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1 Summaries 
 

1.1 Summary 

Dams are highly controversial as; on the one hand, they provide vital goods such as drinking 

water or renewable energy and essential services such as flood protection and, on the other 

hand, threaten lotic ecosystems in several ways. The adverse impact of reservoir dams on 

lotic ecosystem biodiversity and integrity is significant. In particular, changes in the flow regime 

are considered to play a major role and have a fundamental impact on benthic invertebrate 

communities. In order to pursue the Sustainable Development Goals of the United Nations or 

other environmental protection guidelines, such as the European Water Framework Directive, 

at the same time, adjustments of dam operation will be necessary. 

The present thesis aims to identify potentials for dynamic dam operation, to improve the 

ecological integrity of downstream river segments and thereby refers to environmental flows. 

The provision of management options for environmental flows requires a sufficient 

understanding of hydro-ecological relationships, a description of the altered and unaltered 

regime as well as a reliable understanding of the ecological consequences and responses to 

those existing alterations as well as of the provided management options. Therefore, I first 

quantified the role of hydrology in the context of other prominent stressors and identified hydro-

ecological relationships (Chapter I). To do so, I analysed the general effects of hydrology on 

benthic invertebrate communities and compared them to other prominent stressors (land use, 

morphology, physico-chemistry) within a broad dataset from streams in the German lower 

mountain range (72 samples from 51 sites). Stressor data were contrasted to benthic 

invertebrate data using i) partial canonical correspondence analysis (pCCA) to quantify the 

community-level response and ii) path analysis to investigate the cause-effect pathway 

structure (hydro-ecological relationships) of single stressors affecting invertebrate metrics 

either directly or indirectly (i.e. mediated by other stressors). Further, I evaluated the effects of 

dams on taxonomic and functional components of macroinvertebrate biodiversity to estimate 

the effects on ecosystem function and resilience in Chapter II. I compared and correlated 

different taxonomic and functional diversity metrics, investigated the taxonomic and functional 

community structure and the degree of specialization of invertebrate communities of 

downstream stretches of nine large dams, which were compared to communities of eight 

unaffected tributary sites. Finally, I investigated possible management options that are likely 

to be beneficial for the riverine macroinvertebrate community below dams, by analysing the 

current effects on hydrological, and in addition on thermal and bed sediment regimes at 

downstream stretches of dams and correlated them with key metrics of macroinvertebrate 

communities (Chapter III). Therefore, I contrasted metrics of hydrological alteration derived 
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from discharge time series (daily means over 10 years), time series of water temperature (15-

min intervals over one year), and records of deposited fine sediments against 

macroinvertebrate samples from pairs of river reaches downstream of dams and of 

comparable tributaries.  

The results of Chapter I prove the important role of hydrology as a strong and directly effective 

ecological determinant and pointing at the same time at the high potential of implementing e-

flows. Hydrological metrics revealed an important role in directly shaping macroinvertebrate 

community structure and significantly affected metrics relevant for ecological status 

assessment. The analysis of abiotic changes (Chapter III) showed that numerous, seasonally 

distinguishable hydrological alteration patterns, lowered temperatures, increased fine 

sediments, and a deficit of pebbles and cobbles characterized downstream stretches. The 

results of Chapter III showed that downstream stretches were characterized by numerous, 

seasonally distinguishable hydrological alteration patterns, lowered temperatures, increased 

fine sediments, and a deficit of pebbles and cobbles. The analysis of single functional trait 

diversity carried out in Chapter II showed that the alteration patterns found reduce the habitat 

and food availability as well as the resilience of invertebrate communities in downstream 

stretches. As a result, taxonomic and functional diversity were decreased in downstream 

stretches and showed especially losses of sensitive species groups (Chapter II & III). The 

comparison with undisturbed reference streams allowed me to derive specific management 

options that could mitigate the negative impact of hydrologic alterations and accumulations of 

fine sediments downstream of dams (Chapter III). In general, the results of the thesis showed 

that environmental flows (e-flows) need to consider the complex character of hydrological 

regimes (more than just thresholds of minimum flows) and need to be implemented in a 

seasonal context. The implementation of e-flows has, especially in highly regulated 

catchments, a high potential to increase the ecological status of our running water bodies (not 

only those directly downstream of dams). 
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1.2 Zusammenfassung 

Staudämme sind höchst kontrovers, einerseits ermöglichen sie die Bereitstellung von 

lebenswichtigen Ressourcen wie Trinkwasser oder erneuerbarer Energie und erbringen 

wichtige Dienstleistungen wie Hochwasserschutz und andererseits belasten sie die 

ökologische Integrität unserer Fließgewässer auf vielfältige Weise und tragen somit 

maßgeblich zum Verlust der biologischen Vielfalt bei. Insbesondere Änderungen im 

Abflussregime spielen hier eine wichtige Rolle und sind dafür bekannt fundamentale 

Auswirkungen auf benthische Wirbellosengemeinschaften zu haben. Um die vereinbarten 

Nachhaltigkeitsziele der Vereinten Nationen oder andere Umweltschutzrichtlinien, wie die 

europäische Wasserrahmenrichtlinie, erfolgreich zu meistern, sind Anpassungen des 

Staudammbetriebs notwendig. 

Die vorliegende Arbeit zielt darauf ab, Potenziale für einen dynamischen Staudammbetrieb zu 

identifizieren, um die ökologische Integrität von flussabwärts gelegenen Flussabschnitte zu 

verbessern und bezieht sich dabei auf umweltverträgliche Abflüsse. Die Bereitstellung von 

Bewirtschaftungsoptionen für umweltverträgliche Abflüsse erfordert ein ausreichendes 

Verständnis von hydro-ökologischen Zusammenhängen, eine Beschreibung des veränderten 

und unveränderten Abflussregimes sowie ein verlässliches Verständnis der ökologischen 

Konsequenzen und Reaktionen auf die bestehenden Veränderungen sowie der 

bereitzustellenden Bewirtschaftungsoptionen. Dazu habe ich zunächst die Rolle der 

Hydrologie im Kontext anderer prominenter Stressoren quantifiziert und hydro-ökologische 

Beziehungen identifiziert (Kapitel I). hierzu analysierte ich die allgemeinen Auswirkungen der 

Hydrologie auf benthische Wirbellosengemeinschaften und verglich sie mit anderen 

Stressoren (Landnutzung, Morphologie, Physikochemie) innerhalb eines breiten Datensatzes 

von Bächen im deutschen Mittelgebirge (72 Proben von 51 Standorten). Die Stressor-Daten 

wurden den Daten der benthischen wirbellosen Tiere gegenübergestellt, wobei eine partielle 

kanonische Korrespondenzanalyse zur Quantifizierung der Effektgröße auf die 

Artzusammensetzung und eine Pfadanalyse zur Untersuchung der Ursache-Wirkungs-

Pfadstruktur (hydro-ökologische Beziehungen) einzelner Stressoren verwendet wurden, 

welche die Metriken der wirbellosen Tiere entweder direkt oder indirekt (d.h. vermittelt durch 

andere Stressoren) beeinflussen. Darüber hinaus untersuchte ich die Auswirkungen von 

Staudämmen auf taxonomische und funktionelle Komponenten der Biodiversität von 

Makroinvertebraten, um so die Auswirkungen auf Funktion und Widerstandsfähigkeit des 

Ökosystems in Kapitel II abzuschätzen. Ich verglich und korrelierte verschiedene 

taxonomische und funktionelle Diversitätsmetriken, untersuchte die taxonomische und 

funktionelle Gemeinschaftsstruktur sowie den Grad der Spezialisierung wirbelloser 

Gemeinschaften von stromabwärts gelegenen Abschnitten von neun Staudämmen und 

verglich diese mit Gemeinschaften von acht nicht betroffenen unbeeinflussten 
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Nebengewässern. Schließlich untersuchte ich welche Managementoptionen für die 

Makroinvertebratengemeinschaft unterhalb von Staudämmen vorteilhaft sein würden, indem 

ich die aktuellen Auswirkungen auf das hydrologische und zusätzlich das thermische und 

sedimentäre Regime an den flussabwärts gelegenen Abschnitten von Staudämmen 

analysierte und sie mit Schlüsselmetriken der Makroinvertebratengemeinschaften korrelierte 

(Kapitel III). Hierzu analysierte ich Abflusscharakteristiker (Tagesmittelwerte über 10 Jahre), 

Zeitreihendaten von Wassertemperatur (15-Minuten-Intervalle über ein Jahr) und 

Aufzeichnungen über abgelagerte Feinsedimente. 

Die erzielten Ergebnisse aus Kapitel I belegen die wichtige Rolle der Hydrologie als direkt 

wirksame ökologische Einflussgröße und deuten somit gleichzeitig auf das hohe Potenzial 

einer Implementierung von umweltverträglichen Abflüssen. Die hydrologischen Metriken 

zeigten eine entscheidende Rolle bei der direkten Auswirkung auf die Gemeinschaftsstruktur 

und hatten einen signifikanten Einfluss auf die bewertungsrelevanten Metriken. Die Ergebnisse 

von Kapitel III zeigten, dass Abschnitte unterhalb von Dämmen durch zahlreiche, jahreszeitlich 

unterscheidbare hydrologische Veränderungsmuster, abgesenkte Temperaturen, erhöhte 

Feinsedimente und ein Defizit an Kieselsteinen und Schotter gekennzeichnet waren. Die in 

Kapitel II durchgeführte Analyse der Diversität einzelner funktioneller Merkmale zeigte 

insbesondere, dass die gefundenen Veränderungsmuster die Verfügbarkeit von Lebensraum 

und Nahrung sowie die Widerstandsfähigkeit wirbelloser Gemeinschaften in stromabwärts 

gelegenen Abschnitten reduzieren. Die taxonomische und funktionelle Diversität nahm in 

flussabwärts gelegenen Abschnitten ab und zeigte insbesondere Verluste von empfindlichen 

Artengruppen (Kapitel II & III). Der Vergleich mit ungestörten Referenzabflussregimen erlaubte 

es mir, spezifische Managementoptionen abzuleiten, die die negativen Auswirkungen der 

hydrologischen Veränderungen und der Anhäufung von Feinsedimenten stromabwärts von 

Dämmen mildern könnten (Kapitel III). Allgemein zeigten die Ergebnisse der vorliegenden 

Arbeit, dass die umweltverträgliche Abflüsse den komplexen Charakter der hydrologischen 

Regime berücksichtigen müssen (mehr als nur Schwellenwerte für Mindestabflüsse), dass sie 

in einem saisonalen Kontext umgesetzt werden müssen und dass sie, insbesondere in stark 

regulierten Einzugsgebieten, ein hohes Potenzial haben, den ökologischen Zustand unserer 

Fließgewässer zu verbessern. 
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2 Introduction 
 

The history of dams is closely linked to the history of human settlements and the irrigation of 

their agricultural areas. The first known dam is dated to 3000 BC, was found in what is now 

Jordan, and had a height of nine metres (Garbrecht, 1986). Nowadays dams, besides 

irrigation, serve various other important, frequently multiple, socio-economic purposes by 

securing the water supply for drinking, hydropower, navigation, rising low water levels or 

providing flood protection. Large dams are defined as constructions with a minimum height of 

15 metres impounding more than 3 million cubic metres (ICOLD, 2017). With 371 existing large 

dams mostly located in the low mountain range, Germany is among the top 20 countries in the 

world (ICOLD, 2017). Two thirds of these dams fulfil multiple purposes, whereby the main 

purposes are flood protection (46.6%), drinking water supply (21.3%), and hydropower (17.6%) 

(Heimerl et al., 2013). 

Due to the growing world population the demand for drinking water, food, and electricity 

worldwide is increasing, while the United Nations declared in the 2030 Agenda to meet this 

demands in a sustainable way (United Nations, 2019). In many regions in the world, reservoirs 

are considered the key management option to achieve these goals, which inevitably bears the 

need for more dams. At least 3,700 major hydropower dam projects worldwide are currently 

planned or under construction, primarily in countries with emerging economies (Zarfl et al., 

2014).  

Besides their advantages, dams cause severe habitat degradation by mainly altering flow 

regimes, but also bedload sediment - and water temperature regimes, thereby influencing the 

biotic community structure, functionality, and diversity of both up- and downstream river 

segments (Bunn and Arthington, 2002; Ellis and Jones, 2013; Poff and Zimmerman, 2010). 

Intensity, type, and effect sizes of alterations of dams are depending on several factors 

concerning the technical specifications of a dam itself and its location within the stream 

continuum (Ellis and Jones, 2013; Poff and Hart, 2002; Ward and Stanford, 1983).  

The complex dynamic of flow regimes is generally expressed in several major flow 

characteristics describing biologically relevant hydrologic inter-annual variation in water 

conditions (Olden and Poff, 2003; Richter et al., 1996). Those characteristics can be divided 

in the following categories: 

 Magnitude: the amount of water flowing through a fixed location per a certain time unit 

(e.g. annually or monthly minimum, average or maximum discharges) 

 Frequency: number of (extreme) events above or under a certain threshold (e.g. 

number of floods exceeding the 3rd quantile of recorded data within a year) 

 Duration: period of time of those (extreme) events, expressed mostly in number of days 

(e.g. average duration of droughts under 1st quantile of recorded data within a year) 
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 Rate of change: number and mean rate of positive or negative changes in water 

conditions from one day to the next. (mean positive discharge changes, rise rate, within 

a year) 

 Timing: temporal (seasonal) pattern of extreme events and their manifestation within 

longer time periods (e.g. predictability of high flow events above 3rd quantile of 

recorded data within winter months) 

 

The intensity and interplay of these flow characteristics is thereby depending on regional 

geologic, topographic, and climatic conditions and forms the natural flow regime (Kennard et 

al., 2010; Olden et al., 2012). The patterns of water release of dams are highly depending on 

their mode of operation. For example, hydroelectric dams usually release water in pulsed flow 

spells (hydropeaking) to achieve a full utilization of their turbines and thereby maximizing the 

generation of electric power to certain times. In contrast to that, dams for drinking water supply 

aiming to store in their reservoir and are likely to produce less variable flows in the downstream 

section. Following this, dams can cause highly individual flow alterations that are especially 

depending on the mode of operations and the local natural flow conditions.  

The natural flow-regime paradigm (Poff et al., 1997) postulates that the integrity of lotic 

ecosystems is depending on their natural dynamic character. Indeed, the flow regime can 

strongly affect habitat characteristics, dispersal, resource acquisition, competition, and 

predation (Hart and Finelli, 1999) and is thereby often called a “master” variable (Power et al., 

1995). Aquatic organisms counter this dynamic by adapting their life history, behaviour and 

morphology (reviewed in Lytle and Poff, 2004). The review by Bunn and Arthington (2002) 

compromised the results of numerous studies and summarized them in four key principles to 

illustrate how altering flow regimes affects aquatic biodiversity in lotic environments (Figure 1): 

I. The flow regime is a major determinant of physical habitat condition and structure and 

thus a major determinant of biotic composition 

II. Aquatic biota have evolved in direct response to those hydrological and morphological 

conditions 

III. Maintaining natural patterns of longitudinal and lateral connectivity is crucial for the 

viability of populations of those aquatic biota 

IV. The success of the invasion of exotic and introduced species is facilitated by the 

alteration of hydrological regimes 
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Figure 1: Influence of the natural flow regime on aquatic biodiversity (source: Bunn and 
Arthington, 2002). 

 

Dams are, regardless of their technical specifications, transverse structures that interrupt the 

transport of sediments within a river, resulting in a deficit of pebbles and cobles (Ellis and 

Jones, 2013; Merz and Chan, 2005; Ward and Stanford, 1983). The deposition of fine 

sediments can vary in downstream stretches of dams, since they are mainly dependent on the 

outlet and the mode of operation (Mürle et al., 2003; Petticrew et al., 2007; Poff and Hart, 

2002). By manipulating the sediment transport and causing changes in the sediment 

composition, dams are indirectly influencing channel and valley floor morphology of 

downstream sections (Draut et al., 2011; Grant et al., 2013) and determining habitat quality, 

diversity, and availability for stream biota (Brandt, 2000; Jones et al., 2012; Wood and 

Armitage, 1997). 

Size and depth of the reservoir influencing the stratification behaviour and, together with the 

height of the outlet, determine the temperature of the discharged water. The ecological 

significance of water temperature in lotic ecosystems is widely acknowledged (see Magnuson 

et al., 1979; Poole and Berman, 2001 for reviews). Unaltered flowing waters show an 

increasing temperature gradient from source to estuary, with the maximum daily temperature 

fluctuations occurring in the middle parts (Caissie, 2006; Vannote et al., 1980). The 

temperature regime in lotic environments directly affects multiple ecosystem services, e.g. it 

controls the metabolic rate of macroinvertebrates and thus affects food consumption and 

biomass (Webb et al. 2008). Further, water temperature influences the life cycle of many 

aquatic insects (Haidekker and Hering 2008), whereas the discharge of cold hypolimnic water 
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from reservoirs can extend larval development and thus desynchronize life cycles of impacted 

populations from those at unaltered sites nearby. Temperature plays a decisive role in 

determining the distribution patterns of aquatic invertebrates through their effects on the 

metabolism of organisms and oxygen saturation in streams (Halle et al., 2016). 

Those alterations cause significant ecological deterioration of lotic ecosystems with negative 

effects on downstream biodiversity (reviewed in Bunn and Arthington, 2002; Poff and 

Zimmerman, 2010). Freshwaters are currently among the most threatened ecosystems 

worldwide (Dudgeon et al., 2006), as shown by the faster decline in freshwater biodiversity 

compared to marine or terrestrial systems, also caused by dams (Carpenter et al., 2011; 

Grooten and Almond, 2018). River segments, including those downstream of dams, providing 

important ecosystem services (MEA, 2005), while those services are closely related to different 

components of biodiversity (Cardinale et al., 2012; Schmera et al., 2012). In particular, 

functional diversity components determine the functional processes in ecosystems (Cadotte et 

al., 2011; Petchey, 2003; Schmera et al., 2017), e.g. regulating ecosystem services, such as 

self-purification or decomposition and nutrient cycles, are strongly linked to biodiversity 

(Gessner et al., 2010; Ostroumov, 2005; Wallace and Webster, 1996). Other aspects, such as 

functional richness and - redundancy, are enhancing the resilience of ecosystem states 

(Elmqvist et al., 2003; Mason et al., 2005; Oliver et al., 2015; Rosenfeld, 2002). While resilience 

of ecosystems is necessary to sustain desirable ecosystem states and services in variable 

environments and uncertain futures (Elmqvist et al., 2003), it is thereby classified as an 

important ecosystem service itself (MEA, 2005). Overall, research on functional diversity in 

freshwater ecosystems has increased in the last two decades (reviewed in Luiza-Andrade et 

al., 2017; Schmera et al., 2017), but only one of four existing studies related to dams 

considered thereby the downstream effects of dams on functional diversity.  

Achieving a balance between human demands on, and ecological integrity and biodiversity of 

lotic ecosystems is, therefore, the ultimate challenge of ecologically sustainable water 

management (Richter et al., 2003). The Agenda 2030 for Sustainable Development of the 

United nations is meeting the biodiversity loss and its consequences by declaring “to conserve, 

restore, and sustainably use (…) inland freshwater ecosystems” (United Nations, 2019), while 

in Europe the Water Framework Directive (WFD) (European Council, 2000) forms the legal 

framework to achieve this goal. The WFD aims to improve the ecological status and sets the 

goal to ultimately achieve this until 2027. For the assessment of streams according to the WFD, 

amongst others, benthic invertebrates are used. Especially in lower mountain range streams, 

where fish diversity is naturally low, these organisms can give a comprehensive picture of the 

overall status of a stream (Hering et al., 2004). In addition, their functional properties are well 

investigated (Usseglio-Polatera et al., 2000) and are responsible for important ecosystem 

services, they directly serve decomposition, nutrient cycling and biophysical engineering 
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(Macadam and Stockan, 2015). Besides biological components, assessment of the 

hydrological regime is explicitly required by the WFD when assigning high ecological status. 

In this context, the implementation of environmental flows is recommended in the WFD and a 

guideline has recently been published (European Commission, 2016).  

Generally, the goal of environmental flows (e-flows) is to counteract the negative effects of 

altered flow regimes. In 2007 the Brisbane Declaration described environmental flows as "the 

quantity, quality and timing of water flows required to sustain freshwater and estuarine 

ecosystems and the human livelihoods and well-being that depend on these ecosystems" 

(Arthington et al., 2018). First e-flows emerged in the late 1940´s in order to protect cold-water 

fisheries and have been continuously improved since then (Tharme, 2003). Nowadays there 

are more than 200 different methodologies and approaches of e-flows, which can be roughly 

divided into different methodologies (Tharme, 2003). The most basic form are hydrological 

methods that are mostly setting simple, flow targets for maintaining river health and are 

displayed as percentage of annual, seasonal or monthly flow volumes (often referring the 

minimum flow). Such a methodology has also been applied in German legislation and 

prescribes a minimum water quantity which should be based on the local hydrological 

conditions and the concrete ecological requirements of the water body (§ 33, water resource 

act). In contrast to that are holistic methods that are the latest developed and emerged with 

the growing knowledge and understanding of hydro-ecological relationships (see above). Their 

aim is to maintain the whole structure and function of entire ecosystems by targeting all or 

several ecologically relevant components (e.g. temperature or geomorphological components) 

on regional scale (Poff et al., 2017). One of the most prominent methods is the framework 

“ecological limits of hydrological alterations” (ELOHA, Poff et al., 2010). ELOHA is a flexible 

framework for determining and implementing environmental flows at a regional scale by using 

hydrological (and other abiotic) data in combination with biological responses.  

Poff (2017) called for a broadening of these methods to incorporate dynamic time-varying flow 

characteristics as well as an extension to “non-flow” environmental features (e.g. temperature, 

sediment). The provision of management options for those e-flows requires a sufficient 

understanding of hydro-ecological relationships, a description of the altered and unaltered 

regime as well as a reliable understanding of the ecological consequences and responses to 

those existing alterations as well as of the provided management options. 

 

The aim of this thesis is to identify potentials for dynamic dam operation, to improve the 

ecological integrity of downstream river segments. Whereby the term “dynamic dam operation” 

is defined in this thesis as changes in dam management in relation to the hydrological release 

patterns and thereby refers to environmental flows (e-flows; Poff et al., 2017). To do so, I 

identified and quantified hydro-ecological relationships of macroinvertebrates, analysed 
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taxonomic, functional, as well as assessment relevant aspects of macroinvertebrates 

downstream of nine dams, and investigated the abiotic alteration patterns of those dams. 

Together, these aspects will provide a broad but detailed insight into the current downstream 

effects of dams on ecological alterations together with their consequences and provide options 

to maintain the ecological integrity. 

 

Chapter I aims to identify hydro-ecological relationships and quantify the role of hydrology in 

context to other prominent stressors. To do so, the objectives of this chapter are to disentangle 

the effect sizes and pathways of hydrological alteration on benthic invertebrate community 

structure and functional metrics.  

The evaluation of the effects of dams on taxonomic and functional components of 

macroinvertebrate biodiversity and their effects on ecosystem function and resilience is the 

aim of Chapter II. The objectives of this study are to analyse different taxonomic and functional 

alpha and beta diversity components, identify most affected components, traits and single trait 

categories, and compare the grade of specialization within downstream and benthic 

communities. 

Chapter III aims to investigate potential management options, putatively beneficial to the 

biology below dams. To do so, the objectives of this chapter are to analyse the effects of 

reservoir dams on hydrological regime and in addition to the thermal- and sediment regime at 

stretches downstream of the dams, and their effect on macroinvertebrate community structure 

and function. 

  



11 
 

3 Material and Methods 
 

3.1 Study area 

The study area encompasses watersheds of the lower mountain region in North Rhine-

Westphalia, Germany and contains small and medium-sized coarse substrate-dominated 

siliceous rivers (type 5 and 9 according to Gellert et al. (2014)). The mean annual air 

temperature is 8 °C; annual precipitation is 1,350 mm/a. The dominated land uses are 

silviculture (mean: 48.5 %) and agriculture (42 %) with only low proportions of urban areas 

(8.5 %).  

I investigated river reaches downstream of twelve reservoir dams (downstream sites) situated 

in three main watersheds of the rivers Ruhr, Sieg and Wupper (Figure 2). In addition, 

comparable, but unimpacted stream reaches were sampled as control sites (tributary sites) 

according to the following criteria: direct connection to the dam-impacted stream site 

(tributary), identical stream type and comparable stream size (width, discharge). Depending 

on the dam, the following parameters were investigated: hydrological regime, fine sediments, 

temperature, invertebrate community (spring/summer).  

The majority of the investigated dams (Ruhr catchment) are part of the largest contiguous dam 

system in Germany (RV, 2019) and are securing the drinking water supply and flood protection 

of approximately 4.6 million people. Dam purposes, data availability and sampling site 

characteristics are summarised in Table 1. 

 

 

Figure 2: Map of study area and investigated dams. 
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Table 1: Investigated dams and data basis of Chapter II and III. Showing dam usages, altitude, temperature time series, and availability (X) of 
hydrological data (gauging station), fine sediments and seasonal macroinvertebrate data.  

Dam Dam usages 
Sampling 

site 
Altitude 
(m a.s.l.) 

Ecological 
stream type 

Distance to 
dam (km) 

Temperature 
Data gaps G

au
gi

n
g 

st
at

io
n

 

Fi
n

e 
se

d
im

en
t

s Sp
ri

n
g 

sa
m

p
lin

g 

Su
m

m
e 

sa
m

p
lin

gr
 

Agger Hydropower, flood protection, 
low-flow compensation 

Agg do 217 5 2.1 - - X X X 

Agg tri 257 5 - Nov´15 - Jan´16 - X X X 

Bever Hydropower, flood protection, 
low flow compensation 

Bev do 288 5 0.3 - X - X X 

Bev tri 262 5 - - - - X X 

Bigge Hydropower, water supply, 
flood protection, 

low flow compensation 

Big do 248 9 3.3 Nov´15 - Jan´16 X - X X 

Big tri 234 9 - May´15, 
Nov´15 - Jan´16 

X - X X 

St. 
Ahausen 

Hydropower StA do 238 9 3.2 Nov´15 - Jan´16 X - X X 

Big tri         

Ennepe Hydropower, water supply, flood 
protection, low flow compensation 

Enn do 267 5 0.4 - X X X X 

Enn tri 250 5 - Jun´15 – Jul´15 - X X X 

Große 
Dhünn 

Water supply, flood protection, 
low flow compensation 

GrD do 115 5 1.8 - X X X X 

GrD tri 96 5 - -  X X X 

Henne Hydropower, Flood protection, 
low flow compensation 

Hen do 263 5 0.5 - X X X X 

Hen tri 275 5 - -  X X X 

Kerspe Hydropower, water supply Ker do 299 5 0.1 No measurement - X X - 

Ker tri 283 5 - No measurement - X X - 

Oester Flood protection, 
low flow compensation 

Oes do 317 5 0.8 No measurement - X X - 

Oes tri 244 5 - No measurement - X X - 

Sorpe Hydropower, 
low flow compensation 

Sor do 212 5 1.6 - X - X X 

Sor tri 219 5 - -  - X X 

Verse Hydropower, water supply, 
low flow compensation 

Ver do 337 5 2.9 No measurement X X X - 

Ver tri 314 5 - No measurement - X X - 

Wiehl Hydropower, water supply, flood 
protection, low flow compensation 

Wie do 226 5 2.2 Nov´15 - Jan´16 X X X X 

Wie tri 242 5 - Aug´15 - Jan´16 - X X X 
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3.2 Benthic invertebrate sampling 

Benthic invertebrate sampling followed the standardized "multi-habitat sampling” approach 

(Hering et al., 2004) at representative stretches of 50 – 100 m length. Using this approach, 

benthic invertebrates were collected from a total of 20 sample units from representative 

microhabitats by means of kick sampling using a shovel sampler (frame 0.25 x 0.25 m, mesh 

size: 500 µm), resulting in 1.25 m² of stream bottom being sampled. Distribution of sample 

units must reflect the relative share of microhabitats (one sample unit per 5% microhabitat 

coverage). 

All samples were pooled in the field, preserved in ethanol (70%) and transferred to the lab, 

where samples were sorted according to the German macroinvertebrate monitoring standard 

protocol (Meier et al., 2006). Identification was to the species level whenever possible in line 

with the German operational taxa list that is part of the software package ASTERICS v. 4.0.4 

(http://www.fliessgewaesserbewertung.de/en/download/berechnung/) and was used to 

calculate the majority of ecological traits and metrics of community structure and function. 

  

http://www.fliessgewaesserbewertung.de/en/download/berechnung/)
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4 Chapter I: Disentangling the role and effects of hydrology on benthic 
invertebrates in a multiple stressor context 
 

4.1 Introduction 

Worldwide, almost 10 % of the known plant and animal species inhabit freshwater ecosystems, 

although these systems cover merely 1 % of the earth’s total surface (Loh and Wackernagel, 

2004). However, freshwater biodiversity is declining faster than marine and terrestrial 

biodiversity (Dudgeon et al., 2006), which render lotic ecosystems among the most degraded 

habitats worldwide (Carpenter et al., 2011). This degradation is caused by multiple stressors 

acting on lotic systems, originating primarily from human population growth and the related 

increases in anthropogenic land use and changes in water usage (Allan, 2004; Nõges et al., 

2016; Stendera et al., 2012). In particular, European river  biodiversity is severely affected by 

hydrological and morphological alterations and diffuse pollution (EEA, 2012).  

Research on multiple stressors is facing this problem and increased in the last two decades 

(Jackson et al., 2016; Nõges et al., 2016), especially by focusing on hydrology, nutrients, and 

morphology (Nõges et al., 2016). The majority of these investigations are mesocosm 

experiments addressing interactions, e.g. antagonistic or synergistic effects, between pairs or 

triplets of different stressor groups (Jackson et al., 2016). Although such investigations are 

necessary for the understanding of effects of stressors acting simultaneously, they are lacking 

identification of cause-effect relationships under natural conditions. These cause-effect 

relationships, however, are a key step for successful implementation of water policies 

worldwide. For example, the Water Framework Directive (European Council, 2000) has 

implemented the DPSIR framework (Kristensen, 2004) as an example of cause-effect 

relationships. According to the DPSIR-framework there is a chain of causal links starting with 

drivers (economic sectors, human activities) through pressures (emissions, waste) to states 

(physical, chemical, and biological) and impacts on ecosystems, human health and functions, 

eventually leading to political responses. These responses allow for feedback to policy makers 

on environmental quality and the resulting impact of the political choices made. However, 

successful implementation relies on the effectiveness of these responses and therefore it is 

important to disentangle the cause-effect relationships on a high resolution to improve the 

ability of addressing specific management options (Allan et al., 2013; Craig et al., 2017; 

Kuehne et al., 2017).  

One basic assumption of the DPSIR-framework is that multiple stressors are affecting stream 

biota through different scales by following the natural stream functioning. Stream functioning 

is organized in a certain hierarchical spatial and temporal scale, starting at the regional scale 

over the watershed, stream, stretch, and reach scale down to the microhabitat scale (Friberg, 

2014; Frissell et al., 1986; Poff et al., 1997). Stressors of larger hierarchical order are thereby 
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likely to influence or initiate numerous other stressors in lower hierarchical orders (Allan, 2004; 

Rolls et al., 2012; Walsh et al., 2005). 

On the largest hierarchical order (e.g. regional), land use is acting as a driver initiating 

pressures on the state of water bodies and impacting ecosystems, especially agricultural and 

urban surfaces are often linked to negative effects on stream biota (Dahm et al., 2013; Leps 

et al., 2015; Villeneuve et al., 2017). Considering the next lower order, land use is followed by 

hydrology, which acts as a pressure on a stream scale. Meant are here broader hydrological 

conditions in contrast to small-scaled microhabitat conditions (e.g. current velocity). Hydrology, 

or in more detail the flow regime of lotic ecosystems is known to be a dominant ecological 

determinant (Bunn and Arthington, 2002; Gillespie et al., 2015; Kakouei et al., 2017; Poff et 

al., 1997; Rolls et al., 2012). The flow regime can be divided into five major characteristics: 

magnitude, frequency, duration, rate of incremental change, and timing of particular discharge 

events (Richter et al., 1996) and are commonly expressed through 170 different hydrological 

metrics (Olden and Poff, 2003). Effects on these metrics are mostly driven by numerous 

anthropogenic drivers (e.g. hydropower, drinking water supply, flood protection, crop 

irrigation), resulting in a variety of hydrological alterations (Mackay et al., 2014; Meißner et al., 

2018; Poff et al., 2006a; Poff and Hart, 2002). 

Other stressors of lower hierarchical orders are morphological alterations on a reach scale 

(e.g. channelization) and changes of the physico-chemical parameters acting on the 

microhabitat scale (e.g. nutrients) through point and diffuse pollution (EEA, 2012). Holistic 

approaches on multiple stressors using survey data have recently increased (Dahm et al., 

2013; Gieswein et al., 2017; Leps et al., 2015; Schinegger et al., 2016; Villeneuve et al., 2017), 

in which interactions and hierarchical structures were analysed and effects of single or 

simultaneously acting stressors on stream biota were quantified. However, the majority of 

these studies did not take into account the complexity of hydrology in a multiple stressor 

context and used either binary variables (e.g. impoundment: yes/no) for large-scaled 

hydrological conditions or investigated hydrological effects on smaller scales (e.g. 

hydromorphology; reach scale). Holistic investigations on the cause-effect relationships of 

multiple stressors have to include all major hydrological characteristics to determine specific 

hydrological alterations patterns and link them individually to certain biological impacts. In 

order to improve specific management options it is important to identify and quantify the 

specific pathways mediated by variables of larger hierarchical order to stressors of lower order.  

Accordingly, in the present a study the effects and role of hydrology in a multiple stressor 

context is determined based on macroinvertebrate assemblages. We analysed data of 72 

macroinvertebrate surveys in a lower mountain region of Germany combined with variables of 

different hierarchical groups: land use coverage (watershed scale), historical discharges 

(stretch scale), physical habitat structure (reach scale), physico–chemistry (microhabitat 
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scale), and natural covariables. The objectives of our study were to I) quantify the effect size 

of hydrology in a multiple stressor context on the invertebrate community and then to II) identify 

and quantify the role of hydrology through direct and indirect pathways in this multiple stressor 

context on structural and functional invertebrate traits. 

 

 

4.2 Material and methods 

4.2.1 Biological data 

Macroinvertebrate data from 72 samples taken at 51 sites were acquired from the Federal 

State’s Bureau of Nature, Environment and Consumer Protection (Figure 3). Benthic 

invertebrate sampling followed the standardized "multi-habitat sampling” approach (Hering et 

al., 2004). 

 

 

Figure 3: Map of investigated sampling sites and matching gauging stations. 

 

In order to avoid temporal autocorrelation in the dataset, a minimum interval of one year 

between surveys was set for multiple surveys accomplished between 2004 and 2009 in spring 

and summer seasons (March – September). Mantel test was performed with species data and 

geographical coordinates to check for spatial autocorrelation within the data set, mantel 

statistic (correlation method: Pearson, permutations: 999) revealed no spatial autocorrelation 

within the data set (r= 0.08, p= 0.09). Calculation were done by using the function “mantel” of 

the software package “vegan” (Oksanen et al., 2017). 
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4.2.2 Response variables 

We focus on three different components of the macroinvertebrate fauna, since other studies 

(Dahm et al., 2013; Gieswein et al., 2017; Leps et al., 2015) already demonstrated a good 

response of the selected metrics: 

I. general descriptive component including: total abundance and diversity (Shannon-

index), especially of stress sensitive Ephemeroptera, Plecoptera and Trichoptera (EPT, 

relative abundances of EPT [EPT %], EPT richness [EPT nT) 

II. general degradation component including: German fauna index (GFI5, GFI9), 

Average score per taxon (ASPT) 

III. hydrological alteration component including: Lotic-invertebrate Index for Flow 

Evaluation (Life) and Rheo-index  

 

The German fauna index (GFI) is a multi-metric stream type specific index for stream 

assessment in Germany, which is mainly focussed on the impact of hydro-morphological 

degradation on the macroinvertebrate fauna (Lorenz et al., 2004). The Index is based on taxa, 

which predominantly occur at sites of a certain morphological degradation class. As response 

variables both indices were used, stream type 5 (GFI5) and stream type 9 (GFI9). In addition, 

Average Score Per Taxon (ASPT) was used, the index is known to respond to various types 

of degradation (Armitage et al., 1983). The Rheo-index has been calculated in accordance 

with Banning (1998). The Index represents the proportion of rheobiontic and rheophilous taxa 

to taxa with low velocity preferences on species level. The preferences of taxa are based on a 

five point system in accordance with Moog (1995) with additions of Schmedtje and Colling 

(1996). An index value of “1” indicates a community with high velocity preferences, whereas a 

value of “0” indicates a total dominance of standing water species and ubiquists. In addition, 

the lotic-invertebrate Index for Flow Evaluation (Life) was used, the index assesses the impact 

of flow related stress on lotic invertebrate communities (Extence et al., 1999).  

 

4.2.3 Stressor variables 

We consider a stressor as a measurable variable that exceeds its range of normal variation 

and thereby adversely affects individual taxa, community composition or ecosystem 

functioning (Matthaei et al., 2010). The stressor variables were chosen to represent different 

hierarchical levels according to Frissell et al. (1986): catchment land use (watershed scale), 

hydrology (stretch scale), physical habitat structure (reach scale) and physico-chemistry 

(microhabitat scale). We are aware that land use is a proxy of environmental stressors but 

itself does not directly affect stream biota. However, there is strong evidence that land use can 

be linked to stressors through numerous pathways which have an effect on stream biota (Allan, 

2004; Feld et al., 2018; Rolls et al., 2012; Walsh et al., 2005). Due to the absence of evidence 
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of such pathways in our data, we decided to consider land use as a stressor variable too, also 

because previous studies have shown its high explanatory potential (Dahm et al., 2013; Feld, 

2013; Leps et al., 2015; Villeneuve et al., 2017). 

Corine Land Cover survey 2006 (CLC 2006, Büttner and Kosztra, 2007) was used for the 

quantification of land use coverage and was estimated for the entire catchment area of each 

sampling site. Overall, 23 of 34 Corine land use classes were represented in the dataset, which 

were classified according to the following level 1 classes: artificial surfaces, agricultural areas, 

and forest and semi natural areas. The classes ‘water bodies’ and ‘wetlands’ were disregarded 

because of a low representation (<0.01 %) in the study area. 

Daily discharge data of 48 matching stream gauges across the study area were acquired from 

the Federal State’s Bureau of Nature, Environment and Consumer Protection 

(http://luadb.it.nrw.de/LUA/hygon/pegel.php?karte=nrw). Matching criterion of gauging station 

and biological sampling site were a deviation in catchment areas of less than 15 percent for 

each pair. Hydrological metrics known as indicators of hydrological alteration (IHA; Olden and 

Poff, 2003) were used for the quantification of the hydrological stressors and grouped into the 

following flow categories: magnitude, frequency, duration, rate of change, and timing. IHA 

metrics were calculated based upon a time period of one year prior the biological sampling 

event (Leigh and Datry, 2017). 145 of the 171 IHA metrics were calculated with the R-package 

“EflowStats” (Mills and Blodgett, 2017), while for the remaining 26 metrics, longer time periods 

(>1 a) were considered for calculation. 

Physical habitat structure (Phs) was estimated according to the German river habitat survey 

(Gellert et al., 2014). Phs distinguishes six main parameters: channel development (phs1), 

longitudinal profile (phs2), bed structure (phs3), cross profile (phs4), bank structure (phs5) and 

riparian development (phs5). Each parameter is assessed against stream type specific 

reference conditions at the spatial resolution of 100 m sections, resulting in a classification 

ranging from 1 (reference) to 7 (completely altered) (Gellert et al., 2014). We used Phs of the 

100 m section that matched the biological sampling site, while the respective Phs survey 

(1998–2001 or 2011–2013) was selected to match the biological sampling time best.  

Physico-chemical parameters from the national Water Framework Directive monitoring were 

acquired from the Federal State’s Bureau of Nature, Environment and Consumer Protection. 

The following physico-chemical parameters were used in this study: conductivity (mS/m), total 

nitrogen (mg/l), oxygen (mg/l) and pH. Data of phosphorus (and other) parameters (e.g. salt) 

were incomplete and could therefore not be included in this study. We calculated the arithmetic 

mean for all parameters of all measurement events surveyed in a time period of 12 month prior 

to the macroinvertebrate sampling date. 

Considering the natural variability in spatial and temporal distribution of benthic communities 

along the running water continuum (Feld et al., 2016), we included data of catchment area 
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(km²), altitude (m a.s.l.) and Julian date of the sampling event as covariables to quantify 

naturally changes in the benthic assemblages. 

 

4.2.4 Preselection of stressor variables 

The final selection of stressor variables was limited to six variables per group, to avoid bias 

effects of different numbers of variables among groups (n=144 IHA metrics vs. n=23 land use 

classes and n=6 phs parameters). We used partial least squares regression analysis (PLSR) 

to identify the six most relevant IHA metrics and land use classes, respectively. PLSR is a 

statistical multivariate technique suited to analyse a large array of predictor variables based 

upon a comparatively small sample size (Carrascal et al., 2009). PLSR deploys a multivariate 

ordination of response variable and a set of predictor variables relatively similar to principle 

component regression, instead of finding hyperplanes of maximum variances between 

predictor and response variables; it finds a linear regression model by projecting predictor and 

response variables to a new space. Thus, PLSR helped to identifying the effect sizes of each 

individual stressor variable within the stressor group hydrology and land use. PLSR models 

were separately run for both stressor groups and nine benthic invertebrate community metrics 

(see above). Within each stressor group, the five best performing variables (Top5) were 

identified per model and ranked according to their effect sizes within each model and their 

overall count in Top5 of all models. For hydrological metric selection, we aimed at a final metric 

selection that covered all main hydrological categories (Olden and Poff, 2003): magnitude, 

frequency (low-/high flow), duration (low-/high flow), rate of change and timing. For land use 

variables, the final selection needed to cover the land use classes’ artificial surfaces, 

agricultural areas and forest/semi natural areas, resulting in two variables per each level 1 

class. If two metrics/variables were correlated (Spearman’s rho >0.7), the one with the higher 

overall performance was retained, while the other one was replaced by the next one in the 

rank order, until collinearity was reduced (rho <0.7 for all pairs of IHA metrics/land use 

variables). PLSR was run using the “pls” software package (Mevik et al., 2016). Models were 

validated using the leave-one-out cross-validation procedure and the optimal number of 

components was determined by the smallest root mean squared error of prediction (Mevik and 

Cederkvist, 2004). 

 

4.2.5 Quantification of stressor effects on community level 

Quantification of the stressor group’s effects on invertebrate communities was deployed using 

partial canonical correspondence analysis (pCCA). pCCA is suited to identify the portion of 

variation in a taxa list that can be attributed to single groups of environmental variables and 

combinations thereof (Peres-Neto et al., 2006). A pre-analysis of the taxa list (log x+1-

transformed abundances) using detrended correspondence analysis showed that the taxa 
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turnover gradient was >3 so that the use of CCA was justified (Jongman et al., 1995). 

Subsequent pCCA models were run using IHA metrics, land use variables, Phs parameters 

and physico-chemical variables in different combinations, to investigate their unique and joint 

contributions to the variation explained in the taxa list (Peres-Neto et al., 2006). Covariables 

(catchment size, altitude, Julian date) were set as condition in all models, to partial out natural 

variability from the stressor effects. Marginal effects of stressor variables were tested for 

significance using a permutation test (999 permutations). Residual variation was considered 

unexplained variation in each model. All models were run using the R package ‘vegan’ 

(Oksanen et al., 2017). 

 

4.2.6 Pathway analysis with trait responses 

Pathway analysis (Shipley, 2016) was used to detect and distinguish direct and indirect effects 

of environmental explanatory variables on biological response metrics. Direct effects are 

calculated based on the direct path coefficient between two variables A and B, while indirect 

effects are estimated from the influence of A on B via a third variable C. Then the path 

coefficient equals the product of the coefficients for path A-C times path B-C (Shipley, 2016). 

Pathway model set-up followed a stepwise approach: first, a most complex model was defined 

for each biological response metric. The model was in line with the hierarchical organisation 

of environmental covariates (Frissell et al., 1986): spatial covariables> land use> hydrology> 

physical habitat structure> physico-chemistry. Covariance of stressor variables was allowed, 

except for Julian date. Second, descriptor variables were dropped according to their level of 

insignificance in the model until all insignificant path coefficients were eliminated. Third, the 

procedure was repeated until the following requirements were fulfilled: i) p value of the model 

was above 0.05 (Chi-square, since H0 = data are consistent with the model), ii) comparative fit 

index was above 0.9 (Kline, 2016) and iii) all path coefficients showed significance (p <0.05). 

Mardia´s test of multivariate normality (Mardia, 1970) revealed a lack of multivariate normality 

in our data. We thus used the Satorra-Bentler robust estimator (Satorra and Bentler, 1988) to 

estimate the path coefficients. All path models were calculated in R using the ‘lavaan’ package 

(Rosseel, 2012). 
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4.3 Results 

4.3.1 Pre-selection of hydrological and land use stressors 

Frequency of low flows and rate of change were among the five best predictor variables in four 

and five out of nine PLSR-models, respectively, and are thus considered the most influential 

hydrological stressors on benthic macroinvertebrates in this study (Table 2). Among the tested 

land use classes, forest (broadleaf and coniferous) was most influential, followed by agriculture 

(cropland and pasture) and urban areas (discontinuous urban fabric and industrial or 

commercial units). Since we found the latter highly correlated (Spearman´s rho= 0.82), both 

urban land uses were subsumed under ‘urban’, to reduce collinearity in the subsequent 

analyses. See the supplementary material (Table A1) for a detailed list of stressors. 

 

Table 2: Selection of stressor variables reflecting hydrological and land use based on their 
number of occurrences among the top 5 explanatory variables in plsr models.  

 Metric name Metric code Definition In Top 5  

La
n

d
 u

se
 

Artificial surfaces LU112 Discontinuous urban fabric 3 
Artificial surfaces LU121 Industrial or commercial units 3 
Agricultural areas LU211 Cropland (non-irrigated) 4 
Agricultural areas LU231 Pasture 4 
Forest and semi 
natural areas 

LU311 Broadleaf forest 6 

Forest and semi 
natural areas 

LU312 Coniferous forest 5 

H
yd

ro
lo

gy
 

Magnitude mh20 Mean annual maximum flow divided by 
catchment area 

3 

Frequency low flow fl1 Number of flow events below the 25th 
percentile 

4 

Duration low flow dl11 1-day minimum divided by median flow 2 
Frequency high flow fh5 Number of flow events above the median 1 
Duration high flow dh15 Mean duration of flow events above the 

75th percentile 
1 

Rate of change ra8 Total number of negative and positive 
changes in water conditions 

5 

 
Note: used response variables in models: Abundance, Shannon-index, EPT %, EPT nT, GFI5, 
GFI9, Rheo-index, and Life.  
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4.3.2 Quantification of stressor effects on community level 

 

 

Figure 4: partial canonical correspondence analysis; unique and joint variances explained by four 
stressor groups (used variables see Table 3) and three natural covariables (catchment area, 
altitude, julian sampling date).  

 

Variance partitioning using partial canonical correspondence analysis (pCCA) of invertebrate 

community data attributed 10.2 % of the total explained variance exclusively to hydrological 

metrics, followed by land use (9.0 %), physical habitat structure (8.3 %) and physico-chemistry 

(7.4 %) (Figure 4). Shared variances explained by the models were dominated by the stressor 

combinations land use/hydrology (1.1 %) and land use/physico-chemistry (1.2 %), but in 

general were very low in comparison with the stressor’s unique contributions. Majority of single 

stressors variables (12 of 21) contributed significantly to the pCCA model (Table 3). 
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Table 3: Marginal effects of individual stressor variables on macroinvertebrate community of 
partial canonical correspondence analysis.  

Group Stressor Metric code Df ChiSquare F Pr(>F) 

La
n

d
 u

se
 Urban (%) LU112 + LU121 1 0.05 1.64 0.006 

Cropland (%) LU211 1 0.04 1.35 0.044 
Pasture (%) LU231 1 0.05 1.64 0.003 
Broadleaf forest (%) LU311 1 0.05 1.61 0.008 
Coniferous forest (%) LU312 1 0.03 1.16 n.s. 

H
yd

ro
lo

gy
 

Magnitude mh20 1 0.05 1.76 0.001 

Frequency low flow fl1 1 0.04 1.36 0.038 

Duration low flow dl11 1 0.04 1.31 n.s. 

Frequency high flow fh5 1 0.03 1.00 n.s. 

Duration high flow dh15 1 0.05 1.82 0.003 

Rate of change ra8 1 0.04 1.46 0.025 

P
h

ys
ic

al
 h

ab
it

at
 

st
ru

ct
u

re
 

Channel development (1-7) phs1 1 0.03 1.16 n.s. 

Longitudinal profile (1-7) phs2 1 0.04 1.28 n.s. 

Bed structure (1-7) phs3 1 0.05 1.55 0.01 

Cross profile (1-7) phs4 1 0.02 0.83 n.s. 

Bank structure (1-7) phs5 1 0.04 1.33 n.s. 

Riparian development (1-7) phs6 1 0.05 1.71 0.002 

P
h

ys
ic

o
-

ch
em

is
tr

y Conductivity (mS/m)  1 0.08 2.52 0.001 

Total nitrogen (mg/l)  1 0.03 0.91 n.s. 

Oxygen (mg/l)  1 0.04 1.34 n.s. 

pH value  1 0.04 1.45 0.015 

 Residual  47 1.40 NA NA 
 
Note: significance tested by using permutation (n= 999). 
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4.3.3 Path analysis with trait responses 

 

 

Figure 5: Standardized direct and indirect effect sizes and numbers of occurrence of four stressor 
groups and covariables in nine path analysis models. 

 

Direct pathway coefficients of hydrological stressors explained, on average, 26 % (arithmetic 

mean) of the variance of biological response variables and were significantly contributing to all 

nine models, followed by physical habitat stressors (22 %, eight models), physico-chemistry 

(21 %, seven models) and land use (19 %, six models) (see Figure 5 for standardised effect 

sizes). Catchment size was the only covariable that significantly contributed to one model 

(German Fauna Index type 9 [GFI9], Figure 6). Land use variables significantly but mostly 

indirectly influenced the biological response variables in all nine models (seven direct and 34 

indirect pathways) and additionally explained 26 % of the variance through indirect pathways. 

Hence, considering direct and indirect pathways, land use explained most of the variance in 

all models, in many cases mediated by hydrological variables (Figure 6, see Table 4 for 

supporting model information and supplementary Figure A1 for the remaining models). Indirect 

pathways of all other stressor groups were not found to be significant. 
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Figure 6: Selection of pathway models including significant standardized coefficients (arrows) and squared multiple correlations (R², indicating 
explained variance for endogenous variables). Covariance’s in between exogenous variables present but not displayed. 

 

Table 4: Performance and fitness of pathway models. 

  Model 
Component Parameter Abundance Shannon-index EPT % EPT nT GFI5 GFI9 ASPT Rheo-index Life 

Explained variance R² 0.24 0.35 0.46 0.50 0.48 0.5 0.37 0.47 0.29 

Measures of fit Model Chi-square (p value) 0.25 0.63 0.73 0.12 0.55 0.53 0.14 0,15 0.56 
Robust CFI  0.98 1 1 0.93 1 1 0.94 0.93 1 

SRMR 0.08 0.05 0.06 0.06 0.04 0.05 0.06 0.07 0.04 

Model complexity direct pathways 4 3 6 6 4 6 4 3 3 
indirect pathways 5 6 3 7 4 3 1 3 1 
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The most frequent stressor variables acting directly on the biological response variables were 

magnitude, frequency of low flow and rate of change (significant in n= 3 models), urban area 

(n= 3); bed structure (n= 6) and conductivity (n= 6; Table 5). Cropland was the most frequent 

stressor variable acting indirectly (n= 17). We found no significant pathways for frequency of 

high flow and nitrogen.  

 
Table 5: Overview of biological response directions according to the significant direct and 
indirect pathways identified by nine models.  

Pathway Group Stressor Increasing response Decreasing response 

Direct 

La
n

d
 u

se
 Urban  GFI5, GFI9, ASPT 

Pasture  EPT %, Life 
Broadleaf  EPT nT 
Coniferous GFI9  

H
yd

ro
lo

gy
 

Magnitude EPT %, ASPT, Life 
 

Frequency low flow Abundance EPT %, Rheo-index  
Duration low flow Shannon-index,  

EPT nT 

 

Duration high flow 
 

GFI9 
Rate of change 

 
Shannon-index, EPT nT, GFI5  

P
h

s 
* 

Channel 
development 

 
EPT %, EPT nT 

Bed structure EPT %, EPT nT, GFI5, 
GFI9, ASPT, Life 

 

Bank structure Rheo-index 
 

Riparian 
development 

Abundance, EPT nT, 
GFI5 

 

P
h

ys
ic

o
-

ch
em

is
tr

y Conductivity Abundance, Life Shannon-index, EPT %, GFI9, 
Rheo-index 

Oxygen Abundance  
pH value 

 
ASPT 

 Catchment area  GFI9 

Indirect 

La
n

d
 u

se
 

Urban Abundance, 
Shannon-index,GFI9, 
EPT nT  

Abundance, Shannon-index, 
EPT %, 2 EPT nT, 2 GFI5,  
2 Rheo-index  

Cropland Abundance, 
Shannon-index,  
EPT nT, Life 

Abundance, 2 Shannon-index, 
2 EPT %, 2 EPT nT, 2 GFI5, 
GFI9, ASPT, Rheo-index, Life 

Pasture Shannon-index,  
EPT nT, GFI9 

 

Coniferous 
 

Abundance 
 
Note: * The response to physical habitat variables (Phs) is chosen to demonstrate an 
improvement of the according variable (means lower class) 
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4.4 Discussion 

In this study, hydrological stressors revealed an important role in directly shaping lotic 

community structure. Unique effects of hydrological variables were higher than those of all 

other stressor groups, while joint effects of hydrological and other stressor groups were 

negligible. This points at the key role of hydrology (Bunn and Arthington, 2002; Gillespie et al., 

2015; Kakouei et al., 2017; Poff et al., 1997; Rolls et al., 2012), but at the same time contrasts 

to recent multiple stressor studies (Dahm et al., 2013; Leps et al., 2015; Villeneuve et al., 

2017), which found other stressor groups superior to hydrology. This obvious contradiction 

may be explained by a mismatch of stressor quality and scaling. Hydrological stress as 

addressed in this study is meant to be an alteration of a river section’s flow regime, i.e. a 

change in the magnitude, frequency, duration, rate and seasonality of flow (Olden and Poff, 

2003). The appropriate scaling is the river section (or sub-catchment), within which the flow 

regime is determined, for example, by surface run-off, topography, and fluvial morphology. 

Such regime data, however, is often neglected in multiple stressor studies (e.g. Dahm et al., 

2013), because the underlying flow data is usually not subjected in the field surveys and 

monitoring schemes underlying those studies. Instead, the studies analyse the presence of 

hydrological impacts (e.g. through weirs, dams, impoundments, culverts), if such data is 

available from hydro-morphological surveys at all (Gellert et al., 2014; Raven et al., 2000). 

Flow alteration through weirs and small dams, however, can be very limited with regard to the 

river section affected, i.e. the effect on flow velocity may occur at a comparatively fine spatial 

scale. Furthermore, effects of weirs on the flow regime, remain largely unaddressed by the 

mere record of the presence (and height) of a weir.  

Besides the overall direct impact of hydrological stressors on macroinvertebrate communities, 

path analysis allowed us to further disentangle the stressor-response relationships and in 

particular proved useful to identify direct and indirect pathways between stressors and 

biological responses. The results confirm a widely accepted hierarchical spatial order (e.g. 

Frissell et al., 1986), with catchment-scale land use showing the highest total (i.e. direct and 

indirect) effects (median: 37.6 %), followed by stream-scale hydrology (25.8 %), reach/local-

scale physical habitat structure (21.1 %), and local-scale physico-chemistry (20.6 %). Here, 

catchment land use subsumes several forms of intensive anthropogenic impact (cropland, 

impervious urban areas), which might explain its strong influence on macroinvertebrates 

(Allan, 2004; Dahm et al., 2013; Leps et al., 2015). 

Considering the direct effects of path analysis, we again found hydrology to be most influential 

on benthic invertebrate metrics. Hydrology showed the highest direct effects and significantly 

contributed to all tested models. In particular, the characteristics of low flow events, as opposed 

to high flow events, lead to a reduced biodiversity and changed the structural and functional 

composition of benthic invertebrates, which is in line with common principles of mechanistic 
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effects of low flows on stream biota (Rolls et al., 2012). For example, an increasing frequency 

of low flows lead to higher total abundances of invertebrates and to a decrease of EPT species 

as well as the Rheo-index. An increasing abundance is a common pattern linked to low flows 

(Dewson et al., 2007; Stubbington et al., 2009), yet the increase is species-specific and usually 

favours generalists. Specialists, in particular rheophilic species, are likely to decline and are 

showing a reduced density and richness under low flow conditions (Brooks et al., 2011). 

Besides, the magnitude and rate of change of flow was directly influential. Magnitude (mh20) 

is linked to the maximum outflow donation and was negatively related to cropland, i.e. intensive 

agriculture was linked to a lower maximum discharge peak. As we can exclude water 

withdrawal from the list of potential causes of this finding (only “non-irrigated cropland” occurs 

in the study area), we believe that catchments with high amounts of cropland have a higher 

level of flow regulation (e.g. flood protection, reservoirs) in the study area. The strong direct 

link between hydrology (regimes) and biology in our study suggests that hydrology should 

deserve more consideration in field surveys and monitoring schemes. By inclusion of 

hydrological indices, it is likely that more biological variation can be explained in multiple-

stressor models. Thus, predictions of biological alteration in course of stressor increase and 

stressor release (e.g. through restoration) should become more precise. 

The majority of indirect effects originated from land use and were mediated by hydrological 

stressors (9 out of 14 indirect pathways). For example, the path analysis identified common 

patterns, such as a higher flashiness of streams with increasing impervious areas in the 

catchment (Paul and Meyer, 2001; Walsh et al., 2005). Similar impacts on hydrology were 

found for catchment cropland, which influenced the magnitude, rate of change, and the 

duration of low and high flow events. This strong link between land use and hydrology sheds 

light on the mechanisms between land use and biological response. Often, land use is 

considered a proxy of multiple stressors (e.g., water abstraction, flow reduction, nutrient and 

sediment pollution) merely expressed as the area covered by different land uses within a 

(sub- )catchment. Despite its often strong explanatory power in multivariate analysis (Dahm et 

al., 2013; Marzin et al., 2013), the mechanisms behind the adverse biological effects of land 

use remain largely unknown, also because several potential stressor variables (pesticides, fine 

sediments) are hardly monitored. Here, we initially followed a similar approach and included 

land use as a stressor (proxy), yet path analysis allowed us to attribute a certain amount of 

land use effects solely and directly to the alteration of the hydrological regime.  

Besides the importance of land use and hydrology in our study, our results imply that physical 

habitat structure and physico-chemistry, although subordinate, play a notable role in shaping 

benthic invertebrate community structure and function. Stream bed structure positively affected 

six out of nine biological response variables, which confirms the direct link of substrate diversity 

(of mineral and organic substrates) to benthic invertebrates (Gieswein et al., 2017; Leps et al., 



29 
 

2015; Lorenz and Feld, 2013). The strong link of riparian structures to sensitive benthic 

invertebrate taxa (EPT taxa, GFI5) supports the key role of riparian forests, which have 

important ecological links to stream ecosystems through their influence on water chemistry, 

organic matter input, and shading (Feld et al., 2018; Pusey and Arthington, 2003).  

Physico-chemistry showed the lowest effects on both community and trait responses in our 

study, as opposed, for example, to the findings of Nõges et al.(2016). However, conductivity 

showed direct adverse effects on EPT % and Shannon diversity biology in six out of nine 

models. Path analysis identified the amount of cropland in the catchment to be the major 

descriptor of conductivity, thus suggesting that ion concentration is enhanced in areas 

surrounded by cropland. However, based on the data analysed here, we cannot further 

distinguish the sources of ions (e.g. nutrients, suspended solids, toxic substances). But we can 

exclude geological sources (e.g. limestone), since all streams are characterised by a 

homogeneous geology (schist and colourful sandstone). 

 

 

4.5 Conclusions  

The analysis of benthic invertebrate communities in light of multiple stressors and stressor 

groups revealed a strong impact of hydrological stressors. Their unique effects were larger 

than those of land use, physical habitat structure and physico-chemistry. Path analysis 

revealed strong direct implications of hydrological stressors on biological traits, but in parallel 

showed that the sum of direct and indirect effects on biology was highest for land use stressors. 

Notably, land use stressors indirectly affect biology and hydrology mediates these effects. The 

findings are relevant for stream monitoring and management and translate to two major 

requirements, to render stream management ecologically more effective. 

First, stream surveys and monitoring should acknowledge the role of hydrological regime shifts 

and thus incorporate hydrological parameters reflecting the five main flow attributes: 

magnitude, frequency, duration, rate of change and seasonality. Such flow attributes can be 

easily derived from gauging data, which is frequently available for most stream networks in 

developed countries. The incorporation of flow regime data in the analysis of multiple stressor 

effects on stream biology will likely increase the explanatory power of statistical models and 

thus allow for better predictions of degradation and management (restoration) effects. 

Second, land use is a considerable, but indirect (proxy of) stressors. The effects on lotic benthic 

invertebrates are considerable. Path analysis suggests, that mainly hydrology, and to a lesser 

extent also conductivity, mediate urban and cropland effects, respectively. 

These findings are based, however, on a limited number of samples and require additional 

analytical efforts using larger datasets and covering other regions. These efforts can help 

further quantify and justify the currently underestimated role of the hydrological regime in 
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stream monitoring. Moreover, path analysis has been proven useful to help identify the 

mechanisms behind land use effects on stream biology. 
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5 Chapter II: Downstream effects of dams on diversity and 
homogenization of macroinvertebrate communities  
 

5.1 Introduction 

Freshwaters are among the most threatened ecosystems worldwide (Dudgeon et al., 2006), 

as shown by the faster decline in freshwater biodiversity compared to marine and terrestrial 

systems (Grooten and Almond, 2018). Majority of rivers worldwide are threatened by multiple 

stressors, originating primarily from human population growth and the related increases in 

anthropogenic land use and changes in water usage (Carpenter et al., 2011). Dominant 

stressors are altered hydrology, increased nutrients, degraded morphology, and altered 

thermal regimes (Nõges et al., 2016), which are also often caused by dams (Collier et al., 

1996). Dams interrupt the longitudinal connectivity, cause major regime shifts downstream 

such as shifts of the frequency, timing and duration of flow, temperature and sediment 

dynamics (Brandt, 2000; Magilligan and Nislow, 2005; Meißner et al., 2018; Olden and 

Naiman, 2010). Thus cause significant ecological deterioration of lotic ecosystems with 

negative effects on downstream biodiversity (reviewed in Bunn and Arthington, 2002; Poff and 

Zimmerman, 2010). Besides taxonomical biodiversity, e.g. species richness, functional 

diversity plays a special role here, since functional diversity representing those aspects that 

are linked to ecosystem functioning and processes (Cadotte et al., 2011; Petchey, 2003; 

Schmera et al., 2017). For example regulating ecosystem services, such as self-purification or 

decomposition and nutrient cycles, are strongly linked to biodiversity, whereby decreased 

functional diversity is known to negatively affect those processes (Gessner et al., 2010; 

Ostroumov, 2005; Wallace and Webster, 1996). 

The link between diversity and function is realised through functional traits, i.e. the functional 

characteristics of organisms (e.g. macroinvertebrate feeding habits), which relate to ecosystem 

functions (e.g. organic matter decomposition). Functional diversity comprises concepts of a 

broader comprehensive understanding of functional aspects, mainly categorized into functional 

richness, evenness, divergence and redundancy (Mason et al., 2005; Rosenfeld, 2002). 

Functional richness measures how much of the trait space is occupied by the species present, 

functional evenness contains information about the distribution of abundances in the trait 

space, and functional divergence refers to the degree to which abundance distribution in niche 

space maximises divergence in functional characters within the community (Mason et al., 

2005). The aspect of functional redundancy is based on observations that some species 

perform similar roles in communities and ecosystems, and may therefore be substituted with 

no or very little impact on ecosystems processes (Feld et al., 2014; Poff et al., 2006b; 

Rosenfeld, 2002). 
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An additional component of decreasing biodiversity is concerning homogenization of 

communities. Homogenization is an increase in the similarity of ecological communities (beta 

diversity), resulting of reduced alpha diversity, while generalist species are commonly favoured 

at the expense of sensitive specialist species (Clavel et al., 2011; McKinney and Lockwood, 

1999; Olden and Rooney, 2006). Thereby, especially functional homogenization can alter 

ecosystem functioning, stability and resistance, by narrowing down the available range of 

species-specific responses and thereby decreasing a community’s resilience (Olden et al., 

2004; Pillar et al., 2013). Dams are homogenizing flows by reducing peak flows and increasing 

minimum flows and are thereby lowering the habitat complexity, which can be associated with 

taxonomic and functional homogenization of biotic communities downstream of dams (Moyle 

and Mount, 2007; Pool and Olden, 2012). In this context fish are the most studied organisms 

(reviewed in Petsch, 2016), whereby quantified effects of large dams on homogenization of 

benthic invertebrates remain rare. 

Overall, research on functional diversity of macroinvertebrates in freshwater ecosystems has 

increased in the last two decades (reviewed in Luiza-Andrade et al., 2017; Schmera et al., 

2017). Thereby researchers mainly focused their investigations on different prominent 

freshwater threats, e.g. sewage pollution (Péru and Dolédec, 2010), fine sediment 

accumulation (Lange et al., 2014) or hydromorphological alteration (Feld et al., 2014), while 

the effects of dams on functional diversity has only been rarely addressed. The recent review 

of Luiza-Andrade et al. (2017) showed that only one of four existing studies considered thereby 

the downstream effects of dams on functional diversity aspects of invertebrate communities. 

This study of Martínez et al. (2013) investigated the effects of small run-off dams on aspects 

of functional diversity of feeding types, while the impact off large dams on other parts of 

functional diversity in downstream sections remains unclear. Another review by Schmera et al. 

(2017) revealed that the sensitivity of functional diversity to different alterations are partly 

contradictory and depending on the investigated threat and it’s characteristic. Biodiversity loss 

below dams is a frequently observed phenomenon, but most of these studies refer to the 

taxonomic component of diversity (reviewed in Ellis and Jones, 2013; Poff and Zimmerman, 

2010). However, reliable conclusions of the effects on functional diversity cannot be drawn. 

Since the study of Cadotte et al. (2011) showed that the positive relationship between 

taxonomic and functional diversity is not always supported and might be influenced by the 

strength of environmental filter, type of used traits, and type of functional diversity measures.  

Accordingly, the present study explores the effects of large dams on taxonomic and functional 

diversity aspects of invertebrate communities, with an additional focus on functional 

homogenization. The objectives of this study are driven by the following research questions: I) 

Does a loss of taxonomic diversity downstream of dams imply a loss of functional diversity and 

which aspects and traits are most affected? II) Do dams cause homogenization of invertebrate 
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communities in downstream stretches? Therefore, we compared and correlated different 

taxonomic and functional diversity metrics, investigated the taxonomic and functional 

community structure and the grade of specialization of invertebrate communities of 

downstream stretches of nine large dams and compared them to communities of eight 

unaffected tributary sites. 

 

 

5.2 Material and methods 

5.2.1 Sampling sites  

In two sampling campaigns in spring (March – April) and summer (July –August) 2015, river 

stretches downstream of nine reservoir dams (downstream sites) and eight tributaries sites 

were investigated using the multi-habitat sampling approach (Hering et al., 2004). Sampling 

site characteristics are summarised in Table 1 (investigated dams: Agger, Bever, Bigge & St. 

Ahausen, Ennepe, Große Dhünn, Henne, Sorpe, Wiehl; see also Figure 2)  

 

5.2.2 Diversity and homogenization measures 

According to Mason et al. (2005), taxonomic and functional diversity metrics were calculated 

for three diversity aspects: richness, evenness, and divergence (Table 6). We addressed 

taxonomic diversity using richness (T-Richness), evenness (Pielou, 1966; T-Evenness) and 

Shannon-Wiener index (T-Shannon) as a measure of divergence (Shannon, 1948). 

Accordingly, functional diversity was quantified by using functional richness (F-Richness), 

functional evenness (F-Evenness) and Rao´s quadratic entropy (F-Rao´s Q) as a measure of 

divergence. F-Richness is defined in our study as the number of unique trait combinations 

within a community (Poff et al., 2006b). If all species are functionally different, the metric will 

be identical to species richness. Accordingly, a lower metrics indicates that the community 

includes species with the same trait combinations. F-Evenness describes the evenness of 

abundance distribution in a functional trait space (Mason et al., 2005). F-Evenness decreases 

either when abundance is less evenly distributed among species or when functional distances 

among species are less regular (Villéger et al., 2008). Rao´s quadratic entropy incorporates 

the pairwise functional distances of taxa weighted by their relative abundances (Botta‐Dukát, 

2005). It is thereby a suitable measure of functional divergence when dealing with several traits 

and abundances of different species at the same time (Schmera et al., 2017). High functional 

divergence indicates a high degree of niche differentiation, and thus low resource competition. 

Thus communities with high functional divergence may have increased ecosystem function as 

a result of more efficient resource use (Mason et al., 2005). Additionally, we used functional 

redundancy to investigate functional similarity of species within a community. The metric was 

calculated by subtracting presence-absence functional differences of the abundance weighted 
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(F-Rao’s Q), thus higher values of this metric indicate a higher similarity of the trait composition 

between the species of a sampling site. Spearman’s rho was calculated to investigate the 

relationship of taxonomic and functional diversity measures. 

 

 

Additionally, we used functional redundancy to investigate functional similarity of species within 

a community. The metric was calculated by subtracting presence-absence functional 

differences of the abundance weighted (F-Rao’s Q), thus higher values of this metric indicate 

a higher similarity of the trait composition between the species of a sampling site. Spearman’s 

rho was calculated to investigate the relationship of taxonomic and functional diversity 

measures. 

Functional metrics (F-metrics) were calculated by using a trait-by-taxon matrix of eleven 

biological traits and 62 trait categories based on Tachet et al. (2010) and Usseglio-Polatera et 

al. (2000): maximal potential size, life cycle duration, potential number of cycles per year, 

aquatic stages, reproduction, dispersal, resistance forms, respiration, locomotion and 

Table 6: Arithmetic mean ±SD of metrics describing taxonomic, functional aspects of diversity 
and homogenization.  

Component Aspect Metric Code Do (n= 9) Tri (n= 8) p 

Taxonomic 
(T) 

Richness Number of taxa T-Richness 32.67 ±7.3 45.75 ±8.6 0.005 

Evenness Pielou´s evenness T-Evenness 0.58 ±0.2 0.75 ±0.1 0.02 

Divergence Shannon-Wiener 
Index 

T-Shannon  0.59 ±0.1 0.71 ±0.1 0.009 

Functional 
(F) 

Richness Number of unique 
trait combinations 

F-Richness 26.33 ±6.1 34.25 ±6.3 0.021 

 
Evenness Functional 

evenness 
F-Evenness 0.51 ±0.1 0.54 ±0.1 n.s. 

 
Divergence Rao´s quadratic 

entropy 
F-Rao’s Q 37.59 ±9.4 44.02 ±5.9 n.s. 

Redundancy Functional 
redundancy 

F-Redundancy 0.37 ±0.1 0.48 ±0.1 0.015 

T-Homo-
genization 

Beta diversity Distance to group 
centroid in Principle 
Coordinate Analysis 
based on Bray-
Curtis of taxa list 

T-Distance to 
centroid 

0.42 ±0.1 0.39 ±0.1 n.s. 

F-Homo-
genization  

Beta diversity Distance to group 
centroid in Principle 
Coordinate Analysis 
based on Bray-
Curtis of functional 
trait matrix 

F-Distance to 
centroid 

0.13 ±0.1 0.10 ±0.1 n.s. 

 
Specialisation Sum of Community 

Specialisation Index 
Sum of CSI 5.66 ±0.2 5.68 ±0.1 n.s. 
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substrate relation, food and feeding habits. The trait-by-taxon matrix includes differing number 

of trait categories (e.g. seven categories for maximal size, vs. two categories for life cycle 

duration) as well as from trait to trait differing allocation of affinity scores (ranging between 0= 

no affinity towards a trait category and 5= high affinity). The affinity scores of single traits were 

normalised to achieve equal sums for all traits (Dolédec and Chessel, 1994) and weighted by 

the relative abundance. All F-metrics were calculated for the whole matrix as well as for each 

trait separately. F-Richness, F-Evenness and F-Rao’s Q were calculated using the software 

package FD in R (Laliberté et al., 2015; Laliberté and Legendre, 2010). F-Redundancy was 

calculated using the function “rao.diversity” of the software package SYNCSA (Debastiani, 

2018) in R.  

Taxonomic homogenization was addressed by beta diversity, so we calculated a Bray-Curtis 

distance matrix based on the relative abundance taxa list. To generate a single metric for each 

site from the distance matrix, we used Principle Coordinate Analysis (PCoA) and calculated 

the mean distance to the respective group centroid. PCoA deploys a multivariate ordination 

similar to principle components, yet with more flexibility as to the distance measure applied. 

Group centroid were determined by the spatial median of all sites of a group 

(downstream/tributary) for each axis. A homogenous group (less dissimilarity) would thereby 

be indicated by short distances to the centroid. If the composition of a group were more 

heterogeneous (higher dissimilarity), the distance to the centroid would be longer. PCoA was 

calculated with the function “betadisper” within the “vegan” software package (Oksanen et al., 

2017) in R.  

Accordingly, functional homogenization was also addressed by functional beta diversity 

(distance to centroid), whereby the Bray Curtis matrix was calculated with the normalised and 

weighted trait matrix (see above). To analyse the functional differences in more detail and 

specify potential shifts of downstream and tributary functional community structure, we used 

Similarity percentages analyses (Simper). Simper performs pairwise comparisons of groups 

(downstream/tributary) of sampling units and thereby determines the contribution of single trait 

categories to the average between-group functional Bray-Curtis dissimilarity. Significance was 

tested based upon a permutation test (999 repetitions). 

As an additional aspect of functional homogenization we investigated the grade of 

specialisation of species by calculating the community specialisation index (CSI) according to 

Mondy and Usseglio-Polatera (2014). A highly specialized taxon is characterised by having 

narrow trait niche indicated by a high expression of certain trait category, i.e. a (e.g. trait “A” of 

taxon “S”: SA1 = 0, SA2 = 5, SA3 = 0). In contrast, a generalist taxon is characterized by a wider 

trait niche (e.g. taxon “G”: GA1 = 2, GA2 = 2, GA3 = 1). Calculation of the CSI were achieved in 

two steps. First, we calculated for each taxon and trait the taxon specialisation index (TSI) 
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derived from the Simpson index (Sim), with TSI= 1-Sim. To account for differences in number 

of categories in each trait we adjusted the TSI with the minimal possible value (eqn 1) 

(1) TSIadj= (TSI – minTSI) / (maxTSI - minTSI) 

with minTSI= 1/number of categories representing the minimum possible value in that trait and 

maxTSI= 1 representing the maximum value possible in that trait. The TSIadj ranges from 0 to 

1, high values indicating a high degree of specialisation of a taxon in a specific trait and low 

value representing a more generalist taxa. In a second step the Community specialization 

index (CSI) was calculated by weighting the TSIadj with the relative abundances and summing 

them up, resulting in an indicator of the overall specialisation within a certain community and 

trait. See Mondy and Usseglio-Polatera (2014) for further details. 

 

 

5.3 Results 

5.3.1 Diversity 

Except of F-Evenness and F-Rao´s Q, we found all used diversity metrics to be significantly 

reduced downstream of dams (Table 6). On average we found 13 less taxa in downstream 

stretches (T-Richness, p= 0.005) which comes along with a loss of eight unique trait 

combinations in average (F-Richness, p= 0.021). Furthermore, T-Shannon, T-Evenness, and 

F-Rao´s Q showed a much higher variability in downstream sampling sites when compared to 

tributary sites. F-Richness and F-Redundancy significantly correlated with all taxonomic 

diversity metrics. (Table 7). In contrast, F-Evenness correlated with none taxonomic diversity 

metric.  

 

Table 7: Spearman´s rho and p value of taxonomic (T) diversity metrics correlated with 
functional (F) diversity metrics, calculations based on 11 biological traits. 

 T-Richness T-Evenness T-Shannon  

 rho p rho p rho p 

F-Richness 0.962 >0.001 0.523 0.031 0.579 0.015 

F-Evenness 0.096 n.s. 0.090 n.s. 0.128 n.s. 

F-Rao’s Q 0.271 n.s. 0.811 >0.001 0.756 >0.001 

F-Redundancy 0.587 0.013 0.971 >0.001 0.971 >0.001 
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Figure 7: Radarplot of mean functional divergence (Rao’s Q) calculated for single traits. 

 
The comparison of single trait diversity showed significant decreases in four of eleven traits 

downstream of dams (Figure 7) and applied for “maximal potential size”, “resistance forms”, 

“locomotion and substrate relation”, and “food”. Noticeably, downstream stretches were 

characterized by significantly less taxa using “eggs, statoblasts” and “cocoons” as resistance 

forms, while taxa without any resistance forms were increased (Table 8). In terms of “food”, 

Simper analysis showed lower values of “living microphytes” (p= 0.016) and “microorganisms” 

(p= 0.037) for downstream stretches. Functional dominance structure calculated for single 

traits (F-Evenness) showed no significant differences between the two groups, except of 

feeding habits (mean: do= 0.31, tri= 0.4; p= 0.02; Appendix Table B1). 
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 Table 8: Simper analyses of weighted trait categories. 

 
Notes: Do= downstream; Tri= tributaries; shown are the Top 5 and significant different trait 
categories of traits with significant diversities losses downstream (Figure 7). 
  

 

Trait Category 

Mean of relative 
abundance weighted 

trait category Explained 
dissimilarity  p Do Tri 

To
p

 5
 Reproduction Ovoviviparity 0.451 0.169 0.068 0.01 

Potential number 
of cycles per year 

Over 1 0.591 0.346 0.062 0.005 

Reproduction Clutches, 
cemented or fixed 

0.208 0.456 0.054 0.001 

Potential number 
of cycles per year 

1 0.368 0.563 0.051 0.008 

Feeding habits Shredder 0.502 0.3 0.045 0.006 

 Resistance forms None 0.807 0.7 0.026 0.025 

 Resistance forms Eggs, statoblasts 0.088 0.188 0.025 0.02 

 Resistance forms Cocoons 0.003 0.012 0.002 0,002 

 Locomotion and 
substrate relation 

Full water 
swimmers 

0.215 0.163 0.015 0.032 

 Locomotion and 
substrate relation 

Permanently 
attached 

0 0.002 <0.001 0.043 

 Food Microphytes 0.213 0.306 0.023 0.016 

 Food Dead plant 0.254 0.163 0.02 0.001 

 Food Dead animal 0.076 0.044 0.008 0.037 

 Food microinvertebrates 0.103 0.07 0.007 0.001 

 Food Microorganisms 0.01 0.021 0.003 0.037 
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5.3.2 Homogenization 

 

 

Figure 8: Principle Coordinate Analysis of taxonomic (a) and functional (b) distances (Bray-Curtis 
index) 

 

Principal Coordinate Analysis (PCoA) showed a taxonomic and functional shift of the 

composition between downstream and tributary stretches (Figure 8), but we found no 

significant differences in the distances to centroids (Table 6). According to the Top 5 results 

(in terms of explained dissimilarity) of Simper analysis (Table 8), downstream communities 

were characterized by polyvoltine species reproducing by ovoviviparity and predominantly 

feeding as shredders. In contrast, communities of tributary sites were characterized by species 

reproducing via clutches of cemented or fixed eggs with univoltine life cycles. The comparison 

of the distances to centroids done with the single trait data set showed no significant 

differences (Appendix Table B1).  

We also found no significant differences in the overall degree of specialisation between 

downstream (Table 6, sum of CSI= 5.66) and tributary communities (sum of CSI= 5.68) nor in 

the specialisation of single functional traits, except of maximal potential size (mean: do= 0.56, 

tri= 0.61; p= 0.009; Appendix Table B1). 
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5.4 Discussion 

5.4.1 Diversity 

Dams are a major threat of lotic biodiversity (Poff et al., 2007), our results showed that this 

loss of biodiversity is not only restricted to taxonomic diversity but also implies a loss of 

functional diversity aspects as well. Biodiversity and its components forms the basis of the 

majority of important ecosystems services and, consequently, a loss of diversity is likely to 

have a negative impact these services (Cardinale et al., 2012). The productivity, stability, 

invasibility, and nutrient dynamics of ecosystems are heavily depending on biodiversity (Tilman 

et al., 2014). Thereby especially the functional diversity within a community is enhancing the 

ecosystems functions (Cardinale et al., 2002; Jonsson and Malmqvist, 2003). Consequently, 

the reduced functional diversity found below dams is lowering those ecosystem functions, e.g. 

is a reduced functional diversity known to negatively affect decomposition rates in stream 

habitats (Handa et al., 2014). Furthermore, we found decreased diversity of traits “food” and 

“maximal potential size” and additionally a high reproductive frequency to be characteristic for 

downstream stretches, whereby those traits and categories are directly linked to secondary 

production, - respiration, and metabolism (Macadam and Stockan, 2015; Wallace and 

Webster, 1996).  

The general loss of functional richness in downstream stretches could indicate that potentially 

available resources remain unused and thus reducing productivity (Mason et al., 2005; 

Petchey, 2003). It is also conceivable that, because of a reduced availability of resources and 

habitats, the number of potentially available ecological niches is reduced in these sections. 

Consistent with this, the trait diversity of “maximal potential size” and “locomotion and substrate 

relation” were significantly lower in downstream stretches and thus pointing at a reduced 

habitat offer. This reduced habitat offer is likely to be caused by increased fine sediments and 

deficits of pebbles and small cobbles, which we found to be characteristic for those 

downstream stretches in a former study (Meißner et al., 2018). On the other hand, the reduced 

diversities of traits "food" (p=0.01) and "feeding habits" (n.s.) indicate lower food availability 

compared to our tributary stretches. Consistent with this, downstream stretches showed a 

significant reduction of trait categories related to the consumption of primary producers (“living 

microphytes”, “living microorganism”). According to the review of Jones et al. (2012), fine 

sediments are also likely to decrease food availability and quality, e.g. by decreasing the 

amount of periphyton (microphytes and microorganisms). In contrast to that, other studies 

usually report an increased primary production in downstream stretches (Aristi et al., 2014; 

Munn and Brusven, 2004; Wellard Kelly et al., 2013), since we did not directly addressed the 

primary production in our study further investigations are needed in order to clarify this 

contradiction. 
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The positive correlations between functional richness as well as functional redundancy and 

taxonomic diversity measures suggest that the reduced ecosystem function probably also 

applies to numerous dam-related studies worldwide, which mainly report losses in taxonomic 

diversity (reviewed in Poff and Zimmerman, 2010). The result is partly in line with findings of 

other investigated stressors (reviewed in Luiza-Andrade et al., 2017; Schmera et al., 2017) 

since functional evenness (F-evenness) did not correlated with any taxonomic diversity 

measure. Thus, F-evenness represents an independent level of information, even though we 

did not find any significant differences. The result should encourage future studies to include 

functional diversity measures in addition to the well-established taxonomic measures, since 

the relationship between functional and taxonomic diversity measures is complex and context 

dependent (Cadotte et al., 2011). 

The maintenance of ecosystem functions and services under substantial projected future 

environmental changes (i.e. their 'resilience') is crucial and is also related to aspects of 

functional diversity (Elmqvist et al., 2003; Oliver et al., 2015). We found functional richness and 

redundancy to be significant decreased in downstream stretches, both are important aspects 

of an ecosystems resilience (Mason et al., 2005; Rosenfeld, 2002). In addition, downstream 

stretches showed a decreased diversity within the trait "resistance forms" (less dormant 

stages), which further reduces the resilience of those sites. A loss of resilience usually paves 

the way for a switch to an alternative state of an ecosystem (Scheffer et al., 2001) which can 

be linked to drastic changes in the functioning itself (Schmera et al., 2012). In response to 

climate change, freshwater systems are expected to experience changes in temperature, flow, 

evaporation rates, water quality and species composition (Döll and Zhang, 2010; Kakouei et 

al., 2018; Woodward et al., 2010). Some of these changes have already been observed in 

recent years (e.g. increased extreme weather events) and so the current paper by Tonkin et 

al. (2019) already calls for a future-oriented, resilience-enhancing management adaptation for 

river ecosystems. The results of this study underline the urgency of these management 

adaptations. The implementation of environmental flows in dam operations, e.g. by developing 

regional environmental flow standards (Poff et al., 2010), can help to protect and restore 

aquatic ecosystems biodiversity, intrinsic values, and their ecosystem services (Arthington et 

al., 2018). 

 

5.4.2 Homogenization  

The results of this study indicating that the alterations caused by dams are unlikely to 

homogenize invertebrate communities in downstream stretches per se. We found no 

significant differences in either taxonomic (distance to centroid) nor in functional measures 

(distance to centroid, Sum of Community Specialisation Index) by comparing downstream 

sampling sites with those in unaltered tributaries. The individuality of dam constructs and 
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consequently their ecological effects are defined by numerous technical and environmental 

factors (Poff and Hart, 2002), which is fitting with our observations within the former study, 

where we identified individual flow patterns of the different investigated dams (Meißner et al., 

2018). These individual dam specific patterns might thereby also explain the increased 

standard deviation in different measures of diversity downstream of dams (T-Shannon Wiener, 

F-Rao’s Q, F-Redundancy). Invertebrates are known for having highly species-specific 

preferences concerning flow conditions (Kakouei et al., 2017) or the tolerated amount of fine 

sediments (Extence et al., 2013). Therefore are the effects on the assemblage composition 

highly depending on initial ecological conditions; the magnitude, type and uniformity of 

environmental alteration (Hawkins et al., 2015). Following this, we conclude that individual 

sampling-site-specific effects are too variable in our study to cause a taxonomic or functional 

homogenization in downstream stretches. 

The observed shift of functional composition (PCoA) were primarily caused by an increase of 

functional characteristics of r-strategists (Haybach et al., 2004), e.g. polyvoltine species 

reproducing by ovoviviparity. This strategy is particularly advantageous if the frequency of 

unstable conditions in a system increases (Townsend and Hildrew, 1994). Although dams 

homogenize certain aspects of the flow regime, we also found that the flow regimes 

downstream of the investigated dams are characterized by long low flow spells during the 

winter months (Meißner et al., 2018). This temporal disturbance is thereby likely to cause the 

increase of r-strategists in downstream stretches. Similar patterns were frequently observed 

by studies of other environmental stressors (Dolédec and Statzner, 2008; Floury et al., 2017; 

Lange et al., 2014; Looy et al., 2014; Piscart et al., 2006; Usseglio-Polatera and Beisel, 2002). 

According to McKinney and Lockwood (1999), increased r-strategists are likely to be “winners” 

of homogenization processes and point by that to another aspect of homogenization in terms 

of dominant functional characteristics. 

 

 

5.5 Conclusions 

Dams reducing invertebrate taxonomic and functional diversity components and thereby 

altering ecosystem functioning. Especially, resilience reduced by a decline in functional 

diversity, redundancy and diversity loss in trait resistance forms. The results of our study 

should encourage ecosystem managers, politicians and scientists to work on rules for sufficient 

environmental flows, especially under the light of climate change.  

Dam-specific operations and their ecological effects are too diverse to produce a broader 

homogenisation of the invertebrate communities in the downstream sections, although we 

have an increase in r-strategists in these sections. 



43 
 

6 Chapter III: Riverine regime shifts through reservoir dams reveal 
options for ecological management  
 

6.1 Introduction 

Worldwide, almost 10% of the known plant and animal species inhabit freshwater ecosystems, 

although these systems cover merely 1% of the earth’s total surface (Loh and Wackernagel, 

2004). However, freshwater biodiversity is declining faster than marine and terrestrial 

biodiversity (Dudgeon et al., 2006), mainly driven by the multiple human demands for water 

and the uses of freshwater ecosystems (MEA, 2005), including the provision of drinking water, 

food, energy, sanitation and flood protection (ICOLD, 2017). In particular, river (lotic) 

biodiversity is severely degraded by physical habitat alterations (Dudgeon et al., 2006), which 

render lotic systems among the most degraded ecosystems worldwide (Carpenter et al., 2011). 

Furthermore, the construction of new dams is ongoing to generate hydropower, regulate 

floods, and store water for drinking water supply and irrigation (Zarfl et al., 2014). These 

activities are consistent with the Sustainable Development Goals defined for the Agenda 

(United Nations, 2019), namely I) to conserve, restore and sustainably use terrestrial and 

inland freshwater ecosystems and their services, II) to secure human nutrition, III) to ensure 

human access to clean water, and IV) to sustainable and clean energy. In many regions of the 

world, reservoirs are considered the key management option to achieve these goals, which 

inevitably bears the need for more dams. At least 3,700 major dam projects are recently 

planned or under construction and will decrease the number of remaining free-flowing rivers 

by about 21% (Zarfl et al., 2014). Consequently, river ecosystems integrity and biodiversity are 

likely to decline further. 

Physical habitat degradation of rivers is often linked to dams that interrupt the longitudinal 

connectivity of the river network and thus dramatically change the structure, functionality and 

biodiversity of the affected river segments up- and downstream (Gillespie et al., 2015). 

Reservoir dams can cause major regime shifts downstream, three of which are particularly 

detrimental for lotic biodiversity. First, a variable water temperature regime affects the life cycle 

of many aquatic insects (Haidekker and Hering, 2008), whereas the discharge of cold 

hypolimnic water from reservoirs can extend larval development and thus desynchronise life 

cycles of impacted populations from those at unimpacted sites nearby. Water temperature also 

controls the metabolic rate of macroinvertebrates and thus affects food consumption and 

biomass production (Webb et al., 2008). Second, changes in the flow regime affect habitat 

quality and availability up- and downstream of reservoir dams. According to Richter et al. 

(1996), flow regime shifts can be expressed by five major characteristics: the magnitude, 

frequency, duration, rate of incremental change, and timing of particular discharge events (e.g., 



44 
 

floods). Lytle and Poff (2004) showed that these flow regime shifts affect numerous life history 

traits, behavioural adaptations and morphological characteristics of aquatic organisms. Third, 

flow regime shifts are linked with changes in the sediment dynamics on the river bottom 

(Petticrew et al., 2007). A reduction in the magnitude of discharge and/or in the frequency of 

high-flow conditions downstream of dams, for example, can cause an excessive accumulation 

of fine material (e.g., sand, silt, detritus) and thus can decrease bottom habitat quality and 

diversity (Grant et al., 2013). On the other hand dams interrupt the natural sediment transport 

by trapping coarser materials (Brandt, 2000) resulting in decreasing habitat availability.  

Achieving a balance between human demands on, and ecological integrity and biodiversity of 

lotic ecosystems is, therefore, the ultimate challenge of ecologically sustainable water 

management (Richter et al., 2003). The magnitude of change caused by the presence of 

reservoir-dam systems is highly dependent on how the system is managed. Science is 

addressing this issue by developing environmental flow standards with diverse approaches 

(Poff et al., 2017), which can be subdivided into four main classes: hydrologic methods  

(Richter et al., 1996), hydraulic rating (Tharme, 2003), habitat simulation (Bovee, 1982), and 

holistic (ecosystem) methods (Poff et al., 2010). Poff (2017) called for a broadening of these 

methods to incorporate dynamic time-varying flow characteristics as well as an extension to 

“non-flow” environmental features (e.g. temperature, sediment). 

To do so, we investigated the potential for season-specific flow characteristics by studying the 

effects of twelve reservoir dams on the thermal, hydrologic and sediment regimes, and 

ultimately on the macroinvertebrate community structure, function and diversity downstream. 

Based on these effects, we evaluated options for an ecologically more sustainable dam 

management approach, putatively beneficial to the biota below dams. We compared dam-

induced regime shifts at sites below dams with those of undisturbed reference streams and 

tested the correlation of these regime shifts with selected biological and ecological traits of 

benthic invertebrates. We used the quantification of thermal, hydrologic, and sediment regime 

shifts below dams to evaluate potential season-specific management options. These 

seasonally different management options constitute the novelty of our approach and help 

render dam management more ecologically sustainable.   
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6.2 Material and methods 

6.2.1 Study area 

We investigated river reaches downstream of twelve reservoir dams (downstream sites) 

situated in three main watersheds of the rivers Ruhr, Sieg and Wupper (Figure 2). In addition, 

comparable, but unimpacted stream reaches were sampled as control sites (tributary sites) 

according to the following criteria: direct connection to the dam-impacted stream site 

(tributary), identical stream type (Gellert et al., 2014) and comparable stream size (width, 

discharge). Data availability and sampling site characteristics are summarised in Table 1. 

 

6.2.2 Water temperature 

Water temperature was recorded at nine downstream sites and eight tributary sites (sites at 

Ahausen and Bigge dams share the same tributary) from February 2014 to January 2015 

(temporal interval: 30 min). Eight of the nine reservoirs release deep water, while one (GrD) 

releases water extracted from a variable depth. At each site, a pair of temperature loggers 

(Hobo Model UA-002-64, resolution: ± 0.5 °C) was installed at a shaded spot close to the 

stream bank and fixed, so that the loggers remained submerged during the entire period, but 

at a sufficient distance above ground to prevent sedimentation and mechanical abrasion. 

 

6.2.3 Hydrology 

Daily discharge data covering a period of eleven years (Nov 2002 to Oct 2013; max. total 

tolerable data gap: 2 months) were acquired from the Federal State’s Bureau of Nature, 

Environmental and Consumer Protection for a total of 78 gauging stations in the study area 

(http://luadb.it.nrw.de/LUA/hygon/pegel.php?karte=nrw) (see Appendix Table C1 for further 

information). We characterized hydrology using five major characteristics of streamflow: 

magnitude, frequency, duration, rate of change and timing (Richter et al., 1996). These were 

addressed by a selection of eight hydrologic metrics (Table 9) in line with the ecological limits 

of hydrologic alteration framework (Poff et al., 2010). Two lower and four upper thresholds (10th 

and 25th percentile, 75th and 90th percentile, HQ1.5 and HQ2) were used for the calculation of 

metrics of the flow components frequency and duration. As correlation analysis identified the 

10th and 90th percentiles of the metrics to be least correlated, both metrics were used for the 

analysis in this study. All metrics were computed for the whole time series (11 years) and for 

two seasonal datasets (summer: Apr–Sep and winter: Oct–Mar).
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Table 9: Overview of the eight hydrologic metrics used in this study. 

Notes: values are arithmetic mean and standard deviation of eight hydrologic metrics of gauges 
downstream of dams and reference gauges (identified by multivariate ordination, see Figure 10) 
in two seasons with significance levels according to Mann-Whitney U test (Sig.): ***= p <0.001, 
**= p <0.01, *= p <0.05, n.s.= p >0.05. 

  Summer Winter 

Hydrologic Metric Definition 
Downstream 

(n= 9) 
Reference 

(n= 32) Sig. 
Downstream 

(n= 9) 
Reference 

(n= 32) Sig. 

CV Magnitude 
(MCV) 

Coefficient of variation of daily discharge data 0.98 ± 0.24 1.56 ± 0.32 *** 1.29 ± 0.48 1.17 ± 0.13 n.s. 

Frequency low 
flow 
(FL) 

Arithmetic mean of low flow events below a lower 
threshold 
(10th percentile) per year 

2.65 ± 2.35 4.91 ± 0.74 *** 3.90 ± 3.26 0.34 ± 0.18 *** 

Frequency high 
flow 
(FH) 

Arithmetic mean of high flow events above an upper 
threshold 
(90th percentile) per year 

1.54 ± 0.91 1.64 ± 0.52 n.s. 2.96 ± 1.08 6.23 ± 0.70 *** 

Duration low flow 
(DL) 

Arithmetic mean of the duration of low flow events 
(n days) below a lower threshold (10th percentile) 

10.42 ± 8.53 7.30 ± 1.35 n.s. 8.63 ± 5.78 6.02 ± 4.52 * 

Duration high flow 
(DH) 

Arithmetic mean of the duration of high flow events 
above a upper threshold (90th percentile) 

7.14 ± 3.52 2.83 ± 0.56 *** 9.04 ± 1.92 5.22 ± 0.72 *** 

Rise rate (RR) Arithmetic mean of positive discharge changes from one 
day to another, calculated for the percentile change of 
long term mean flow 
(Qday2 -Qday1)/MeanQ [where: Qday2 >Qday1 ] 

0.17 ± 0.08 0.48 ± 0.12 *** 0.21 ± 0.06 0.46 ± 0.08 *** 

Fall rate (RF) Arithmetic mean of negative discharge changes from one 
day to another, calculated for the percentile change of 
long term mean flow 
(Qday1-Qday2)/MeanQ [where: Qday2 <Qday1 ] 

0.16 ± 0.09 0.21 ± 0.05 ** 0.19 ± 0.06 0.20 ± 0.03 n.s. 

Constancy (TC) Measures how uniformly events occurs through all 
seasons. Range: 0-1, where 1 stands for highly uniform 
flow pattern. See also (Colwell, 1974) 

0.22 ± 0.07 0.20 ± 0.08 n.s. 0.13 ± 0.12 0.08 ± 0.03 n.s. 
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6.2.4 Sediments 

We estimated fluvial (run, riffle, pool) and substrate composition along 50 m-long stream 

reaches (5% cover increments) while conducting macroinvertebrate sampling, where the 

substrate composition included a differentiation of nine mineral and nine organic substrate 

types in accordance with the standard sampling protocol(Hering et al., 2004). Deposited fine 

sediments were recorded at eight pairs of sites, each pair of which contained a downstream 

and a tributary site (Table 1). Fine sediment sampling (particle size <2 mm) followed the 

methodology described by Lambert and Walling (1988), but using a stainless steel cylinder 

(diameter 48.5 cm with a foam seal on the bottom edge). The cylinder was put on the stream 

bottom at six spots (two each for riffles, runs and pools) within each site, to isolate the sampling 

area from the surrounding waterbody. The enclosed stream bottom was mechanically 

disturbed with a pitchfork (depth: 10 cm), before the fine sediment was dispersed with a 

wooden paddle for ten seconds. We collected a 250 ml water sample while sediment was 

suspended and transported them to the lab on ice. Five measures of water depth were taken 

in the cylinder, to calculate mean water depth and enclosed water volume. In the lab, samples 

were dried (105 °C), sieved (mesh width 2 mm), weighed (= dry mass) and repeatedly burnt at 

500 °C until mass stability (= ash free dry mass), to determine the organic content (dry mass 

minus ash free dry mass). Fine sediment contents were then calculated for each fluvial habitat 

separately (riffle, run, pool) and summed for each sampling site according to the fluvial habitat’s 

coverage on the sampled 50 m section. 

 

6.2.5 Macroinvertebrates 

We sampled the macroinvertebrate fauna at all downstream (n= 12) and tributary sites (n= 11). 

Macroinvertebrates were sampled at 50 m reaches according to the multi-habitat approach 

(Hering et al., 2004) during the spring sampling campaign between March and June 2015. 

This study explores effects of the regime shifts on the following biological traits and metrics: 

total abundance, species richness, taxonomic structure, functional feeding type, habitat 

preference, current velocity preference, and longitudinal zonation (detailed overview in 

Appendix Table C2). In addition, we used the Average Score Per Taxon (ASPT) that is known 

to respond to various types of degradation (Armitage et al., 1983). The impact of morphological 

alterations was addressed by the German Fauna Index (GFI, Lorenz et al., 2004), whereas for 

hydrologic alterations, we selected the ‘Rheo-index’ (Banning, 1998) that contrasts the 

proportion of lotic (rheophilic) and lentic (limnophilic) taxa. 
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6.2.6 Statistics 

For the comparison of the different regime shifts (temperature data, hydrologic metrics) as well 

as for the comparison of the biological data between downstream and tributary sites, 

significance of group medians or means was tested using the Mann-Whitney U test or Student 

t-test, respectively, conditional on the distribution of the underlying data (normal distribution 

tested with the Shapiro-Wilk test). Differences of fine sediment contents were tested with a one 

sided t-test (underlying hypothesis: downstream sites > tributary sites). Because most 

variables revealed non-normal distributions, Spearman's rank correlation coefficient (rho) was 

used to assess the quality of the monotonic relationship between abiotic (temperature, fine 

sediments) and biotic variables. 

The contributions of individual substrates to the overall dissimilarity of substrate compositions 

between downstream and tributary sites was based on the multi-habitat sampling protocol 

(Hering et al. 2004) and quantified by Similarity Percentages analysis (Simper) using the 

“simper” function of the package “vegan” (Oksanen et al., 2017).  

Based on a gauging station’s location in the stream network, we defined three groups of 

stations a priori:  

I. downstream of dams: max. 2 km downstream of a dam and no tributary stream 

entering the section between dam and gauging station (n= 11 [nine sampling sites + 

two sites without biologic data]) 

II. upstream of dams: upstream of a dam without any further impoundment (n= 13)  

III. river: gauging station is not located close to dams, but hydrologic alteration cannot be 

fully excluded (e.g., due to weirs, flood protection reservoirs, water treatment plants 

etc.; n= 56) 

 

Upstream gauging stations were used to support the identification of unaltered reference sites 

among the “river” subset. To do so the matrix of eight hydrologic metrics (calculated for the 

whole time series) by 78 gauging stations was subjected to a Principle Components Analysis 

(PCA). Gauging stations located in the range of PC axis 1 and 2 values of upstream gauging 

stations were set as candidate reference sites and subjected to further cross-checking. 

Therefore, we deployed additional plausibility checks (outlier analysis, check of hydrographs 

and geographical locations in the stream network). 

By contrasting the hydrologic differences of reference and downstream sites, we quantified the 

flow regime disturbances (FRD). Therefore, we first calculated the arithmetic mean of the eight 

hydrologic metrics of the reference sites. Second, we calculated the Euclidean distance from 

that eight dimensional reference point to the individual sets of eight hydrologic metrics 

calculated for the downstream sites (n= 11). 
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To investigate the association between species patterns of downstream and tributary sites, a 

multipattern analysis was performed with the taxa lists, using the “multipatt” function of the 

package “indicspecies” (Cáceres et al., 2009). All statistical calculations and analyses were 

done in R version 3.3.3 (R Core Team, 2018), and an overview of methods and sampling sizes 

is given in Table C3. 

 

 

6.3 Results 

6.3.1 Water temperature 

 

 

Figure 9: Monthly temperature means of downstream (n= 9) and tributary sites (n= 8) 
(Feb´15 – Jan´16). 

 

We found general seasonal patterns in the water temperature regime of downstream sites in 

comparison to tributary sites. Both mean spring (delta: 2.07 °C) and summer temperatures 

(delta: 5.21 °C) of downstream sites were significantly lower than in tributary sites (Figure 9). 

Because of the different distances of downstream sites to the dams, the alterations of 

temperature regimes were highly variable (SD summer delta: 2.41 °C), with deviations being 

most pronounced for the Henne reservoir (‘Hen’) (delta: 8.61 °C) and least pronounced for the 

Große Dhünn reservoir (‘GrD’; delta: 0.91 °C) during summer.  
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6.3.2 Hydrology 

 

 

Figure 10: Principal Component Analysis of 80 gauging stations with eight hydrologic metrics 
computed for the whole time period (2002–2013). Cumulative explained Variance: PC1 44%, 
PC2 62%. 

 

The ordination (PCA) of eight hydrologic metrics explained 65% of the variance in the data 

with the Axis 1–2 (Figure 10). Except for the frequency and duration of high flow (Spearman’s 

rho= - 0.92) and the frequency of high flow and rise rate (rho= 0.95), the tested metric pairs 

exhibited modest correlations (rho <0.69) and hence are considered non-redundant, because 

≥50 % of the variation is not mutually explained by any pair of metrics tested. The hydrologic 

metrics clearly distinguished (altered) downstream sites from sites upstream of dams (Figure 

10). We identified 32 reference sites that are located in the upper right of the PCA plot (incl. 

most sites upstream of dams). Additional plausibility checks confirmed the unaltered hydrologic 

character of reference sites. All metrics (except constancy) revealed significant differences 

(Mann-Whitney U test) between downstream and reference sites, which in part showed 

seasonal differences (Table 9). 
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6.3.3 Sediments 

 

 

Figure 11: Average fine sediment load of eight pairs of downstream and tributary sites.  

 

Simper analysis of substrate composition revealed a lack of pebbles and small cobbles (akal, 

microlithal) at downstream sites that was compensated by larger cobbles (mesolithal, 

macrolithal) (Table 10). These four (out of eighteen) substrate types explained 71% of the 

dissimilarity between downstream and tributary sites. Fine sediments below dams, on average, 

were two times higher than at tributary sites (3045 g/m² ±2452 and 1687 g/m² ±1165, 

respectively, n= 8), yet the difference was insignificant (t-test: p= 0.09), probably because of 

the high variability of fine sediment contents at both groups of sites (Figure 11).  

 

Table 10: Simper analysis of the substrate coverage of downstream (n= 12) and tributary sites 
(n= 11). 

Substrate type Grain size 
(cm) 

Mean coverage (%) Cumulative explained 
dissimilarity (%) Downstream Tributaries 

Mesolithal 6 – 20 40.8 37.5 21 
Macrolithal 20 – 40 24.2 17.1 39 
Akal 0.2 – 2 5.7 13.5 55 
Microlithal 2 – 6 13.5 17.1 71 
 
Notes: Shown are all substrate types with an explained dissimilarity of >10 %, differences n.s.  
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6.3.4 Macroinvertebrates 

We found reduced biodiversity of macroinvertebrates at downstream sites, with particular loss 

of diversity as well as density in sensitive groups Ephemeroptera, Plecoptera and Trichoptera 

(EPT) species (Table 11). The loss of EPT species significantly influenced several 

assessment-relevant metrics. For example, flow-dependent (rheophilic, rheobiont) taxa that 

frequently occurred at tributary sites were replaced by ubiquitous taxa (with rather indifferent 

current preferences) at downstream sites, which is in accordance with the higher density of 

crenal-inhabiting (i.e. headwater) species below dams. They are cold-adapted and thus benefit 

from lower temperatures evident for most downstream sites. Typical stream taxa (i.e. taxa with 

preferences for rhithral reaches) were replaced by littoral taxa (i.e. taxa preferring low or 

stagnant flow conditions) at downstream sites (Table 11).  

 

Table 11: Arithmetic mean and standard deviation of significantly different biological traits.  
 

Component Biological metric 
Downstream 

(n = 12) 
Tributaries 

(n =11) 
Sig. 

Assessment GFI5 0.36 ± 0.39 0.76 ± 0.20 ** 

ASPT 6.30 ± 0.57 6.88 ± 0.53 * 

Diversity Shannon-Wiener Index 2.11 ± 0.40 2.51 ± 0.44 * 

Total Number of Taxa 25.75 ± 6.70 32.55 ± 6.39 * 

EPT nT 13,67 ± 4.98 19,55 ± 4.53 * 

Density Crustacea  705.50  ± 698.06 129.27 ± 183.98 * 

Ephemeroptera  178.83 ± 146.46 813.64 ± 766.42 ** 

Longitudinal 
zonation 

Crenal % 2.09 ± 2.68 0.68 ± 0.66 * 

Littoral % 5.28 ± 2.99 2.81 ± 2.09 * 

Lentic % 3.72 ± 3.28 1.71 ± 1.77 * 

Lotic % 10.86 ± 4.97 16.25 ± 7.12 ** 

Current 
preferences 

Rheo-index 0.74 ± 0.21 0.92 ± 0.11 * 

Rheobiont % 5.07 ± 5.94 27.35 ± 24.41 ** 

Feeding 
types 

Grazers, scrapers % 18.60 ± 7.69 39.49 ± 22.52 * 

Passive filter feeders % 1.73 ± 2.09 4.12 ± 4.79 * 

Shredders % 25.45 ± 16.05 11.21 ± 9.49 * 
 
Notes: lotic= epi-, meta-, hyporhithral preferences; lentic= crenal, littoral and profundal 
preferences; Significance (Sig.) levels according to Mann-Whitney U test: **= p <0.01, *= p 
≤0.05. 
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The results were supported by the multipattern analysis (Table 12). Tributary sites were 

inhabited by Ephemeroptera and Trichoptera taxa with preferences for high current velocities 

and feeding by grazers (Habroleptoides confusa SARTORI & JACOB, 1986; Rhithrogena 

semicolorata group) or passive filter feeders (Hydropsyche pellucidula group, Hydropsyche 

instabilis [CURTIS, 1834]). In contrast, downstream sites were inhabited by Gammarus pulex 

(LINNAEUS, 1758), an amphipod (Crustacea) feeding as a shredder with preferences for high 

to moderate current velocities. 

 

Table 12: Significant species of multipattern analysis of site groups with Indicator value (IndVal) 
and significance (Sig). 

Group Species IndVal Sig. 

Downstream Gammarus pulex 0.76 * 
Tributaries Habroleptoides confusa 0.84 * 

 Rhithrogena semicolorata group 0.83 * 

 Ephemera danica 0.74 * 

 Rhycophila sensu stricto sp. 0.70 * 

 Hydropsyche pellucidula group 0.65 * 

 Hydropsyche instabilis 0.60 * 

 Odontocerum albicorne 0.60 * 
 
Note: *= p ≤0.05. 

 

Correlation analysis of biological traits and data of the abiotic regime shifts showed that spring 

water temperature and Ephemeroptera density revealed a strong positive relationship 

(Spearman’s rho= 0.74, p= 0.0007), whilst Plecoptera species were negatively correlated with 

the amount of fine sediment on the bottom (Spearman’s rho= -0.61, p= 0.01). With regard to 

hydrologic linkages, the overall hydrologic alteration of dam sites (quantified as the intensity of 

flow regime disturbance, FRD) was negatively correlated with the macroinvertebrates’ total 

abundance. Correlation analysis of flow regime components and biological traits of 

downstream sites with available discharge data showed more significant correlations of winter 

hydrologic metrics compared to summer metrics (Table 13). High flow frequency was 

negatively correlated with the density of epirhithral species. Because epirhithral species are 

characteristic for the type of river addressed within our study, their response to high flow 

frequency in winter is not straightforward but might simply be related to a loss of organisms as 

a consequence of, e.g., longer high flow events.  
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Table 13: Spearman correlation coefficients of hydrologic metrics of different seasons and 
biological traits of downstream sites (n= 9) with R² >0.6 and significance (Sig.). 

 Pair tested rho Sig. 

Annual 
Flow regime 
disturbance Abundance -0.80 ** 

Summer 

Frequency low flow Phytal % 0.85 ** 

Rise rate Rheophil % 0.87 ** 

Constancy Trichoptera number of taxa 0.88 ** 

Winter 

CV Magnitude Rheophil % -0.80 ** 

Frequency low flow EPT number of taxa -0.79 * 

Gatherers, Collectors % 0.90 *** 

Frequency high flow Epirhithral % -0.80 ** 

Duration low flow Trichoptera number of taxa 0.80 ** 

Duration high flow Ephemeroptera % 0.82 ** 

Constancy Epirhithral % 0.91 *** 
 
Notes: ***= p < 0.001, **= p < 0.01, *= p <0.05. 

 

 

6.4 Discussion  

Facing the ongoing fragmentation and regime alterations of rivers worldwide, dams are known 

to be a major driver of lotic biodiversity loss (Poff et al., 2007). The adverse impact of reservoir 

dams on lotic ecosystem biodiversity and integrity is significant (Gillespie et al., 2015; Poff and 

Zimmerman, 2010). This calls for immediate action to halt the loss of biodiversity and to 

achieve a sustainable use of resources in line with the goals of numerous continental and 

global environmental policies (Balmford et al., 2005; European Council, 2000; United Nations, 

2019). The loss of biodiversity and natural densities of species are related to reduced 

ecosystem resilience and services (Elmqvist et al., 2003). The provision of management 

options for environmental flows, whether by following a natural flow paradigm (Poff et al., 1997) 

or a designed flow paradigm (Acreman et al., 2014), requires the sufficient description of the 

altered regime as well as a reliable understanding of the biological responses. 

Our results revealed significant alterations of the structural and functional composition of 

benthic macroinvertebrate communities at downstream sites. In particular, the diversity and 

density of Ephemeroptera (mayflies), Plecoptera (stoneflies) and Trichoptera (caddisflies) 

were significantly reduced when compared to tributary sites within the study area (see Table 

11). Overall, we found EPT taxon richness to decrease on average by 30% below dams (EPT 

density: 51%). This biodiversity loss below dams is comparable to the numbers reported by 

other studies (reviewed in Gillespie et al., 2015). Furthermore, we observed a general decline 

of macroinvertebrate density following increased flow regime disturbances, which is consistent 

with previous studies (Jakob et al., 2003; Lauters et al., 1996; Robinson and Uehlinger, 2008) 
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and according to our data independent of the individual components of hydrologic alteration 

(e.g. duration, frequency). In terms of the sediment regime shift, we found general habitat loss 

at downstream sites, mainly driven by the accumulation of fine-sediments that cover other 

mineral substrates (e.g. pebbles and cobbles).  

These findings point at the importance to quantify regime shifts and to account for alterations 

of regime shifts in monitoring and management guidelines to help better restore environmental 

flows (Poff, 2017). Regime shifts are primarily driven by hydrologic alterations, which then alter 

the sediment regime, i.e. the shift from erosional to depositional areas on the stream bottom. 

In addition, the water temperature regime can be severely altered. However, the degree of 

regime shift is also linked to the individual management of reservoirs (Camargo and Voelz, 

1998). 

Our study focussed on reservoirs that were built mainly to store water for drinking water supply 

and flood protection (to buffer both extreme high and low flow events). As such, reservoir 

management in the Ruhr basin (North-Rhine Westphalia, Germany) deliberately counteracts 

the natural flow regime. Peak flows during a rainfall event are attenuated by the reservoir water 

body, while the stored 'extra' water is slowly discharged over a period of days or even weeks 

after the event. Such a homogenised flow regime is beneficial for the people living on the 

floodplains below a dam, but at the same time induces strong individual alterations in the 

stream reaches downstream as illustrated by the variability of dam sites along PCA axis 2 

(Figure 8).  

'Individual' here accounts for the fact that dam management is often adapted to specific human 

demands (e.g. store drinking and irrigation water), while ecosystem demands (e.g. sustain 

ecological flows) are deemed subordinate or are even neglected. However, the analysis of the 

deviation of managed flow regimes to (natural) reference sites clearly identifies several flow 

parameters that characterise the hydrologic regime shifts in the study area. The variability of 

flow magnitude (MCV), frequency of high flow events (FH), duration of low flow events (DL,), and 

fall rate (RF) revealed significant alterations, at least in one of the two seasons distinguished 

in this study, while the frequency of low flow events (FL), duration of high flow events (DH), and 

rise rate (RR) showed significant alterations in both seasons. These deviations do not only 

point at the hydrologic degradation in course of dam management, but they also allow for an 

identification and quantification of management options, to render dam management more 

ecologically sustainable (Figure 12).   
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Figure 12: Key results of determined regime shifts, biological responses and resulting 
management options. Flow management options are “-“= reduction; “=”= no change; “+”= 
increase of appropriate flow regime component. 

 

6.4.1 Temperature management options 

The observed thermal regime shift below dams corresponds with other studies (see Olden and 

Naiman, 2010 for a review). In particular, spring and summer temperatures were significantly 

lower at downstream sites when compared to tributary sites. Stevens et al. (1997) described 

the loss of EPT specimens following water cooling below dams, which according to our data 

was significant only for Ephemeroptera density. Temperature is known to control 

macroinvertebrate development traits like egg dormancy and life cycle plasticity (Haidekker 

and Hering, 2008). It is likely that the thermal regime shift towards cold-stenothermic conditions 

is linked with a loss of species not adapted to these conditions. Contrastingly, other species 

may benefit, namely those preferring the crenal (headwater) stream sections. We found the 

density of crenal-preferring species to be significantly higher at downstream sites when 

compared to tributary sites. 

Counteracting thermal alteration can be achieved by technical solutions such as multi-level 

intake structure, trunnions, bubble plume, surface pump, draft tube mixer or submerged weirs 

(Olden and Naiman, 2010). At one of the surveyed reservoirs (Große Dhünn reservoir, GrD), 
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a trunnion structure had been installed prior to our temperature recording. The structure 

consists of a flexible hose that at one end is connected to the reservoir outlet. The other (intake) 

end is connected to a winch that allows the intake to be positioned at any depth of the water 

body. Hence, it is possible to vary the water temperature of the discharged water within the 

range of reservoir ground and surface water temperature. Based on our one-year temperature 

record at the river section below that dam, we were able to prove the functionality of this 

management structure. The mean summer water temperature below the dam deviated less 

than 1 °C from that recorded at the respective tributary site. For all other dams, this deviation 

was 6.4 °C on average. 

 

6.4.2 Hydrologic management options 

In general, both precipitation and water demand have seasonal patterns in large parts of 

Europe, particularly in southern Europe. This seasonality is less pronounced in the study region 

(Central European mountain range), yet it was clearly identifiable from the hydrologic 

parameters considered. Therefore, we suggest hydrologic management options separately for 

the winter (Oct–Mar) and summer (Apr–Sept) period.  

Among the most pronounced hydrologic alteration of downstream sites is the frequency of low 

flow events (FL), which ranges below reference values in summer and above them in winter. 

This comes along with the altered duration of low flow events (DL), which are above reference 

values in both seasons. This directly translates to four options for a more reference-oriented 

dam management. 

With regard to low flow management, I) increase FL in summer, but reduce it in winter (Figure 

12); II) irrespective of the season, reduce DL. A reduced FL in winter is supposed to positively 

affect EPT richness, which was found to be negatively correlated with winter FL in this study. 

Notably, this correlation was not found for the summer data, which may point at a seasonal 

evolutionary selective pressure on aquatic organisms (Bunn and Arthington, 2002; Lytle and 

Poff, 2004). Further, we found contrasting correlations of EPT richness and Trichoptera 

richness (and Ephemeroptera density) with FL and DL (and DH), respectively, in winter. 

Although not evidenced by our data, we assume that this interaction of FL and DL is rather 

negative in summer, when frequent and extended low flow events together may result in a 

significant loss of biodiversity. Thus, while FL should be increased in summer, DL should be 

reduced to better approach a natural flow regime below reservoir dams. Notably, this combined 

management of FL and DL can be implemented ‘discharge-neutral’, i.e. without necessarily 

altering the total amount of water released during a season. Management of FL in winter should 

aim to render FL in line with minimum flow demands. According to Bednarek and Hart (2005) 

the increase of minimum flows promotes the recovery of macroinvertebrate diversity, 

especially the richness of sensitive EPT taxa.  
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Besides low flow management, there are two options to better manage high flow events (Figure 

5). In particular, III) the frequency of high flow events (flood frequency, FH) could be doubled 

during winter, while IV) the duration of flood events (DH) should be reduced by about 58%. 

Again, both management options could be implemented ‘discharge-neutral’, without alterations 

of the total amount of water released. Beneficial effects of more, but shorter, high flow events 

for macroinvertebrate assemblages are likely with increasing Ephemeroptera and Plecoptera 

species richness (Robinson and Uehlinger, 2008).  

However, the significantly reduced rise rate (RR) of discharges at downstream sites may point 

at potential technical restrictions, for example, if the diameter of the dam outlet is too small to 

generate the required dynamics. RR significantly favoured rheophilic taxa in summer, which 

were more abundant in river reaches exhibiting higher RR, presumably because these reaches 

had a more lotic character. Our finding is consistent with the study of Armanini et al. (2014), 

who demonstrated an increase of the relative abundance of taxa with specialized flow 

requirements by increasing the rate of flow change. 

 

6.4.3 Sediment management options 

Dams act as sediment sinks, illustrated in the present study through deficits of small gravel 

habitats. The loss of these habitat structures is linked to reduced diversity and abundances of 

macroinvertebrates (Merz and Chan, 2005). Further results of this deficit are: loss of breeding 

ground for a variety of aquatic species including fish, and influences on hydrologic and 

morphological dynamic processes (Draut et al., 2011). We found fine sediment content (i.e. 

sand and silt <2 mm particle size) at downstream sites to be significantly negatively correlated 

with Plecoptera diversity, while adverse effects are also reported for Ephemeroptera and 

Trichoptera (Jones et al., 2012; Buendia et al., 2013). Fine sediments can cover other habitats, 

such as cobbles, pebbles and benthic algae (Piggott et al., 2015), the latter of which constitute 

an important food source for macroinvertebrate grazers (Broekhuizen et al., 2001). As we 

found grazer density to decline at downstream sites too, we may attribute this finding to the 

increase of fine sediments below dams. This increase might also explain why passive filter 

feeders (such as Hydropsyche sp. in our study) declined at downstream sites. Fine sediments 

are known to clog the filter structures (e.g., nets) that the animals produce or use to gain their 

food. Contrastingly, the density of shredders (i.e. species feeding on coarse particulate organic 

matter such as leaves) more than doubled below dams, which was dominated by Gammarus 

pulex in our study. The dominance of amphipods downstream of dams has been described by 

Vinson (2001) too. Presumably, the hydrologic regime shift favours the accumulation of both 

fine sediments and CPOM, thereby promoting the increase of shredders.  

Although statistically significant, our results do not necessarily point at causal pathways. 

Basically, sediment dynamics is a function of flow dynamics, which renders the flow regime to 
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be the determinant of the sediment regime and not vice versa. Therefore, it is difficult to 

distinguish the impact of flow alteration from the impact of fine sediment accumulation in our 

data. Both are known to determine macroinvertebrate richness and integrity (Gillespie et al., 

2015; Jones et al., 2012).  

Irrespective of this difficulty to identify the pathways of biological degradation, sediment 

management options are clearly linked to the hydrologic management options as outlined 

above. Fine sediments accumulate if flow events are not sufficiently high to induce the erosion 

and transportation of the sediments further downstream. Our results show that there is a 

particular potential for more and faster, but shorter flood events in winter. Sediment 

management should capitalise on this potential and include the generation of winter floods to 

induce the desired sediment dynamics (Petticrew et al., 2007; Robinson and Uehlinger, 2008). 

The required discharge to erode and transport fine sediments is likely to be dependent on the 

specific morphological and morphometric attributes of the targeted river reach. However, there 

is evidence that a discharge equivalent to a near bank-full flow event is sufficient (Petticrew et 

al., 2007). In this context, sediment management should also utilise the potential to increase 

the discharge rise rate (RR), which may help induce erosion through turbulent flow patterns. 
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6.5 Conclusions 

The results of our study reveal a significant degradation of river reaches below dams as 

compared to the reference reaches. In brief, reservoir dams significantly reduced the dynamics 

of flow, sediments and water temperature and led to more homogeneous, habitat-poor river 

reaches below dams. Several hydrologic metrics turned out to be useful measures to quantify 

these regime shifts, including the frequency and duration of low and high flow events and the 

rate of discharge alterations over time (rise rate). At the same time, however, the regime shifts 

allowed us to derive particular management options that could mitigate the impacts of dam 

operation and render dam management more ecologically sustainable. Namely, we identified 

a potential to increase the frequency and rise rate of high flow conditions in winter, while in 

summer there is a potential to increase the frequency of high and low flow events and to reduce 

the duration of both. These management options are likely to increase the flow dynamics below 

dams in the study area. In general, these results are deemed transferable to other regions, yet 

require the identification of regionally-specific natural (reference) flow dynamics, sediment 

dynamics and temperature regimes.  

 

.
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7 General Discussion 
 

7.1 Rationale and aim of the thesis 

Reservoir dams are a highly controversial topic, as they provide vital goods, such as drinking 

water or renewable energy, and fulfil essential functions such as flood protection. At the same 

time, however, dams also threaten lotic ecosystems in several ways, as shown in this thesis. 

The adverse impact of reservoir dams on lotic ecosystem biodiversity and integrity is significant 

(Bunn and Arthington, 2002; Ellis and Jones, 2013; Poff and Zimmerman, 2010). There is a 

consensus among scientists that these losses of biodiversity and of natural densities of species 

directly translate into a decrease in ecosystem services and resilience (Cardinale et al., 2012; 

Elmqvist et al., 2003; Hooper et al., 2005; Olden et al., 2004). The awareness of the negative 

effects of declining biodiversity has globally increased in the last decades. The recently 

adopted Sustainable Development Goals of the United Nations (United Nations, 2019) demand 

a sustainable use of terrestrial and aquatic resources in order to halt the loss of biodiversity 

worldwide. Additionally, legal environmental protection guidelines, such as the European 

Water Framework Directive (EU WFD; European Council, 2000), define environmental targets 

to be achieved in the near future. In view of the increasing number of new dam projects 

worldwide (Zarfl et al., 2014) and in order to seriously pursue the Sustainability Development 

Goals or other environmental protection guidelines (e.g. the WFD) at the same time, 

adjustments of dam operations will be necessary. 

Therefore, this thesis aims to identify potentials for dynamic dam operation, to improve the 

ecological integrity of downstream river segments. Specifically, the term “dynamic dam 

operation” is defined in this thesis as changes in dam management in relation to the 

hydrological release patterns and thereby refers to environmental flows (e-flows; Poff et al., 

2017). The provision of management options for e-flows requires a sufficient understanding of 

hydro-ecological relationships, a description of the altered and unaltered regime as well as a 

reliable understanding of the ecological consequences and responses to those existing 

alterations as well as of the provided management options. 

Therefore, I firstly quantified the role of hydrology in the context of other prominent stressors 

and identified hydro-ecological relationships (Chapter I). To do so, I analysed the general 

effects of hydrology on macroinvertebrate communities and compared them to other prominent 

stressors (land use, morphology, physico-chemistry) within a broad dataset from streams in 

the German lower mountain range (72 samples from 51 sites). Stressor data were contrasted 

to benthic invertebrate data using partial canonical correspondence analysis (pCCA) to 

quantify the community-level response and path analysis to investigate the cause-effect 
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pathway structure (hydro-ecological relationships) of single stressors affecting benthic 

invertebrate metrics either directly or indirectly (i.e. mediated by other stressors). 

Secondly, I evaluated the effects of dams on taxonomic and functional components of 

macroinvertebrate biodiversity to estimate the effects on ecosystem function and resilience in 

Chapter II. I compared and correlated different taxonomic and functional diversity metrics, 

investigated the taxonomic and functional community structure and the degree of 

specialization of invertebrate communities of downstream stretches of nine large dams, which 

were compared to communities of eight unaffected tributary sites. 

Finally, I investigated possible management options that are likely to be beneficial for the 

riverine macroinvertebrate community below dams, by analysing the current effects on 

hydrological, and in addition thermal, and sedimentary regimes at downstream stretches of 

dams and correlated them with key metrics of macroinvertebrate communities (Chapter III). 

Therefore, I contrasted discharge (daily means over 10 years), time series data for water 

temperature (15-min intervals over one year), and records of deposited fine sediments against 

macroinvertebrate samples from pairs of river reaches downstream of dams and of 

comparable tributaries.  

 

7.2 Major findings and ecological implications 

7.2.1 Hydro-ecological relationships 

Hydrology, or more specifically the flow regime is considered a key characteristic of lotic 

systems, controlling the majority of structures and ecological processes within the river channel 

(Bunn and Arthington, 2002; Palmer and Ruhi, 2019; Poff et al., 1997). The results of Chapter I 

prove the important role of hydrology as a strong and directly effective ecological determinant, 

thus pointing at the necessity to allow and implement e-flows. Several hydrological metrics 

revealed the importance of hydrology, which directly shapes macroinvertebrate community 

structure. Variance partitioning (pCCA) revealed strong unique effects of hydrological 

variables, which were higher than those of all other groups, while joint effects of hydrological 

and other groups were negligible. In line with that, the results of the path analysis (that tries to 

identify the causality behind cause-effect relationships) showed that hydrological metrics had 

the highest direct effects on chosen biological response metrics. 

The flow regime was addressed in this thesis by the components magnitude, frequency, 

duration, timing, and rate of change (Olden and Poff, 2003; Richter et al., 1996). Thereby the 

flow regime is acting at the sub-catchment scale and is primarily determined by surface run-

off, topography, and forms of different land uses and influences variables of lower hierarchical 

order (Frissell et al., 1986). Consistent with this, the results of the total effects of the path 

analysis (direct and indirect effects, Chapter I) confirmed the hierarchical spatial order, with 

catchment-scale land use showing the highest effects (median: 37.6 %), followed by sub-
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catchment-scale hydrology (25.8 %), reach-scale physical habitat structure (21.1 %), and 

local-scale physico-chemistry (20.6 %). The highest number of indirect effects were originated 

in land use variables and mostly mediated through hydrology, e.g. higher proportion of 

impervious surfaces increased the rate of change in a (sub-) catchment. The result is thereby 

pointing at the need to incorporate catchment-specific information when setting e-flow 

standards. 

In addition to the results of the path analysis, further hydro-ecological relationships were 

identified in Chapter III by means of a correlation analysis (Table 14, see below). Overall, most 

hydro-ecological relationships were found for the hydrological categories “frequency of low 

flows” (n= 5) and “rate of change” (n= 4). In particular, an increasing frequency of low flow 

events significantly reduced biodiversity, especially of sensitive Ephemeroptera, Plecoptera, 

and Trichoptera (EPT) species, and simultaneously lowered the proportion of flow-specialist 

taxa (as indicated by the Rheoindex; Banning, 1998). An increasing rate of change (quicker 

increase/decrease of discharge over time) also adversely affected the diversity of EPT taxa, 

which is linked to lower index values of the German Fauna Index (GFI 5). The latter constitutes 

the major core-metrics of the German macroinvertebrate assessment system for ecological 

status assessment of mountainous streams (Meier et al., 2006). The fact that hydro-ecological 

relationships have been found for each hydrological category and that most of these 

relationships apply for assessment-relevant metrics shows that e-flows should and need to 

incorporate various hydrological components(more than just defining thresholds for minimum 

water levels) in order to maintain the ecological integrity in downstream stretches. 

In Chapter III the hydrological metrics were calculated for seasonally separated subsets of 

hydrological data (hydrological summer and winter), whereby the majority of strong hydro-

ecological relationships were found for the winter season. Seasonality and its predictability are 

met by different organisms with adaptations of their life history (Bonada et al., 2007; Poff et al., 

1997). For example, Plecoptera species pass the dry season in the egg stage, likely together 

with a diapause (López-Rodríguez et al., 2009). This seasonality is known to be an important 

driver of temporal diversity patterns (Tonkin et al., 2017), whereby disturbances of this 

seasonality have been shown to significantly affect community structure and species 

composition of streams (Bogan and Lytle, 2011). In line with this, the results from Chapter III 

showed that an increase in the frequency of low flows during the winter months is associated 

with a decrease in the richness of EPT taxa. Thus, the seasonally differentiated hydro-

ecological relationships as well as the comparison to natural flow conditions (discussed below) 

are clearly pointing at the need to define e-flow standards in this seasonal context.  
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Table 14: Overview of biological response directions according to the hydro-ecological relationships found in this thesis. 

 

Note: Models of path analysis were calculated with the data set of Chapter I (n= 71), correlation analysis were done in Chapter III (n= 9). 

Season Hydrological metric Hydrological category Increasing response Decreasing response Methodology 

Annual Flow regime disturbance All 
 

Abundance Correlation  
Mean annual maximum flow divided by 
catchment area 

Magnitude EPT %, ASPT, Life 
 

Path analysis 

 
mean number of low flow events per year 
(<25th percentile) 

Frequency low flow Abundance EPT %, Rheo-index  Path analysis 

 
1-day minimum divided by median flow Duration low flow Shannon-index, EPT nT 

 
Path analysis  

mean duration of high flow events (n days) 
(>75th percentile) 

Duration high flow 
 

GFI9 Path analysis 

  number of negative and positive daily changes 
in water conditions   

Rate of change   Shannon-index, EPT nT, GFI5  Path analysis 

Summer mean number of low flow events (<10th 
percentile) per year 

Frequency low flow Phytal % 
 

Correlation 

 
Intensity of daily discharge increases Rate of change (rise rate) Rheophil % 

 
Correlation 

  Colwell´s Constancy; it measures how 
uniformly events occur through the season 

Timing Trichoptera nT   Correlation 

Winter Coefficient of variation of daily mean 
discharge 

Magnitude (Variability) 
 

Rheophil % Correlation 

 
mean number of low flow events per year 
(<10th percentile) 

Frequency low flow Gatherers, Collectors % EPT nT Correlation 

 
mean number of high flow events 
(>90th percentile) 

Frequency high flow 
 

Epirhithral % Correlation 

 
mean duration of low flow events (n days) 
(<10th percentile) 

Duration low flow Trichoptera nT 
 

Correlation 

 
mean duration of high flow events (n days)  
(>90th percentile) 

Duration high flow Ephemeroptera % 
 

Correlation 

 
Colwell´s Constancy (see above) Timing Epirhithral % 

 
Correlation 
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7.2.2 Abiotic and biotic effects of current dam operations 

The results of Chapter II and IV revealed a decrease of biodiversity for both taxonomic and 

functional diversity. The negative effects of dams on macroinvertebrate biodiversity are thereby 

pointing on deficits in existing legal provisions and demonstrating the need for environmental 

flow standards. While the taxonomic biodiversity loss in downstream sections of dams was 

frequently observed worldwide (Bunn and Arthington, 2002; Ellis and Jones, 2013; Poff and 

Zimmerman, 2010), studies on the impact of dams on functional diversity in downstream 

sections were missing according to recent reviews (Luiza-Andrade et al., 2017; Schmera et 

al., 2017). In this context, Chapter II draws first conclusions on the effects of dams on functional 

diversity components of invertebrate communities in downstream stretches. Functional 

diversity in particular contributes significantly to the functionality of ecosystems (Cardinale et 

al., 2002; Jonsson and Malmqvist, 2003) and a loss of functional diversity, as found in 

downstream stretches (Chapter II), has been shown to impair this functionality. For example, 

a reduced functional diversity is known to negatively affect decomposition rates in stream 

habitats (Handa et al., 2014). Even though, Chapter III showed that feeding types “Shredder”, 

a key feeding strategy for decomposition (Dangles and Malmqvist, 2004), significantly 

increased in downstream stretches (due to high densities of Gammarids), decomposition rate 

is likely to be still negatively affected. Past studies have shown that especially the diversity 

within a functional group determines its efficiency in the use of available resources and thus 

the productivity of ecosystems (Lecerf et al., 2006; Martínez et al., 2013). Taxonomic analysis 

of invertebrate communities (Chapter III) showed that other species feeding as shredder, e.g. 

Odontocerum albicorne (SCOPOLI, 1763) or Habroleptoides confusa (SARTORI & JACOB, 

1986), were found to be significantly less abundant in downstream stretches. 

Furthermore, the analysis of single trait diversity indicated that dams reduce habitat and food 

availability in downstream stretches (Chapter II), whereby the affected traits are directly linked 

to secondary production, - respiration, and - metabolism of ecosystems (Macadam and 

Stockan, 2015; Wallace and Webster, 1996). Coherent with this, the results of Chapter III 

showed deficits of pebbles and small cobbles, which are typical substrates for rhithral stream 

sections. Additionally, the increased fine sediments found downstream of dams are further 

reducing the habitat availability by clogging the remaining interstitials in the stream bed (Jones 

et al., 2012) and reducing the food availability through covering remaining hard substrates and 

thereby reducing the algae growth (Piggott et al., 2015). Also the hydrological alterations are 

likely to further reduce the habitat and food availability in downstream stretches by directly (e.g. 

current in microhabitat) and indirectly (e.g. driver of sediment dynamics) determining physical 

habitat conditions in streams (Bunn and Arthington, 2002; Rolls et al., 2012). For example, the 

frequency of high flows, which have a flushing effect (in terms of fine sediments), were 

significantly less recorded in downstream sections (especially during winter, Chapter III). As a 
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result, species that have adapted morphological or behavioural strategies to typical lotic 

conditions have been found less in downstream sites. For example, species of genus 

Rhithrogena (Ephemeroptera) have a flattened body to minimize shear stress while their graze 

biofilms on hard substrates under fast flowing conditions and are therefore classified as 

rheobiont. Species of the genus Hydropsyche (Trichoptera) passively filter the flow by building 

nets in the interstitial of coarser substrates and therefore require habitats with higher velocities. 

Both taxa were significantly found less in downstream sites when compared to impacted 

reference sites (Chapter III). 

Further, the results of Chapter II showed that ecosystems resilience of downstream stretches 

were lowered by a combination of reduced functional redundancy, richness, and a loss of 

dormant stages. In particular, the trait category “eggs, statoblasts”, which is used as a 

resistance form, was found significantly less in the downstream stretches, mainly caused by 

reduced diversity of Ephemeroptera taxa (Tachet et al., 2010). In general, resilience is 

important to maintain ecosystem functions and services (Elmqvist et al., 2003; Oliver et al., 

2015; Vaughn, 2010). Ecosystems with reduced resilience are vulnerable against additional 

pressures that affect them, e.g. increased frequencies of extreme events (e.g., re-current 

unpredictable droughts) can push communities to novel stable states, thus affecting ecosystem 

functioning and services (Oliver et al., 2015; Tonkin et al., 2017). In light of the expected 

changes driven by climate change, scientists are already calling for a future-oriented, 

resilience-enhancing management adaptation for river ecosystems (Tonkin et al., 2019). In 

particular, dams have key role to play here and the result underlines the urgency of 

implementing e-flows, not only to enhance the resilience in downstream stretches.  

The analysis of taxonomic and functional beta diversity as well as grade of specialization 

indicated that dams are unlikely to cause homogenization of benthic communities. Individual 

dam alteration patterns are likely to cause a site-specific adaptation of benthic communities, 

since the individuality of dam constructs and consequently their ecological effects are defined 

by numerous technical and environmental factors (Poff and Hart, 2002). This is supported by 

results of the analysis of flow patterns of downstream stretches of dams (PCA, Chapter III) that 

clearly showed that dam alterations differed between the investigated constructs. In general, 

the intensity of flow regime disturbances decreases invertebrate density (Table 14). The results 

of Chapter II indicates that remaining taxa were functionally characterized as r-strategists, 

species which are frequently observed under increasing environmental alterations (Floury et 

al., 2017; Piscart et al., 2006; Usseglio-Polatera and Beisel, 2002). This fits to the output of the 

multipattern analysis that showed that especially Chironomid species are characteristic for 

downstream stretches (Chapter III), species that are classified as r-strategists according to the 

operational taxa list.   
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7.2.3 Aspects on dynamic dam operations  

The provision of management options for the definition of e-flows in this thesis aims to enhance 

the ecological integrity (especially in light of WFD) and is supposed to follow a holistic 

approach. It is oriented towards the ecological limits of hydrological alteration framework 

(ELOHA, Poff et al., 2010) and is based on the comparison of unaltered conditions. The 

empirically identified hydro-ecological relationships (Table 14, Chapter I & III) can be used to 

set specific flow management options to improve and maintain the ecosystems structure and 

function. The holistic approach presented in the following considers not only the flow regime 

but also the bedload sediments (Chapter II) and the functional aspects of benthic invertebrate 

communities (Chapter II). 

The comparison of altered flow regimes and unaltered flow regimes has already been carried 

out in Chapter III, whereby initial hydro-ecological relationships as well as the sediment - and 

thermal regimes have been taken into account. Therefore, the following discussion part will be 

focused on additional aspects of the presented management options (Figure 12, Chapter III) 

in light of the results presented in Chapter I and III, and in particular focuses on assessment-

relevant key metrics of the WFD (GFI5 & 9, EPT diversity & abundance, Rheo-index).  

Concerning the flow regime category ‘magnitude’, the results of Chapter III imply that the 

coefficient of variation of daily mean flows during the summer months should be lowered. 

Practically, this could be achieved by reducing the rate of change in summer, i.e. the number 

of days with changes in the mean daily discharge. The lower rate of change would also have 

a synergistic positive effect on macroinvertebrates, by creating beneficial hydrological 

conditions for sensitive EPT taxa (and the related German Fauna Index; see Chapter I). 

As already outlined above, the hydrological category "frequency of low flow" plays a key role 

in defining the structure of macroinvertebrates (especially for EPT taxa, Table 14). However, 

the recommendations of Chapter III (increase in summer / decrease in winter) are in direct 

contrast to the purpose of most dams, as this purpose is often to increase low flows during the 

summer months and to store water during the winter (low water release). One solution could 

be to generate low flows during rainfall events in the summer months, so that the water level 

is still high enough for drinking water supply and the water body of the dam can refill at the 

same time. As outlined above, the seasonality of extreme events in particular is a strong driver 

of diversity patterns (Tonkin et al., 2017), which is why the frequency of low flows during the 

winter months should be reduced. To do so the threshold of the minimum water level could be 

increased during winter, which would also promote the recovery of EPT richness and densities 

(Bednarek and Hart, 2005). Although Trichoptera richness is positively correlated with the 

duration of low flows, those events should be shortened, since prolonged low flows have 

significantly more negative ecological effects as shorter events (Rolls et al., 2012). 
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As outlined above, the lack of high flows with a sufficient flushing effect in downstream 

stretches is expressed as high accumulations of fine sediments and a decrease in the 

functional diversity of traits representing habitat and food availability. Thus, the coherent 

results of this thesis clearly indicate the need for implementing regular high flow events in dam 

management strategies. At the same time the duration of high flows should be limited, since 

prolonged high flows will cause negative effects on invertebrate assemblages (see GFI9, Table 

14). Experiments of artificially induced floods have proven that the flushing effect is already 

achieved in the short term (wihtin 1 h; Robinson et al., 2004) and that flood-induced negative 

effects (e.g. increased drift) can be minimized if diurnal temporal patterns are considered 

(Schülting et al., 2016). Likewise, this option should preferably take place during the winter 

months to avoid shifts in the seasonality of high flows, which are known to disrupt spawning 

cues and decrease reproduction and recruitment (Poff and Zimmerman, 2010). Furthermore, 

Robinson and Uehlinger (2008) showed that repeated experimental floods have a positive 

effect on the resilience of invertebrate communities (due to a taxon turnover) and thus might 

have the potential to restore the currently observed decrease in the resilience (see above).  

Note that not all hydro-ecological relationships from Chapter I could be considered here, which 

has different reasons. For example, the metric for the hydrological category ‘magnitude’ 

(Chapter I) describes the maximum discharge per square kilometre of catchment area (Table 

14). However, the maximum discharge below reservoirs is subject to technical restrictions, 

such as the size of the outlet. Furthermore, the outlined management options above and those 

outlined in Chapter III aim at showing general e-flow standards valid for all investigated dams, 

but the distinct individuality of the single dams should be pointed out (see above). Therefore, 

in addition to the general management options listed in this thesis, it is recommended to make 

an additional individual comparison of the flow regime. It should also be noted that the 

management options presented here are limited to river systems in the lower mountain range; 

lowland rivers are subject to different flow regimes and therefore have different ecological 

requirements. 

 

7.3 Implications for management and policy 

In particular, European river biodiversity is severely affected by hydrological and morphological 

alterations and diffuse pollution (EEA, 2012). In Germany, existing efforts to remedy these 

degradations are mainly aimed to mitigate diffuse pollution (38%) and restore morphological 

conditions (19 %) and longitudinal connectivity (17 %), while only minimum efforts are made 

to restore the water balance (6 %) (BMUB / UBA, 2017). The dramatic diversity loss in 

downstream stretches and their implications on ecosystem integrity and resilience (Chapter II 

and III) imply that those efforts do not go far enough. The German minimum water flow 

legislation only defines a minimum value that must not be fallen below (§ 33, water resource 
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act) and is thereby ignoring the complex character flow regimes. The implication of e-flows can 

help to regain biodiversity and thereby strengthening the integrity of our running waters 

(Arthington et al., 2018). In line with this, the results obtained in this thesis allow the following 

statements regarding an implementation of e-flows: 

1. E-flows need to address more than just minimum water flows, since the complex 

character of hydrological regimes has a key role in defining composition and 

ecological attributes of lotic communities (Chapter I). 

 Especially high flow events need to be accounted, the increased fine sediments 

downstream of dams (Chapter III) and thus the decrease in habitat and food 

availability (Chapter II) imply that high flow events with flushing effects are 

needed  

2. E-flows need to be implemented in a seasonal context, indicated by the seasonal 

differentiated hydro-ecological relationships as well as the seasonal distinguished 

alteration patterns downstream of dams (Chapter III) 

 This applies in particular to the implementation of seasonally differentiated 

minimum flow thresholds, which can already be found in current legislation 

(Landmann and Rohmer, 2019), but according to the results of this thesis are 

not yet implemented on a large scale 

3. The implementation of e-flows can have synergy effect with the requirements of the 

WFD, as the hydro-ecological relationships found in this thesis have often been related 

to important core metrics relevant for assessment of the ecological status. 

4. E-flows have the potential to have a far-reaching effect, especially in highly regulated 

catchments such as the Ruhr catchment. The results of Chapter I confirmed a widely 

accepted hierarchical spatial order in which hydrology has shown the second highest 

effect sizes, which implies that e-flows has the potential to be ecologically beneficial 

not only for stretches immediately downstream of dams.  

 

Besides the restoration of hydrological conditions, the results of the presented thesis can help 

to guide river managers in terms of climate change, especially in highly managed catchments 

like the Ruhr. The knowledge of certain hydro-ecological relationships can help to predict 

ecological responses under climate induced changes and might be used to prepare our fluvial 

ecosystems for future scenarios by enhancing their resilience. 
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13 Appendices 
 
 

Appendix Chapter I 
 
Table A1: Statistical range of analysed stressor variables and covariables. 

 

Group Stressor 
Metric 
code Min. 

1. 
quantile Mean Median 

3. 
quantile Max. 

La
n

d
 u

se
 Urban (%) 

LU112 + 
LU121 0 3.37 7.89 6 9.85 46.8 

Cropland (%) LU211 0 0.67 6.44 1.7 9.20 49.5 

Pasture (%) LU231 2.1 12.7 25.13 20.9 36.92 55.7 

Broadleaf forest (%) LU311 0 3.45 9.58 8.7 14.3 33.9 

Coniferous forest (%) LU312 0 8.82 20.36 21.55 26.4 58.6 

H
yd

ro
lo

gy
 

Magnitude mh20 0.06 0.30 0.50 0.47 0.68 1.18 

Frequency low flow fl1 3 9 12.5 12.0 14 37 

Duration low flow dl11 0.03 0.18 0.25 0.23 0.29 0.65 

Frequency high flow fh5 4 12 15.42 14.5 17.25 39 

Duration high flow dh15 2.75 6.07 7.77 7 9.10 22.75 

Rate of change ra8 74 98 112.3 108 117.2 210 

P
h

ys
ic

al
 h

ab
it

at
 

st
ru

ct
u

re
 

Channel development (1-7) phs1 2 4 5.57 5 7 7 

Longitudinal profile (1-7) phs2 1 4 4.57 5 6 7 

Bed structure (1-7) phs3 1 3 4.32 4 5.25 7 

Cross profile (1-7) phs4 2 4 4.69 5 6 7 

Bank structure (1-7) phs5 1 4 5.17 5 6 7 

Riparian development (1-7) phs6 1 4.75 5.17 5 6 7 

P
h

ys
ic

o
-

ch
em

is
tr

y Conductivity (mS/m) 
 

10.8
3 21.75 33.09 

33.09 
52.11 

327.33 

Nitrogen, total (mg/l)  1.34 2.83 3.41 3.35 3.86 6.92 

Oxygen (mg/l)  9.05 10.12 10.57 10.55 11.01 12.01 

pH value  7.29 7.62 7.78 7.78 7.97 8.3 

C
o

-

va
ri

ab
le

 Catchment area (km²)  4.66 48.14 186.15 107.99 287.44 1170.99 

Altitude (m.a.s.l.)  
47.0

6 177.73 224.74 
238.24 

297.51 
449.46 

Julian sampling date  79 112.5 146.8 140.5 177.2 269 
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Table A2: Annual dependency of magnitude (mh20), Tukey test using 95% confidence interval 
of one-way ANOVA performed with magnitude (mh20) as a function of different years (2004-
2009). 
 

Year comparison Difference 
Lower interval 
limit 

Upper interval 
limit p adjusted 

2005-2004 0.043 -0.395 0.481 1.000 

2006-2004 -0.083 -0.532 0.365 0.994 

2007-2004 -0.010 -0.439 0.420 1.000 

2008-2004 0.083 -0.357 0.524 0.993 

2009-2004 -0.325 -0.766 0.116 0.268 

2006-2005 -0.126 -0.404 0.151 0.764 

2007-2005 -0.053 -0.298 0.193 0.988 

2008-2005 0.040 -0.225 0.305 0.998 

2009-2005 -0.368 -0.633 -0.103 0.002 

2007-2006 0.074 -0.190 0.337 0.963 

2008-2006 0.167 -0.115 0.449 0.514 

2009-2006 -0.242 -0.524 0.040 0.134 

2008-2007 0.093 -0.157 0.343 0.884 

2009-2007 -0.316 -0.566 -0.065 0.006 

2009-2008 -0.409 -0.678 -0.139 0.000 
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Figure A1: Six pathway models including significant standardized coefficients (arrows) and squared multiple correlations (R², indicating explained 
variance for endogenous variables). Covariance’s in between exogenous variables present but not displayed. 
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Appendix Chapter II 
 
Table B1: Arithmetic mean ± SD of single trait functional (F) evenness, Community Specialisation Index (CSI), and F-distance to centroid (individually 
calculated for eleven biological traits). 
 
 F-Evenness F-Distance to centroid CSI 
Trait Do Tri p Do Tri p Do Tri p 

Maximal potential size 0.32 ±0.06 0.32 ±0.07 n.s. 0.18 ±0.14 0.10 ±0.03 n.s. 0.56 ±0.04 0.61 ±0.03 0.009 
Life cycle duration 0.17 ±0.05 0.15 ±0.02 n.s. 0.11 ±0.10 0.06 ±0.05 n.s. 0.64 ±0.04 0.65 ±0.04 n.s. 
Potential number of cycles per year 0.29 ±0.04 0.29 ±0.05 n.s. 0.16 ±0.14 0.08 ±0.05 n.s. 0.60 ±0.04 0.59 ±0.05 n.s. 
Aquatic stages 0.19 ±0.05 0.18 ±0.04 n.s. 0.09 ±0.04 0.08 ±0.05 n.s. 0.23 ±0.02 0.24 ±0.03 n.s. 
Reproduction 0.30 ±0.07 0.29 ±0.07 n.s. 0.24 ±0.12 0.19 ±0.08 n.s. 0.72 ±0.05 0.74 ±0.02 n.s. 
Dispersal 0.38 ±0.09 0.42 ±0.05 n.s. 0.07 ±0.05 0.06 ±0.04 n.s. 0.22 ±0.05 0.17 ±0.03 n.s. 
Resistance forms 0.31 ±0.08 0.32 ±0.03 n.s. 0.07 ±0.04 0.08 ±0.04 n.s. 0.63 ±0.04 0.63 ±0.05 n.s. 
Respiration 0.25 ±0.07 0.20 ±0.05 n.s. 0.15 ±0.13 0.07 ±0.05 n.s. 0.65 ±0.04 0.62 ±0.03 n.s. 
Locomotion and substrate relation 0.40 ±0.05 0.36 ±0.08 n.s. 0.08 ±0.03 0.07 ±0.04 n.s. 0.50 ±0.06 0.51 ±0.05 n.s. 
Food 0.49 ±0.07 0.52 ±0.07 n.s. 0.10 ±0.06 0.11 ±0.04 n.s. 0.30 ±0.04 0.33 ±0.03 n.s 
Feeding habits 0.31 ±0.08 0.40 ±0.07 0.024 0.14 ±0.08 0.15 ±0.09 n.s. 0.59 ±0.03 0.59 ±0.02 n.s. 
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Appendix Chapter III 
 
Table C1: Gauging stations used for hydrologic characterization. 
  

Gauging station Position 
Stream 
type  

Altitude (m 
a. s. l.) 

Catchment 
area (km²) 

Ahausen downstream 9 234.8 359.5 

Ahrhuette Neuhof river 9.1 340.6 124 

Altenburg 1 river 9 83.0 958.76 

Amecke upstream 5 283.8 28.71 

Attendorn downstream 9 251.9 332.23 

Bamenohl river 9 234.0 453.09 

Beddelhausen river 9 353.3 356 

Belecke 1 river 9 247.5 251.6 

Bigge dam outlet downstream 9 unknown 332.2 

Boerlinghausen upstream 5 327.0 47.98 

Bredelar river 5 295.3 78.01 

Broel river 9 69.2 216 

Broeleck river 5 124.5 101.4 

Bueren river 9.1 211.1 170.05 

Eitorf river 9.2 81.5 1468 

Feudingen river 5 388.7 25.4 

Geisbach river 5 70.6 48.9 

Gemuend river 9 326.4 344.55 

Glueder river 9 82.3 492.58 

GrD.gesamt.zulauf river 5 136.3 89 

Guenne downstream 9 175.1 440.14 

Hagen-Eckesey river 9 91.4 425 

Henne dam outlet downstream 5 unknown 55.64 

Herzogenrath 1 river 5 101.7 96.29 

Hoffnungsthal river 9 77.6 219 

Hommerich river 5 128.7 63.7 

Hueppcherhammer upstream 5 312.8 47.22 

Juelich-Stadion river 9 74.4 1334.57 

Kall-Sportplatz river 9 368.5 131.11 

Kickenbach river 9 281.7 187 

KornelimuensterW river 7 220.5 65.02 

Kraghammer river 5 275.2 37.62 

Kreuztal river 5 273.9 63.4 

Langenscheid downstream 5 unknown 53.1 

Lantenbach downstream 5 285.3 15.5 

Listringhausen upstream 5 327.6 5.4 

Loefelsterz downstream 5 238.6 47.5 

Lohmar river 9 47.0 1335.11 

Loosenau downstream 5 119.7 60.6 

Manfort river 9 44.3 165 

Meschede river 9 255.1 426.06 
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Meschede 3 downstream 5 260.6 96.28 

Meullensiepen upstream 5 297.0 4.72 

Monschau river 5 395.4 143.63 

Morsbach river 5 206.2 43.12 

Muesse river 5 430.5 125 

Mulartshuette river 5 299.0 45.6 

Neheim 3 river 9.2 150.7 1060 

Nespen upstream 5 293.2 29.4 

Neuhaus upstream 5 234.9 65.6 

Neuhaus 3 river 5 101.8 58.52 

Neumuehle upstream 5 179.8 20.9 

Nichtinghausen upstream 5 327.8 37.17 

Niederbuschhausen river 5 313.9 26.54 

Niederschelden river 9 213.1 431 

Oberagger river 5 240.2 12.5 

Oberkirchen river 5 428.8 116.3 

Oeventrop river 9 205.6 759.82 

Olpe upstream 5 312.2 34.61 

Olsberg river 5 329.3 109.95 

Opladen river 9 45.3 606 

Raumland river 5 400.3 84.7 

Rebbelroth river 9 189.6 110.4 

Reinshagensbever downstream 5 unknown 25.7 

Remblinghausen upstream 5 366.0 43.3 

Rueblinghausen upstream 5 310.1 86 

Schleiden river 9 365.3 159.41 

Seidfeld river 5 284.5 47.7 

Selhausen river 9 100.0 934.75 

Siegburg Kaldauen downstream 9.2 58.5 1885 

Treckinghausen 1 downstream 5 335.8 23.81 

Treckinghausen 2 river 5 337.4 1.56 

Voellinghausen upstream 9 213.7 293.46 

Walkmuehle river 5 268.4 48.22 

Weidenau river 5 240.5 134 

Weidenau 2 river 5 239.5 153 

Weilerswist river 5 106.6 285 

Weine river 5 222.1 143.32 

Welda river 9.1 165.3 433.73 

Wenholthausen river 9 268.9 184.19 
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Table C2: Overview of analysed biological metrics including references of classification and calculation. 
 
Component Metrics Classification/ Calculation 

Taxonomic structure (relative and total 
abundance, number of Taxa) 

Turbellaria, Gastropoda, Bivalvia, Oligochaeta, Hirudinea, 
Crustacea, Ephemeroptera, Odonata, Plecoptera, 
Megaloptera, Trichoptera, Coleoptera, Diptera, EPT-taxa 

 

Feeding types Grazers and scrapers, Miners, Xylophagous Taxa, 
Shredders, Gatherers/Collectors, Active filter feeders, 
Passive filter feeders, Predators, Parasites 

Ten point system in accordance with Moog (1995) 
and Schmedtje and Colling (1996) 

Habitat preferences Pelal, Agrylal, Psammal, Akal, Littoral, Phytal, Particular 
organic material 

Ten point system in accordance with Moog (1995) 
and Schmedtje and Colling (1996) 

Current preferences limnobiont, limnophilic, limno- rheophilic, rheo-
limnophilic, rheophilic, rheobiont, Rheoindex 

Ten point system in accordance with Moog (1995) 
and Schmedtje and Colling (1996). 
Rheoindex: Banning (1998) 

Longitudinal zonation Crenal, Hypocrenal, Epirhithral, Metarhithral, 
Hyporhithral, Epipotamal, Metapotamal, Hypopotamal, 
Littoral, Profundal 

Ten point system in accordance with Moog (1995) 
and Schmedtje and Colling (1996) 

Assessment Average score per Taxon (ASPT), German Fauna index 
Type 5 and Type 9 (GFI) 

ASPT: Armitage et al. (1983) 
GFI: Lorenz et al. (2004) 
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Table C3: Overview of statistical methods and sample sizes used in this study. 
 

 
 
 
 

Stressor/ indicator 

  Sampling size 

Method Statistical test Downstream Tributary/ Reference 

Temperature Comparison of monthly means Mann-Whitney U 9 8 

Hydrology Comparison of hydrologic metrics Mann-Whitney U 9 32 

Sediments Comparison of substrate composition Similarity percentage analysis 12 11 

Sediments Comparison of fine sediments One sited t-test 8 8 

Biology Comparison of biological metrics Mann-Whitney U 12 11 

Biology Analysis of indicator species Multipattern analysis 12 11 

Biology/ 
temperature 

Correlation analysis of biological traits and seasonal 
mean temperature 

Spearman´s rho 9 8 

Biology/ 
hydrology 

Correlation analysis of biological traits and seasonal 
hydrologic metrics 

Spearman´s rho 9 0 

Biology/ 
sediments 

Correlation analysis of biological traits and fine 
sediments 

Spearman´s rho 8 8 
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