energy. The results of
this thesis show that extensive dam construction is in progress in one third of the upstream areas and in
particular in South America (67% of the sites), Asia (60%) and Africa (47%) as well as in countries of
the Balkan Peninsula in Europe. The highest impact can be expected for wetlands that are located in
the basins of Amazon, Parana, Paraguay, Yangtze, Yellow, Mekong, Ganges-Brahmaputra, and
Danube Rivers. Second, climate change is modifying floodplain inundation due to changes in
precipitation patterns and rising temperatures. In the 2050s, the average flood volume is likely to
decrease at 41% of the sites due to climate change. At 16% of the sites, the reductions in flood volume
can be significantly or even seriously. Three spatial hotspots for climatic impacts were identified:
Especially in Eastern Europe, Western Asia, and the South American region below the Amazon River,
flood pulses are likely to be reduced under climate change. According to the assessment for Europe in
Chapter 4, the reduced flood volumes for Eastern European wetlands were confirmed, although three
different climate realisations were applied for the 2050s. Additionally, this assessment showed that
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inundation is likely to occur one month earlier in the year in Eastern Europe. As a main reason, lower
and earlier snowmelt induced flood peaks were identified. Due to the increasing temperatures, mass
and duration of snow cover as well as the proportion of precipitation falling as snow are reduced. In
order to place these results in an ecological context, a literature survey was carried out. In the
identified European regions, the extent of floodplain habitat is likely to be reduced in the future and
floodplain forests and dry grasslands are expected to be colonised by more terrestrial species or
invaders. Floodplain diversity and productivity may decrease. The earlier timing is most influential for
seed dispersal and settlement for genera like willow (Salix spp.) or poplar (Populus spp.). Fish can be
negatively affected as habitats for spawning, nursery, foraging and escaping from predation are
narrowed. As shown in several case studies, fish production will probably decrease with reduced flood
volumes. Moreover, the expected change of flood timing towards earlier spring can make habitats
unreachable and affects life cycles of biota on various levels of scale.
Potential measures for threatened sites encompass adaptive integrated dam management,
sophisticated eFlow provisions, water use efficiency enhancement, and improved flood management
plans. However, their implementations are regarded as a complex task and main obstacles include
insufficient legal and institutional capacities and conflicts of interests (Moore, 2004; Pahl-Wostl et al.,
2013). Legal eFlow provisions are a first important step for setting strategic goals, advocating
ecological water requirements with stakeholders, securing planning resources and promoting eFlow
implementation (Le Quesne et al., 2010). At about half of the 93 selected sites normative eFlow
provisions are missing in the national or state Water Act of the respective country. Especially in Asia
(87% of the cases) and Africa (80%) legal eFlow provisions need to be established. The
implementation of conservation measures becomes more challenging, the more countries depend on
the available water resources and affect the river flow regime with their management. While about half
of the 93 selected wetlands have transboundary upstream areas, the highest percentages appear in
Europe (65%) and Africa (60%). For all transboundary upstream areas it is important that river basin
organisations, international water treaties and specific treaty provisions are in place that solve disputes
on water resource allocation among different stakeholders. The lowest values for institutional
resilience were found in the transboundary upstream areas of wetlands that are located in the Ukraine,
Belarus and Russia as well as in the Amazon basin. A low institutional capacity in combination with
new dam construction occurs at the wetlands Mamiraua and Lower Dvuobje. Here, the establishment
of formal arrangements would be very important for riparian wetland conservation. The degree of
water resource competition in a river basin determines the amount of water that can be allocated for
ecological purposes. The highest competition for water is existent in the upstream area of Lake Chad
Wetlands (Nigeria) followed by wetlands of the river basins Murray-Darling (Australia), Schatt alArab (Persian Gulf), Tana (Kenya), Moulouya (Morocco), and Yellow (China), where water scarcity
occurs upstream on average in six to ten month of the year. The lowest water scarcity, in turn, appears
in upstream areas of South American wetlands, where only one site is facing water scarcity upstream.
In general, wetlands with seriously reduced flood volumes possess the highest values for water
scarcity upstream. Here, eFlow requirements are violated in at least one month of the year in 70% of
the upstream areas. Therefore, especially at these sites, measures are required which increase water use
efficiency (e.g. by water recycling, technological innovations, dripping irrigation, changing crop mix,
importing agricultural products, and water metering or other incentives to save water) to raise the
amount of water, which can be allocated for ecological requirements.
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4. How will global warming affect future river flow regimes in the different climate zones of
Europe?
Worldwide river flow regimes are being altered by various anthropogenic impacts and climate
change induces an additional risk. Rising temperatures, declining snow cover, changing precipitation
patterns and increasing climate variability will interact differently depending on the location. In
distinct climate zones, unequal consequences can be expected in regard to water stress, food security,
water quality, and flood risk. In addition, river ecosystems and their vital ecosystem services will be
affected as their species richness and composition have evolved over long time spans under natural
flow conditions. Therefore, future climate change impacted flow regimes of the 2050s were modelled
for Europe and compared to the natural flow conditions. In order to address uncertainty of current
climate modelling, WaterGAP3 was forced with state-of-the-art climate projections of three different
GCMs. The ecological risk due to flow alteration was determined by applying the newly developed
ERFA methodology (Laize et al., 2014), which was adjusted for the analysis of daily time series in
Chapter 6 (Schneider et al., 2013) of this thesis. The approach quantifies the degree of departure from
the natural flow regime by a set of 24 non-redundant, ecologically relevant indicators. The indicators
address various flow parameters such as the magnitude, timing, frequency, duration and the rate of
change, whereas for each indicator the average (i.e. the median) and the inter-annual variability (i.e.
the IQR) of the 30-year period are taken into account. It is assumed that the more characteristics of the
flow regime are relevantly changed, the more severe is the impact on the river ecosystem. This
procedure was carried out for single grid cells of the WaterGAP stream net to provide results on river
reach scale for larger rivers in Europe and identify dynamics of different flow parameters separately
for each climate zone.
The polar zone faces an increase in mean precipitation in both summer (+8.8%) and winter
(+8.7%) half year in addition to the highest temperature rise (+2.7°C). Thereby, the higher
evapotranspiration rates are outweighed by the increasing precipitation amounts, so that river flows
tend to be higher in almost all months of the year. Owing to the long and extreme cold winter in the
polar zone, it begins to thaw later in spring, which causes a massive flood peak centred usually in May
or June. In Northern Scandinavia, these snowmelt-induced flood peaks tend to be even higher in the
2050s as more water is stored in the snow pack (due to a higher winter precipitation) and thaw
proceeds faster (due to the rising temperatures). This could lead to a higher flood risk for settlements
in the far north of Europe. An exception is made by Iceland with lower flood peaks in the future. Here
winter precipitation increases only slightly, but days with snow cover decrease strongly.
In the boreal climate zone as well, only little solar energy input is received during very cold
winters, which allows snow to accumulate for five to six month, often without interruption by melt
events. Again, the prevalent flow pattern is the nival regime, in which snowmelt causes winter low
flows to be rapidly displaced by a spring freshet that usually peaks in May. In summer, flows recede
due to higher evapotranspiration, but a minor secondary peak can also occur in mid-autumn with
emerging rainstorms at this time. Applied climate projections for the 2050s show the highest increase
in winter precipitation (+13.8%), but also summer precipitation is expected to rise (+6.0%). In
addition, WaterGAP3 calculations indicate that snow cover duration is considerably reduced in this
region. As a consequence, especially winter discharges are affected in the boreal zone. They are likely
to be elevated due to the increasing precipitation, more occasional rainfall (instead of snow), and melt
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events already occurring in the winter months of the 2050s. The highest impact was found in April.
Because of the rising temperatures, discharge peaks one month earlier in the future. In comparison to
other climate zones, the advanced thaw is most distinct in the boreal zone and strongly affects the
timing of both high and low flows. Thus, a strong ecological impact is expected in this region
especially for species whose key life-cycle phases (e.g. migration, reproduction, seed dispersal, and
flowering) are linked to the timing of annual extremes. Furthermore, the earlier timing of snowmelt
and the sporadic melt events in the winter months reduce the snow storage, which causes the flood
magnitudes in Finland, Western Russia and the Baltic States to be lower in the future. In Sweden and
Norway, on the contrary, these effects are more than compensated by the higher precipitation amounts.
Here, spring freshet magnitudes are more likely to increase in the 2050s. Summer flows are less
affected in the boreal region as the increasing summer precipitation is often outweighed by higher
evapotranspiration rates. In addition to the impacts from climate change, many rivers here are already
heavily regulated by dams. As the competition between different water use sectors is marginal in this
region, climate change could provide the opportunity to use the increasing river flows to operate dams
in a way that increases electricity production during winter, while re-establishing a more natural flow
regime.
In the temperate climate zone, it was important to distinguish between continental, oceanic and
transitional conditions. In the continental part, the annual climate variation is high. While summers are
hot and dry, winters are very cold. Precipitation is relatively moderate in summer and occurs
predominantly during winter. In contrast, temperate oceanic climate provides a narrow annual
temperature range as oceans act as a buffer. Summers are warm and winters are mild. Precipitation is
high all season and appears in the form of rain for most of the year. In the 2050s, mean precipitation is
projected to increase in winter and decrease in summer in the temperate climate zone. In the
continental part, the drier summers will be intensified by receiving 13.4% less precipitation, which
accounted for the second highest reduction after the Mediterranean climate zone. Winter precipitation
is only slightly increasing (+3.5%). In the oceanic part, mean winter precipitation is increasing by
8.8% and mean summer precipitation is decreasing by 9.9%. Furthermore, the lowest value for
temperature rise (+2.0°C) was found for this region near the Atlantic coast. In the continental part,
temperature increase is stronger with +2.4°C. In response to the climatic changes, WaterGAP3
simulations show that in the continental temperate climate zone winter flows increase, but flows in
spring, summer and autumn are likely to be lower due to reduced precipitation in the 2050s. Thaw
peaks, usually occurring in early or mid-spring, are reduced and occur earlier in the year due to the
discussed changes in snowmelt. The relatively high temperature increase will have a high impact in
this region with very cold winter months. Particularly riparian wetlands and their high species
diversity are likely to be negatively affected by the lower snowmelt-induced flood peaks in spring.
Furthermore, large amounts of water are withdrawn for electricity production and irrigation in this
region. As climate change is likely to further reduce river flows remarkably from spring to autumn,
water quality could deteriorate and cross-sectoral conflicts may arise. On the contrary, in the moist
oceanic part with fairly even precipitation throughout the year, river flow regimes in the 2050s are
simulated to be less affected due to more moderate changes in climate variables. Nevertheless, the
usually more uniform flow regimes in this region tend to be reduced in the summer half-year and
increased in the three winter months. Results for the transitional temperate climate zone stand in
between oceanic and continental outcomes. However, it is remarkable to note that the discharge
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formation in this region will be not substantially influenced anymore by snowmelt in the 2050s. The
projected increase in winter precipitation, transition of snowfall to rain, and so-called “rain on snow
events” can cause rainfall to trigger immediate runoff peaks, which makes winter flows not only
higher, but also more variable in this region.
Areas of the Mediterranean climate zone are characterised by hot and dry summers, and mild
winters. They receive almost all of the amount of the annual rain during the winter time. Snow is a
rare event, but can occur in high mountain ranges. River flow regimes are highly variable with
extensive low flows during the dry summer months. This can lead to isolated pools along the river and
transitions from lotic to lentic waters. Selected climate projections for the 2050s indicate the strongest
reduction in mean summer precipitation (-23.0%), and winter precipitation is likely to further decrease
(-11.9%) as well. The hydrological simulations show that under climate change monthly flows are
likely to be reduced during the entire year with strong decreases in high and low flow magnitudes.
Accordingly, river flows in the Mediterranean are likely to be even more intermittent in the future,
with an increasing number of zero flow events creating isolated pools. As a result, strong impacts on
river ecosystem integrity can be expected. Already today, large amounts of water are withdrawn in this
region for agricultural irrigation and climate change is likely to exacerbate the current situation of
water shortages. Moreover, water quality will be negatively affected as the concentration of pollutants
and nutrients increases with reduced river flows. Consequently, especially here, intelligent dam
management (e.g. according to the Block Building Methodology) will be required to provide at least
certain flow elements that are ecologically essential.
All in all, results show that besides other anthropogenic factors, climate change may severely alter
river flow regimes across Europe in the 2050s. Regarding the total degree of flow regime
modification, the most significant impacts on European river flow regimes were found for the
Mediterranean and the boreal climate zone. In the Mediterranean, 28% of the analysed river reaches
are severely affected by climate change mainly due to drier conditions with reduced flows across the
year. In the boreal climate zone, 23% of the analysed river reaches are severely impaired caused by
reduced snowmelt, increased precipitation, and a strong temperature rise that substantially alter high
and low flow timing and magnitudes. The smallest impacts, in contrast, can be expected for the
temperate oceanic climate zone. However, a west–east gradient became obvious in the temperate zone,
with increasing impacts from oceanic towards the continental conditions. In the oceanic part, 86% of
the river reaches still remain in the low and medium impact class in the 2050s, while 66% and 37%
remain in the transitional and continental part, respectively. In the latter one, mountainous regions
such as the Carpathians and Balkan mountains are the hotspots for climate change-induced flow
regime modifications.
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7.2

Discussion of results

This thesis aimed at identifying ecologically important modifications of natural flow regimes by
different direct (i.e. water use and dam operation) and indirect (i.e. climate change) impacts of human
activities and thereby enhancing the ecological assessments performed in previous large-scale studies.
Therefore, following improvements have been promoted:
First, this thesis took into account various ecologically relevant indicators that address different
flow events (i.e. low, medium and high flows), multiple flow characteristics (i.e. magnitude, timing,
frequency, duration and rate of change), and inter-annual flow variability (besides average values).
Rather than focusing on single species (e.g. threatened species or valued game fish), a new paradigm
in ecology demands for preserving habitats and ecological processes (Meyer, 1994). Therefore, all of
the different flow parameters were required to describe deviations from the natural flow regime, which
provides all the habitat structures and ecological functions that sustain the full endemic biodiversity of
the river ecosystem. In this context, the ERFA methodology (Laize et al., 2014) was applied to
quantify the ecological risk due to flow regime alteration. One of the first tasks in hydro-ecological
studies is to select a subset of indicators from an array of hundreds of possible choices which
guarantees that different facets of the flow regimes are adequately addressed and indicators describe
non-redundant patterns of change (Stewart-Koster et al., 2014). Therefore, the Indicators of
Hydrologic Alteration (IHA) were chosen in this thesis as they describe almost all of the major
components of the river flow regime. Subsequently, the statistically based framework of Olden and
Poff (2003) and a formal redundancy analysis applied on WaterGAP3 time series was applied in order
to reduce the IHA to a set of non-redundant indicators. The related study in this thesis was the first of
which applied such a set of ecologically relevant indicators for daily river flow regimes on a detailed
large-scale river network (Chapter 6; Schneider et al., 2013). As many ecological functions and
habitats are facilitated by daily flows, the analysis of daily time series allowed that ecologically
important hydrological events (e.g. intense rain events, flood formation, floodplain inundation, zero
flow events) were represented with a high level of detail. The related study addressed future impacts
(i.e. climate change) on river flow regimes and illustrated how “typical” flow regimes could look like
in the 2050s in the diverse climate zones of Europe, where temperature rise, snow melt and
precipitation change will interact with each other in different ways.
Second, a new methodology was implemented to estimate bankfull flow for single grid cells of a
global or continental grid cell raster (Chapter 3; Schneider et al., 2011a). The benefits of the new
methodology are that it (i) doesn’t require hydraulic data, which are not available for large-scale
modelling purposes, (ii) is based on 30-year time series, which can be easily modelled by global water
models, and (iii) uses the highest amount of information provided by the hydrograph without violating
the assumption of independent flood peaks. Bankfull flow is a relevant parameter in eFlow
assessments and the new method enabled the analyses of riparian wetland inundation in the subsequent
Chapters 4 and 5.
Third, riparian wetlands have been regarded as an integral part of the river ecosystem as their
availability and access supports the health of the entire river system. In addition, they are hotspots of
biodiversity, contain more species than any other landscape unit, and possess a disproportionately high
number of rare species. Therefore, the analysis of riparian wetland hydrology was one of the central
points of this thesis. Specific flow events which support these components of the river ecosystem (i.e.
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overbank flows) have been analysed by different flow parameters (i.e. flood volume, timing and
duration). As climate change is likely to modify seasonal flow patterns and affect snowmelt-induced
flood peaks, model experiments were carried out for riparian wetlands in Europe to evaluate the
climate change impact on inundation patterns (Chapter 5; Schneider et al., 2011b). In Chapter 4, this
approach was expanded for riparian wetlands of international importance worldwide and took into
account current (dam operation, water use, and water transfers of larger cities) and future threats
(major dam initiatives and climate change) for riparian wetland flooding.
Fourth, further improvements of WaterGAP3 have been achieved within the context of this thesis.
The study in Chapter 4 was the first that took the operation (rather than storage capacity or river
fragmentation) of dams into account for the large-scale assessment of ecological impacts. Instead of
1,748 dams (i.e. 658 irrigation and 1,090 non-irrigation dams), the module now considers the
management of 6,025 large dams, which possess a total storage capacity of 6,200 km3. Furthermore, it
distinguishes optimisation schemes of diverse dam types (irrigation, hydropower generation, flood
control, and water use/ navigation). For each dam type, different objective functions and constraints
are considered to determine the monthly target storages and the daily reservoir releases. The optimal
functioning of a dam is ensured by deterministic dynamic optimisation, which was chosen because it
poses no restrictions on the type of the objective function and can handle an almost unlimited number
of constraints regardless of their types. This strategy enables the dam module of WaterGAP3 to be
easily expanded in the future by including more dam types, different objective functions, as well as
other additional constraints. Moreover, the operation of dams is now performed by a prospective
scheme. This means that reservoir inflows for the optimisation scheme are estimated from the average
of simulated flows during the last 5 years (rather than simulated values for the future year). This
procedure more realistically reflects the situation of water managers, who have to deal with uncertain
forecast as well. In addition, the inter- and intra-basin transfers of 480 larger cities and their 1,642
withdrawal points were implemented in WaterGAP3 based on information provided by the recently
established City Water Map (McDonald et al., 2014). Hence, WaterGAP3 is now the first global water
model that takes the water infrastructure of larger cities into account.
Fifth, hydrological assessments were complemented by a multi-indicator analysis in order to
investigate the risk for river ecosystems more comprehensively (Chapter 4). These indicators
encompass water resource competition, transboundary institutional resilience, presence of legal
provisions for eFlows, and major dam initiatives. Thus, besides hydrological alterations, socioeconomic and governance aspects were taken into account as well and allowed challenges for the
reestablishment of more natural flow regimes to be identified.
All these steps provide a foundation for further important hydro-ecological studies conducted with
WaterGAP3. However, due to the complexity of river ecosystems, there is a high potential for further
improvements of the applied approaches and the model. One crucial point is the threshold setting in
the assessments to define an “acceptable” level of natural flow alteration at which ecosystem integrity
and services are not impaired to an undesirable degree. Finding such thresholds is important to
enhance the scientific credibility of the assessments (Poff and Matthews, 2013), inform policy makers
at different levels for sound decision making (Kuiper et al., 2014), and allocate water between human
water-use sectors and ecosystem requirements (Acreman, 2005). Currently, special research emphasis
is being devoted to describe empirically based relationships between river flow modification and
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ecological impact (McClain et al., 2014). In the ideal case, these relationships are expressed as a
simple quantitative ratio (i.e. % ecological change in terms of % flow alteration) (Poff et al., 2009).
For example, Wilding and Poff (2008) reported for rivers in the US state Colorado that riparian
vegetation responds by a maximum change of 12% in community composition for each 10% reduction
in peak flows. Stream invertebrates, in contrast, respond exponentially. Here, a 10, 50 and 80% change
in peak flow led to maximum response of 20, 90 and 250% loss in invertebrates. Poff and Zimmerman
(2010) found in their review of 165 papers that a consistently large decline in fish diversity occurs in
particular where changes in flow magnitude were 50% or higher. Further examples for flow-ecology
relationships are provided e.g. by Xenopoulus et al. (2005), Armstrong et al. (2010), Spooner et al.
(2011), Zorn et al. (2012); Arthington et al. (2014), and Stewart-Koster et al. (2014). In spite of recent
progress, relatively few quantitative relationships have been established until now. Moreover, the
understanding of relationships between modification of specific flow components and ecological
responses is still incomplete or inconclusive (Poff et al., 1997; Poff and Zimmerman, 2010; McClain
et al., 2014). Defining tipping points for river ecosystems is associated with different challenges. First,
while hydrological time series are available for many locations worldwide, appropriate medium- to
long-term ecological time-series are scarce or non-existent (Monk et al., 2006). In addition, ecological
consequences often happen years after the flow has been altered. Second, river ecosystems are very
complex. Ecological processes are driven by various interacting components of the flow regime,
which are characterised by their magnitude, timing, duration, frequency and rate of change. For each
ecologically relevant flow component, thresholds need to be developed (Arthington et al., 2006). The
high number of metrics makes it difficult to compare results among different case studies and come up
with generalised threshold values for large-scale assessments (Stewart-Koster et al., 2014). Third, still
a high uncertainty exists how sensitivity to flow varies at different river types (e.g. large vs. small,
perennial vs. ephemeral, flashy vs. constantly flowing rivers) (Acreman et al., 2014). In practice, a
large variety of natural flow regimes exists, which support diverse ecological communities and life
history strategies (Pusey et al., 2000; Biggs et al., 2005; Arthington et al., 2006). Therefore, thresholds
gained from case studies at small spatial scales are not often transferable across eco-regions. Fourth,
diverse taxonomic groups (e.g. fish, invertebrates, water birds and plants) or natural assets (e.g.
biodiversity, biomass production, water quality) need to be considered all of which respond differently
to flow regime changes. Fifth, ecology-flow relationships can take many forms (Arthington et al.,
2006). For example, responses of diverse species can be linear, curvilinear, exponential, non-existent
or abrupt at a certain threshold. In most cases obvious break points are missing and flow-ecology
relationships are described by smooth curves (e.g. Extence et al., 1999). This, however, can also be
due to the limited ecological time series in terms of length and the delay/ inertia of ecological
responses to flow alterations.
Regarding the uncertainties and inconsistencies described above, the setting of ecological
thresholds becomes a difficult task and requires considerably more research. Until now, it has not been
possible to establish general and transferable quantitative relationships between specific measures of
flow alteration and ecological impact (Poff and Zimmerman, 2010). Acreman et al. (2014) stated that
river ecosystems might be too complex to ever understand them entirely and to define scientifically
based thresholds. Accordingly, the setting of ecological thresholds becomes a management concept
and a political decision (Acreman, 2005; Acreman et al., 2014). Similarly, Pahl-Wostl et al. (2013)
concluded that setting thresholds and defining ecological objectives constitutes a societal choice.
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Furthermore, assessing the impacts of flow modification will never be based on and also does not
require perfect predictive knowledge. Pahl-Wostl et al. (2013) recommend that incomplete and
uncertain knowledge of flow-ecology relationships might be overcome by an adaptive management
approach.
Given the situation outlined above, thresholds applied in this thesis were set on the basis of expert
knowledge. In the absence of detailed site-specific data (which is the case for most river basins
worldwide), Richter et al. (2011) suggested a presumptive eFlow standard, which allows 20%
alteration of any flow variable. This threshold is embraced by some water resources experts to set a
global standard for flow regime modification and must be seen as a precautionary standard likely
indicating moderate (>20%) changes in ecosystem structure and functions (Hoekstra et al., 2011).
Furthermore, specifying thresholds for UK rivers as required by the Water Framework Directive,
Acreman et al. (2008) defined maximum abstractions to be in the range of 7.5–35% of natural flow,
depending on the ecological sensitivity of the river. These thresholds were also derived by an expert
panel of river scientists. Accordingly, thresholds of 20, 30 and 40% were used in Chapter 4 to indicate
moderate, significant and serious levels of flow modification, respectively, as suggested by Hoekstra
et al. (2011). In Chapters 6 and 7, a threshold of 30% was applied for the IHA (except timing) to
indicate an ecologically significant change in river flow. Consequently, thresholds applied in this
thesis are state-of-the-art and proposed for large-scale assessments, which are characterised by a lack
of ecological data. However, with ongoing research regarding the flow-ecology relationships,
following improvements are recommended for future assessments of ecologically relevant river flow
regime alterations: (i) Assessments of this thesis considered the same threshold for flows of different
magnitude (i.e. high, medium and low flows) and distinct flow characteristic (i.e. flow magnitude,
duration, frequency and rate of change). However, a relatively small modification can result in a large
percentage change with respect to low flows, but a small percentage change with respect to high flows.
Thus, more research is required on individual thresholds for specific flow parameters. (ii) No
differentiation was made in this thesis regarding the river type. Recent studies suggest that the biota of
highly variable flow regimes are less sensitive to flow regime alteration than those with more
constantly flowing rivers (Hughes and Hannart, 2003; Dunbar et al., 2010a, 2010b, Acreman et al.,
2014). Thus, it would be of importance to establish a global river classification system that accounts
for the sensitivity of the endemic biota to flow alterations and apply different thresholds for the
distinct river classes.
In regard to WaterGAP3 development, validation outcomes described in Chapter 2 could be used
to further improve specific model behaviour. In particular, flood pulses need to be lower in magnitude
and longer in duration, and the rate of change need to be less sensitive. These technical requirements
could be achieved by following model adjustments. (i) The implementation of river floodplains in the
model would act as temporary water storages above bankfull stage that have the potential to dampen
magnitude, frequency and rise rate of high flows, and to increase their duration. Only recently, global
maps with inundation areas became available (Fluet-Chouinard et al., 2015). River flooding schemes
for global applications are described by Decharme et al. (2008, 2011) and Stacke (2012). On the basis
of these data and approaches, which make use of an elevation model, the simulation of extent and
duration of floodplain inundation could be enhanced in the overbank flow assessments conducted in
Chapters 4 and 5. (ii) The simulation of flow velocity has a large impact on specific flow parameters.
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The validation conducted in Chapter 2 demonstrated that a revision of the dynamic flow velocity
scheme in WaterGAP3 has the potential to improve flow parameters that are currently not
satisfactorily simulated by the model. By modifying the flow velocity algorithm, higher values for the
efficiency criteria were achieved especially for parameters with a low performance (daily high flow
magnitudes, mean rise rate, as well as frequency and duration of extremes), while parameters with a
high performance (monthly magnitudes, minimum flows, as well as timing of extremes) were nearly
unaffected. In addition, the bankfull flow approach established in Chapter 3 could be used for flow
velocity simulation. Above bankfull, flow velocity tends to stagnate or even decrease in the total
cross-section (Wyzga, 1999). This is not considered in the current flow velocity algorithm
implemented in WaterGAP3.

7.3

Recommendations for future research

Large-scale modelling of eFlows is a relatively new topic. Assessments of this thesis presented
first results for ecologically relevant flow regime modifications on global and continental scales
caused by different direct and indirect effects of anthropogenic activities. However, regarding the
complexity of river ecosystems and the extent of large-scale studies, a large potential exists for further
developments and improvements. Based on the experiences made during the different model
experiments and the scope of this thesis, the following recommendations for future research are
proposed:
Assessments of this thesis investigated in river flow regime modifications per river reach and
identified hotspots and large-scale patterns of change. Potential ecological consequences were
qualitatively described. In order to verify the established approach and to translate future flow regime
modifications into ecological responses, it would be of interest to compare results of large-scale
modelling with databases on biodiversity loss (e.g. IUCN Red List of Threatened Species). Thereby,
the focus should be on species that have a low tolerance to flow modifications and became
endangered, threatened or extinct lately. In this context, thresholds for river flow regime modifications
could be established for large-scale modelling purposes as well in order to quantify ecological
responses (e.g. % species loss in terms of % change in flow, or % species loss in terms of change in
ERFA class). Thereby, it would be important to strive for collaboration with ecologist/
ecohydrologists as the validation of simulated river flow regime modifications with ecological
responses is associated with some challenges: (i) The validation requires distinguishing different river
types and various flow parameters. (ii) Ecological responses to flow regime modification are often
delayed and happen years or even decades after the flow has been altered (Monk et al., 2008a).
Consequently, impacts of recent river flow regime modifications must not be obvious in current
databases on biodiversity loss due to the inertia in ecological responses. (iii) Despite river flow is a
key variable for river ecosystems, many factors can affect river ecosystem health (Bunn and
Arthington, 2002; Poff and Zimmerman, 2010; McManamay et al., 2013). As different factors often
coincide, such a validation requires isolating the impact of flow regime modification from other
stressors such as water pollution (including thermal pollution), overexploitation, species invasion, and
river construction.
This thesis concentrated solely on environmental water stress caused by flow regime modification.
However, as WaterGAP3 also possesses a water quality component (Voss et al., 2012; Williams et al.,
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2012; Reder et al., 2015), even integrated environmental water stress analyses at the intersection of
flow alteration, water pollution, and human water stress are possible. Water quality and flow alteration
are intimately connected to each other (Malan and Day, 2003). On the one hand, modification of river
flow leads to changes in water quality. For example, a reduction in flow can increase pollutant
concentrations, raise water temperature, or hinder the processing of nutrients. On the other hand, many
benefits of flow regime restoration are only achievable with water of good quality (Gleick et al.,
2006). For example, low flows sometimes need to be artificially elevated above natural level to
increase the dilution capacity of the river system. Acreman et al. (2014) stated that more research is
required on the link between flow alteration and water quality, and to assess whether impacts are
additive, synergistic or antagonistic. WaterGAP3 has the potential to contribute to these research
needs by large-scale assessments.
This thesis focused on climate change, dam operation and water use, which are supposed to have
the largest implications on natural river flow regimes on global scales (see provided numbers for water
volume in the introduction). However, other stressors such as water transfers and land-use change
cause flow alterations as well and their impact can be high at certain locations. Until 2020, it is
expected that 760 to 1,240 large-scale water transfer schemes are established that transfer up to 800
km3 of water per year (Shiklomanov, 1999; Pittock et al., 2009). For example, it is estimated for
Southern Africa that in 2017, 8.9% of the total MAR are diverted by water transfer schemes and each
transfer will have hydrological and ecological impacts for both donor and recipient river system
(Davies et al., 1992). Within the context of this thesis, water transfer schemes of larger cities were
implemented into WaterGAP3 according to information provided by the City Water Map (McDonald
et al., 2014). In order to assess flow modifications due to inter- and intra-basin transfers more
accurately, further water infrastructure (e.g. water transfer schemes for agricultural irrigation) could be
incorporated into WaterGAP3. Thereby, from an ecological perspective, it would be important to
distinguish if the transfers are constant, seasonal or pulsed. In addition, population growth and
society’s increasing demands on resources have caused immense land-use changes. Urbanization,
deforestation, overgrazing and wetland drainage cause alteration of flow magnitudes and timing
through large sealed areas, reduced interception, lower evapotranspiration rates and less temporary
water storage. This leads to faster runoff that is more responsive to rainfall events (Sahin and Hall,
1996; Allan et al., 2005). The impact of land use and land cover change on hydrology could be
considered by using projected input maps from large-scale land-use change models such as
LandSHIFT (Alcamo et al., 2011; Schaldach et al., 2011).
In practice ecological water requirements need to be balanced with water demands of other water
use sectors and the degree of flow regime alteration will depend on the values for which the river
system is to be managed (Dyson et al., 2008). The definition of ecological targets constitutes a societal
choice and is likely to be controversial (Pahl-Wostl et al., 2013). Recently, the concept of ecosystem
services (ESS) has been increasingly addressed in relation to eFlow requirements to describe the
benefits for human well-being (Acreman et al., 2014). The link between the concepts of eFlows and
ESS is not yet fully explored, but is expected to enhance awareness for ecological water requirements,
support evaluation of trade-offs, and discover implications and synergies between different choices of
water provision (Pahl-Wostl et al., 2013). While assessments of this thesis investigated in flow regime
modifications, it can be recommended for future research to relate hydrological outcomes to water
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demands of specific ecosystem services. For example in regard to flood control, the application of
dynamical floodplain storages in WaterGAP3 would allow assessing the reduction in flood risk for
human beings by existing or re-established riparian wetlands. In addition, the extent of riparian
wetland flooding could be correlated to the productivity of important resources such as fish, timber
and reed, or the improvement of water quality by decomposing toxins and nutrients.
Altogether, the global modelling framework WaterGAP3 and the approaches established within
this thesis provide a sound basis for global or continental river flow assessments at the intersection of
human water demands (domestic, agricultural, and industrial), eFlow requirements, and ecosystem
services which are urgently needed to support a sustainable use of water resources worldwide.
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The Appendix contains the following information, which supplement the analysis on flow regime modifications in Europe presented in Chapter 6:
1 – Change in monthly flow magnitudes for the single GCM projections
2 – Impact on the natural flow regime for different river size classes

Supplementary material (1)
In Chapter 6.3.2 of this thesis, monthly flow regimes of the 2050s under the exclusive effect of
climate change by the ensemble mean are presented and described. To provide the uncertainty range
due to the three applied GCM projections, the monthly flow regimes for CNCM3, ECHAM5 and IPSL
are shown in the following for each climate zone (Figures A.1 – A.6).

Figure A.1: Change in mean monthly flow magnitude in the 2050s plotted for all grid cells of the polar climate zone for the GCM
projections CNCM3-A2, ECHAM5-A2, IPSL-A2 and the ensemble mean.
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Figure A.2: Change in mean monthly flow magnitude in the 2050s plotted for all grid cells of the boreal climate zone for the
GCM projections CNCM3-A2, ECHAM5-A2, IPSL-A2 and the ensemble mean.

Figure A.3: Change in mean monthly flow magnitude in the 2050s plotted for all grid cells of the temperate continental climate
zone for the GCM projections CNCM3-A2, ECHAM5-A2, IPSL-A2 and the ensemble mean.
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Figure A.4: Change in mean monthly flow magnitude in the 2050s plotted for all grid cells of the temperate transitional climate
zone for the GCM projections CNCM3-A2, ECHAM5-A2, IPSL-A2 and the ensemble mean.

Figure A.5: Change in mean monthly flow magnitude in the 2050s plotted for all grid cells of the temperate oceanic climate zone
for the GCM projections CNCM3-A2, ECHAM5-A2, IPSL-A2 and the ensemble mean.
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Figure A.6: Change in mean monthly flow magnitude in the 2050s plotted for all grid cells of the Mediterranean climate zone for
the GCM projections CNCM3-A2, ECHAM5-A2, IPSL-A2 and the ensemble mean.
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Supplementary material (2)
In Chapter 6.3.2 of this thesis, the total flow regime modification under climate change for
selected rivers in Europe for the 2050s is presented. For all river sizes the same thresholds were
applied and hence a quality-control check was conducted to verify whether significant differences
occur when parsing rivers into different size classes. Results are presented in Figure A.7 for small
(Qbf: 100 – 300 m3/s), medium (Qbf: 300 – 600 m3/s) and large rivers (Qbf: > 600 m3/s). The results
show that smaller rivers are slightly stronger impacted than rivers of medium or larger size. However,
no significant differences were found. The statements made in our analysis can be applied for all three
river size classes.

Figure A.7: Impact of climate change on natural flow regimes in different climate zones presented for different river size classes
in the 2050s, represented by the portion of grid cells showing low, medium, high or severe impact.
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