
 

 

 
 
 

Challenges and opportunities in large-scale 
river routing: Development and application 

of a hyper-resolution river routing model 
to assess anthropogenic impacts 

on freshwater ecosystems 

 
 

Günther Grill 

 

Department of Geography 

McGill University, Montreal 

December 2014 

 

A thesis submitted to McGill University in partial fulfillment 

of the requirements of the degree of Doctor of Philosophy 

 

© Günther Grill 2014 



  



 

 

i 

 

Abstract 

Despite significant recent advancements, global hydrological models and their 

input databases still show limited capabilities in supporting many spatially de-

tailed research questions and integrated assessments, such as required in fresh-

water ecology or applied water resources management. In this body of research, 

I analyze the reasons for the lack of modeling support, identify shortcomings and 

challenges of current models, and design a next-generation eco-hydrological riv-

er routing model, termed HydroROUT. Based on the global hydrographic data re-

pository of HydroSHEDS, HydroROUT is the first global hyper-resolution river 

routing model and includes a nested, multi-scale model approach; advanced im-

plementation of connectivity; and a novel implementation of object-oriented vec-

tor data structures in a graph-theoretical framework. I subsequently explore the 

applicability of the model for different settings and research applications by de-

signing and conducting four case studies related to assessing human impacts on 

freshwater system integrity. These case studies include both data-rich and data-

limited areas, with spatial scales ranging from small headwater streams to large 

rivers, involving regional to global extents. I apply HydroROUT in two distinct 

research domains. First, I assess its capacity to model global spatio-temporal 

patterns of dam impacts. A set of new indicators, including the River Connectivi-

ty Index (RCI) and the River Regulation Index (RRI) were developed as part of 

two case studies, providing previously overlooked insights into intra-basin vari-

ability of dam impacts. Second, I apply HydroROUT to assess its capability for 

water quality modelling, by estimating in-river concentrations and risk of pollu-

tants in freshwater systems using mass balance approaches at large scales. For 

this purpose, HydroROUT was adapted to function as a chemical fate model, ca-

pable of providing first-order risk assessments from point- and diffuse chemical 

sources. The results of two case studies show significant risk from phar-

maceuticals in river reaches of the Saint Lawrence River Basin, Canada, and in 

extended areas of continental China. These large-scale outcomes of the Hydro-

ROUT modelling approach are at a previously unachieved spatial resolution of 

500 m and can thus support local planning and decision-making in many of the 

world’s large river basins.   
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Résumé 

Malgré d’importantes avances récentes, les modèles hydrologiques globaux et 

leurs bases de données présentent encore des capacités limitées pour soutenir 

l’étude de nombreuses questions de recherche résolues dans l’espace et l’étude 

d’évaluations intégrées, comme requis dans le domaine de l’écologie des eaux 

douces ou dans la gestion des ressources en eau. Dans ce corpus de recherche, 

mon travail est d'analyser les raisons qui justifient les manquements dans les 

modélisations, d’identifier les lacunes et les défis des modèles actuels, et de con-

cevoir une nouvelle génération de modèle écohydraulique de routage des ri-

vières, appelé HydroROUT. Basé sur le répertoire de données hydrographiques 

mondiales de HydroSHEDS, HydroROUT est le premier modèle global spatiale-

ment hyperrésolu de routage de rivières et comprend une approche imbriquée 

et multiéchelle; une implémentation avancée de la connectivité; et une nouvelle 

mise en place de structures vectorielles orientées objet dans un cadre de la théo-

rie des graphes. Par la suite, j’ai exploré l'applicabilité du modèle sous différents 

paramètres et domaines de recherche et je conçois et mets en œuvre quatre 

études de cas liées à l'évaluation de l’impact de l’activité humaine sur l'intégrité 

du système d'eau douce. Ces études de cas comprennent à la fois des zones 

riches et limitées en données, des échelles spatiales pouvant varier entre de pe-

tits de grands cours d'eau, dans un contexte aussi bien local que régional ou 

même mondial. HydroROUT a été appliqué dans deux domaines de recherche 

distincts. Tout d'abord, il a été évalué par rapport à sa capacité de modéliser au 

niveau mondial les tendances spatio-temporelles des impacts des barrages. De 

nouveaux indicateurs, soit l'indice de connectivité de la rivière (RCI) et l'indice 

de régulation de la rivière (RRI), ont été développés dans le cadre de ces études 

de cas et ont fourni de nouvelles connaissances sur la variabilité intrabassin des 

impacts des barrages, auparavant négligée. Deuxièmement, j’ai utilisé Hydro-

ROUT pour évaluer sa capacité de modélisation de la qualité de l'eau, en esti-

mant les concentrations de polluants et les risques de les retrouver dans les sys-

tèmes d'eau douce à l'aide d’approches par bilan massique appliquées à grande 

échelle. AÀ  cet effet, HydroROUT a été adapté pour fonctionner comme un modèle 

de prédiction du sort des produits chimiques, capable de fournir une évaluation 

de premier ordre des risques de sources chimiques ponctuelles ou diffuses. Les 
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résultats montrent un risque important associés aux produits pharmaceutiques 

dans des tronçons de rivière du bassin du fleuve Saint-Laurent, au Canada, et 

dans des zones étendues de la Chine continentale. Les résultats à grande échelle 

du modèle HydroROUT sont à une résolution de 500 m, résolution jamais at-

teinte jusqu’à ce jour, et peuvent ainsi soutenir la planification locale et la prise 
de décision dans de nombreux grands bassins fluviaux du monde. 
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1 Introduction  

1.1 Background 

Freshwater ecosystems are vital to human societies through the provision of 

freshwater from rivers, lakes, and wetlands as well as by delivering goods and 

services that contribute to the livelihood of local communities via fisheries, irri-

gation, and floodplain agriculture (Millennium Ecosystem Assessment, 2005). It 

is essential to understand, protect and improve ecosystem functioning to guaran-

tee that these services continue to be provided. Anthropogenic pressures, how-

ever, have diminished the Earth’s capacity to maintain many ecosystem services 

(Bagstad et al., 2013; Helfenstein and Kienast, 2014; Serna-Chavez et al., 2014) 

as we change our environments increasingly fast and at larger scales.  

To minimize extensive impacts, it is imperative to understand the effects of 

human pressures and alterations on freshwater ecosystems from a large-scale 

perspective. Freshwater systems around the world experience multiple ongoing 

pressures (Vörösmarty et al., 2010), and changes to the hydrological cycle due to 

climate change may cause additional future stress (Kundzewicz et al., 2007). 

Aquatic systems have been greatly affected by physical alterations, with more 

than 6500 large dams built (Nilsson et al., 2005; Lehner et al., 2011), and more 

than 3700 large hydropower dams currently under construction or planned 

(Zarfl et al., 2014). Substantial amounts of water are diverted within and be-

tween basins to supply agriculture (Rost et al., 2008) and cities (McDonald et al., 

2014). Nutrient contamination has also become an increasingly recognized glob-

al water quality issue in lakes, estuaries, and coastal areas (Bennett et al., 2001; 

Mayorga et al., 2010). The continuous release of contaminants from agriculture, 

industry, and household sources has now led to persistent water quality prob-

lems in many rivers around the world (Millennium Ecosystem Assessment, 

2005; Schwarzenbach et al., 2010; Kümmerer, 2011).  

Large-scale modelling is becoming increasingly important as a means to un-

derstand these pressures and their impacts at the global scale. Global hydrologi-

cal models (GHMs) have emerged as a preferred research tool to analyze water 
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resources and related impacts from humans. These GHMs are typically tailored 

towards the assessment of global freshwater resources and/or water scarcity by 

simulating basic processes of surface runoff generation and horizontal flow rout-

ing at global, regional, or national scales (e.g., Vörösmarty et al., 2000b; Alcamo 

et al., 2003; Arnell et al., 2004; Oki and Kanae, 2006; Rost et al., 2008; Hanasaki 

et al., 2010; Siebert and Döll, 2010; Haddeland et al., 2011).  

However, hydrological modelling at large scales has traditionally been ham-

pered by a number of issues, including general limitations in our knowledge and 

understanding of the underlying processes for many regions of the Earth; incom-

plete, inconsistent, or highly uncertain data collections; a lack of spatial integra-

tion between models and datasets; and the difficulty to create models that sup-

port multi-scale or coupled approaches (Lehner and Grill, 2013). There are five 

major challenges in hydrological and river routing models, which are related to 

resolution, structure, scale, connectivity, and integrated modelling. Current large-

scale models generally operate at scales incompatible with other research do-

mains, e.g. local ecological research. Many ecological or environmental manage-

ment applications require accurate representations of stream and watershed at-

tributes, but the relatively coarse spatial resolution of existing global models in-

troduces bias and misrepresentation of hydrological processes and river topolo-

gy. This can result, for example, in underestimation of river length and travel 

times (Gong et al., 2009; Verzano et al., 2012) and can lead to subsequent inaccu-

racies of travel-based attributes, e.g. sediment delivery to the ocean (Vieux and 

Needham, 1993). From a modelling perspective, the incorporation of local or fi-

ne-scale information in integrated models, such as the explicit identification of 

habitat or flow characteristics for individual tributaries, or the linkage of species 

information to river reaches and small sub-basins is difficult, if not impossible, 

with coarse scale models. Calls for modelling hydrological processes at a global 

scale with substantially higher spatial and temporal resolutions than currently 

available, so-called ‘hyper-resolution’ models, have been made but remain a 

‘grand challenge’ in the hydrological modelling community (Wood et al., 2011).  
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An important component of GHMs is river routing. River routing models are 

specialized components that focus on the horizontal transport processes in river 

networks, e.g. they are frequently used within GHMs to translate runoff into dis-

charge. However, the routing algorithms are often simplified in GHMs. More so-

phisticated types of routing models are decoupled from the model component 

that generates the runoff, and are instead built to improve the accuracy of flow 

routing, e.g., by using a higher resolution river network to make better estimates 

on river velocity. More specialized routing models have been developed to take 

into account additional important aspects, for example, the effect of floodplains 

on the hydrograph (Yamazaki et al., 2011), but considerable opportunity exists 

for improving other aspects of river routing models. The need for more capable 

routing models is frequently mentioned as a way to improve the results of coarse 

scale hydrological models (e.g., He et al., 2011). These more sophisticated river 

routing models are particularly important for expanding the types of applica-

tions for which GHMs can be used by making their results more relevant through 

increased resolution and better representation of critical in-stream processes. 

I argue that a new generation of integrated models is required that support 

the linkage of hydrological processes with other fields, such as ecology, biogeo-

chemistry, and water management. There are existing approaches, such as the 

use of GIS-based watershed models in an integrated assessment framework (e.g., 

Aspinall and Pearson, 2000), but applications that assess large-scale effects of 

human alterations to the water system, such as the impact of global reservoir 

and dam constructions on downstream river ecosystems (Lehner et al., 2011), 

are relatively sparse. There is currently no framework for conducting global-

scale eco-hydrological modelling at high spatial resolution, i.e., a resolution that 

supports the accurate integration of local scale objects such as dams, wastewater 

treatment plants, sampling locations, gauging stations, etc. A number of conti-

nental type frameworks have been developed (Pistocchi and Pennington, 2006; 

Stein et al., 2014), yet these only exist for data-rich countries with good availabil-

ities of high-quality geospatial resources such as Australia, Brazil, United States, 

and European countries. 
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Given the above outlined shortcomings and the lack of integrated modelling 

support at large scales, the focus of my thesis is to (1) identify the challenges of 

large scale hydrological and routing models, and (2) to develop solutions in re-

sponse to these challenges that contribute to the next generation of integrated 

large-scale eco-hydrological models. A description of specific objectives is out-

lined in section 1.2. 

This focus will contribute to a more integrated data and modelling framework, 

which facilitates an easier linkage between hydrological and ecological infor-

mation that is geared towards eco-hydrological research, applications, and man-

agement. A key characteristic of my approach is to utilize a harmonized database 

of hydrographic baseline information (i.e., river network, sub-basin delineations, 

and linked features such as dams, lakes, and gauging stations) and to develop cus-

tomized assessment tools that couple hydrological model results and ecological 

information within this data framework. 

In this thesis, I describe the development and application of a new global, 
seamless river routing model, called HydroROUT (see 1.4 for more details) that 
is fully implemented in a geographic information system (GIS). HydroROUT is 
built on the foundation of the HydroSHEDS database (Lehner et al., 2008), com-
bining existing and newly developed global scale hydrographic baseline data 
with a dedicated river network and routing model. HydroROUT provides vector-
based routing capabilities and is integrated in the widely used GIS software 
package ArcGIS (ESRI, 2011). HydroROUT’s river network consists of a spatial 
graph (Bunn et al., 2000) with more than 17 million river reaches. The main in-
formation linked to each river reach is length, upstream watershed area, monthly 
long-term average discharge, river reach volume, and statistics on upstream and 
downstream connectivity. HydroROUT can operate at multiple scales, through 
the implementation of hierarchical, nested hydrological subdivision. Additional 
high-resolution datasets such as gauging stations, locations of large dams and 
reservoirs, floodplain extents, and a river classification are also integrated. The 
main functions of HydroROUT include accumulation functions, using reach-to-
reach processing; a number of sub-modules to simulate in-stream processes 
(e.g., decay in river reaches and lakes) and upstream/downstream tracing algo-
rithms, which can operate with distance, attribute- or location-based barriers. 
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The research opportunities from such a model are manifold, but the actual 

usefulness can only be assessed if the model framework is applied to specific 

eco-hydrological research. I therefore conducted four representative studies relat-

ed to assessing human impacts on freshwater system integrity in different settings. 

These include both data-rich and data limited areas, spatial scales ranging from 

small headwater streams to large rivers, and involving regional to global extents. 

More specifically, I focus on two sets of applications:  

First, in thesis chapters 3 and 4, I assess and examine HydroROUT regarding 
its capacity to model global spatio-temporal patterns of dam impacts. Two of the 
largest consequences of dam construction are river fragmentation and flow regu-
lation (Nilsson et al., 2005; Lehner et al., 2011; Birkel et al., 2014). River frag-
mentation leads to a decline in connectivity (Pringle, 2003), which affects spe-
cies migration and dispersal (Fukushima et al., 2007; Ziv et al., 2012); communi-
ty structure and biodiversity patterns (Altermatt, 2013); and the rivers’ function 
as transport pathway of organic and inorganic matter downstream into flood-
plains (Vörösmarty et al., 2003; Syvitski et al., 2009). Dam operation, particularly 
temporary water storage, is the main contributor to flow regulation, and may 
disrupt ecological functioning (Ward and Stanford, 1995; Pringle et al., 2000; 
Carlisle et al., 2011). As part of two case studies, one for the Mekong River Basin 
and another for the globe, I demonstrate the application of novel indicators that 
advance our understanding of dam impacts: the River Connectivity Index (RCI) 
and the River Regulation Index (RRI). 

Second, in thesis chapters 4 and 5, I apply HydroROUT to assess its capability 
for large-scale water quality modelling, by estimating in-river concentrations and 
risk of pollutants in freshwater systems using mass-balance approaches. This 
fills an important research gap because water quality modelling is typically con-
ducted at small to medium sized watersheds, but has rarely been conducted at 
larger scales, e.g., entire basins or continents (Wang et al., 2000; Pistocchi et al., 
2009). This is particularly true for micropollutants—chemicals found in the en-
vironment at low concentrations, but high toxicity. I adapted HydroROUT to act 
as a Contaminant Fate Model (CFM; Feijtel et al., 1998) for such pollutants to as-
sess first-order ecological risk in river networks at large spatial scales. Hydro-
ROUT is the first of its kind hyper-resolution CFM to be applied in two case stud-
ies for Canada and China. 
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1.2 Research objectives 

The rationale and main research components of this thesis are illustrated in a 

conceptual model (Figure 1.1). The overarching goal of this thesis was to con-

tribute to the development of a new generation of integrated, large–scale, hyper–
resolution river routing models for eco–hydrological applications. To achieve this 

goal, the thesis addresses two key research questions across four subsequent 

chapters: 

1) What are the key challenges in large–scale river routing models that need 
to be addressed in order to improve their applicability for assessing the state 
of global freshwater systems (chapter 2)? 

I identify key challenges for designing customized modelling solutions within 
a broad methodological framework focused on river routing approaches. Re-
sponding to these challenges (see dark blue components in Figure 1.1), I de-
signed and assembled the first version of a new river routing model, which in-
cluded the main building blocks (i.e., the river network and its spatial graph), key 
information associated with the river network, and routing algorithms. I then 
implemented new methodological techniques related to river network analysis. 
Both tracing operations as well as cumulative functions of the routing model 
were developed and tested. 

2) What are the appropriate scale, resolution, and data structures to assess 
multiple anthropogenic impacts on freshwater systems (chapters 3, 4, 5, 
and 6)? 

After having assembled the first version of HydroROUT in chapter 2, I con-
ducted a number of applied studies to further develop and improve the routing 
model in different geographic contexts. These studies relate to the five grand 
challenges surrounding hydrological and routing models that I identified earlier, 
i.e. resolution, data structure, scale, assessment of connectivity, and integrated 
modelling. Each study addressed specific aspects of these challenges and con-
tributed analytic insights into how adequately these challenges can be ad-
dressed. All of the studies made use of an advanced implementation of connec-
tivity, and each case study represents a component of a larger integrated mod-
el—where data and processes from different ecologically-related research do-
mains are integrated into the river routing model.  
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Figure 1.1: Conceptual diagram of relationships between overall goal, main research questions, 
objectives and chapters of this thesis. The extent of the dark blue components (main challenges 
identified in chapter 2) indicates in which other chapters these are primarily addressed. 
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Development of indicators capable of assessing cumulative effects of dams in 
a large-scale, integrated river routing model (chapter 3). 

There is currently no integrated large-scale modelling framework available to 

assess cumulative impacts of dams at resolutions appropriate for eco-

hydrological applications. In this context, ‘integrated’ refers to the ability to link 

adverse types of data from various domains, e.g., ecology, hydrology, socio-

economics, etc., into a common modelling framework to conduct assessments. In 

this chapter, I integrate different types of data (species distributions, floodplains, 

river classifications) to develop a series of eco-hydrological indicators of dam 

impacts—in particular, several variations of the River Connectivity Index (RCI) 

as well as the River Regulation Index (RRI)—and to critically compare and con-

trast their specific characteristics. This type of modelling and sensitivity analysis 

iteratively helped to determine the level of complexity necessary and feasible for 

assessing dam impacts on river systems.  

Exploration of spatio-temporal trends of dam impacts at multiple scales 
(chapter 4). 

Large-scale eco-hydrological modelling is typically conducted at the river ba-

sin scale, while smaller scales and cross-scale effects are neglected. Hence, of 

particular interest in this research application was the question of how 

HydoROUT would perform at scales other than the large river basin scale. I ap-

plied hydrological nesting approaches, which allowed identifying intra-basin 

dam impacts regarding river fragmentation and flow regulation, while tradition-

ally only inter-basin perspectives were provided. 

Extension of HydroROUT to perform as a contaminant fate model in order to 
assess water quality at large scales in support of environmental risk assess-
ments (chapter 5). 

Very limited research has been conducted to assess the contamination risk 

from micropollutants at larger scales in a spatially explicit manner. In this chap-

ter, I explore the feasibility to simulate contaminant risk in extensive river net-

works from point sources in a major North American river basin. This chapter 

not only contributed to validating the river discharge of the routing model, but 

also provided opportunities to develop methods to integrate and model the ef-
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fect of lakes in the routing model. The case study furthermore resulted in the in-

tegration of in-stream processes, such as environmental decay. 

Performing large-scale water quality assessments in data-poor areas and 
assessing the risk from human-released hormones from point- versus non-
point sources across spatial scales (chapter 6). 

Water quality modelling rarely includes contributions from diffuse sources, 

such as contaminants released by human populations into small headwater 

streams without prior sewage treatment. In this chapter, I developed new ways 

to integrate high-resolution raster data as a source layer required for river rout-

ing in basins where non-point sources play an important role (river basins of 

China). I used hormones as a case study, because their release is strongly corre-

lated with population density, as every human releases certain amounts of hor-

mones, making these contaminants suitable for spatial assessments and compar-

isons to more localized contaminant sources (wastewater treatment plants). A 

downscaling method from administrative regions to small river reaches was de-

veloped. After integration, I assessed the risk of multiple chemicals in the river 

network, in particular the relative contribution and sensitivity of the distributed, 

small-scale sources in respect to other sources within the model. 
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1.3 Literature review 

1.3.1 Hydrological and routing models 

Hydrological modelling and existing river routing models 

The hydrological cycle continuously recycles water through the processes of pre-

cipitation, interception, flow, evaporation, and condensation. These processes 

connect landscapes with the atmosphere, biosphere, and oceans through the 

transfer of water, energy, material and organisms. Hydrological models simulate 

these processes to generate spatio-temporal trends of river flow. A typical hydro-

logical model consists of two components: 1) a Land-Surface component, which 

estimates the Earth’s vertical water balance by simulating the processes occur-

ring between the Earth’s surface and the atmosphere, such as precipitation, 

evaporation, etc., and which produces spatio-temporal trends of runoff; and 2) a 

horizontal routing component, which accumulates the calculated runoff down-

stream across the Earth’s surface to estimate river flow.  

Hydrological models can be classified into three main groups based on how 

they represent processes: simple models (mostly empirical approach; “black 

box”), mid-range models (combining empirical and mechanistic approaches; 

“grey box”), and detailed models (mostly mechanistic approach; “white box”) 

(Abbott and Refsgaard, 1996). Hydrological models are also divided into groups 

based on the amount of spatial heterogeneity considered. Specifically, hydrologi-

cal models can be either “lumped” (variables homogeneous throughout the study 

area), “distributed” (full spatial heterogeneity of variables), or “semi-distributed” 

(some heterogeneity considered) (Olivera and Maidment, 1999). The spatial 

scale considered in hydrological models ranges from the patch to global sales. 

Most models operate at the catchment scale; however, in the last two decades, 

regional, continental, and global-scale models emerged (Anderson and Bates, 

2001). Finally, a distinction can be made upon the type of coupling between the 

runoff generation scheme and the routing model. Early global flow routing mod-

els were developed to evaluate Global Climate Models in a decoupled way, and 

this type of model continues to be applied (Yamazaki et al., 2013). Another line 
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of research developed dedicated large-scale and global hydrological models, 

which explicitly couple the land-surface models with a river routing model to de-

rive discharge (Döll et al., 2008; Haddeland et al., 2011). 

Spatial resolution and scale 

Global hydrological models and their routing schemes have been developed at 

different spatial resolutions, ranging from aggregated basin scale models 

(“lumped”) to the most commonly applied 0.5 degree (~50 km x 50 km at the 

equator) resolution, with various lateral routing schemes developed accordingly 

(Oki and Sud, 1998; Graham et al., 1999; Renssen and Knoop, 2000; Vörösmarty 

et al., 2000a; Döll and Lehner, 2002).  

At the catchment scale, the numerous hydrological and routing models that 

exist (e.g., SWAT, Mike-SHE, INCA, HEC—described below) are difficult to apply 

at larger scales for numerous reasons that relate to model complexity, input data 

requirements, parameterization and calibration. For example, the Soil Water As-

sessment Tool (SWAT; Arnold, 1998), a semi-distributed, physically based flow 

and water quality model is commonly used to simulate river and groundwater 

flow in river catchments at small to medium scales (i.e. catchments of 102-104 

km2 in basin size). SWAT has modules to route water, sediments, nutrients and 

organic chemicals, but requires extensive parameterisation of detailed process-

es. A few studies have been conducted at larger scales (Gosain and Rao, 2006; 

Schuol et al., 2008), albeit with significant difficulties to provide the numerous 

required parameters and variables. Similarly, MIKE-SHE (Abbott et al., 1986) is a 

distributed, integrated surface-groundwater hydrological model that has been 

extensively used in engineering and water management at scales ranging from 

individual soil profiles to catchments and larger basins (e.g., Senegal Basin; 

Andersen et al., 2001). MIKE-SHE utilizes basic Muskingum-type flow routing, 

which can be extended by the module MIKE 11 (Havnø et al., 1995) for inclusion 

of a full range of flow routing applications. A link to a generic ecological model 

(ECO Lab; Butts et al., 2012) has been established to model stream temperature 

and stressors from pollution in river catchments as part of the Danish project 

‘Riskpoint’ (http://www.risk-point.dk/). 
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At global scales, a number of mainly physically based, distributed hydrological 

models, using grid boxes as their modelling units at various resolutions (usually 

0.5° lat/lon or coarser) have been developed since approximately the 1990's. 

These developments were driven by the need for the validation of global climate 

models (Russell and Miller, 1990), and the lack of models for water resources 

management at large scales (Döll et al., 2008). The rather coarse modelling units 

have been applied mostly for reasons of technical feasibility (i.e. computational 

demand) and due to the fact that important input information, foremost climate 

data, has traditionally been offered at these resolutions. An example of a model 

that was designed to improve the hydrology of global climate models is the Vari-

able Infiltration Capacity model (VIC), a soil-vegetation-atmosphere-transfer 

model (Liang et al., 1994). The model has evolved rapidly and is now capable of 

evaluating the effect of land use and vegetation changes on hydrology at the re-

gional and global scale (Haddeland et al., 2007).  

A more integrated, physically based and distributed global hydrologic model 

that takes socio-economic factors into account is WaterGAP (Alcamo et al., 2003; 

Döll et al., 2003). The WaterGAP global hydrological model is described here in 

slightly more detail than other models as it provides the discharge values that 

were downscaled and used in HydroROUT (see 1.4 below). WaterGAP calculates 

the water balance on a 0.5° x 0.5° raster surface, taking into account natural pro-

cesses and anthropogenic water use. Discharge routing is accomplished using a 

kinematic routing scheme. In contrast to earlier versions of the model which 

used a constant velocity, velocity is now derived from a combination of channel 

slope and channel bed roughness (Fiedler and Döll, 2010). Large lakes and res-

ervoirs are also considered. The model is tuned to match the long term annual 

discharge at selected gauging stations within an error of 1%; however, locations 

far from tuning stations perform less well. Many other models exist in this cate-

gory, e.g. LPJmL (Rost et al., 2008), WBM (Vörösmarty et al., 2000b), TRIP (Oki et 

al., 2001), or MAC-PDM (Gosling and Arnell, 2011).  

In contrast, the “Terrestrial Hydrology Model with Bio-geochemistry” (THMB; 

formerly HYDRA; Coe, 2000; Coe et al., 2008), differs from many other models by 

a) separating the routing scheme from the simulation of the hydrological water 
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balance; b) simulating potential lake and wetland areas based on topography 

(Coe, 1998); and c) operating at a relative high resolution of 5 x 5 arc minutes 

(~10 x 10 km). Newer versions of the model use high resolution sub grid topog-

raphy based on SRTM elevation data (Farr et al., 2007) to improve the simulation 

of flooding in the Amazon. In recent developments, other hydrological routing 

models are moving also towards higher resolutions, e.g., 15 arc minutes 

(Yamazaki et al., 2009; Yamazaki et al., 2013) and 5 (or 6) arc minutes (e.g., 

Wisser et al., 2010; Schneider et al., 2011).  

Multi-scale applications 

Although some of the models mentioned above could be modified for application 

at different scales, few models are designed by default to be applied over multiple 

scales. Beighley et al. (2009) used a delineation process based on the Pfafstetter 

method (Verdin and Verdin, 1999) to derive irregular hydrological units (catch-

ments) nested in increasingly larger hydrological units at coarser scales. The ir-

regular units were then transformed into regular rectangular units from which 

routing parameters were developed. This type of framework allows for a flexible 

modelling at multiple scales. The Hydro1K database provides subunits based on 

the Pfafstetter concept at the global scale (USGS, 2000). Stein et al. (2014) used a 

similar approach to divide Australia into homogeneous hydrological units. 

River routing models 

The term “routing” generally refers to the simulation of transportation processes 

over space and time and typically refers to the procedure by which the change in 

magnitude, speed and form of a flood wave at any point in a hydrological net-

work is calculated, resulting in a hydrograph (Maidment, 1993). A flow routing 

scheme, the mathematical method to simulate the movement of water over the 

landscape, translates runoff into river discharge by passing the runoff generated 

in a specific landscape unit (e.g. subwatershed or pixel) to the next downstream 

unit. The translation process from one unit to the next within hydrologic models, 

executed by the flow routing scheme, can be ‘hydrological’ (relatively simple 

based on a mass conservation approach) or ‘hydraulic’ (more dynamic, mass and 

energy is conserved). The routing scheme of hydraulic routing models can be 
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kinematic, diffusive, or fully dynamic (Maidment, 1993). These three schemes in-

crease in level of complexity (respectively) as they more fully represent the phys-

ical processes and take more variables into account (e.g., bedslope friction, pres-

sure, convection, and acceleration) (Feldman, 2000). Hydrodynamic processes 

such as backwater effects and lateral flooding have critical implications on eco-

system functioning, and the inclusion of hydrodynamic principles allows for more 

advanced routing models. A recent study for the Amazon River Basin employed a 

diffusive wave routing approach in the CaMa-Flood model (Yamazaki et al., 2011) 

to demonstrate that floodplains have strong attenuating effects on flood waves 

and flood peaks in large basins. A fully dynamic routing scheme was developed as 

part of a large-scale hydrological model, the MGB-IPH, where routing occurs on 

vector-based hydrological response units (Paiva et al., 2011; Paiva et al., 2013a). 

Depending on the spatial data structure (raster/vector) and the complexity of 

the routing scheme (hydrological/hydraulic), three basic routing approaches are 

most widely used: a) the cell-to-cell routing, often applied in distributed, raster 

based models (e.g., WaterGAP, LPJmL, THMB, etc.); b) the source-to-sink ap-

proach (rarely used in practice), whereby runoff is calculated at one location (e.g. 

continental sink) as a result of all contributing sources (Olivera and Famiglietti, 

2000); and c) an object-to-object routing approach, where routing occurs be-

tween vector hydrological objects, such as river reaches or watersheds. This type 

of routing is increasingly applied in large-scale models, and is the type of routing 

implemented in HydroROUT (see section 1.4). 

Cell-to-cell routing models are based on raster data structures and have tradi-

tionally been the preferred choice of hydrological modellers, as the integration of 

topography in the form of rasterized Digital Elevation Models (DEMs) is a key 

requirement for many routing algorithms that trace water along drainage direc-

tion maps. Furthermore, many ancillary datasets stem from remotely sensed ras-

ter information (e.g., land cover, precipitation, etc.) and these grids are relatively 

easy to process in any modern GIS.  

However, raster based routing models tend to be less efficient than vector 
based object-to-object routing models. Yamazaki et al. (2013) tested a global vec-
tor-based model using unit-catchments of ~400km (equivalent to a grid based 
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model of 15 arc minutes resolution) and showed substantial improvements in 
computational speed over raster models without reducing modelling accuracy. 
David et al. (2011) and David et al. (2013) developed a vector-based, Musk-
ingum-Cunge type routing scheme for runoff routing in the U.S. based on the 
NHDPlus stream network (USEPA and USGS, 2008) and tested its performance in 
Texas using different runoff raster grids. Paiva et al. (2013b) used the global hy-
drographic framework HydroSHEDS to create a river network of reaches with an 
upstream area of ~1000 km2 in the upper Amazon River, and employed a fully-
dynamic flow routing scheme to simulate the complex flow dynamics of the Ama-
zon. Whiteaker et al. (2006) developed a schematic processor for ArcHydro da-
tabases (Maidment, 2002)—a conceptualized, vector river network that is able 
to link output hydrographic databases from ArcHydro to the Hydrologic Engi-
neering Center (HEC) flow routing system (Feldman, 2000).  

Basic in-stream processes, such as accumulation and solute transport along 
the river network, have also been implemented in a number of global hydrologi-
cal routing models. Solute transport is often modeled simultaneously (e.g. SWAT, 
INCA), or can be decoupled from the flow routing processes. INCA is an example 
for a semi-distributed routing model coupled to a nutrient model (Wade et al., 
2002b). It combines a global climate model with land use data, and uses simple 
kinematic routing schemes to calculate nitrogen (Whitehead et al., 1998), phos-
phorus (Wade et al., 2002a), and sediments (Lazar et al., 2010). The HYDRA 
routing model (Coe, 2000) was modified to simulate nitrate export variability in 
the Mississippi River basin (Donner et al., 2002). Dedicated nutrient export 
models exist to model the export of multiple nutrients at global scales which im-
plement a mass-balance approach to route nitrogen, phosphorus, and carbon 
along a river network at 0.5 degree raster resolution (Harrison et al., 2010; 
Mayorga et al., 2010; He et al., 2011).  

River tracing and graph theoretical models 

Most applications of routing models focus on downstream routing of runoff and 
can therefore be considered single-direction models. The use of multi-directional 
approaches in routing models has been much less common. Multi-directional 
models make full use of connectivity in both upstream and downstream direc-
tions. Such models are frequently used in landscape ecology, where the function-
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al and structural connectivity between habitat patches is assessed based on a 
graph-based framework (Bunn et al., 2000; Urban and Keitt, 2001). An ad-
vantage of a graph-based framework is the possibility to include network analy-
sis, allowing the study of objects as part of a connected system. A large number 
of network analysis functions (search algorithms, analysis of network proper-
ties) are available to conduct a wide range of applications in modelling, within 
ecological, social, transportation, and utility networks. 

The application of graph theory in fluvial landscape ecology is less common 
than in terrestrial landscape ecology. Graph-theoretic models of rivers combine 
vectorized links and nodes, which may represent river reaches and confluences, 
respectively, into a spatial graph (Galpern et al., 2011; see also section 1.4.2 for 
illustrations and further explanations). The spatial structures of river networks 
modify processes on several levels from individuals to meta-populations and 
from local fluvio-geomorphology to flow regimes (Brown et al., 2011). It is thus 
important to understand interactions, functioning and changes in river systems 
(Campbell Grant et al., 2007). In practice, information about species distribution 
and richness or other features can be allocated to the links or nodes, and con-
nectivity measures, such as the distance between nodes, can be derived. For ex-
ample, Erős et al. (2011a) showed examples of the application of “network think-
ing” to model functional connectivity using patch-based models (see also the re-
view about functional connectivity below) in river networks. Schick and Lindley 
(2007) examined changing patterns in connectivity and the isolation of salmon 
populations due to dam construction in California’s Central Valley. Their applica-
tion has been limited to smaller river systems since the computational require-
ments increase exponentially with the number of network reaches. (Erős et al., 
2011b) used the “habitat availability approach” (Pascual-Hortal and Saura, 
2006) to prioritize river conservation areas, and similar techniques were used by 
Segurado et al. (2013) to determine the best option to increase connectivity by 
removing individual dams.  
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1.3.2 Anthropogenic impacts of dam building on river frag-
mentation and flow regulation 

Dam construction is amongst the most extensive human alterations of freshwa-

ter ecosystems. Dams have substantial impacts on the ecological integrity of riv-

ers, wetlands and floodplains (Tockner and Stanford, 2002; Arthington et al., 

2010; Poff and Zimmerman, 2010; Richter et al., 2010). A hierarchical frame-

work of upstream and downstream impacts of dams on river ecosystems has 

been developed by Berkamp et al. (2000) identifying first-, second-, and third-

order impacts (sensu Petts and Gurnell, 2005). First-order impacts are the im-

mediate abiotic effects on ecosystems as a direct consequence of the barrier (e.g., 

changes in flow, water quality and sediment load) and lead to second- and third-

order impacts. Second-order impacts are the abiotic and biotic changes in eco-

system structure and primary productivity caused by first-order impacts that 

take place over longer time scales. Third-order impacts are the long-term biotic 

changes on higher trophic levels that result from the integrated effects of first- 

and second-order impacts (e.g., effects of changes in invertebrate communities 

on fish, birds and mammals). River fragmentation and flow regulation are com-

monly considered as the most substantial first-order impacts (Nilsson et al., 

2005; Lehner et al., 2011; Birkel et al., 2014).  

River fragmentation and loss of connectivity 

A core application of my thesis is to allow better understanding of the cumula-

tive fragmentation effects from dams in river networks. Fragmentation of river 

networks causes isolation and diminishes river connectivity. River connectivity is 

an important concept in freshwater ecology, but it lacks a clear definition across 

disciplines. Most commonly, connectivity is further qualified into structural and 

functional connectivity, with hydrological connectivity as a special form of struc-

tural connectivity (Fullerton et al., 2010). 

Structural connectivity has a longitudinal aspect that connects upstream and 

downstream ecosystems (Vannote et al., 1980; Wiens, 2002), a lateral dimension 

by linking riverine systems with wetlands and floodplains (Tockner et al., 1999), 

and a vertical component that connects surface water with groundwater flows 
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(Renard and Allard, 2013). Longitudinal connectivity is particularly important 

for river ecology because of its relation to species migration and dispersal 

(Fukushima et al., 2007; Cote et al., 2009; Ziv et al., 2012), its role in community 

structure and biodiversity patterns (Altermatt, 2013), and its function as 

transport pathway of organic and inorganic matter downstream and into flood-

plains (Vörösmarty et al., 2003; Syvitski et al., 2009). Structural connectivity has 

been estimated in the past using increasingly complex methods (Fullerton et al., 

2010). Basic indicator methods have been applied in global and large-scale stud-

ies. Those include the number of dams within a watershed (dam density), the 

total length of a river (in km) upstream from each dam, the proportion of the riv-

er network inaccessible from the sea, or the total length of swimmable distance 

from each point of the network (Nilsson et al., 2005; Anderson et al., 2008; 

Lassalle et al., 2009; Vörösmarty et al., 2010). In an attempt to capture the ob-

struction of large river systems by dams, Reidy Liermann et al. (2012) measured 

the length of the longest undammed stretch of the five largest rivers in each 

‘freshwater ecoregion’ (as defined by Abell et al., 2008) to derive the percentage 

of free-flowing rivers.  

Hydrological connectivity is a special form of structural connectivity, by adding 
a temporal/dynamic component to structural connectivity. The temporal aspect 
of hydrological connectivity is apparent on two levels: a) the pulse level, where 
the annual changes in river discharge create distinct, pulsing patterns, which 
drive ecosystem level processes, and b) regime level, or historical processes over 
timescales and decades, which influence large-scale fluvio-geomorphological 
patterns (e.g., incision) that may alter connectivity as well (Amoros and Roux, 
1988; Amoros and Bornette, 2002). Hydrological connectivity could be defined 
simply as water flow between components of the hydrological cycle. As such, 
studies often treat hydrological connectivity as binary characteristic, which ei-
ther exists or not. Simple indicators exist to measure hydrological connectivity, 
e.g., at the river reach scale the number of months a river reach falls dry can indi-
cate ‘intermittency’, or at the network scale the ratio between actively flowing 
and potentially flowing stream reaches can be calculated (Phillips et al., 2011). If 
combined with other hydrologic metrics, intermittency can inform flow regime 
classifications (Kennard et al., 2010). 
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Barrier effects by dams are not the only component that influences species 

dispersal and occurrence in river systems. More broadly—from a landscape ecol-

ogy perspective—connectivity can be defined as the degree to which a landscape 

facilitates or impedes movement of organisms among resource patches in a 

structurally connected river system (Tischendorf and Fahrig, 2000)—often re-

ferred to as functional connectivity. The ability to move between patches depends 

on optimal environmental conditions regarding water quality, chemistry, sedi-

ment load, fluvio-geomorphological characteristics, and flow conditions and are 

population specific. Functional connectivity is important in determining the dis-

tribution of species (Bunn et al., 2000; Watts and Handley, 2010; Wainwright et 

al., 2011) and is a fundamental concept in metapopulation biology, which is con-

cerned with the distributions of populations and the gene flow between spatially 

distinct subpopulations of a larger metapopulation (Moilanen and Hanski, 2001; 

Muneepeerakul et al., 2007; Mari et al., 2014). 

Functional connectivity assessments are species- or population-specific and 

are frequently used in terrestrial landscape modelling, where patch based mod-

els are common to determine connectivity between and within patches (Walker 

et al., 2007; Watts and Handley, 2010). Other approaches define connectivity on 

a landscape level, that is, the connectivity of the entire river network is ex-

pressed, with no intra-network variability (Moilanen and Hanski, 2001). 

In their review of connectivity measures and models, Kindlmann and Burel 

(2008) provide a strong case for the need to further model species movement in 

landscape ecology, which would also apply to fish species movement. The ability 

to move between different patches can be simulated using dynamic species 

models. This has, for example, been applied to an integrated analysis of the 

trade-offs between energy production, food supply, and biodiversity in the Me-

kong River (Ziv et al., 2012). In response to the call for increasing complexity, 

however, Calabrese and Fagan (2004) argue that more complex connectivity 

models (species movement and dispersal models) are also very data intensive 

and are therefore generally restricted to smaller areas and landscapes.  

A good compromise between realism and information requirement seems to 

lie in graph-theoretical methods (Calabrese and Fagan, 2004), which are also 



Chapter 1 

 

20 

 

implemented in HydroROUT (see section ‘River network and spatial graph’ in 

1.4.2 below). These types of models are based on network theory and use spatial 

graphs (Bunn et al., 2000). A number of functional connectivity assessments 

(some were mentioned above) use this approach. In addition, the approach by 

Padgham and Webb (2010) is worth noting as a more general framework to 

quantify the network-scale effect of changes in the spatial structure of a river 

network. They use transition probability matrices to model habitat availability 

between pairs of river reaches within stream networks.  

The Dendritic Connectivity Index (DCI, Cote et al., 2009) is a graph-based 

index that reduces complexity by determining connectivity from characteristics 

of network fragments—i.e., sections of the river network separated by dams. The 

DCI uses network analysis to evaluate the cumulative impact of dams on the life 

history of potamodromous and diadromous fish at a river network (landscape) 

level based on the number, permeability, and location of barriers. In this thesis, I 

use an adaptation of the DCI concept to develop new indicators of river fragmen-

tation (see chapter 3 and 4). This adaptation is similar to the DCI in the way 

graph-theoretical principles are applied, but my approach is to extend the DCI to 

allow indicator weighting based on hydrological and ecological variables, and to 

use ‘river volume’ as an improved proxy for habitat availability (Grill et al., 

2014). 

River flow regulation and consequences 

The dynamics of river flow are central in maintaining the ecological integrity of 

aquatic ecosystems (Poff et al., 1997). Flow variability imposes changing physical 

conditions on the system, with ecological consequences at local to regional 

scales, and at temporal scales ranging from days to millennia (Naiman et al., 

2008). The characteristic “natural flow regime” of a river is described by the 

magnitude, frequency, duration, timing and the rate of change of its discharge 

(Poff et al., 1997). Flows and floods of different magnitude reoccurring at certain 

time intervals shape the composition and structure of aquatic habitats and 

communities (Ward et al., 2002). Natural flows also provide environmental cues 

for many species to start spawning, egg hatching, or migration (Poff et al., 1997). 



  Chapter 1  

 

21 

 

The introduction of a dam into a river system can lead to alterations of the 

natural flow regime and subsequently to adverse effects on the structural and 

functional integrity of river systems. If a dam leads to the formation of a reser-

voir, the natural flow regime is often drastically changed from a free flowing river 

to a water body that shows both river and lake characteristics. Water retention 

time (hydraulic residence time) increases significantly with consequences on 

sediment retention, nutrient cycling, productivity, and water chemistry (Gordon, 

2004). Further impacts of reservoir creation are loss of river habitat for mam-

mals and birds (Nilsson and Dynesius, 1994), deoxygenation (Pringle et al., 

2000), changes in nutrient budgets (Pinto-Coelho, 1998; Friedl and Wüest, 

2002), thermal stratification (Friedl and Wüest, 2002), greenhouse gas emis-

sions (Friedl and Wüest, 2002), water loss from evaporation (Shiklomanov, 

2000), and contamination of food webs with substances such as methylmercury 

(Rosenberg et al., 1997).  

Dam operations often lead to stabilizing flow variability as they tend to reduce 

peak flows and increase minimum flows. The stabilization of river dynamics has 

been associated with adverse medium to long-term ecological effects on flora 

and fauna (Johnson, 1992; Poff et al., 1997; Jansson et al., 2000; Dudgeon et al., 

2006; Gordon and Meentemeyer, 2006) and are likely to affect biodiversity nega-

tively (Xenopoulos et al., 2005; Xenopoulos and Lodge, 2006). From a fluvio-

geomorphological perspective, channel forming high flows and channel migra-

tion create important aquatic environments such as abandoned channels, back-

water reaches, and oxbow lakes, while low flow conditions provide unique envi-

ronments for species (Shields Jr et al., 2000). 

The effect of dams on the regulation of downstream flows can only be fully as-

sessed if the operation rules of the reservoirs are known. Current practical as-

sessments aim to create a hydrological baselines of undisturbed flow, classify 

flow based on statistical flow variables, determine the level of deviations be-

tween the baseline and the disturbed flow, and establish relationships between 

flow alteration and ecological response (Richter et al., 1996; Biggs et al., 2005; 

Arthington et al., 2006; Poff et al., 2010). McLaughlin et al. (2014) determined 

regional flow regimes of rivers at several sites across Canada and analysed devia-
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tions caused by flow regulation from hydropower dams. Although this approach 

could be extended to other parts of the world, the required detailed flow meas-

urements are rarely available in less ‘data-rich’ regions. Furthermore, the down-

stream propagation of flow regulation, and the complex cumulative (or interact-

ing) effects of flow regulation from multiple dams compared to single dams 

(McManamay, 2014) are not assessed by this approach. As a provisional solution 

in the absence of dam operation rules, the Degree of Regulation (DOR), i.e., the 

proportion of a river’s annual flow that can be withheld by a reservoir or a clus-

ter of reservoirs has been suggested as a first-level approximation of the poten-

tial impact of dams on downstream flows. Despite its limitations, the DOR has 

been a key component of seminal studies on flow regulation (e.g., Nilsson et al., 

2005; Lehner et al., 2011) or has been analyzed in terms of the hydrologically 

equivalent ‘change in residence time’ or ‘water aging’ (e.g., Vörösmarty et al., 

1997).  

The DOR concept, however, is only applicable at the reach scale, and provides 

no basin-wide (landscape-scale) measure of flow regulation. Such a ‘cumulative’ 

DOR has—to my knowledge—not been developed yet. In chapter 3 and 4, I apply 

the DOR concept for determining reach-scale impacts, and also develop a new in-

dicator based on DOR which assesses flow regulation from dams for entire basins.  

1.3.3 Contaminant fate models for large scale water quality 
and environmental risk assessment 

In order to effectively manage our freshwater resources and ensure the health 

and safety of humans and vulnerable aquatic ecosystems, we require a deep un-

derstanding of the sources and distribution of potentially harmful substances in 

our streams, rivers, and lakes. Furthermore, we need to understand where these 

substances originate, the magnitude of the risk they pose, and how they can best 

be managed to maintain the integrity of freshwater systems. Environmental risk 

assessment is of paramount importance to prioritize and identify chemicals that 

yield undesirable effects on aquatic life and human health (Ambrose and 

Clement, 2006; EMEA, 2006). Aquatic systems are especially vulnerable, serving 

as an endpoint for industrial and municipal effluents and a source of drinking 



  Chapter 1  

 

23 

 

water for downstream communities (Fent et al., 2006; Hernando et al., 2006). 

However, current risk assessment methodologies, based mainly on in-situ meas-

urements, have major limitations, in particular for emerging contaminants that 

are analytically challenging to measure (e.g., nanoparticles), whose environmen-

tal quality standard is below current analytical capabilities (e.g., Ethinylestradiol, 

EE2), and those known to act as mixtures (e.g., estrogens) (Carlsson et al., 2006; 

Khan, 2014). 

Contaminant fate models (CFMs), which combine spatially explicit hydrologi-

cal models with environmental risk assessment methodologies, can address 

these shortcomings. CFMs identify contaminant pathways, take into account ac-

cumulation from upstream contaminations, can be deployed for multiple chemi-

cals and at large scales, and can predict environmental concentrations with rea-

sonable accuracy under various hydrological scenarios (Johnson et al., 2008; 

Cowan-Ellsberry et al., 2009). They are frequently used to conduct risk assess-

ments for substances from wastewater treatment plants or other sources (Feijtel 

et al., 1998; Wang et al., 2000; Anderson et al., 2004). 

These models share common assumptions and similar key mechanisms. Rea-

sonable per capita emission estimates of contaminant mass entering individual 

wastewater treatment plants (WWTPs) can be gained using the average per capi-

ta consumption of a compound of interest and adjusting for human metabolism 

(for more detail see chapter 5 and 6). The contaminant mass released by indi-

vidual WWTPs into specific river reaches can be estimated using the average per 

capita emissions, knowledge of the local population served by a WWTP, and ad-

justing for removal during treatment, where relevant (Keller et al., 2006). As for 

chemical routing in the hydrological system, advection is assumed to be the dom-

inant dilution mechanism, which can be modeled effectively using stream length, 

velocity, discharge, and a decay function (Pistocchi et al., 2010). Predicted envi-

ronmental concentrations (PECs) are subsequently based on accumulated load 

and discharge at the river reach scale. 

CFMs are used to predict single substance concentrations in surface waters; 

examples include GREAT-ER (Feijtel et al., 1998), ISTREEM (Wang et al., 2000), 

LF2000-WQX (Williams et al., 2012), PhATE (Anderson et al., 2004), MAPPE 
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(Pistocchi et al., 2012) and GWAVA (Johnson et al., 2013). Such models are par-

ticularly well-designed for household chemicals and have been applied to chemi-

cal exposure assessments in various studies (Atkinson et al., 2009; Cunningham 

et al., 2009; Hannah et al., 2009; Ort et al., 2009; Cunningham et al., 2012; 

Hosseini et al., 2012; Johnson et al., 2013).  

CFMs have a strong spatial component in that they take into account popula-

tion size and distribution, river network complexity and its accumulating effects, 

and local river flow dynamics that can differ substantially from the emission 

point and across the stream network. Typically, CFMs operate at the scale of river 

catchments, but a few have been applied at larger scales (Wang et al., 2000; 

Pistocchi et al., 2009). 

As an example for the capability of current CFMs, the routing of substances 

such as nutrients and pollutants is used in a European context in the MAPPE 

model (Pistocchi et al., 2011b). Within a GIS, map algebra is used to model 

steady state concentrations of persistent organic pollutants, pesticides, volatile 

organic compounds, pharmaceuticals and other household chemicals (Pistocchi 

et al., 2009; Pistocchi et al., 2010; Pistocchi et al., 2011a). The spatial extent of 

MAPPE is the European continent with a grid resolution of 1 km2. MAPPE can 
back-calculate emissions in catchments upstream given measured contaminant con-

centrations in rivers (Pistocchi et al., 2012). An example for the use of MAPPE in an 

Integrated Environmental Assessment is given in Marinov et al. (2014), where 

the model was used to estimate river loads of chemicals under different policy 

implementation scenarios. 

To my current knowledge, advanced contaminant fate models such as GREAT-
ER or PhATE were applied for specific small-to-medium sized watersheds, but 
have not yet been applied over larger areas. Furthermore, none of the examined 
models considered contamination from untreated wastewater, for example, di-
rect discharge of untreated wastewater by rural populations (for more details 
see chapter 6). 
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1.4 Development of a hyper-resolution river routing 
model 

1.4.1 New approaches in river routing 

More often than not, the term river routing has been used interchangeably with 

the term “flow routing”, i.e. the accumulation of runoff across the landscape. In 

this thesis, I suggest to define the term “river routing” more broadly—in addition 

to the flow of water, river routing may also include the movement of other ele-

ments and objects (e.g., nutrients, plants, and species) sensu Pringle (2003), 

where hydrological connectivity is the flow of material, energy, and organisms 

within and between components of the hydrological cycle.  

I further propose that for eco-hydrological applications, routing (and the as-

sociated models) should (i) include the possibility to conduct routing of water 

and substances along the hydrological flow paths; (ii) represent lakes, dams, 

floodplains, and wetlands in addition to river reach routing; and (iii) be based on 

a powerful tracing algorithm for upstream and downstream routing to represent 

both active and passive dispersal of matter or species. Furthermore, a routing 

model should be flexible for use across multiple scales. 

As such, and to widen the scope of routing in hydrological models, I define the 

term ‘river network routing’ following the hydrological connectivity concept of 

Pringle (2003) as ‘the simulation of movement of energy, material and species 

within a hydrological object space, based on flow routing, tracing and in-stream 

processing.’ 

HydroROUT, as a new type of river network and routing model, was designed 

around this definition with the goal to support eco-hydrological applications at 

regional to global scales. In these applications, the primary focus shifts from simu-

lating dynamic river flow to representing a larger set of interacting processes (in-

cluding, e.g., ecological, fluvio-geomorphological, and hydrological processes). This 

poses challenges for current hydrology-focused models, as the added complexity 

can render the model too inefficient to be useful as a simulation tool. Although the 

dynamic modelling of river flow is imperative for many eco-hydrological applica-
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tions (e.g., to estimate the effects of land use on hydrology), for many integrated 

modelling applications a reduced representation of the hydrological processes 

(with less temporal detail of flow simulation or pre-computed discharge) may still 

be sufficient if larger spatial patterns and steady-state conditions are the focus 

(see applications in chapter 3 to 6). 

In the following sections, I first describe the main design characteristics of 

HydroROUT, outline how HydroROUT resolves some of the challenges identified 

earlier, and provide a concise technical and methodological description of the 

model (i.e., going beyond the shorter explanations provided in the subsequent 

manuscript chapters). 

1.4.2 Model structure and functionality 

Data structure and key data layers 

 A key characteristic of my approach is to utilize a harmonized database of hy-

drographic baseline information, i.e. a river network and its catchments, sub-

basin delineations, and linked features such as dams, waterfalls, and lakes (see 

Figure 1.2 for a graphical representation of main features, and Table 1.1 for a list 

of integrated layers).  

 In response to the identified challenges with data structures, I designed Hy-

droROUT around a hybrid raster/vector data structure to benefit from the ad-

vantages of both raster and vector concepts. Nevertheless, vector data is the 

dominant data structure of HydroROUT (Figure 1.2a) and is derived from the 

underlying high resolution hydrographic raster database (HydroSHEDS; Lehner 

et al., 2008). As mentioned earlier, vector routing can significantly increase mod-

el execution time compared to cell-based models (Yamazaki et al., 2013) because 

of the inherently simple ‘object-to-object’ routing scheme.  

 A second advantage of the hybrid structure is improved data integration. The 

integration with underlying raster data at 500 m resolution allows maintaining 

linkages to other models (e.g., land surface or land use change models) and to 

transfer and integrate additional, finer scale information from external raster 

sources to the river network using geospatial statistics tools. Data integration 
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across spatial scales (using the set of hierarchical sub-basins) is made possible us-

ing a coding system similar to the Pfafstetter method (Verdin and Verdin, 1999). 

Spatial resolution 

HydroROUT uses an object-oriented approach, whereby river objects—river 

reaches and their respective catchments (Figure 1.2a; green lines and thin black 

outlines)—are created from the high resolution (500 m x 500 m) raster database 

HydroSHEDS (Lehner et al., 2008). The applied algorithm to create these objects 

groups cells that are connected along the drainage network into distinct objects 

(a river reach or catchment), which substantially reduces the number of routing 

objects compared to the cell approach, while conserving the spatial accuracy of 

the object. 
 

 

 

Figure 1.2: a) Flow direction raster (colored gridded surface; raster resolution ~500m), river 
reaches (green lines), and reach catchments (thin black lines). The reach catchments are used in 
conjunction with spatial extraction tools to link objects, or information from other models to the 
HydroROUT river network. The thicker grey lines represent a higher level of spatial aggregation, 
and each incorporates several smaller reach catchments. b) Sub-basins at different, nested hier-
archical levels (HydroBASINS; Lehner and Grill, 2013).  
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Table 1.1: Key vector datasets integrated in HydroROUT. 

Layer Description 

River reach-
es and asso-
ciated 
catchment 

Derived from the HydroSHEDS database (Lehner et al., 2008), the river network 
consists of 17770043 global river reaches (polylines) with an average length of 
2.7 km, located in a Geodatabase in the form of a Geometric Network (see Figure 
1.2a). Each river reach is linked to a polygon of its hydrological catchment, with 
an average size of ~12 km2.  

Sub-basin 
delineation 

In addition to the river catchments, HydroROUT is linked to a set of predefined 
nested subbasin delineations termed HydroBASINS (Lehner and Grill, 2013). A 
total of 12 levels of basin subdivisions are available for routing at increasingly 
larger scales. 

River dis-
charge 

External runoff estimates provided by the global hydrological model WaterGAP 
at 0.5° raster resolution (Alcamo et al., 2003; Döll et al., 2003), were spatially 
downscaled to fit the 500m resolution of HydroROUT (Lehner et al., in prep.). 
Each river reach includes an estimate of discharge for each month (long-term 
averages), and one yearly long-term average. 

River vol-
ume 

Based on above discharge estimates and simplistic hydraulic geometry laws 
(sensu Allen et al., 1994), a first-level approximation of the dimensions of chan-
nel width and depth were derived for each river reach. These values were then 
used to calculate river volumes. 

River veloci-
ty 

The estimates of river velocity associated to the river reaches are a simplistic 
first-level approximation based on hydraulic geometry laws (sensu Allen et al., 
1994) and are directly derived from the long-term average discharge value relat-
ed to each river reach. 

Lakes 

I integrated a database of more than half a million lake surfaces larger than 1 
km2 (NASA/NGA, 2003) with HydroROUT. For application in chapter 5, lake vol-
umes were estimated using GIS methods (Messager et al., in prep.), based on cor-
relations with lake surface area and surrounding topography (Pistocchi and 
Pennington, 2006; Hollister and Milstead, 2010). 

Dams and 
reservoirs 

Almost 7000 large dams and reservoirs based on the Global Reservoir and Dam 
database (Lehner et al., 2011), and more than 3700 future hydropower dams 
(Zarfl et al., 2014) have been registered to the river reaches of HydroROUT. These 
dams include estimates about the storage volume of each reservoir, which was 
used for calculating flow regulation indicators. 

Waterfalls A first-time global map of the location of 4588 major waterfalls and cascades 
(HydroFALLS; Lehner et al., in prep.) has been integrated in HydroROUT.  

River classi-
fication 

Preliminary river classification data based on hydrological, physio-climatic, geo-
morphological, chemical, biological, and anthropogenic parameters (Ouellet Dal-
laire et al., in prep.) were used as a proxy for river habitats in combination with 
the connectivity indicators. 

Floodplains 

A new global floodplain and inundation map is currently produced at Hy-
droSHEDS’ 500 m pixel resolution by combining global topography information 
with coarser scale inundation maps derived from remote sensing imagery (Fluet-
Chouinard et al., in prep.). A draft map of these floodplains was used as part of 
the river classifications. 
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Multi-scale modelling 

To better support modelling at multiple scales, I created linkages between all ob-

jects—from individual raster cells at the highest resolution to corresponding riv-

er reaches, catchments, or entire basins (Figure 1.2). A hydrological nesting ap-

proach links each river reach and its catchment to predefined hydrological sub-

units. These nested subunits enable simple aggregation at the next larger scale 

(Figure 1.2b). This allows conducting object-to-object routing at increasingly 

larger scales. The nested watershed approach furthermore allows translating 

spatial information between scales (aggregation/disaggregation), which is an 

important element in integrated modelling. 

River network, routing and connectivity 

River network and spatial graph 

The river network for HydroROUT was generated from HydroSHEDS’ flow direc-

tion maps using both area (>10 km2) and discharge thresholds (>0.1 m3/s). The 

delineation process resulted in a set of linear vector shapes, which were convert-

ed into an ArcGIS Geometric Network (ESRI, 2011), a specific data structure that 

supports network theory and its application. Geometric networks are typically 

used to model infrastructures, such as electric utility networks and sewer sys-

tems, or transportation networks, but they are also well suited to represent con-

nectivity within dendritic river networks. Geometric networks are collections of 

line objects (e.g., river reaches/edges) and point objects (e.g., locations of conflu-

ences of two river reaches/links), and can furthermore maintain connectivity 

relationships to multiple layers of information (lakes, dams, and gauging sta-

tions, etc.). 

HydroROUT can be described as a semi-complex graph-based river routing 

model (sensu Calabrese and Fagan, 2004), where the structure and spatial rela-

tionships of the elements of the river network are expressed as a spatial graph. 

The basic principles of graph theory consist of the construction of a graph, 

G=(N,L), where N is a set of nodes (in ecological applications frequently repre-

senting distinct habitat patches), connected by links L (which may be attributed 
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with specific characteristics about the type of linkage). In river systems, this 

terminology can translate to reaches represented as the nodes—linked by river 

confluences (Segurado et al., 2013), or as links that connect runoff-generating 

sub-basin nodes (Phillips et al., 2011) depending on the application. In the case 

of HydroROUT, I follow the approach by Segurado et al. (2013), but define the 

river reaches as edges (equal to nodes), which are connected through junctions 

(equal to confluence points or links; see Figure 1.3a).  

Lakes were linked to HydroROUT by the lake’s flow outlet point defined as the 

most downstream location in the lake, i.e., the point within the lake having the 

largest upstream watershed according to HydroSHEDS’s flow accumulation map. 

Network connectivity 

The connectivity information between river reaches and other objects are stored 

in connectivity tables, the so-called logical network (Figure 1.3b). Unlike tradi-

tional approaches that use the “fromNode—toNode” concept (Maidment, 2002), 

HydroROUT stores the object identifier of the downstream reach (“toNode”) but 

 

Figure 1.3: Schematic representation of river network as a spatial graph with edges and junc-
tions (a) and logical network table representing upstream and downstream connectivity (b). 
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additionally stores all upstream object identifiers as a sequence in a separate 

column. In this way, the connected upstream reaches of one particular reach can 

be determined with only one database query, and one recursive query will iden-

tify all upstream river reaches for a given location most efficiently.  

The river network representation is relatively simple compared to more com-

plex networks such as utility networks or social networks. Maximum cardinality, 

the number of adjacent river reaches connected to another river reach cannot 

exceed one in the downstream direction—therefore multiple branches of the 

same river cannot be represented. If the river reach is a sink (inland basin or 

ocean), cardinality in the downstream direction is zero. In the upstream direc-

tion, maximum cardinality can reach eight due to the fact that the underlying 

flow direction grid allows a maximum of eight connections per cell. 

Routing functionality 

Geometric networks are computationally optimized for routing and tracing. 

Connectivity relationships are based on the ‘ForwardStar’ concept, which is con-

sidered the most efficient network representation (Ahuja et al., 1993; 

Cherkassky et al., 1996). Connectivity based on a ‘ForwardStar’ also allows flexi-

ble routing in both directions, during which the ‘cost’ or ‘resistance’ of traversal 

is being taken into account through network weights. Barriers that stop the rout-

ing may also be included. This ‘resistance’ is important for modelling functional 

connectivity, where the dispersal and distribution of species is frequently associ-

ated with specific river conditions or properties.  

In the current iteration of HydroROUT there are six main routing functions 

implemented, which can be executed with single or multiple objects of origin 

(Figure 1.4; a-f). During the routing operation, additional processes may be exe-

cuted if needed, e.g. an in-stream decay function may eliminate contaminant 

mass of a pollutant as it propagates downstream (described below). 

• Upstream tracing (Figure 1.4a) searches for all river reaches upstream of 
one or multiple objects of origin and selects them for further processing. This 
function was frequently used to extract summary statistics of upstream sec-
tions in chapter 3 and 4. 
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• Downstream routing (Figure 1.4b) iteratively identifies the next down-
stream river reach from one or multiple source locations. This function was 
used for calculating the RRI index (chapter 3 and 4) and in the routing and 
accumulation of substances downstream the river network from wastewater 
treatment plants and other sources (chapters 5 and 6). Downstream routing 
was also used to calculate the distance from any location to the downstream 
sink, which was required for statistical and visualization purposes. 

• Upstream and downstream routing (Figure 1.4c) combines functions a) 
and b) and selects both upstream and downstream sections. This function is 
able to determine upstream source areas, and identify potentially affected ar-
eas (sinks) downstream in a river network. 

 

Figure 1.4: Schematic river network illustrating routing functions currently implemented in Hy-
droROUT: a) upstream routing, selecting all reaches upstream of an object/barrier (red trian-
gle); b) downstream routing; c) combined upstream/downstream routing; d) find shortest con-
nected path between two objects; e) shortest path between multiple objects (minimum span-
ning tree); and f) routing with multiple barriers (‘find all connected’). 
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• Shortest path routing (Figure 1.4d) finds the path between two network 
locations, for example to calculate the distance between network locations or 
to identify possible fish migration routes.  

• Multiple paths routing (Figure 1.4e) finds the shortest paths between mul-
tiple network locations (spanning tree). This function was used to calculate 
simple species ranges from species occurrence data for migratory fish in the 
Mekong basin (chapter 3).  

• Routing connected features with barriers (Figure 1.4f) was used in chap-
ter 3 and 4 to finds all connected features upstream and downstream of 
dams. This supported the identification of network sections (colored reach 
groupings), which were statistically analysed as part of the RCI indicator. 

 

 Besides the previously described reach-to-reach (or reach-to-lake) routing and 

tracing, the routing can also occur between larger scale hydrological units, e.g., 

sub-basins (see levels in Figure 1.2b). As such, researchers can choose the appro-

priate spatial scale at which they wish to conduct disaggregated spatial analysis in 

river basins, while maintaining attributes at finer underlying spatial scales.  

The advanced implementation of routing in HydroROUT supports a variety of 
network analysis functions as identified in Peterson et al. (2013), and as such 
support ecological modelling in river networks from various different perspec-
tives (i.e. geostatistical and process-oriented, etc.). 

Network processes 

HydroROUT can apply basic network processes during the routing if needed. For 

example, in chapter 5 and 6, I simulate in-stream first-order decay of pollutants 

as these are transported downstream, and apply a “reactor-model” to simulate 

decay in lakes. 

In rivers, an exponential decay model diminishes the load passed to the next 

downstream river reach as 𝑑 = 𝑒−𝑘𝑘 where t is the time a plug of water needs to 

travel through the river reach (based on water residence time), and k is a posi-

tive number called the first order rate constant, which determines the environ-
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mental decay. Travel time t is derived by dividing river reach length by the aver-

age velocity within the river reach. This corresponds to the average retention 

time in each individual river reach, i.e. the time a plug of fluid needs to travel 

from the beginning to the end of the river segment. I estimated velocity using the 

empirically derived formula by Allen et al. (1994):  

 𝑣 = 1.07 × 𝑄0.1035 1.1 

where v is the velocity in m/s within the river reach and Q is the bankfull dis-

charge in m3/s. It must be noted that due to the lack of bankfull discharge esti-

mations in HydroROUT, average discharge is used instead. The next iteration of 

HydroROUT is anticipated to include attributes of variable velocities both in the 

HydroSHEDS database and the HydroROUT model, using similar approaches as 

suggested by Ngo-Duc et al. (2007), Fiedler and Döll (2010), and Verzano et al. 

(2012). Velocity simulations can further be improved by additional inundation 

modelling in large floodplains (Yamazaki et al., 2011).  

A different process is applied in lakes. During the routing process, lakes and 

reservoirs are considered objects treated differently than river reaches, primari-

ly due to their different nature representing mixing, flow velocity, depth, and 

volume. The most simplified way to treat chemical load entering a lake is to let it 

pass unchanged to the downstream river (worst-case scenario) or completely 

eliminate the load (best-case). A more advanced and commonly used approach is 

to treat the lake as ‘completely stirred reactor’ (Butkus et al., 1988; Whiteaker et 

al., 2006). To enable this concept in HydroROUT, the concentration of constitu-

ents in a lake is determined by the inflow concentration, a decay factor, and the 

volume of the lake (Mihelcic et al., 2010): 

 𝑃𝑃𝑃(𝑆)𝐿𝐿𝐿𝐿,𝑂𝑂𝑂 = 𝑃𝑃𝑃(𝑆)𝐿𝐿𝐿𝐿,𝐼𝐼 ×
𝑄𝐿𝐿𝐿𝐿

𝑄𝐿𝐿𝐿𝐿 + 𝑘𝑘𝐿𝐿𝐿𝐿
  1.2 

where 𝑃𝑃𝑃(𝑆)𝐿𝐿𝐿𝐿,𝑂𝑂𝑂  is the concentration of substance s at the lake outlet, 

𝑃𝑃𝑃(𝑆)𝐿𝐿𝐿𝐿,𝐼𝐼 represents the inflowing concentration from all river sources, 

𝑄𝐿𝐿𝐿𝐿  is the discharge in m3/s entering the lake, k is the lake’s decay constant, 
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and 𝑉𝐿𝐿𝐿𝐿  is the lake volume, estimated by a geospatial volume estimation model 

(Messager et al., in prep.). 

A third example for a process applied during the routing is the accumulation 

of distributed sources in the river network in the downstream direction, which 

consists of multiple downstream routing operations in sequence sorted from up-

stream to downstream reaches. I use these functions frequently in chapter 3, 4, 

5, and 6, where the cumulative discharge volume of wastewater, the cumulative 

mass of pollutants, or the cumulative storage capacity of dams are necessary el-

ements to support my applications. 

Integrated modelling support 

The above-described characteristics make HydroROUT well suited as a frame-

work to conduct integrated eco-hydrological modelling, especially geared to-

wards assessing anthropogenic impacts. Throughout the applications in chapters 

3 to chapter 6, I demonstrate how diverse objects and processes can be linked 

and interact within HydroROUT. For example, lakes linked to the river network, 

interact with anthropogenic contaminants released into the environment, which 

trigger specialized decay functions during the routing process (chapter 5 and 6). 

In chapter 3 and 4, I demonstrate how ecological information (river classifica-

tions and species range models) as well as hydrological flow data can be linked 

for application within an integrated assessment of dam impacts. 
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Connecting statement (Ch. 2) 

Chapter 1 provided the background and historical basis for global hydrological 

and routing models, and their applications, including the current state of the art 

in river routing. I also summarized the main challenges of global hydrological 

and routing models related to inadequate spatial resolution, inflexible data 

structures, missing multi-scale support, limited support for connectivity, and the 

lack of integrated modelling, and I gave an overview of HydroROUT’s develop-

ment, properties and features.  

The next chapter provides a deeper illustration of the five identified challeng-

es for large scale hydrological and river routing models, and discusses improve-

ments to alleviate these challenges. Taking into consideration each of these chal-

lenges, I designed and assembled the first version of HydroROUT and conducted 

pilot applications for dam impact assessments and environmental impact as-

sessments. This step provided an important prerequisite for a more comprehen-

sive application of the HydroROUT framework in chapters 3 to 6. 
  



  Chapter 2  

 

37 

 

 
 

2 Global river hydrography and net-
work routing: baseline data and new 
approaches to study the world’s large 
river systems 

 

Hydrological Processes 27 (2013) 2171-86 

 
Bernhard Lehner1*, Günther Grill1* 

* equally shared first authorship, see contribution statement above 

 

1 Department of Geography, McGill University, 805 Sherbrooke Street West, Mon-

treal, Quebec, H3A 0B9, Canada 

 

  



Chapter 2 

 

38 

 

Abstract 

Despite significant recent advancements, global hydrological models and their 

input databases still show limited capabilities in supporting many spatially de-

tailed research questions and integrated assessments, such as required in fresh-

water ecology or applied water resources management. In order to address 

these challenges, the scientific community needs to create improved large scale 

datasets and more flexible data structures that enable the integration of infor-

mation across and within spatial scales; develop new and advanced models that 

support the assessment of longitudinal and lateral hydrological connectivity; and 

provide an accessible modelling environment for researchers, decision makers, 

and practitioners. As a contribution, we here present a new modelling frame-

work that integrates hydrographic baseline data at a global scale (enhanced Hy-

droSHEDS layers and coupled datasets) with new modelling tools, specifically a 

river network routing model (HydroROUT) that is currently under development. 

The resulting ‘hydro-spatial fabric’ is designed to provide an avenue for ad-

vanced hydro-ecological applications at large scales in a consistent and highly 

versatile way. Preliminary results from case studies to assess human impacts on 

water quality and the effects of dams on river fragmentation and downstream 

flow regulation illustrate the potential of this combined data-and modelling 

framework to conduct novel research in the fields of aquatic ecology, biogeo-

chemistry, geo-statistical modelling, or pollution and health risk assessments. 

The global scale outcomes are at a previously unachieved spatial resolution of 

500 m and can thus support local planning and decision making in many of the 

world’s large river basins.  
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2.1 Introduction 

Water is a vital necessity to sustain life on Earth, and many Earth system pro-

cesses depend on the spatial and temporal distribution of freshwater resources. 

Not surprisingly, the hydrological cycle and its underlying physical processes 

have been studied intensely over the past decades, mostly with a focus on small- 

to medium-sized catchments. In recent years, however, the increasing pressures 

on freshwater resources from a multitude of complex and interacting factors that 

span all scales led to a growing recognition of the importance of large river sys-

tems. Consequently, many research applications require hydrological or water 

resources information at regional to global extent. Prominent examples include 

the estimation of future climate and global environmental change effects related 

to floods, droughts, water supply, or hydropower generation; the analysis of 

global biogeochemical cycles, carbon and nutrient budgets; the sustainable man-

agement of international freshwater resources; the estimation of possible limits 

in global food production due to constrained water availability; the systematic 

planning for freshwater biodiversity conservation; or the assessment of regional 

health risks due to water-borne diseases or water quality issues. 

As in situ measurements of many hydrologic variables at large spatial and 

temporal scales are difficult and expensive, global hydrological models (GHMs) 

have emerged as our preferred research tool to analyze current and future world 

water resources. Haddeland et al. (2011) reviewed eleven global water models 

that have recently been studied in the Water Model Intercomparison Project. 

They included five global land surface models, which historically have been de-

signed for improving the vertical water and energy balances and their represen-

tation in atmospheric circulation models. In contrast, GHMs are typically tailored 

towards a more detailed assessment of global freshwater resources by simulat-

ing explicit processes of surface runoff generation and horizontal flow routing. 

Major goals of these models include the estimation of water availability, water 

use, and/or water scarcity at global or regional scales (e.g., Vörösmarty et al., 

2000b; Alcamo et al., 2003; Arnell et al., 2004; Oki and Kanae, 2006; Rost et al., 

2008; Hanasaki et al., 2010; Siebert and Döll, 2010). 
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More specialized GHMs consider the transportation of constituents other than 

water, e.g. sediment, contaminants, and nutrients, and simulate in-stream pro-

cesses during the routing process. Such models improve our understanding of 

biogeochemical cycles and budgets in surface waters, for example the role of riv-

ers in processing and transporting carbon, phosphorus, nitrogen, and silica to 

the ocean (Alexander et al., 2009; Alvarez-Cobelas et al., 2009; Beusen et al., 

2009; Mayorga et al., 2010; Aufdenkampe et al., 2011). Similar models can be 

used to predict the transport of sediments in the river network to help under-

stand the effects of dams on sediment retention and on coastal and delta geo-

morphology (Vörösmarty et al., 2003; Syvitski et al., 2009; Kummu et al., 2010). 

Chemical fate models have been developed to conduct risk assessments for sub-

stances from wastewater treatment plants or other sources (Feijtel et al., 1998; 

Wang et al., 2000; Anderson et al., 2004), yet few have been applied at larger 

scales (Pistocchi et al., 2009). In a recent integrated approach, Vörösmarty et al. 

(2010) conducted a study that combines various disciplines, models, and data 

sources in an attempt to holistically assess anthropogenic threats to global scale 

freshwater biodiversity and river systems.  

Despite the increased attention, hydrological modelling at large scales has 

traditionally been hampered by a number of issues, including general limitations 

in our knowledge and understanding of the underlying processes for many re-

gions of the Earth; incomplete, inconsistent, or highly uncertain data collections; 

a lack of spatial integration between models and datasets; and the difficulty to 

create models that support multi-scale or coupled approaches. Not surprisingly, 

the improved monitoring and modelling of global land surface hydrology at high 

spatial and temporal resolutions has been named as one of the ‘grand challenges’ 

for assessing the Earth’s freshwater budget, and a call to strengthen engagement 

in this effort has been made upon the international hydrologic community 

(Wood et al., 2011). To achieve this goal, new and enhanced global datasets and 

tools describing the geographical distribution of hydrological features, character-

istics, and processes will be required as this information is currently often una-

vailable or at low quality. The current research status is even more incomplete 

when looking at large scale effects of human alterations to the water system, 
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such as the impact of global reservoir and dam constructions on downstream 

river ecosystems (Lehner et al., 2011). While significant progress has recently 

been made in the development of global hydrographical data (see Data section 

below), many challenges remain for model development and improvement. In 

particular, a new generation of integrated models is required that support the 

linkage of hydrological processes with other fields, such as ecology, biogeochem-

istry, and water management (Aspinall and Pearson, 2000). In this paper, we ar-

gue that there is currently no comprehensive framework that can fully support 

integrated hydro-ecological modelling at the global scale; yet the building blocks 

of such a framework already exist. We will illustrate the current status and out-

line new directions for global scale hydro-ecological modelling to study the 

world’s large river systems. We propose an approach that combines existing and 

newly developed global scale hydrographic baseline data with a dedicated river 

routing model in a Geographic Information System (GIS) environment, and we 

will present preliminary results of our own model development. Finally, we will 

show that such a framework can enable a broad range of hydro-ecological appli-

cations and operate at scales at which local decision making and management 

becomes feasible. 

2.2 Challenges in global scale hydroecological 
modelling 

In this section, we formulate and briefly discuss five main challenges that need to 

be addressed in order to improve our ability to integrate global hydrological and 

ecological modelling approaches. The solutions we offer may also be applicable 

for other, related applications, such as biogeochemical or sediment transport 

models. 

Challenge 1: Spatial resolution  

The current spatial resolution of GHMs is not appropriate for many ecological or 

environmental management applications because of difficulties to accurately 

represent stream and watershed attributes and to precisely locate individual ob-
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jects within the river system. GHMs have been developed at different spatial res-

olutions, ranging from basin scale lumped models to the most commonly applied 

0.5 degree pixel resolution, and various lateral routing schemes have been devel-

oped accordingly (Oki and Sud, 1998; Graham et al., 1999; Renssen and Knoop, 

2000; Vörösmarty et al., 2000a; Döll and Lehner, 2002). These rather coarse 

scales have been applied mostly for reasons of technical feasibility (i.e. computa-

tional demand) and due to the fact that important input information, foremost 

climate data, has been offered at these resolutions. In the most recent iterations, 

GHMs are moving towards 5 (or 6) arc-minute spatial resolution (e.g., Wisser et 

al., 2010; Schneider et al., 2011) but despite this improvement, two major limita-

tions remain: First, the relatively coarse spatial resolution introduces bias and 

misrepresentation of hydrological processes and river topology. This can result, 

for example, in underestimation of river length and travel times (Gong et al., 

2009; Verzano et al., 2012) and can lead to subsequent inaccuracies of travel-

based attributes, e.g. sediment delivery to the ocean (Vieux and Needham, 1993). 

Second, and more importantly from a modelling perspective, the integration of 

local or fine-scale information is difficult, if not impossible. While sub-grid pa-

rameterizations allow representation of some hydrological processes, ecologists 

and water managers have long criticized large scale models for being in-

compatible with their more localized needs, such as the explicit identification of 

habitat or flow characteristics for individual tributaries, or the linkage of species 

information to river reaches and small sub-basins. In raster format, the resolu-

tion needs to be particularly high to explicitly model river channels, which are 

the most important structures controlling hydrodynamics.  

A possible solution is to move towards hyper-resolution hydrological model-

ling (Wood et al., 2011). Global digital drainage networks exist at fine scales, 

such as HYDRO1k at 1-km resolution (USGS, 2000) or HydroSHEDS at up to 90-

m resolution (Lehner et al., 2008; Figure 2.1) and are detailed enough to refer-

ence objects such as dams precisely to the corresponding rivers. Gong et al. 

(2011) demonstrated for two medium-sized basins that routing performance 

increases with the higher resolution hydrographic data of HydroSHEDS. Howev-

er, computational demand to execute the necessary runoff-response-functions 
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and cell-response functions at a daily time step was high, and their model has yet 

to be tested at the global scale.  

Given these technical difficulties, an alternative solution towards higher spa-

tial resolution may be offered by integrating raster with vector concepts in the 

modelling framework (see also next challenge). In a raster environment, higher 

resolution can only be achieved by increasing the number of pixels, while in a 

vector environment, a subbasin’s geometrical resolution can be improved by 

simply applying a more detailed polygon outline; in this latter approach, the 

number of modelling objects remains constant while resolution improves (see 

Figure 2.2). 

 

 

 

Figure 2.1: HydroSHEDS river network for Amazon Basin at 500m resolution. 
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Figure 2.2: Sub-unit representation in half-degree grid format (a) and 500m vector format (b) for 
Madagascar. There are a total of 250 half-degree pixels (a) versus 282 sub-basin polygons (b). 
Polygons are derived from the HydroSHEDS database 

 

Challenge 2: Data structure (raster vs vector concepts) 

Spatial information in GHMs is typically represented as layers of uniformly sized 

grid cells, also known as raster datasets. Vector datasets on the other hand con-

sist of objects, represented as points at a certain location, or as a series of point 

locations chained together to form a line or polygon. The differences between 

raster and vector concepts in environmental models are frequently debated in 

the modelling community. Both approaches have advantages that could be har-

nessed in a hybrid modelling framework.  

Raster models have traditionally been the preferred choice of hydrological 

modellers since the integration of topography in the form of rasterized Digital 

Elevation Models (DEMs) is a key requirement for many routing algorithms that 

trace water along drainage direction maps. Furthermore, many ancillary datasets 

stem from remotely sensed raster information (e.g. land cover, precipitation, 

etc.), and grids are relatively easy to process in any modern GIS.  
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A major limitation of the raster concept, however, is the difficulty to integrate 

objects or information from different sources or formats (such as the discharge 

time series of a gauging station; a reservoir outline; or a fish migration route) 

into one common framework, as linkages would have to be established to indi-

vidual pixels. A vector dataset, on the other hand, can represent multiple objects 

(points, lines, or polygons) each of which can have multiple attributes associated 

in a related table. Within a GIS, links between the objects of different vector lay-

ers can be created similar to an ‘object-oriented’ relational database. If such a 

structure is established, river network routing using the vector structure greatly 

facilitates the integration of multiple objects from different domains.  

Ideally, a modelling framework should support both raster and vector repre-

sentations of the respective data layers to benefit from the advantages of both. 

This could be achieved by maintaining fundamental information at high spatial 

resolution as raster datasets, and to develop tools that allow for an easy transfer 

or linkage of this information to vectorized river reaches, sub-basins, or point 

objects. Modellers can use these tools whenever new information needs to be 

integrated into the model. This conceptual approach is followed, for example, by 

ArcHydro, a geospatial framework and toolbox within ESRI’s ArcGIS software 

package (Maidment, 2002), which allows the user to create a set of hydrological 

vector datasets (river network, basins, etc.) from a DEM and to store the infor-

mation in an object oriented geodatabase. 

Challenge 3: Multi-scale approach  

A vision to promote hydro-ecological and other integrated models requires 

means to analyze and simulate processes at multiple spatial scales (Lowe et al., 

2006). Yet, difficulties arise from inherent data and modelling characteristics. 

For example, certain types of geospatial hydrological data, such as runoff coeffi-

cients or flow directions, cannot be easily scaled by spatial resampling tech-

niques. Scaling methods for rasterized river networks may provide a solution 

(e.g., Fekete et al., 2001; Yamazaki et al., 2009), but currently most data layers 

are developed for a specific resolution, and even small changes in scale require 

intense data reprocessing or even the development of new datasets from scratch. 
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Thus tools and concepts need to be developed that support modelling at multiple 

sales and help transferring information between scales - from individual raster 

cells at the highest resolution, to river reaches, catchments, or entire basins. This 

can be achieved by means of hydrological nesting approaches, e.g. by applying 

hierarchical coding schemes to predefined sub-units, or by allowing accumula-

tion and conglomeration of objects (e.g. sub-basins) based on their topology and 

connectivity. 

Challenge 4: Representation of hydrological connectivity through river 

network routing 

Hydrological connectivity is an important concept in both hydrology and ecology. 

Flows in traditional GHMs that include lateral transport occur on the premise of 

a river continuum whereby conditions at every location in the river network are 

influenced by upstream processes (Vannote et al., 1980). A more ecology ori-

ented concept of spatial integration has been developed by Pringle (2003), who 

defined hydrological connectivity as the flow of mass, energy, and organisms in 

surface and groundwater. In this definition, hydrological connectivity occurs in 

both upstream and downstream direction (longitudinal); between rivers, wet-

lands, and floodplains (lateral); and between groundwater, surface water, and the 

atmosphere (vertical).  

The advanced implementation of hydrological connectivity in a modelling 

framework is an attractive concept because of its ability to integrate processes 

from multiple disciplines (such as terrestrial, climate, ecological and hydrologi-

cal); because of its easiness to represent spatially explicit topology information 

of a river network and watershed landscape (up- and downstream relations); 

and because of its intrinsic ability to establish connections across multiple scales 

- from point locations and river reaches to nested catchments and entire basins. 

Hydrologic connectivity can be modeled in various ways. We propose that for 

hydro-ecological applications, models should at a minimum (i) include the pos-

sibility to conduct routing of water and substances along the hydrological flow 

paths; (ii) represent lakes, dams, floodplains, and wetlands in addition to river 

reach routing; and (iii) be based on a powerful tracing algorithm for up- and 
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downstream routing to represent both active and passive dispersal of matter or 

species. We are currently not aware of models that can fully implement such ad-

vanced up- and downstream routing in a global framework.  

The term ‘routing’ generally refers to the simulation of transport processes 

over space and time. For example ‘flow routing’ simulates the movement of wa-

ter over the landscape and translates runoff into river discharge by passing the 

runoff generated in a specific landscape unit (e.g. sub-watershed or pixel) to the 

next downstream unit. A distinction is typically made between hydrodynamic 

routing and hydrological routing (Maidment, 1993). In hydrodynamic routing, 

flow is described by the Saint-Venant equations of mass and momentum conser-

vation. The first equation governs the translation of mass between sections of 

the river, while the second relates changes in momentum to the applied forces 

(in particular pressure gradient, convection, acceleration). In hydrological rout-

ing the Saint-Venant equation of mass conservation still applies, but the mo-

mentum term is replaced by empirical parameters.  

In GHMs such as TRIP (Oki and Sud, 1998; Ngo-Duc et al., 2007), HYDRA (Coe, 

2000), WaterGAP (Alcamo et al., 2003; Döll et al., 2003), WBM/WTM 

(Vörösmarty et al., 1989; Fekete et al., 2006), and LPJmL (Rost et al., 2008), sim-

ple hydrological routing is implemented, where flow is passed along storages 

(e.g. rivers, lakes) in a linear sequence, and residence time is often modeled by 

assuming constant flow velocities. For variable representation of velocity, the in-

troduction of simple parameters based on slope (or more comprehensive ones 

based on slope and friction) are used (Coe et al., 2009; David et al., 2011; 

Verzano et al., 2012). Basic in-stream processes, such as accumulation and solute 

transport along the river network, have also been implemented in these types of 

GHMs (e.g., Donner et al., 2002).  

Hydrodynamic processes such as backwater effects and lateral flooding have 

critical implications on ecosystem functioning, and the inclusion of hydrody-

namic principles allows for more advanced routing models. A recent study for 

the Amazon River Basin employed a diffusive wave routing approach in the 

CaMa-Flood model (Yamazaki et al., 2011) to demonstrate that floodplains have 

strong attenuating effects on flood waves and flood peaks in large basins. These 
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improvements, however, come at the cost of additional and more complex com-

putational efforts, model design, preparation, and parameterization. Thus, for 

the primary goal of a first-level integration of baseline hydrology with ecological 

and other applications at the global scale, we believe that the full imple-

mentation of hydrodynamic processes, though desirable, is currently not a strin-

gent priority.  

Beyond the type of routing, the direction of movement plays an important 

role. Multi-directional routing approaches, also characterized by the term ‘trac-

ing’, are procedures that select a set of network elements based on certain con-

nectivity rules, and then process the selected set in a predefined (directional) 

sequence. Within such a framework, many hydro-ecological connectivity applica-

tions can be supported, for example by simulating the effects of dams on plant 

dispersal through hydrochory and on the resulting riparian flora (Andersson et 

al., 2000) the distribution of fish species in river and lake networks in response 

to environmental factors and anthropogenic pressures (Lassalle et al., 2009) and 

the fragmentation of river networks and impedance of ecosystem connectivity 

through dams (see Applications section below). Advanced tracing can also help 

to better understand the structure of and processes in river networks through 

geostatistical modelling: with the emergence of detailed hydrologically con-

nected network datasets, a new class of geo-statistical tools can be developed, 

which uses distances along a curvilinear flow path, instead of the Euclidean dis-

tance space (Ganio et al., 2005). Network tracing using weights and barriers, 

with subsequent routing, can provide a powerful framework for a wide range of 

applications that involve hydrological connectivity. 

In conclusion and to widen the scope of routing, tracing, and connectivity in 

hydrological models, for this paper, we define the term ‘river network routing’ 

following the hydrological connectivity concept of Pringle (2003) as ‘the simula-

tion of movement of energy, material and species within a hydrological object 

space, based on flow routing, tracing and in-stream processing.’ 
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Challenge 5: An integrated data and modelling framework 

Different GHMs operate at different resolutions, have been designed for different 

purposes, use their own specific routing schemes, and are based on different in-

put for the representation of climate or topography. Thus, the coupling of these 

GHMs with ecological models or databases, such as fish species distributions, re-

quires extensive individual data processing and adjustments in order to align 

spatial resolutions and data formats. We here propose to design a more inte-

grated data and modelling framework which facilitates an easier linkage be-

tween hydrological and ecological information and is geared towards hydro-

ecological research, applications, and management. A key characteristic of this 

approach is to utilize a harmonized database of hydrographic baseline infor-

mation (i.e. river network, sub-basin delineations, and linked features such as 

dams, lakes, and gauging stations) and to develop assessment tools that couple 

hydrological model results and ecological information within this data frame-

work. Using a common data space has the advantage that, for example, species 

data can be easily mapped to the same units as hydrological information, which 

facilitates the analysis of impacts, coupled processes, or feedbacks. In the follow-

ing two chapters, we describe and outline the characteristics of existing global 

hydrographic baseline data, as well as a new approach to utilize these data with-

in a custom-made river network routing model. 

2.3 New Global Hydrographic Data Developments 

Large scale hydrological modelling critically depends on the availability of ade-

quate input data. Climate and land surface data and parameterizations are key 

elements for any water balance model, while many integrative hydro-ecological 

applications require complementary data sources, such as locations and 

amounts of human water use, the origin of point- or non-point-source pollution, 

and biodiversity and species information. Additionally, hydrologic measurements 

such as provided by gauging stations are important for validation purposes.  

Tremendous improvements have been made over the past years in the availa-
bility, quality, and resolution of large scale hydrographic datasets, not least due 
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to the increased operational monitoring of the entire Earth surface via satellite 
remote sensing. There is a long list of recent data developments for many hydrol-
ogy-relevant themes, including (to name only a few): new land cover data de-
rived from remote sensing (Loveland et al., 2000; Bontemps et al., 2010) histori-
cal and current land use data (Ramankutty and Foley, 1999; Ellis and 
Ramankutty, 2008; Monfreda et al., 2008; Portmann et al., 2010; Goldewijk et al., 
2011; MacDonald et al., 2011) lake, reservoir, and wetland inventories (Lehner 
and Döll, 2004; Lehner et al., 2011) irrigation maps (Siebert et al., 2005) water 
use estimates (Wisser et al., 2008; Döll et al., 2009) soil parameterizations (FAO 
et al., 2012), and many more.  

There are various data portals and compilations available online to serve and 

distribute these data, e.g. the Digital Water Atlas of the Global Water System Pro-

ject (http://atlas.gwsp.org/). Vörösmarty et al. (2010) offer a suite of 23 maps of 

driver sources at 0.5° pixel resolution globally which were part of their study on 

threats to global river systems (http://www.riverthreat.net/). We also increas-

ingly utilize indirect measurements to derive hydrological variables, such as the 

derivation of discharge or lake volume changes based on high-accuracy, real-time 

altimetry measurements of water surfaces and other remote sensing information 

(Sahoo et al., 2011; Seyler et al., 2013). Even the measurement of incremental 

changes in the Earth’s gravitational field as provided by the GRACE project ena-

bled us to interpret changes, e.g. in groundwater storage or snow water equiva-

lent at a planetary scale (Llovel et al., 2010)  

Among the many input data layers, special attention is often placed on hydro-
graphic baseline information in the form of river networks and watershed 
boundaries as they form the backbone or ‘fabric’ of the modelling framework. 
Examples of highly advanced regional versions include the US National Hydrog-
raphy Dataset (NHD; developed by US EPA and USGS; http://nhd.usgs.gov/ ap-
plications.html), a comprehensive set of digital geospatial data about surface wa-
ter features such as streams, rivers, and lakes; or its successor NHDPlus, which 
incorporates the US National Elevation Dataset, and the Watershed Boundary 
Dataset. The Australian Hydrological Geospatial Fabric (Atkinson et al., 2008) 
has been developed as a knowledgebase of the features within the Australian wa-
ter system and their interactions, such as catchments, streams, aquifers, flood-
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plains, storages, and wetlands. At the European scale, Vogt et al. (2007) created a 
consistent database of drainage networks and catchment boundaries for hydrolog-
ical assessments and reporting within the Water Information System for Europe.  

At the global scale, however, there are only limited sources for seamless high-

quality hydrographic information. Data for many large international river basins 

are still patchy, and remote areas are often poorly mapped. Also, the hydro-

graphic information is required in strictly defined digital formats that allow for 

flow routing along streams and watershed identification. HYDRO1k (USGS, 2000) 

offered a first version of such information, yet its quality shows strong regional 

variation. Below, we discuss the HydroSHEDS database (Lehner et al., 2008) 

which represents the most recent attempt to fill this data gap.  

HydroSHEDS is a hydrographic mapping product created by World Wildlife 
Fund that provides river and watershed information for regional and global-
scale applications in a consistent format (Lehner et al., 2008). It offers a suite of 
geo-referenced datasets at various resolutions ranging from 3 arc-second (ap-
proximately 90mat the equator) to 30 arc-second, including river networks, wa-
tershed boundaries, and drainage directions. HydroSHEDS is based on high-
resolution elevation data obtained during NASA’s Shuttle Radar Topography Mis-
sion (SRTM) in February 2000. The extent of HydroSHEDS is near-global, cur-
rently only excluding regions above 60northern latitude due to the lack of SRTM 
source data; the global extent is scheduled to be completed by inserting alterna-
tive elevation data within 2013. The data is available to the scientific community 
at http://www.hydrosheds.org.  

Besides its core layers, HydroSHEDS is currently undergoing expansion to in-
clude a suite of attribute layers and to establish linkages to auxiliary datasets. 
Some efforts are already completed, some are in progress for release within the 
next year or two, and some are in proposal stage; Table 2.1 provides an overview 
of the prime developments. Consistency between the layers is ensured in terms 
of spatial alignment, and quality indicators are provided where possible. For ex-
ample, the point locations of gauging stations have been snapped in a best-fit 
process to HydroSHEDS pixels and corresponding river reaches in a manually 
controlled and supervised process, and uncertainty has been assessed via dis-
crepancies between reported and modeled watershed areas. 
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Table 2.1: Recently completed and planned new data layers of the HydroSHEDS database. The 
attribute data is assigned to the river or sub-basin network at 15 arc-second (500m) resolution. 

Layer Description Status* 

Global Res-
ervoir and 
Dam 
(GRanD) da-
tabase 

Coordinated by the Global Water System Project (GWSP) and based 
on a variety of sources, the locations of nearly 7000 of the world’s 
largest reservoirs were georeferenced, and attribute data were com-
piled, including storage capacity and main purpose (Lehner et al., 
2011). Corresponding dams are linked to the HydroSHEDS stream 
network via their coordinates. The data is available at 
http://www.gwsp.org/85.html. 

completed 

GRDC gaug-
ing stations 

The location of more than 7000 gauging stations (provided by the 
Global Runoff Data Center, Koblenz, Germany) were verified and co-
registered to the HydroSHEDS river network. The data is available at 
http://grdc.bafg.de/. 

completed 

Sub-basin 
delineation 

Hierarchical nesting of sub-watersheds can support multi-scale hy-
dro-ecological analyses (Fürst and Hörhan, 2009). HydroSHEDS has 
been enhanced by a vectorized watershed layer that subdivides ba-
sins into units of approximately 130 km2 area. A coding scheme 
(following the ‘Pfafstetter’ concept; Verdin and Verdin, 1999) allows 
for topological up- and downstream queries as well as hierarchical 
aggregation.  

completed 

Discharge 

Estimates of long-term (1961-90) monthly discharge averages are 
derived through a downscaling procedure from the 0.5º resolution 
discharge layer of the global integrated water model WaterGAP 
(Alcamo et al., 2003; Döll et al., 2003). Individual river reaches can 
be distinguished down to stream sizes of 1 l/s average discharge. 
Although no global quality assessment has been completed yet, visu-
al inspections show realistic results and patterns. 

Release 
after vali-
dation in 
2013 

Habitat vol-
ume 

Based on discharge estimates and simplistic hydraulic geometry 
laws (sensu Allen et al., 1994), a first-level approximation of the di-
mensions of channel width and depth will be derived for each river 
reach. These values are then used to calculate habitat volumes (i.e. 
in-stream habitat space). 

2013 

Names River and sub-basin names will be provided. 2013 

Global inun-
dation map-
ping 

River floodplains and inundated areas provide critical aquatic habi-
tat for many species, yet there is currently no consistent, high resolu-
tion map of inundation extents available at a global scale. A new 
global floodplain and inundation map is currently produced at Hy-
droSHED’s 500 m pixel resolution by combining global topography 
information with coarser scale inundation maps derived from re-
mote sensing imagery (Prigent et al., 2007).  

2013 

Lake surface 
areas and 
volumes 

The extent of open lake surfaces and the amount of water stored in 
lakes plays an important role for human water supply and many eco-
system processes. Information on lake volumes, however, only exists 
for the very largest of lakes while the vast majority of smaller lakes 
have never been assessed in a spatially explicit way (Pistocchi and 
Pennington, 2006; Hollister and Milstead, 2010). As part of the SRTM 
project, NASA provided a mask of more than half a million lake sur-
faces (NASA/NGA, 2003) which will be utilized in combination with 
statistical approaches and global elevation data to create a first time 

2013-2014 
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estimate of water volumes for each individual lake. The approach 
has been successfully tested for a selection of 166 European lakes. 
Results will be integrated in the HydroSHEDS database. 

Flow velocity 

Using discharge, stream gradients, and global estimates of simplified 
Manning coefficients, Verzano et al. (2012) derived estimates of flow 
velocities. A similar methodology will be applied to estimate average 
velocities for the HydroSHEDS stream network. 

2013-2014 

Global River 
Classification 
(GloRiC) 

River classifications provide researchers (and water practitioners) 
with basic modelling and planning units; deliver groups of similar or 
distinct river types to be applied in analyses of biodiversity patterns 
or threats; help prioritizing protection or restoration efforts; and 
support the development of guidelines and regulations for freshwa-
ter management purposes. The goal of the GloRiC project is to devel-
op a first-time, high-resolution, spatially explicit global map of river 
typologies. Different river classes are distinguished based on a varie-
ty of criteria, including hydrological, physio-climatic, geomorpholog-
ical, chemical, biological, and anthropogenic parameters. 

2013-2014 

Aquatic bio-
diversity in-
formation 

Freshwater biodiversity information (i.e. species lists) are currently 
coupled to the sub-basins of HydroSHEDS by partners such as the 
International Union for the Conservation of Nature (IUCN), Cam-
bridge, UK. The efforts are anticipated to result in comprehensive 
and spatially explicit freshwater biodiversity maps at a global scale. 

2013-2014 

Global wa-
terfall map-
ping 

Waterfalls and cascades are important indicators of natural discon-
tinuities in the river network. A first-time global map of the location 
of major waterfalls and cascades is currently created through a com-
bination of GIS procedures and extensive manual investigations. The 
waterfalls and cascades will be linked with the river reaches of Hy-
droSHEDS to support studies of the longitudinal connectivity or dis-
continuities along the river network. 

2014 

Water tem-
perature 

Water temperature is a critical environmental factor used to distin-
guish different types of river habitats or to assess the status and 
quality of riverine ecosystems. Using established modelling ap-
proaches, temperature ranges can be derived based on combining 
global air temperature regimes with the flow routing scheme and 
discharge estimates of HydroSHEDS for each reach of the global river 
network. 

Proposal 
stage 

Urban water 
use patterns 

Cities play a special role in terms of water management as they rep-
resent locations of highly concentrated water demand within the 
river network and their wastewater discharge can compromise the 
downstream freshwater quality. To allow managers to explicitly in-
clude cities in their large scale planning, a first-time global assess-
ment of the main water supply and use patterns will be compiled for 
the world’s largest cities. The location of each city will be co-
registered to HydroSHEDS to enable studies regarding the impact of 
cities on the global river network. 

Proposal 
stage 

* years indicate expected completion date (end of year) 
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2.4 Development of a global river routing model 
(HydroROUT) 

In nearly all GHMs, the implemented routing models operate on raster data. Only 

recently, some large scale models started to shift towards a vector environment 

(e.g., Paiva et al., 2011) or use advanced sub-grid and/or hybrid structures (e.g., 

Yamazaki et al., 2011). We here propose to continue this transition towards a 

vectorized model framework at a fully global extent, and to implement versatile, 

multi-directional routing based on point, line, and polygon objects, such as gaug-

ing stations, river reaches, and sub-basins. One advantage of this approach is that 

vector routing can significantly reduce the required computational resources as 

compared to cell-based models because of the inherently simple ‘object-to-

object’ routing scheme. In a cell-based approach, large homogeneous objects, 

such as lakes, consists of hundreds or even thousands of grid cells, each of which 

is treated as an individual ‘cell object’, which increases the number of processing 

steps - often without added benefit.  

We are currently developing a new river network routing model (HydroROUT; 

Grill et al., in prep.) which provides vector-based routing capabilities and is fully 

integrated in the widely used GIS software package ArcGIS (ESRI, 2011). Figure 

2.3 presents a schematic overview of the implementation of HydroROUT within 

the HydroSHEDS data framework. Only a small number of vector routing models 

have been developed so far (e.g., Feijtel et al., 1998; Wang et al., 2000; David et 

al., 2011; Paiva et al., 2011), and HydroROUT is conceptually similar to that of 

Whiteaker et al. (2006), who developed a processing engine - the ‘schematic pro-

cessor’ - to accomplish basic river routing for vectorized river networks derived 

from ArcHydro.  

The first function of HydroROUT is to establish hydrologic connectivity which 

is achieved by creating links within and between river reaches and sub-basins 

following the basic principles of Whiteaker et al.’s routing scheme. However, 

while their ‘schematic processor’ uses linear vector networks with connectivity 

relationships built via traditional attribute tables (FromNode-ToNode adja-

cency), our network is based on the concept of a ‘geometric network’, i.e. a di-

rected network graph located in an ArcGIS geodatabase. Geometric networks are 
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normally used to model infrastructures, such as electric utility lines and sewer 

systems, but they are also well suited to represent connectivity within dendritic 

river networks. Geometric networks are collections of line objects (e.g. river 

reaches) and point objects (e.g. locations of confluences of two river reaches) 

that possess a connectivity relationship based on the coincidence of the start- 

and endpoints of the river reaches. The connectivity information between river 

reaches and other objects are stored in connectivity tables, the so-called logical 

network. River reach geometries can thus be treated as individual elements for 

use in tracing and flow operations.  

 

 

Figure 2.3: Overview of datasets, concepts, and models within the HydroSHEDS framework. Hy-
droROUT is linked to the collection of vector datasets of HydroSHEDS through its routing 
scheme. The routing scheme currently consists of tracing and in-stream processing modules. 
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Geometric networks are optimized for routing and tracing. Connectivity rela-

tionships are based on the ‘ForwardStar’ concept, which is considered the most 

efficient network representation (Ahuja et al., 1993; Cherkassky et al., 1996). It 

is due to this effectiveness that we are able to conduct river routing at the global 

scale with several million objects on a single processor. Connectivity based on a 

‘ForwardStar’ also allows flexible routing in both directions, during which the 

‘cost’ or ‘resistance’ of traversal is being taken into account through network 

weights, and barriers that stop the trace may be included.  

The second function of HydroROUT’s processing engine is the routing of sub-
stances downstream the river network, which may include the accumulation of 
mass from different distributed sources in the river network (e.g. wastewater 
treatment plants) and/or constant or time dependent decay functions, which 
diminish the substance to be accumulated gradually along its path. For example, 
for the routing of substances such as nutrients and pollutants, the dominant dilu-
tion mechanism is advection, which can be effectively modeled using stream 
length, velocity, discharge, and a decay function (Pistocchi et al., 2010). A ‘plug-
flow’ model has been chosen similar to Feijtel et al. (1998) and Whiteaker et al. 
(2006), which is an adequate and frequently used approach in routing at the riv-
er reach level (Chapra, 1997; Anderson et al., 2004; Pistocchi et al., 2009). If no 
biogeochemical processes diminish the substance mass while traveling down-
stream (e.g. decay, nutrient uptake), then the value received from upstream is 
equal to the value passed downstream. If, however, dissipation of a bio-
geochemical substance is assumed, the substance is expected to decrease either 
by a 0th-order decay function (i.e. a constant decay amount) or at a rate propor-
tional to its value, and can therefore be represented through an exponential de-
cay model.  

During the routing process, lakes and reservoirs are considered objects treat-
ed differently than river reaches, primarily due to their different nature repre-
senting mixing, flow velocity, depth, and volume. Lakes are more appropriately 
modeled as ‘completely stirred reactors’ (Butkus et al., 1988; Whiteaker et al., 
2006). The concentration of constituents in a lake is determined by the inflow 
concentration, a decay factor, and the volume of the lake.  
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As for future developments, we consider lateral routing into floodplains and 

wetlands an important next step. Beyond their role for regulating high dis-

charges, floodplains and wetlands are ecosystems with increased biogeochemi-

cal activity. For example, deposition of nutrients and pollutants attached to sedi-

ments during a flood removes those substances from the river temporarily (or 

permanently), which allows for longer decay or uptake times and hence alters 

downstream biogeochemical budgets (James et al., 2008). Another future devel-

opment includes the application of the routing model at different spatial scales, 

which has rarely been attempted in global models. Beighley et al. (2009) use ba-

sin subdivisions calculated by the Pfafstetter method (Verdin and Verdin, 1999) 

to represent the land surface with varying degrees of resolution to derive ‘irregu-

lar computational grids’. In HydroROUT, we plan to enable routing at the sub-ba-

sin scale and use the connectivity information between the sub-basins as the 

routing directions. A total of 12 levels of basin subdivisions are available in the 

HydroSHEDS database. Depending on the complexity of the model, researchers 

can choose the appropriate spatial scale at which they wish to model, while 

maintaining attributes at finer spatial scales.  

HydroROUT is currently running as a beta version and required extensive data 

pre-processing and model development. A global river network with routing ca-

pabilities was created based on the 15 arc-second DEM of HydroSHEDS. River 

reaches are the finest scale on which HydroROUT operates, but routing or topol-

ogy queries can also be performed at the level of sub-basins, e.g. by identifying 

all sub-basins upstream of a given location. At the 500m resolution, there are 

more than 17million global river reaches with an average length of 3.6 km, and 

more than 1 million pre-defined sub-basins with an average area of 30 km2. 

In the current version of HydroROUT, discharge is derived by accumulating 

land surface runoff along the river network, yet the underlying simulation of run-

off generation is not performed within the model itself. Instead, we employ de-

coupled, external runoff estimates provided by the GHM WaterGAP at 0.5 raster 

resolution, which we spatially downscale to fit the 500m resolution of Hy-

droSHEDS (see Table 2.1; for advantages and disadvantages of this model design 

see Discussion section below). In a first validation of the downscaling results, we 
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compared the discharge of 73 randomly distributed stream gauges for the prov-

inces of Ontario and Quebec from the Canadian HYDAT network (Environment 

Canada, 2012) to the discharge of the closest HydroROUT river reaches. To avoid 

spatial mismatch, stations were selected based on agreement between reported 

and simulated catchment areas and only those with a discrepancy of less than 

10% were accepted. For long-term (1961-90) annual average discharge (Figure 

2.4a), we found a very strong correlation (adjusted R2 of log-linear model = 

0.982; p<0.0001). We also conducted a comparison for low-flow conditions as 

these are commonly used in risk assessments. We aimed to test an index similar 

to Q90, i.e. the discharge that is exceeded at 90% of time. However, as the climat-

ic input of the underlying WaterGAP model is given in monthly time steps, daily 

flow estimates, as typically applied for Q90, are not realistic. Instead, we calcu-

lated the long-term (1961-90) flow regime and then adopted the lowest month 

of the year as a first-level proxy for low-flow conditions. The comparison be-

tween modeled and observed values (Figure 2.4b) revealed a slightly lower cor-

relation than for average flows (adjusted R2 = 0.936; p<0.0001). 

 

Figure 2.4: Comparison of discharge observations (as reported at 73 HYDAT gauging stations in 
Ontario and Quebec) and model results (HydroROUT; based on WaterGAP runoff estimates) for 
long-term (1961-90) average flows (a) and lowest monthly flows b). For more explanations, see 
text. 
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Despite these good findings, it should be noted that some results contained sig-

nificant errors, in particular for smaller streams, and that the model showed a 

tendency to overestimate low flows. More complex discharge parameters, such 

as the shape of the annual flow regime, inter-annual variability, monthly time se-

ries, or extreme events, are yet to be evaluated. Nevertheless, long-term averages 

and low flows can provide a first avenue for new applications.  

2.5 Applications 

In this chapter, we illustrate three case studies performed with HydroSHEDS da-

ta and the HydroROUT model that demonstrate the capability of tracing opera-

tions; vector routing using river reaches, lakes, and dams; as well as accumula-

tion and decay functions.  

2.5.1 Degree of regulation from dams at a global scale 

The alteration of the downstream river flow regime is widely recognized as one 

of the main adverse environmental impacts of dam and reservoir construction 

(Bunn and Arthington, 2002). In the absence of operational dam release rules, 

the proportion of a river’s annual flow that can be withheld by a reservoir or 

cluster of reservoirs, i.e. the degree of regulation (DOR), can serve as a first-level 

approximation of the potential impact on flow regulation (Lehner et al., 2011). A 

high DOR value indicates an increased probability that substantial discharge vol-

umes can be stored throughout a given year and released in a managed (i.e. non-

natural) behaviour. Following this approach, DOR values have been analyzed in a 

recent global study by Lehner et al. (2011). For this purpose, the new Global 

Reservoir and Dam database has been coupled with the HydroSHEDS river net-

work (Table 2.1), and DOR values were calculated as ‘total upstream storage ca-

pacity divided by total annual flow volume’ for every reach of the river network 

(Figure 2.5). Results show that 7.6% of the world’s rivers with average flows 

above 1 m3/s are affected by a cumulative upstream reservoir capacity that ex-

ceeds 2% of their annual flow. The impact is highest for large rivers with average 

flows above 1000 m3/s, of which 46.7% are affected. In a related assessment, 
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Richter et al. (2010) have further analyzed these results to estimate the global 

number of potentially affected people living downstream of dams. These exam-

ples demonstrate the capability of river network routing using basic accumula-

tion procedures.  

2.5.2 Ecosystem fragmentation from dams in the Mekong 
River Basin 

A new study of ecosystem connectivity at the scale of the entire Mekong River 

Basin (Grill et al., in prep.) provides an example where river network routing in-

cludes extensive tracing operations. Using HydroROUT, we calculated the individ-

ual and cumulative impact of 84 proposed dams on ecosystem connectivity in 

the Mekong Basin (Figure 2.6). The model used tracing operations to distinguish 

network fragments, calculated statistics for each fragment (such as habitat vol-

 

Figure 2.5: Degree of regulation (DOR) for Southeast Asia. The DOR ratio measures the total up-
stream storage capacity divided by the long-term average discharge at each river reach. Dis-
charge estimates are taken from HydroSHEDS database; reservoir locations and storage capaci-
ties are taken from the Global Reservoir and Dam (GRanD) database (Lehner et al., 2011); back-
ground population density is from GRUMP database (http://sedac.ciesin. columbia.edu/gpw/) 
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umes and number of connected ecosystems), and finally derived several cumula-

tive indices, including the Dendritic Connectivity Index (Cote et al., 2009). The 

overall result is an index-based ranking for the individual dams, which may pro-

vide guidance for decision makers wishing to include basin wide effects into dam 

planning. The model results illustrate the importance of considering hydrological 

connectivity, expressed by the location of dams, both individually and in relation 

to other already existing dams. First results from a subsequent global compari-

son (Figure 2.7) show that if all 84 additional dams that are currently under con-

sideration were built, the Mekong River Basin would experience strong altera-

tions in the fragmentation index over the next decade, placing the basin among 

other heavily impounded rivers in the world. 

 

Figure 2.6: Overview of ecosystem connectivity in the Mekong River Basin for today (2011) and 
the future (2022) if 84 proposed dams were built (MRC, 2009). Colored regions show the num-
ber of different habitat classes found in the remaining connected river network sections. The 
number of connected ecosystems is strongly reduced for the future development scenario. 
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2.5.3 Geospatial fate and transport modelling for phar-
maceuticals in the St. Lawrence River Basin 

In a third study, HydroROUT was applied to model the fate of contaminants, spe-

cifically the pharmaceutical ‘Diclophenac’, a common anti-inflammatory drug, in 

the river network of the lower St. Lawrence Basin (Grill et al., in prep.). We calcu-

lated the spatial distribution of in-stream concentrations by combining the dis-

tribution of river discharge with the substance load at the outlet of sewage 

treatment plants and accumulated the loadings downstream. A new layer of 

lakes (as described in Table 2.1) was integrated, and we allowed photo-degrada-

tion in both lakes and rivers along the flow path (Buser et al., 1998). In addition 

 

Figure 2.7: Fragmentation history for selected large river basins. The Dendritic Connectivity In-
dex (DCI; Cote et al., 2009) decreases over time as dams are built in the river network. Historic 
dam constructions prior to 2011 are based on the GRanD database (Lehner et al., 2011), while 
future connectivity in the Mekong is calculated based on a database of 84 proposed dams with 
commission dates (MRC, 2009). Connectivity decreases rapidly until 2022 if dam development 
proceeds as planned. N represents the total number of investigated dams in the basin. 
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to concentrations, a risk index for each river reach was calculated using pre-

dicted no-effect concentrations of the contaminant, and risk hot-spots were 

identified in the basin (Figure 2.8). By mapping concentrations along flow paths, 

we identified river confluences with unusually high chemical concentrations as 

well as locations at which major concentration spikes occurred due to inflows 

from urban conglomerations (Figure 2.9).  

 

 

Figure 2.8: Pharmaceutical concentrations in the St. Lawrence River Basin (downstream of Great 
Lakes). Predicted Diclophenac concentrations in surface waters based on HydroROUT model 
results. 
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Figure 2.9: Modeled pharmaceutical concentrations in the St. Lawrence main-stem (downstream 
of Kingston, Ontario) based on HydroROUT results. Scenario 1 predicts concentrations based on 
long term average discharge values. Scenario 2 calculates concentrations under low flow condi-
tions (monthly Q90 flow). 
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2.6 Discussion 

The data and model descriptions outlined above, as well as our case study exam-

ples, are aimed at demonstrating the direction and potential of recent advance-

ments in large scale hydrological and hydro-ecological modelling. Yet this review 

is far from being complete, and there are many other developments targeting 

similar goals. In particular, due to the continued increase in computational pow-

er, existing models move towards higher resolution both in space and time 

(Wood et al., 2011) and are enhanced by more complex process representations, 

such as hydrodynamic routing (Yamazaki et al., 2011) or the inclusion of ad-

vanced water management schemes (e.g., Hanasaki et al., 2006; Döll et al., 2009). 

As for our suggested approach to couple new hydrographic datasets with a tailor-

made, vector-based flow routing scheme, a number of limitations must be noted 

regarding the described data and model performance. These limitations, at the 

same time, provide avenues for future improvements and research requirements.  

Our definition of river network routing transcends beyond discharge routing, 

as it encompasses the movement of energy, material, and organisms. Yet alt-

hough the primary goal was to develop novel tools for assessing hydrological 

connectivity, discharge remains a master variable in the model. In the current 

version of HydroROUT, discharge is based on external runoff calculations that 

are spatially downscaled to fit our high-resolution river network. An advantage 

of this decoupled approach is that different global land surface and hydrological 

models, or even ensembles, can be employed to provide runoff estimates using 

independent settings and parameterizations, allowing for comparisons and un-

certainty assessments. A major disadvantage, however, is that feedbacks be-

tween climate, landscape, and hydrological conditions cannot be modeled di-

rectly in HydroROUT, rendering it less dynamic than coupled models which in-

clude runoff generation, floodplain inundation and evaporation, and hydrological 

routing simultaneously. A further source of uncertainty in the discharge esti-

mates is the currently applied temporal resolution of monthly averages and the 

very preliminary validation of long-term conditions only, while inter-annual vari-

ability or extreme events are not tested yet. Hence, time-sensitive model results 

such as seasonal water quality or low-flow substance concentrations need care-



Chapter 2 

 

66 

 

ful interpretation. Finally, the runoff downscaling approach itself may not be able 

to correctly reproduce local conditions, adding small-scale uncertainties in the 

discharge estimates.  

Another limitation of our current ‘stand-alone’ routing model is the rather 

simplified routing mechanism: the applied ‘plug-flow’ and ‘completely stirred re-

actor’ models simulate the transport of constituents as a linear storage-based 

routing process. This type of model is only valid where uncertainty from friction 

and backwater effects can be tolerated. At large scales, these effects may be less 

dominant, and the error terms may be reasonable for applications that aim at 

general ecological management rather than highly accurate hydraulic flow predic-

tions. For certain regions, however, such as large floodplains, hydrodynamic pro-

cesses should be integrated in the model to enable a more realistic simulation.  

Associated with the routing scheme is uncertainty from simulating flow veloc-
ity. River velocities can greatly vary between river types, e.g. steep mountain 
streams versus large lowland rivers. In the examples we presented, we set veloc-
ity to a constant value of one meter per second, due to lack of reliable river veloc-
ities at the global scale - a widespread limitation in large-scale routing models. 
The next iteration will include attributes of variable velocities both in the Hy-
droSHEDS database and the HydroROUT model, using similar approaches as 
suggested by Ngo-Duc et al. (2007), Fiedler and Döll (2010), and Verzano et al. 
(2012). For large floodplain areas, additional inundation modelling should be 
applied to improve flow velocity simulations (Yamazaki et al., 2011).  

There are various limitations related to the underlying baseline hydrographic 
data of HydroSHEDS. Besides the current lack of high-quality coverage for re-
gions above 60 northern latitude (see Data section above), HydroSHEDS follows 
a simple ‘D8’ concept to represent flow direction: each pixel points towards ex-
actly one of its 8 neighboring pixels as the next downstream one. While this con-
cept is mathematically easy to calculate and allows for proper simulation of 
main-stem river channels, it cannot represent river bifurcations (i.e. splits into 
multiple flow channels), braided river systems, or the secondary channels in riv-
er deltas. Also, even at 90mresolution, highly detailed and complex topographic 
features such as floodplain channels that regulate local hydrological connectivity 
are still not adequately represented (Yamazaki et al., 2012).  
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Finally, there are limitations related to the new lake database that is used in 

HydroROUT. While surface areas are mapped at very high resolution and quality, 

lake volumes are only coarse estimates (see Table 2.1) and are associated with 

difficult-to-assess uncertainty. Initial tests against a selection of 166 European 

lakes indicated an acceptable overall match in average lake volume, yet the val-

ues of individual lakes may be greatly over- or underestimated. Despite the many 

current limitations related to the quality and implementation of both the Hy-

droSHEDS database and the HydroROUT modelling framework, results have to 

be judged against large-scale needs of ecologists or water resources managers. 

For example, even if discharge values are prone to substantial uncertainty and 

error, ecological changes in the river network are often most pronounced at con-

fluences between small tributaries and large main-stem rivers, where flow mag-

nitudes can differ by one or several orders of magnitude. Many critical charac-

teristics along the river network, such as highly altered conditions, disruptions in 

connectivity, ‘swimmable river length’, or contributing catchment areas are well 

represented in the current model version, despite errors in discharge, due to the 

very high spatial resolution of the hydrographic baseline data. Major changes be-

tween river orders or within geographical regions can easily be mapped and re-

lated to species distributions; and detailed objects, such as effluents from a sew-

er plant, can be included as part of the assessments, even if uncertainties in the 

exact hydrological values are present.  

2.7 Conclusions 

This paper has been prompted by the challenge to strengthen the currently lim-

ited capabilities of GHMs in conducting more integrated hydro-ecological studies 

- i.e. studies that are able to support comprehensive water resources manage-

ment; systematic freshwater biodiversity and conservation planning; health as-

sessments related to waterborne diseases and water quality; or risk analyses of 

future climate and global change impacts on society (e.g. water supply, floods, or 

hydropower generation). The main limitations identified are related to spatial 

resolution, data structure, quality of data, inclusion of hydrological connectivity, 

and support of multi-scale and integrated modelling approaches. In response, we 
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proposed a versatile global hydrological modelling framework that addresses 

these limitations, providing support for a broad range of applications. We de-

scribed the enhancement of a global hydrographic database (HydroSHEDS) and 

the coupled development of a new river network routing model (HydroROUT) as 

the backbone of our framework. The main novelty over existing approaches is 

given by the combination of the following characteristics: 

• The extensive development of new global data layers (e.g. dams, a hierarchical 

sub-basin breakdown, lakes, floodplains, etc.) and their harmonized integration 

with existing HydroSHEDS layers provides a unique baseline geospatial fabric. 

• The hybrid model architecture supports linkage and integration of both raster 

(e.g. DEM, land cover) and vector layers (e.g. river reaches, nested sub-basins, 

point features). The vector structure enables routing at a spatial precision that is 

orders of magnitudes higher than in current global pixel-based models, support-

ing local-scale decision making. Vector routing is also fast to process and allows 

for more complex analyses (e.g. repeated execution; tracing using weights or 

barriers) and more natural, object-oriented modelling. 

• The river network routing model can couple river reaches with lakes, reser-

voirs, dams, and floodplains and provides the potential for simulating various 

routing processes (transport, diffusion, mixing) at multiple spatial scales. 

• Powerful routing and tracing capabilities in both upstream and downstream 

direction provide support of hydrologic connectivity in a broad ecological sense 

and for a wide range of objects, such as organisms, nutrients, and pollutants; and 

for the routing of more abstract concepts such as stressors or human impact in-

dicators. 

• The implementation of the modelling framework in a high-resolution GIS-

based computing environment increases the suitability for hydro-ecological ap-

plications, which typically require river-reach scale resolution. 

We argue that our integrated data and modelling framework supports a novel 

set of integrated studies, specifically to estimate the impact of human activities 

on hydrological functioning and connectivity, and on ecosystem services at large. 

We summarized ongoing research in support of such studies, e.g. the impact of 
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dams on natural flows and ecosystem fragmentation, and the effects of anthropo-

genic pollutants on water quality in river networks. We believe that many more 

applications can be facilitated by our model framework in a variety of related 

fields, including aquatic ecology, biogeochemistry, geo-statistical modelling, and 

health risk assessments. 

Our case studies showed the potential of the model and data development to 

facilitate and conduct hydro-ecological research at the global scale. The out-

comes may also be used for general education and mapping purposes. New glob-

al information portals and data repositories started to incorporate parts of the 

HydroSHEDS database, including a planned integration into web services such as 

Google Earth or World Water Online (by ESRI). We hope that this user-friendly 

and accessible dissemination of data and information, together with the high 

spatial resolution of the results will support research, planning, and decision-

making efforts for many large river basins in the world.  
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Connecting statement (Ch. 3) 

The previous chapter provided a detailed assessment of the inherent challenges 

of large-scale hydrological and routing models and provided an overview of new 

data availability that facilitated the development of HydroROUT. Chapter 2 closed 

by outlining possible applications of HydroROUT.  

In the next chapter, I apply HydroROUT to explore anthropogenic alterations 

of hydrological connectivity and river flow regulation at large scales resulting 

from dam construction, and I analyse what indicators can be used to assess these 

impacts. This chapter focuses on introducing and testing two key indicators: the 

River Connectivity Index (RCI) and the River Regulation Index (RRI).  

I illustrate these applications with an in-depth case study of the Mekong River 

Basin in Southeast Asia. This research addresses key issues that provide a foun-

dation for the research presented in chapter 4 by identifying new ways to model 

anthropogenic alterations of surface water systems at large scales. The results of 

this chapter help to determine the level of complexity necessary and feasible in 

indicator development and provide theoretical and methodological insights to-

ward applying these indicators at the global scale. 
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Abstract 

Large hydropower schemes have recently gained renewed interest as a provider 

of efficient and renewable energy, particularly in developing countries. However, 

some dams may have widespread effects on hydrological and ecosystem integri-

ty, which reach beyond the scales addressed by typical environmental impact as-

sessments. In this paper we address two main ecological impacts—reduced river 

connectivity and changes in the natural flow regime—at the scale of the entire 

Mekong River Basin as an important component of dam evaluations. The goal is 

to improve our understanding of the effect of individual dams as well as clusters 

of dams at a very large scale. We introduce two new indices, the River Connectiv-

ity Index (RCI) as a tool to measure network connectivity, and the River Regula-

tion Index (RRI) as a measure of flow alteration, and calculate the individual and 

cumulative impact of 81 proposed dams using HydroROUT, a graph-theory based 

river routing model. Furthermore, we demonstrate how quantitative weighting, 

e.g. based on river habitat characterizations or species distribution models, may 

be included in dam impact assessments. A global comparison of large rivers 

shows that the Mekong would experience strong deterioration in the fragmenta-

tion and flow regulation indices if all dams that are currently under considera-

tion in the basin were built, placing it among other heavily impounded rivers in 

the world. The results illustrate the importance of considering the location of 

dams, both relative in the network and relative to other already existing dams. 

Our approach may be used as an index-based ranking system for individual 

dams, or to compare basin-wide development scenarios, with the goal of provid-

ing guidance for decision makers wishing to select locations for future dams with 

less environmental impacts and to identify and develop potential mitigation 

strategies. 
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3.1 Introduction 
Dams have played a key role in regional development in recent history in many 
parts of the world by providing a source of renewable energy, water for irriga-
tion and human consumption, and by protecting human settlements against 
floods and droughts. In addition to these intended and desirable effects of dams, 
numerous studies have also documented adverse, often unwanted consequences 
both locally and regionally (World Comission On Dams, 2000), including effects 
on hydrological connectivity (Vörösmarty et al., 2010), flow regulation (Lehner 
et al., 2011), sediment delivery (Syvitski et al., 2009), and biodiversity (Reidy 
Liermann et al., 2012). Dam construction and reservoirs have caused the dis-
placement of millions of people worldwide and altered the livelihoods of river 
dependent societies (Richter et al., 2010).  

A prominent example of the challenging trade-offs between benefits and risks 
related to dam construction is apparent in the Mekong River Basin (MRB). On the 
one hand, the international conservation community pays close attention to de-
velopments affecting the MRB as currently the river is widely considered “free-
flowing” due to the fact that the entire lower portion of the main stem is unob-
structed by dams. As a result, the Mekong’s hydrological flow pattern has largely 
remained unchanged from its natural dynamics causing distinct seasonal pat-
terns of discharge and flooding throughout the region. The natural flow regime is 
a main trigger of the migration of numerous fish species either longitudinally 
(up- and downstream) or laterally (river-floodplain) (Baran, 2006), some of 
which can travel several hundred kilometers up and down the Mekong. 

On the other hand, at least 81 different proposals for dam development are 
currently under consideration for the lower Mekong region, of which 11 are lo-
cated on the main stem (MRC, 2010; Figure 3.1). Facing poverty, population 
pressure and rising energy demands, the main stakeholder countries of the MRB, 
i.e. Laos, Vietnam, Cambodia, Thailand, and China, plan to tap into the large hy-
dropower potential of the Mekong River (MRC, 2010) to accelerate their eco-
nomic development. However, if dams were built on the main stem, migratory 
fish populations are expected to decline, resulting in a significant loss in fish 
catch and consequently leading to reduced income and food supplies upon which 
the majority of the basin’s population rely either directly or indirectly (Hortle, 
2009; Baran, 2010; Dugan et al., 2010; Orr et al., 2012).  
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As both the plans for economic development and the goal to conserve the eco-
logical integrity of the river system are implemented on large scales, a sustaina-
ble hydropower strategy is needed for the MRB in which the risks of dam devel-
opments are assessed for the entire basin. While most studies, such as environ-
mental impact assessments for individual dams, focus on isolated, small scale 
impacts around the site of a dam or in its close downstream vicinity, only very 
few studies have attempted to estimate combined effects of multiple dam devel-
opments on ecosystems at larger scales. For example, the strategic environmen-
tal assessment carried out for the Lower Mekong River Basin in 2010 (ICEM, 
2010) includes a number of development scenarios for pre-defined sets of dams, 
but as the approach is not spatially explicit it does not allow decision makers to 
evaluate individual dams regarding their specific role in the network. 

 
Figure 3.1 : Overview of the Mekong River Basin with 
existing and planned dams. 
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Recently, new approaches have emerged that seek to “optimize” the develop-
ment, distribution and operation of dams by assessing and prioritizing them 
based on their geospatial location. A more holistic ‘river network mindset’ is re-
quired for this approach and river basin development and management plans 
should take advantage of newly available data resources and computer software 
tools to reveal the cumulative effects of dams on the entire river system, helping 
to identify important linkages and critical thresholds (Lehner et al., 2011). Such 
prioritization efforts could also indicate dams where changes in release patterns 
and operation schemes, or technical interventions such as fish bypass facilities, 
would be most likely to improve environmental flows and/or ecosystem services. 

The goal of this study is to explore some of these “optimization” strategies for 

the specific setting of the MRB and to report on the feasibility of applying these 

methods in more detail in the future. We present a model that is based on two 

major groups of effects: i) the effect of dams on longitudinal connectivity, which 

includes barrier effects and cut-offs between rivers, floodplains and wetlands. 

And ii) the effect of dams on the natural flow regime through water storage and 

retention, which includes changes in the magnitude and timing of flows, as well 

as associated changes in water quality. We examine both groups of effects in a 

single framework and can thus improve our understanding of trade-offs between 

different types of dams in relation to their societal benefit, which in the MRB is 

typically related to energy production. 

The intention of our research is to provide scientific and methodological ad-

vances toward the inclusion of quantitative measures and expert knowledge into 

a common framework to support integrated dam assessments. In particular, we 

believe that our approach has the potential to improve decision making process-

es by adding perspectives from a larger scale context. It should be emphasized, 

however, that by no means our methodology is supposed to substitute or replace 

local environmental impact assessments, but to expand our understanding by 

adding the large scale as an explicit new layer of consideration. A second goal of 

our study is to design indicators that can be derived rapidly as a first-order 

proxy even in data-poor settings, and to provide a proof-of-concept that the 

methodology is feasible. While the described framework is, in theory, capable of 
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providing individual dam evaluations, the choices and weights of our data and 

derived indicators will need critical review and validation by local experts before 

being reliable for political discussions and decision making. Given this current 

lack of local validation, it is not within the scope of this study to provide final re-

sults for immediate use in policy planning. For this reason we refrain from refer-

ring to explicit future dams and their names throughout this report. 

3.2 Theoretical background 

3.2.1 River fragmentation 

Connectivity—or inversely fragmentation—has been estimated in the past using 

increasingly complex methods (Fullerton et al., 2010). Basic indicator methods 

have been applied in global and large-scale studies. Those include the number of 

dams within a watershed (dam density), the total length of a river (in km) up-

stream from each dam, the proportion of the river network inaccessible from the 

sea, or the total length of swimmable distance from each point of the network 

(Nilsson et al., 2005; Anderson et al., 2008; Lassalle et al., 2009; Vörösmarty et al., 

2010). In an attempt to capture the obstruction of large river systems by dams, 

Reidy Liermann et al. (2012) measured the length of the longest undammed 

stretch of the five largest rivers in each ‘freshwater ecoregion’ (as defined by Abell 

et al., 2008) to derive the percentage of free-flowing rivers.  

So-called graph-theoretic approaches combine a network of links and nodes, 

which represent river reaches and confluences, respectively, into a network 

(Bunn et al., 2000). Information about species populations or other features can 

be allocated to the links or nodes, and connectivity measures, such as the distance 

between nodes, can be derived. For example, Schick and Lindley (2007) examined 

changing patterns in connectivity and the isolation of salmon populations due to 

dam construction in California’s Central Valley. A simple yet elegant example in 

this category is the Dendritic Connectivity Index (DCI, Cote et al., 2009; see also 

explanation in Methods section). It is based on the proportion of the length of the 

disconnected network fragments in relation to the entire network, and it can be 
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applied to river networks of different scales. A disadvantage of this method, how-

ever, is that it can lead to the same index if a barrier is placed very high upstream 

in the network or very low, as long as the disconnected network fragments have 

the same length. Yet in ecological applications it is commonly argued that barriers 

placed further downstream pose a higher (or at least different) threat than dams 

in headwater reaches as the former disconnect large portions of the river net-

work from the critical ecosystems of the main stem or the delta, and the barrier 

directly affects the generally higher diversity of large rivers (Kanno et al., 2012).  

In the Mekong River, the connectivity of migration corridors for fish species, 

both in lateral and longitudinal direction, is of major concern. Given the absence 

of spatially explicit and reliable data on migratory species, an alternative is to 

use simulation models. Population models have been developed for the MRB to 

estimate dam impacts (e.g., Ziv et al., 2012), yet the underlying assumptions 

about population size and species migration patterns are difficult to verify. Due 

to the lack of monitoring data for a wide array of aquatic species, the focus on 

certain fish guilds, such as longitudinal migratory fish species, may result in solu-

tions that are crafted toward those species, but may neglect the impact on other 

ecosystem inhabitants. A holistic view should attempt to extend dam assess-

ments to all species that depend on rivers and their dynamics. 

A second option to address the absence of species data is to use species dis-
tribution modelling (SDM) to determine the species range within the river sys-
tem (Bahn and McGill, 2007; Elith and Leathwick, 2009). Species data, such as 
presence/absence surveys, and increasingly also presence-only data can be used 
as input to the distribution model. The model then predicts the occurrence of the 
species spatially based on the environmental conditions found at its sample loca-
tions. For example, Fukushima et al. (2007) used this method to determine the 
impact of dam construction on different species in Hokkaido, Japan. Similar sta-
tistical measures are used in Hermoso et al. (2012) and were applied to priori-
tize species as conservation targets. This method, however, has been criticized 
for not taking into account the underlying spatial structure of the actual distribu-
tion pattern, and Bahn and McGill (2007) have shown that simpler models, e.g. 
those purely based on spatial proximity can predict species distributions equally 
well. For example, as the habitat range of a migratory fish species is generally 
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related to the distance it travels through the river network, a highly intercon-
nected (or ‘auto-correlated’) distribution range is likely to exist between loca-
tions of observed species presence that are within that distance from each other. 

A third way that addresses the absence of species data is to use ecosystems or 
habitats as a proxy. There is general agreement within the conservation commu-
nity that protecting representative ecosystem types, or ‘coarse-filter’ targets, 
should conserve common species and communities, the ecological processes that 
support them, and the environments in which they have evolved (e.g., Higgins et 
al., 2005). Coarse-filter targets can be derived through the development of river 
or habitat classifications, which can then serve as a proxy for ecosystem types. 
The abundance and distribution of system classes within the basin can act as a 
surrogate for the actual species distributions (Sindorf and Wickel, 2011).  

3.2.2 Flow regulation 

Besides fragmentation, flow regulation is generally considered the second main 
adverse ecological consequence of dams and reservoirs (Poff et al., 1997; Bunn 
and Arthington, 2002). The goal of many dam operations is to eliminate peak 
flows, to stabilize low flows, or to impound or divert river flows partially or en-
tirely. Alterations to natural flow patterns as a result of the operation of dams 
may disrupt the life cycles of aquatic species and ecological processes (Pringle et 
al., 2000; Dudgeon et al., 2006; Carlisle et al., 2011), and may cause the loss of 
endemic species and the invasion of exotics (Bunn and Arthington, 2002). The 
effect of dams on the regulation of downstream flows can only be fully assessed 
if the operation rules of the reservoirs are known; yet this information is rarely 
available at larger scales. As a provisional solution, the Degree of Regulation 
(DOR), i.e. the proportion of a river’s annual flow that can be withheld by a res-
ervoir or a cluster of reservoirs has been suggested as a first-level approximation 
of the potential impact of dams on downstream flows. Despite its limitations, the 
DOR has in one form or another been a key component of seminal studies on 
flow regulation (e.g., Nilsson et al., 2005; Lehner et al., 2011) or has been ana-
lyzed in terms of the hydrologically equivalent ‘change in residence time’ or ‘wa-
ter aging’ (e.g., Vörösmarty et al., 1997). 
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The DOR as calculated by Lehner et al. (2011) is an index that is derived for 
each individual river reach and therefore does not capture the effect of dams on 
the entire network in one single value. To address this problem, we here expand 
the DOR concept and propose a new measure of flow regulation, the River Regu-
lation Index (RRI), which captures flow regulation at the network scale. 

3.3 Data, models and methods 

3.3.1 Data and models 

All calculations and simulations were performed using the HydroROUT river 

routing model (Lehner and Grill, 2013) within a Geographic Information System 

(ESRI ArcGIS10.1). HydroROUT is based on the HydroSHEDS database at 500m 

(15 arc-second) spatial resolution (Lehner et al., 2008). HydroSHEDS is a com-

prehensive, global scale inventory of spatial hydrographic and hydrological in-

formation, and provides core data of river networks, basin and sub-basin deline-

ations and flow regimes. HydroROUT uses a graph-theoretical framework to cal-

culate connectivity measures within a dendritic linear network. We used a total 

of 36,384 river reaches in the MRB with an average length of approximately 5 

km. Each river reach has a simulated long-term average discharge value assigned 

which has been derived from runoff estimates of the global hydrological model 

WaterGAP for the time period 1961-90 (Alcamo et al., 2003; Döll et al., 2003); as 

well as an estimate of ‘river volume’, i.e. the water volume within the river chan-

nel at average discharge based on an approximation of channel width and depth 

following Allen et al. (1994). Information about dams was compiled by merging 

the Global Reservoir and Dam (GRanD) database (Lehner et al., 2011) with a da-

tabase of hydropower projects in the lower MRB (MRC, 2009). A total of 52 exist-

ing and 81 planned dams (commission date later than 2011) were included in 

the analysis. 
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3.3.2 Calculating river fragmentation 

River Connectivity Index (RCI and RCIVOL) 

Since basic indicator approaches, such as dam densities, provide only a general 

measure of fragmentation and population modelling approaches are difficult to 

implement and verify, we used a GIS based framework combined with a state-of-

the-art river routing model (Lehner and Grill, 2013) to estimate fragmentation 

based on structural connectivity of the river network. Following the approach by 

Cote et al. (2009), we define a River Connectivity Index (RCI) that is calculated 

based on the premise that each dam creates distinct river fragments (Figure 3.2) 

made up of multiple connected river reaches. We here assume that a dam com-

pletely eliminates species permeability from one fragment to another, although 

some degree of passability may exist in reality (see Discussion section).  

The size of the disconnected river fragment created by a dam in relation to the 

total size of the original river network is the main descriptor of the index. In ad-

dition to fragment size, we introduce a weighting scheme following suggestions 

by Sindorf and Wickel (2011), in which 

each of the fragments can be weighted by 

quantitative measures, such as the number 

of unique river classes within each frag-

ment (where ‘class’ refers to rivers with 

similar hydrological and geomorphological 

characteristics; see further definition be-

low). As such, our index is flexible in its 

use and can be modified by stakeholders in 

subsequent analyses. 

The RCI is based on the ‘Dendritic Con-

nectivity Index’ (DCI; Cote et al., 2009). 

The DCI uses network analysis to evaluate 

the cumulative impact of the number, 

permeability, and location of barriers on 

the life history of potamodromous and di-

 

Figure 3.2: Basic concept of the River 
Connectivity Index (RCI). Dams partition 
the network into fragments with specific 
characteristics (e.g., length, volume, class 
count, etc.).  
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adromous fish. If permeability is set to zero (i.e. impassable, which we consider 

reasonable for large dams such as those assessed in this study), the formula to 

calculate DCI can be simplified to: 

 𝐷𝐷𝐷 = �
𝑙𝑖2

𝐿2

𝑛

𝑖=1

× 100 3.1 

where n is the number of fragments; 𝑙𝑖 is the total river length of the contiguous 

network fragment i that is disconnected by one or more dams (i.e., the fragment 

can be up- or downstream of a dam or in-between dams); and L is the total 

length of the entire river network. The DCI of an unfragmented river network is 

100%, whereas each subsequent dam reduces the DCI, depending on the size 

distribution of the fragments. A single dam in a previously undisturbed network 

leads to the maximum fragmentation if it splits the network into two equally 

sized fragments (defined by river length), in which case the DCI falls to 50%. 

For the most basic version of our new River Connectivity Index, termed RCIV-

OL, we simply replaced the ‘river length’ measure of DCI with ‘river volume’, i.e. 

the volume of water that is available to a fish in a river or river reach as potential 

roaming or habitat space. As the river volume typically increases downstream 

due to increasing discharge and channel dimensions, a dam’s impact is accord-

ingly weighted higher in downstream reaches of the river network. This increas-

es the relative impact of dams located on larger or main stem rivers. The RCIVOL 

follows as: 

 𝑅𝑅𝑅𝑉𝑉𝑉 = �
𝑣𝑖2

𝑉2

𝑛

𝑖=1

× 100 3.2 

where n is the number of fragments; 𝑣𝑖  is the total river volume of fragment i; 

and V is the total river volume of the entire river network. 

The RCIVOL is useful in itself as an unweighted index, but following suggestions 

of Sindorf and Wickel (2011), we included a weighting scheme which allows in-

clusion of important characteristics of the river network. To illustrate two exam-

ples of weighting, we below introduce RCICLASS as a measure of river connectivity 

that incorporates the diversity of river classes, and RCIRANGE as a measure of con-
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nectivity for migratory fish species. We then apply these indicators to determine 

the cumulative impact of dams in the MRB and compare them to the original 

Dendritic Connectivity Index (Cote et al., 2009).  

River Class Connectivity Index (RCICLASS) 

The intention of RCICLASS is to include the number of (dis-)connected aquatic eco-

system types as a weight to compute river connectivity. However, ecosystems are 

typically defined using both abiotic and biotic information, i.e. physical habitat 

characteristics and species data. As extensive, spatially explicit species data was 

not available for our analysis, we here use ‘river classes’ as a proxy for ecosys-

tems. River classifications can reveal the spatial and hydrological configuration 

of a river system and thus help to better understand and recognize the various 

characteristics of habitats and their inter-connections. Two methodologies have 

been widely applied in previous research: 1) “controlling factor” approaches 

which distinguish similar ecosystem types by subdividing and grouping envi-

ronmental factors (e.g., climate, topography, and geology) into characteristic re-

gions (e.g. dry mountains, tropical plains; Snelder and Biggs, 2002) and 2) 

“ecoregion” approaches, where distinct regions are formed based on unique 

combinations of environmental factors within each region, often with the help of 

manual adjustment based on expert knowledge (e.g. Freshwater Ecoregions of 

the World, FEOW; Abell et al., 2008). 

Preliminary river and habitat classifications have been prepared or suggested 

for the MRB in earlier efforts (see e.g. Sindorf and Wickel, 2011). We slightly ex-

pand on these efforts and produced an updated classification map (see supple-

mentary online material for more details). It should be noted that it was not an 

explicit goal of this project to develop a validated and final river classification for 

the MRB; rather we attempt to provide a reasonable classification scheme only 

as a prerequisite for the subsequent connectivity analysis. 

We derived a total of 27 individual river classes for the MRB by combining 7 

hydrologic river types with 6 ecological regions, incorporating the distribution of 

major floodplains and carbonate outcrops (Figure 3.3). We then included the 
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number of connected river classes as the weight function in the calculation of RCI 

to derive an index that puts emphasis on connectivity of different system types: 

 𝑅𝑅𝑅𝐶𝐶𝐶𝐶𝐶 = �
𝑣𝑖2 × 𝑐𝑖
𝑉2 × 𝐶

𝑛

𝑖=1

× 100 3.3 

where n is the number of fragments; vi is the total river volume of network frag-
ment i; V is the total river volume of the entire river network; ci is the total num-
ber of distinct river classes in network fragment i; and C is the total number of 
distinct river classes found in the entire river network. It follows from this equa-
tion that the more river classes become disconnected due to barrier effects, the 
higher the river gets fragmented. 

 
Figure 3.3: River reach classification of the Mekong River Basin. The resulting river classes are 
defined based on a combination of hydrological river types (a), ecological regions (b), floodplain 
extent (c) and carbonate outcrop (d); e.g. there are ‘Medium rivers without floodplains in the 
Upper Mekong‘, etc. Floodplain extent (c) based on Fluet-Chouinard et al. (in prep.). Carbonate 
outcrop map (d) based on Williams and Ford (2006). 



Chapter 3 

 

84 

 

River Migration Connectivity Index (RCIRANGE) 

In a second example, we weighted the calculation of RCI to represent long-

distance migratory fish species. The Mekong Fish Database (Visser et al., 2003) 

includes information for 924 river species found in the Mekong. We selected mi-

gratory species based on a list of important long-distance migratory fish (MRC, 

2003; Visser et al., 2003). In order to estimate species ranges from the given 

point data, we constructed ‘minimum spanning trees’ based on shortest distanc-

es, i.e. we connected the species occurrences in the river network using the 

shortest distances along the hydrologic flow paths (river network) between each 

of the observed species locations. A total of 425 sample locations representing 

25 selected species were georeferenced to the river network and the number of 

observed species at each location is shown on Figure 3.4a. Figure 3.4b depicts 

the resulting range map for the example of Panagasius gigas (Mekong giant cat-

fish), and illustrates that while the fish occupies only 12% of the total river net-

work length of 27,845 km, it utilizes almost 72% of the available river volume of 

8956 million m³. By combining the ranges of all 25 species we derived a migrato-

ry species ‘heatmap’ of the number of species per river reach (Figure 3.4c) which 

confirms the important role of the Mekong main stem as a gateway for migratory 

fish species. 

 
Figure 3.4: Range model of migratory fish species in the MRB: Locations and migratory species 
count based on Visser et al. (2003)(a); locations of occurrence and minimum spanning tree (rep-
resenting the species range) for Panagasius gigas in the Mekong River Basin (b); combination of 
the ranges of 25 migratory species in a migratory species “heatmap” (c). 
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In order to use the migratory species ‘heatmap’ in the calculation of RCI, each 

species is numerically represented by its individual ‘migration range’, i.e. the riv-

er length that is available for the particular species to migrate. The combined 

migration range of all species is then derived as the sum of individual ranges. 

Note that we also tested river volume instead of river length to define the migra-

tion ranges, yet we believe that river volume (or size) is already represented in 

the combined migration range due to the number of migratory species (i.e., larg-

er rivers are assumed to have more migratory species and thus larger combined 

migration ranges), hence we used river length as a less correlated variable to 

measure the combined migration range. The combined RCIRANGE for all species is 

defined as: 

 𝑅𝑅𝑅𝑅𝑅𝑁𝐺𝐺 = �
𝑚𝑖
2

𝑀2

𝑛

𝑖=1

× 100 3.4 

where n is the number of fragments; 𝑚𝑖  is the sum of migration ranges (in terms 

of river length) of all migratory fish species in network fragment i; and M is the 

total sum of migration ranges (in terms of river length) of all migratory fish spe-

cies in the entire river network as calculated by the species range model. It fol-

lows from this equation that a dam in the center of the combined migration 

range (i.e. the ‘heatmap’) will lead to the strongest reduction in connectivity, 

while a dam at the edge (or outside) of the combined migration range has the 

smallest effect (or none).  

Combined River Connectivity Index (RCICOMBINED) 

 In an attempt to create a combined indicator that includes information on both 

river classes and migration ranges, we define RCICOMBINED as the arithmetic mean 

of RCICLASS and RCIRANGE. We comment on the results of this simple approach in 

the Discussion section. 
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3.3.3 Calculating flow regulation 

To quantify flow regulation, we calculate the Degree of Regulation (DOR) as de-

scribed and applied in Lehner et al. (2011) to assess the potential effect of dams 

on the natural flow regime. After linking the dams and their respective storage 

capacities to the HydroROUT network, we calculated spatially explicit DOR val-

ues for each river reach as:  

 1 100

n

i
i

s
DOR

D
== ×
∑

 3.5 

where n is the number of dams upstream of the river reach, s is the storage ca-

pacity of dam i, and D is the total annual flow volume at the river reach. A high 

DOR value indicates an increased probability that substantial discharge volumes 

can be stored throughout a given year and released at later times. For example, 

10% is used as a threshold in Lehner et al. (2011) to mark the possibility of sub-

stantial changes in the natural flow regime to occur. In particular, multi-year res-

ervoirs (DOR > 100%) have the ability to release water in accordance with an 

artificial, demand-driven regime, often with the explicit goal to supply water in 

contrast to natural expectations, such as by increasing dry-season flows or elim-

inating flood peaks. 

The DOR as defined above calculates an individual regulation index for every 

river reach of the network, accounting for all dams upstream of the reach. In or-

der to quantify the overall impact on the basin in a single index value, we pro-

pose a new River Regulation Index (RRI) which is calculated by first weighting 

the DOR value of each individual reach with its corresponding river volume, and 

then aggregating the results for the entire basin: 

 𝑅𝑅𝑅 = �𝐷𝐷𝐷𝑖
𝑟𝑟𝑖
𝑉

𝑛

𝑖=1

 3.6 

where n is the number of reaches in the network; DORi is the DOR value of river 

reach i; rvi is the river volume of reach i; and V is the total river volume of the en-

tire river network. 
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3.4 Results 

3.4.1 River connectivity 

For a general comparison of the Mekong with other large river basins in the 

world, we calculated changes in connectivity over time by using the original DCI 

approach (Figure 3.5). Dam development in the Mekong started relatively late 

with first major dam constructions in 1965. According to the GRanD database, 

only 13 large dams have been built since then, and the DCI stays relatively high 

for the times before 2011. The Pak Mun Dam, located 5 km west of the conflu-

ence of the Mun and Mekong rivers and operational since 1994, reduced connec-

 

Figure 3.5: Fragmentation history for selected large river basins. As there are currently no con-
sistent river habitat classification or migration range maps available on a global scale (a prereq-
uisite for the calculation of RCICLASS or RCIRANGE), we calculated only the original DCI (Cote et al., 
2009) in this assessment. The DCI decreases over time as dams are built in the river network. 
For the MRB, historic dam constructions prior to 2011 are based on a combination of the GRanD 
and MRC databases (MRC, 2009; Lehner et al., 2011), while future connectivity is based on a list 
of proposed dams with commission dates (MRC, 2009). Connectivity decreases rapidly until 
2022 if dam development proceeds as planned. N represents the total number of investigated 
dams in the basin. 
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tivity from 93% to 77%. Between 1994 and 2011, 29 smaller dams (as provided 

by MRC, 2009) have also been included in the assessment, which reduced the 

DCI to 66%. If then all 81 dams that are currently under consideration were con-

structed, connectivity would further decrease to approximately 11% by 2022. 

The strong future decrease in connectivity in the Mekong Basin is mainly caused 

by main stem dams for which their location rather than storage volume is im-

portant. Note that the value of 66% for today’s conditions differs from the result 

shown elsewhere in this paper (44.2%); the reason is that for the global assess-

ment a slightly generalized river network was used and DCI is sensitive to the 

total length of the applied river network (see also discussion section). 

RCICLASS and RCIRANGE 

Currently almost 65% of the area of the MRB is connected in the largest contigu-

ous fragment that is still unimpeded by dams, and 24 out of 27 river classes are 

found within this fragment (Figure 3.6a). This translates to a relatively high RCI-

CLASS of 70.5%. RCIRANGE is even higher at 93.2% as nearly all migration ranges 

included in our assessment are currently unobstructed by dams.  

In the future scenario, if all 81 considered hydropower dams are included 

(Figure 3.6b), the entire basin is partitioned into much smaller fragments due to 

the large number of newly constructed dams. The largest fragment that remains 

connected accounts for only 20% of the total basin area, mostly due to dam de-

velopments on the main stem of the Mekong. The number of connected river 

classes in this largest fragment is reduced to 12. In this scenario, the RCICLASS falls 

to 7.6%, nearly a tenth of its original value. RCIRANGE values are also strongly re-

duced to 20.8% in the future mostly due to several main stem dams that frag-

ment the migratory species ranges. 

In contrast, the DCI, which only considers the lengths of disconnected river 

fragments and is not sensitive to river volume, the distribution of river classes 

and migration ranges, starts at a lower value of 44.2% for the current scenario. 

In the future, it decreases to about a fourth (10.7%), suggesting a smaller relative 

change than both the RCI indices. 
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Comparison of indicators 

To provide more insight into the behavior of the different connectivity indices, 

we calculated DCI and three RCI values (RCIVOL, RCICLASS, RCIRANGE) for 10 of the 

81 planned dams individually (Figure 3.7). The results for each selected dam re-

flect the change in basin-wide connectivity if the dam was built in addition to the 

42 existing ones as of 2011.  

Figure 3.7b shows that the general trend of all DCI and RCI-type values is 

similar in that tributary dams remain at relatively high connectivity values 

whereas main stem dams lead to significant reductions in connectivity. As the 

DCI does not account for the river volume or topologic position in the network 

(i.e. up- or downstream), the index is similar for both dam [Id 4] on the upper 

Mekong main stem and dam [Id 9] on the lower Mekong main stem. Both dams 

 
 

Figure 3.6: Overview of ecosystem connectivity in the Mekong River Basin for today (2011) and 
the future (2022). Colored regions show the number of different river reach classes found in the 
contiguous river network fragments. DCI, RCICLASS, and RCIRANGE values are calculated for refer-
ence. All indices as well as the number of connected river classes are strongly reduced for the 
future development scenario compared to the current situation. 



Chapter 3 

 

90 

 

cut off a similarly large proportion of the river network in the headwater and the 

delta regions, respectively. The RCI accounts for this difference by weighting the 

effect of dam [Id 9] stronger due to its larger impact on river volume.  

Main stem dams can individually reduce DCI by up to a half from the initial 

value of 44.2%, e.g. dam [Id 7] reduces DCI to 24.4%. When river volume and 

river classes are taken into account, the calculated RCICLASS can show an even 

larger relative decrease in connectivity from the original 72.1% to levels of a 

third and even below. For example, if dam [Id 9] was built, RCICLASS would de-

crease to 18.7% because the dam is located on the large Mekong main stem and 

divides the system into two fragments with notably fewer connected river clas-

ses. In contrast, dams built on smaller headwater streams have less impact on 

RCICLASS because a large proportion of the calculated river volume and class con-

nections remain intact. 

Finally, the results for RCIRANGE indicate yet again a stronger contrast between 

tributary and main stem dams. RCIRANGE values for all tributary dams remain 

high because, according to our species range model, the available contiguous mi-

gration ranges of our selected migratory fish species are only little affected. In 

 

Figure 3.7: The effect of selected dams on river connectivity indices in the Lower Mekong River 
Basin. Comparison between Dendritic Connectivity Index (DCI; Cote et al., 2009) and four differ-
ent RCI indices. Dams in diagrams are sorted by decreasing DCI values. See text for explanations. 
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contrast, the main stem dams obstruct the core migration corridor and conse-

quently reduce connectivity drastically. At tributaries with a significant occur-

rence of migratory species, for example at the locations of dams [Id 5] and [Id 2], 

connectivity is more strongly decreased according to RCIRANGE than shown by any 

of the other indices; this suggests that the index is indeed better suited to reflect 

the special cases of migratory species occurrences. 

In order to further compare the behavior of the indices in relation to each 

other, we standardized the values of each index to a common starting point (Fig-

ure 3.7c). By examining dam [Id 2] it becomes apparent that the DCI shows a 

larger reduction of connectivity than RCI-based indices due to the fact that at 

that location, the river volume is still relatively small compared to dams further 

downstream. In general, RCI-based indices produce a stronger differentiation 

between main stem dams and tributary dams than the DCI. 

3.4.2 Flow regulation 

Figure 3.8 shows that the cumulative effects of all existing dams on flow regula-

tion extend far downstream along the river network, with a current cumulative 

DOR of 6.5% in the Mekong Delta. In the future scenario (right panel), several 

additional tributaries would be affected if all 81 planned dams were constructed, 

and DOR values would increase significantly in many already regulated reaches. 

In particular, the values along the Mekong main stem increase and DOR more 

than doubles to 17.2% in the Mekong Delta. 

Many dams show a large DOR directly downstream of their location; the high-

est reaching 390% for the Houayho Dam on the Xekong River (see inset panel in 

Figure 3.8). Further downstream, DOR values can decline if increased inflows 

from unimpeded tributaries “dilute” the flow regulation effect; while they can 

increase where the effects of multiple dams coincide. 

The total network regulation as measured by the RRI is currently at 5.6%. It 

should be noted that this value is calculated as an average for the entire river 

network, including the reaches upstream of dams where no flow regulation oc-

curs. The absolute value is thus dependent on the chosen extent of the river net-
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work and should not be interpreted in the same way as the DOR for single reach-

es. However, in terms of relative change, the RRI increases to 15.2% if all 81 fu-

ture dams were built, almost three times higher than the level of current river 

flow regulation. 

3.4.3 Integrated assessment of dam effects 

In an attempt to simultaneously assess river fragmentation and flow regulation, 

Figure 3.9 combines results of RCICLASS and RRI calculations in a single graph. 

Many dams remain along the 72.1% line of current connectivity (RCICLASS), which 

means that they individually do not significantly alter the overall basin fragmen-

tation (yet note that their cumulative effect is not assessed in this graph). These 

dams are typically located along smaller headwater streams, meaning that they 

disconnect only small tributaries from the river network. However, many of 

 

Figure 3.8: Degree of regulation (DOR) downstream of dams for 
today (2011; panel a) and the future scenario (2022; panel b) if 81 
new dams were built. 
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these headwater dams strongly contribute to river flow regulation (RRI) mostly 

due to their large storage capacities, but also as their location further upstream 

in the river network causes them to affect more downstream river volume than a 

dam closer to the delta. 

Main stem dams typically show more severe impacts on the fragmentation in-

dex than on the regulation index. Virtually all dams on the Mekong main stem, 

which are mostly designed for high energy production, show a very strong re-

duction in river class connectivity, while indicating relatively small effects on 

flow regulation due to their limited reservoir storage capacities. 

 

Figure 3.9: Effect of individual dams on the basin-wide River Connectivity Index (RCICLASS) and on 
the River Regulation Index (RRI). Each of the 81 planned dams is represented by a circle with a 
size proportional to its storage capacity, and a color shade according to its expected annual hy-
dropower production. The x-axis shows the effect of the dam on river connectivity while the y-
axis shows its effect on flow regulation. The ID numbers refer to those used in Figure 3.7. 
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3.5 Discussion 

Using a river routing model, we calculated the individual and cumulative impact 

of 81 proposed dams on river connectivity and on flow regulation in the Mekong 

River Basin. We provided an assessment among selected dams in terms of their 

expected effects following different indices that have been proposed and tested 

in literature and that we adapted or refined for the purpose of this study. Our 

findings show that if all dams were built, the current flow regulation and connec-

tivity levels would strongly deteriorate for all tested indices. 

By design, the applied connectivity indices inherently condition main stem 

dams to have a larger impact on fragmentation than dams on tributaries. Alt-

hough this characteristic has been postulated by many experts and practitioners, 

others argue that tributary dams block access to important recruitment areas, 

hence those dams could cause most harm to biodiversity and fisheries (e.g., Ziv 

et al., 2012). This ambiguity implies that the successful application of any index 

or model will largely depend on the agreement of experts on the most appropri-

ate parameter settings and weighting factors for a given study area. The 

weighting component of RCICLASS can be used in that regard as a flexible “tool” to 

explore the effects of different weights in dam impact assessments, potentially as 

part of a collaborative process between stakeholders. For example, we believe 

that strong weighting of fish recruitment areas in our model (e.g., by introducing 

specific river classes in RCICLASS) could lead to similar results and conclusions as 

found by Ziv et al. (2012). 

The importance of integrating ecological information, such as species distri-

butions, abundance, diversity, and dynamics in dam impact assessments has 

rarely been questioned. Yet using actual species data in suitable models is typi-

cally complicated by a general lack of sufficient and reliable observations, and by 

difficulties to describe the habitat requirements and dynamics of fish species in 

response to dam effects. We showed how the possible migration ranges of sever-

al species can be created through relatively simple species distribution model-

ling techniques and be included in dam impact assessments (RCIRANGE). Our cho-

sen focus on selected long-distance migratory species, however, might underes-

timate the biological importance and value of several other important freshwater 
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species impacted by dam alterations, such as short distance and lateral migrants, 

invertebrates, and insects. We believe that better species mapping and monitor-

ing could provide more useful information for species distribution and popula-

tion models, and thus improve ecology-based dam assessment models. 

As shown in the comparisons of Figure 3.7, all investigated connectivity indi-

ces provide somewhat different results; yet their relative changes for specific 

dams indicate similar trends and patterns. We thus believe that the general DCI- 

or RCI-type approach of measuring river fragmentation is suitable to distinguish 

major differences between individual dams based on their specific location with-

in the river network. The original DCI incorporates river length as the only crite-

rion to describe fragmentation; while this index is easy to calculate, it is less sen-

sitive to the topological location within the network (up- or downstream), and it 

is more susceptible to the spatial extent of the underlying river network (e.g., the 

addition of smaller rivers significantly alters the total river lengths in the equa-

tion). The alternative RCIVOL is more robust in this respect as the addition of 

smaller streams is less significant for the total river volume. Ideally, RCICLASS 

(looking at the entire river network, including volume and ecological weighting), 

and RCIRANGE (focusing on migration ranges) could be combined, for example by 

calculating the arithmetic mean of both results; Figure 3.7 depicts this option as 

RCICOMBINED. The resulting index takes into account both river class diversity and 

migratory species ranges, and is thus more capable of identifying special or 

unique constellations. However, migratory species information and reliable river 

classifications are not available for many large-scale river basins. We thus pro-

pose that RCIVOL, which overall delivered comparable results to RCICOMBINED, could 

serve as a substitute to measure river fragmentation in the absence of more de-

tailed ecological information. 

We identified several dams that, if built, would contribute significantly to in-

creased flow regulation and/or fragmentation within the MRB, depending on 

their size and location in the network. It is important to note, however, that a 

new dam located on a tributary with an already pre-existing dam will have a 

much lower additional impact on the overall connectivity index than the same 

dam being built on a previously unobstructed river. The analysis therefore sup-
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ports the hypothesis that building “dam cascades” on carefully selected tributar-

ies, i.e. multiple dams in close succession, may have less impact on basin-wide 

ecosystem integrity than spreading them over multiple tributaries, or construct-

ing even a single dam on the main stem. In future assessments, our index could 

potentially include optimization strategies, for example to place a certain num-

ber of dams in the network until a predetermined energy goal is satisfied, while 

minimizing the effect on overall flow regulation and connectivity. 

Our calculations clearly show that there is no one index or model that can ful-
ly describe the complex effects of dam constructions on downstream flows and 
river connectivity. Most dams showed strong alterations in either the fragmenta-
tion index or in the regulation index. Both represent different types of impacts, 
thus incorporating them simultaneously in the assessment (Figure 3.9) allowed 
for a much refined interpretation. The differentiation between fragmentation 
and flow regulation may also provide an avenue for identifying and developing 
potential mitigation strategies. If a dam fares low on the connectivity scale but 
shows little impact on flow regulation (i.e. low RCI and low RRI), then technical 
solutions regarding passage, such as fish ladders or diversions to increase per-
meability, may be particularly important to support migration and species ex-
change. On the other hand, for a dam with strong impacts on flow regulation 
(typically those with large storage reservoirs, i.e. high RRI) the main focus could 
be on optimizing their operation schemes and to align the release patterns in ac-
cordance with environmental flow requirements. In this sense, our proposed ap-
proach could also be applied to evaluate existing dams for their mitigation po-
tential with a basin-wide perspective. 

Despite the success in demonstrating the capability of model simulations for 
the assessment of dam effects on large-scale river basins, the results need careful 
interpretation to avoid misleading generalizations, and several shortcomings and 
limitations need to be taken into account. Similar to the original DCI, our pre-
sented RCI indicators are sensitive to boundary conditions, such as the composi-
tion of the river network. For example, if the river network contains less headwa-
ter tributaries (i.e., a higher discharge cutoff is used), the indicator can give no-
ticeably different results for the same set of dams compared to a more detailed 
stream network. For this reason, we do not suggest fixed thresholds but rather 
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recommend that the settings and results are discussed in a region-specific con-
text and in collaboration with local experts. Also, the effects of individual dams 
or sets of dams should be interpreted as relative to each other (i.e. “an RCI of 0.5 
is higher than 0.3”), and not in an absolute way (i.e. “negative environmental im-
pacts start at an RCI of 0.5”). 

In our connectivity model, we assume that a river network without any dams 
is fully connected, which obviously fails to acknowledge natural barriers and dis-
continuities. Khone Falls, for example, represents a natural barrier in the up-
stream direction for all but the strongest fish (Sverdrup-Jensen, 2002). If such 
natural barriers are added to the fragmentation analysis, this will decrease the 
fragmentation values of dams built in their vicinity. To include a more differenti-
ated view of natural discontinuities, more data on their location as well as a bet-
ter understanding of their effect on passage of species up- and downstream is 
required. 

We also assume that any dam, regardless of its design or operation, compro-
mises connectivity, and we assume zero passability for each dam in our model. 
However, the permeability of barriers for migrating fish and other species de-
pends on the type of dam. For example, a run-of-the-river dam may prevent mi-
gration of species in the upstream direction, but can still allow for downstream 
passage. Smaller dams (albeit not explicitly considered in this study), might be 
passable by jumping fish in both directions. Technical modifications of dam in-
frastructure, such as fish ladders, can increase passability for some fish popula-
tions. In a recent study, however, some of the planned Mekong dams were exam-
ined for their design and permeability for migrating fish and the results showed 
that some species may not be able to successfully pass the barriers (Halls and 
Kshatriya, 2009); and there were also indications that the effect may be aggra-
vated for larger fish species because the proposed passage structures are less 
effective for them. In its original definition, the DCI as developed by Cote et al. 
(2009) is capable of incorporating relative passability as a percent value (the au-
thors used 50% passability in their example study). A similar concept could be 
adopted in our RCI calculations if reasonable passability estimates were availa-
ble for each dam. 
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Our current study includes only large dams from the global GRanD database 

and large future hydroelectricity schemes, while many smaller dams are missing. 

Small dams can have a significant cumulative effect on flow regulation (Lehner et 

al., 2011) and although researchers have recently collected information on the 

geographic location of smaller dams worldwide (M. Mulligan, King’s College 

London, personal communication) there is a lack of information about their 

storage volumes, purposes, and intended operation rules. Nevertheless, future 

studies should attempt to include smaller dams and their appropriate infor-

mation. 

Finally, our simplified hydrological model only provides long term average 

flows, hence special systems, such as the Tonle Sap Lake where flows reverse di-

rection in the flood season and connectivity may change, are not properly repre-

sented. While we weigh our basin-wide calculations by river volume, the impacts 

and consequences of flow regulation may additionally vary for different river 

size classes depending on their role and importance. Obviously, the main stem 

Mekong is of high regional importance, including far-reaching ecological and so-

cioeconomic aspects, and strong dependencies between agricultural practices, 

fisheries, and natural river flows exist. Yet smaller streams can provide im-

portant local ecosystem services, serve as ecological refuges, or may represent 

headwater reaches important for municipal water supply. Overall, it will largely 

depend on the individual reservoir operation scheme and/or additional effects, 

such as the level of water abstraction, whether the downstream flows are com-

promised. For some dams, the implementation of environmental flow standards 

may mitigate the indicated effects. We recognize that ecological effects may vary 

and that some river habitats may be more threatened than others by a certain 

level of regulation. Clearly, more research is needed regarding the associated 

ecological consequences. 
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3.6 Conclusion 

According to our model results, the Mekong is currently still highly connected 

both structurally and ecologically, despite some dam developments in the past. 

Most of the river classes identified by our river reach classification are currently 

connected. Corridors for selected important long-distance migratory fish species 

as calculated by our range model are currently only little to moderately ob-

structed by dams. The degree of regulation, i.e. the level of anthropogenic impact 

on the flow regime is relatively low as well. However, if all currently planned 

dams were to be constructed, the Mekong would experience similar degradation 

from flow barriers as other large and heavily impacted river systems of the 

world experience today. More importantly, all of our indicators agree that even a 

single dam constructed on the main stem of the river typically results in a signifi-

cantly higher fragmentation score than dams placed on tributaries. 

The case study of the Mekong River Basin represents a complex and unique 

ecological system which is relatively little impacted today. If ecosystem integrity 

gets compromised through dam constructions, related ecosystem services are 

also likely to deteriorate, placing both biodiversity and the food supply of local 

populations at risk. The strong dependency on fishery resources from the river, 

and the particular importance of long-distance migrations, makes a large-scale 

vision of protecting the hydro-ecological functionality of the MRB mandatory. A 

basin-wide strategy is needed to provide economic development without jeop-

ardizing ecological integrity, and each dam needs to be evaluated carefully for its 

individual and cumulative impacts and benefits. We believe that the indicators 

and integrated assessment methods drafted in this paper are one step towards 

achieving this goal, both in the MRB or elsewhere.  

At this stage, our assessment should be interpreted as preliminary and our 

ranking and evaluation should be seen as proof-of-concept rather than as final 

answers. The complex task of dam impact assessments requires careful selec-

tion, interpretation and weighting of a multitude of biotic and abiotic infor-

mation by means of models and expert knowledge and should provide a bal-

anced view on the cumulative costs and benefits of single and multiple dams. Be-

fore the results of our model can be implemented in a decision making process, 



Chapter 3 

 

100 

 

researchers, policy makers and water managers need to agree upon a set of im-

portant ecological, biological, and hydrological information and need to collect 

the required data systematically at the basin scale. 
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Supplementary Information 

Preliminary river reach classi�ication for the MRB 

The goal of river reach classifications is to define groups of river reaches that are 

more similar to each other than to the reaches of other groups. Using an iterative 

method based on both supervised and non-hierarchical clustering techniques 

(Snelder et al., 2005; Olden et al., 2012) we classified the river reaches of the 

MRB based on abiotic (mostly physical) parameters derived from the main cate-

gories of hydrology, geomorphology, and ecology. Information on species distri-

butions or water chemistry was not included due to lack of explicit basin-wide 

data. The river reach classification is based on the following main criteria: 

Discharge. River size is frequently used in aquatic habitat classifications, 

sometimes substituted by river length or upstream basin area if discharge in-

formation is unavailable. We used long-term average discharge based on runoff 

estimates from the global WaterGAP model (Döll et al., 2003) as a first-order 

proxy for hydrology and river reach morphology. We categorized three stream 

orders: small streams (<100 m3/s), medium tributaries (100-1000 m3/s), and 

the Mekong main stem (≥1000 m3/s).  

Floodplains. Floodplain systems represent highly distinct aquatic ecosystem 

types in the MRB due to their complex hydrological and ecological dynamics 

(e.g., channel morphology, lateral migration of biota, sedimentation). We derived 

associated floodplain coverage for each river reach based on the maximum flood-

ing extent as delineated on a global map by Fluet-Chouinard et al. (in prep.). The 

presence of more than 50% of floodplain area within a 5km buffer around each 

river reach was used to distinguish major floodplain influence. 

Karst. Karstic environments have been acknowledged as another indicator of 

highly unique aquatic ecosystem types in the MRB. These environments are con-

sidered hotspots for endemism because of their capacity to easily create cave 

systems, i.e. environments prone to specialization of species (Williams, 2008). 

Following the approach by Sindorf and Wickel (2011), we used carbonate out-

crops as a proxy for karstic environments based on a global map by Williams and 
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Ford (2006). We classified reaches as ‘karst’ types if more than 75% of their re-

spective upstream watershed area is covered by karst. 

Ecological regions/Elevation. Elevation is frequently used as a major de-

scriptor of largely different aquatic subregions such as the Himalayan headwa-

ters and the middle and lower parts of the MRB. Here, we decided to use ‘ecolog-

ical regions’ as a more holistic indicator that combines topography with available 

information on the general ecology of the MRB. Following other authors 

(Poulsen et al., 2002; Baird and Flaherty, 2005; Gupta and Liew, 2007; Campbell, 

2009; Kang et al., 2009; Dugan et al., 2010), we defined ecological regions as 

units where the biota have to adapt to similar constraints and resources, which 

can result from climate, river regime, and geomorphology among other factors. 

We used breaks, or thresholds, located along the main stem of the Mekong to dis-

tinguish six different ecological regions: Himalayas, Upper Mekong, Middle Me-

kong., Large Floodplains, Tonle Sap, and the Delta. 

Combination of classes. The majority of karstic rivers are small streams, 

thus we refrained from distinguishing size classes or floodplain extents for this 

river type. The combination of 7 river types (3 size classes with and without 

floodplains, plus karstic rivers) and 6 ecological regions results in a total of 42 

possible class combinations. Yet as several combinations do not occur in reality, 

e.g. there is no main stem class in the Himalayan region, a final number of 27 

classes was created.  
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Connecting statement (Ch. 4) 

The previous chapter demonstrated an extensive application of HydroROUT for 

river network routing, including tracing operations, which provided the founda-

tion for the development of two novel indicators of river fragmentation and 

regulation—the River Connectivity Index (RCI) and the River Regulation Index 

(RRI). Emphasis was placed on testing and evaluating these and other indicators 

at large scales using the case study of the Mekong River.  

In chapter 4, I extend this effort both spatially and temporally by developing 

and applying a truly global scale integrated eco-hydrological model. The focus of 

this chapter is on implementing multi-scale and multi-indicator modelling ap-

proaches in river networks. This study combines multiple impacts of dams, 

namely flow regulation and fragmentation of rivers in one framework. While the 

two effects were previously assessed either separately or in the form of a lumped 

indicator, they were here combined to form an integrated “Dam Impact Matrix” 

which helps to improve our understanding of trade-offs between different types 

of dams in general and in relation to their societal benefit (i.e. energy produc-

tion; chapter 3). 

This chapter also includes an initial exploration of the effects of waterfalls on 

river connectivity at the global scale, which, to my knowledge, has not been as-

sessed in previous research. The incorporation of waterfalls offers important 

new future research avenues to assess the combined anthropogenic and natural 

determinants of river connectivity. 
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Abstract 

The global number of dam constructions has increased dramatically over the 
past six decades and is forecast to continue to rise, particularly in less industrial-
ized regions. Identifying development pathways that can deliver the benefits of 
new infrastructure while also maintaining healthy and productive river systems 
is a great challenge that requires understanding the multifaceted impacts of 
dams at a range of scales. New approaches and advanced methodologies are 
needed to improve predictions of how future dam construction will affect biodi-
versity, ecosystem functioning, and fluvial geomorphology worldwide, helping to 
frame a global strategy to achieve sustainable dam development. Here, we re-
spond to this need by applying a graph-based river routing model to simultane-
ously assess flow regulation and fragmentation by dams at multiple scales using 
data at high spatial resolution. We calculated the cumulative impact of a set of 
6374 large existing dams and 3377 planned or proposed dams on river connec-
tivity and river flow at basin and subbasin scales by fusing two novel indicators 
to create a holistic dam impact matrix for the period 1930 to 2030. Static net-
work descriptors such as basin area or channel length are of limited use in hier-
archically nested and dynamic river systems, so we developed the River Frag-
mentation Index (RFI) and the River Regulation Index (RRI), which are based on 
river volume. These indicators are less sensitive to the effects of network config-
uration, offering increased comparability among studies with disparate hydrog-
raphies as well as across scales. Our results indicate that, on a global basis, 48% 
of river volume is moderately to severely impacted by either flow regulation, 
fragmentation, or both. Assuming completion of all dams planned and under 
construction in our future scenario, this number would about double to 93%, 
largely due to major dam construction in the Amazon Basin. We provide evi-
dence for the importance of considering small to medium sized dams and for the 
need to include waterfalls to establish a baseline of natural fragmentation. Our 
versatile framework can serve as a component of river fragmentation and con-
nectivity assessments; as standardized, easily replicable monitoring framework 
at global and basin scales; and as part of regional dam planning and manage-
ment strategies. 
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4.1 Introduction 
Dams provide an important source of energy, water for irrigation, protection 
against floods, and help increase water security, but also have substantial im-
pacts on the ecological integrity of aquatic systems and on the productivity of 
river systems that provide important resources for rural communities and re-
gional economies (Tockner and Stanford, 2002; Arthington et al., 2010; Poff and 
Zimmerman, 2010; Richter et al., 2010). Two of the largest consequences of dam 
construction are river fragmentation and flow regulation, often considered sepa-
rately in impact assessments despite their known interactions; or they are 
merged into aggregated impact categories (e.g., Dynesius and Nilsson, 1994; 
Nilsson et al., 2005). Here, we quantify the degree of river regulation and frag-
mentation as individual indicators, and we present the results in a matrix 
framework that allows simultaneous examination of both impacts. Our results 
can serve as a foundation for future assessments of subsequent environmental 
impacts resulting from these hydrological alterations, including effects on biodi-
versity, ecosystem functioning, and fluvial geomorphology. 

River fragmentation diminishes the natural connectivity within and among 
river systems (Tischendorf and Fahrig, 2000; Moilanen and Hanski, 2001). We 
define connectivity from an ecological viewpoint with a focus on hydrology as 
“water-mediated transfer of matter, energy or organisms within or between ele-
ments of the hydrologic cycle” (Pringle, 2003). Following Ward (1989), connec-
tivity has a longitudinal aspect that connects upstream and downstream ecosys-
tems (Vannote et al., 1980), a lateral dimension by linking riverine systems with 
wetlands and floodplains (Tockner et al., 1999), and a vertical component that 
connects surface water with groundwater flows (Stanford and Ward, 1993). Lon-
gitudinal connectivity is particularly important for river ecology because of its 
relation to species migration and dispersal (Fukushima et al., 2007; Cote et al., 
2009; Ziv et al., 2012) as well as its role in community structure and biodiversity 
patterns in river channels (Altermatt, 2013) and riparian zones (Jansson et al., 
2000). Longitudinal and lateral connectivity also function as transport pathways 
for organic and inorganic matter downstream, into riparian zones and flood-
plains (Vörösmarty et al., 2003; Syvitski et al., 2009; Nilsson et al., 2010). Our 
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analysis focusses on longitudinal connectivity and is based on the assumption of 
a direct and reciprocal relationship between fragmentation and connectivity. 

Dam operation, particularly water storage, is the main contributor to flow 

regulation, often with the goal to eliminate peak flows, to stabilize low flows, or 

to impound or divert river flows. These alterations can disrupt ecological func-

tioning (Ward and Stanford, 1995; Pringle et al., 2000; Carlisle et al., 2011), e.g., 

by reducing sediment delivery to floodplains and deltas (Syvitski et al., 2009), 

altering thermal regimes (Poole and Berman, 2001), or by disrupting life cycles 

of freshwater species (Poff et al., 1997). In turn, this may cause the loss of en-

demic species or the invasion of exotics (Bunn and Arthington, 2002), thereby 

reducing overall biodiversity (Poff et al., 2007; Reidy Liermann et al., 2012).  

Permanent dam disruption of river systems can have effects from species to 

ecosystem levels and from local to global scales (Rosenberg et al., 1997). Most 

major global river basins are already impacted by large dams (Nilsson et al., 

2005). In the future, dam development is expected to continue, with more than 

3700 large hydropower dams alone currently planned or under construction 

worldwide (Zarfl et al., 2014). As more than one-sixth of the world’s population 

live in glacier- or snowmelt-fed river basins (Kundzewicz et al., 2007), dams are 

increasingly discussed as an option to buffer against climate-induced fluctua-

tions in water availability (Palmer et al., 2008). However, rapid proliferation of 

new dams may pose serious impacts on rivers, including those that support high 

levels of biodiversity or provide important sources of food from fisheries or 

flood-recession agriculture. Thus, it is of paramount importance to minimize the 

environmental impacts of new dams. 

Recently, advanced strategies to improve the development, distribution and 

operation of dams by “optimizing” their geospatial location have emerged. These 

new approaches take into account network structure (Bunn et al., 2000; Erős et 

al., 2011b) and utilize newly developed hydrographical data (Lehner and Grill, 

2013). In this paper, we expand on these proposals and integrate recent meth-

odological approaches to holistically describe the current and future state of 

dam impacts globally. We address three principal challenges when assessing dam 
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impacts at large scales, which are related to spatial scale, cumulative effects, and 

impact indicators. 

Connectivity has been shown to be scale dependent (Kunin, 1998; 

Tischendorf and Fahrig, 2000; Fagan et al., 2005), for example, due to different 

dispersal abilities of species (Wiens, 2002). However, the majority of dam impact 

studies consider the river basin scale as the fundamental unit of study and may 

overlook effects at smaller spatial scales (Nilsson et al., 2005; Anderson et al., 

2008; Lassalle et al., 2009). Since dispersal ability is highly variable or often un-

known, multiple scales should be examined (Calabrese and Fagan, 2004). River 

networks have a strong hierarchical nesting structure (Fullerton et al., 2010), so 

advanced dam assessment frameworks should be capable of accommodating 

nested spatial scales within larger basins. As a step towards addressing this is-

sue, Reidy Liermann et al. (2012) measured the length of the longest undammed 

stretch of the five largest rivers in each ‘freshwater ecoregion’ (as defined by 

Abell et al., 2008) to derive the percentage of free-flowing rivers. 

Dams can have cumulative effects many hundred kilometers downstream and 

upstream of the barrier. Approaches that also take into account adjacent dams 

within the river system are therefore necessary but rarely performed (Fagan et 

al., 2005; ICPDR, 2009; Finer and Jenkins, 2012). An emerging method to assess 

cumulative effects in rivers is provided by graph-theoretic approaches that as-

sess river systems as a network of links and nodes (representing river reaches 

and confluences, respectively). Network theory, a branch of graph theory focus-

ing on the asymmetrical relations between network objects, can be used to study 

river networks (Bunn et al., 2000) and to address multiple habitats and hydro-

logical barriers. For example, Schick and Lindley (2007) used graph theory to ex-

amine changing patterns in connectivity and the isolation of salmon populations 

due to dam construction in California’s Central Valley. Although such approaches 

are commonly used in landscape ecology to quantify connectivity, their applica-

tion has been limited to smaller river systems as computational requirements 

increase exponentially with the number of network reaches. New concepts such 

as the Dendritic Connectivity Index (DCI, Cote et al., 2009) and the River Connec-
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tivity Index (RCI, Grill et al., 2014) are graph-based models that avoid intense 

computations through simplified connectivity indices. 

The third challenge for dam impact assessments on large scales is that a river 

constitutes a continuum of habitat types with distinct ecohydrological properties 

from headwater to lowland rivers (Vannote et al., 1980; Thorp and Delong, 1994; 

Thorp et al., 2006). Anthropogenic perturbations generally have different im-

pacts depending on the position along a longitudinal gradient (Ward and 

Stanford, 1983), yet it is difficult to make a definitive statement on where along 

the gradient perturbations have the most impact. In the absence of such infor-

mation, current assessments often treat river reaches as equally important, irre-

spective of their stream order or habitat suitability. For example, the DCI (Cote et 

al., 2009) measures the proportion of the length of the disconnected network 

fragments in relation to the entire network, independent of river size. Hence, the 

same fragmentation value may be obtained if a barrier is placed very high up-

stream in the network or very low, as long as the disconnected network frag-

ments have the same length. Spatially indiscriminate metrics such as river length 

or river basin area may therefore be incomplete proxies for habitat in river ecol-

ogy studies. To address this issue, we here propose using ‘river volume’ (i.e. 

reach length x width x depth at average flow conditions) as the basis for impact 

calculations in aquatic systems. In freshwater ecology, ‘habitat area’ and ‘habitat 

volume’ are used to consider river channel width and depth as important deter-

minants of species composition (Schlosser, 1982). Habitat volume predict spe-

cies richness better than habitat area (Angermeier and Schlosser, 1989; 

Magalhaes et al., 2002) and certain fish species are particularly sensitive to vari-

ations of habitat volume as a result of reduced dam releases that diminished 

habitat availability (Shea and Peterson, 2007). 

In the following, we present a novel framework to address these challenges 

and to evaluate dam impact metrics by emphasising network structure, spatial 

scale, and incorporation of newly available hydrographical and hydrological in-

formation in a holistic connectivity assessment (sensu Fullerton et al., 2010). 

Our framework combines global high resolution hydrographic data (Lehner et 

al., 2008) with a graph-based river routing model (HydroROUT; Lehner and Grill, 
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2013; Grill et al., 2014). Our approach is multi-impact, multi-scale, and indicator-

based—intended to compliment, not replace, more traditional local scale impact 

assessments. Using this framework, we address three questions: a) what are the 

historical trends and current spatial patterns of dam impacts on river systems 

resulting from flow regulation and fragmentation?; b) what differences are ob-

served in flow regulation and fragmentation moving from subbasin to global 

scales?; and c) how will future hydropower dam building impact flow regulation 

and river fragmentation worldwide? 

 

4.2 Methods 

We develop and calculate two new indicators to assess fragmentation and flow 

regulation at both the basin and subbasin scale based on river volume. We then 

create a combined matrix of impact scores from our quantitative indicators and 

apply it to all river basins and subbasins globally. We first examine historic 

trends in dam impacts on river connectivity and flow regulation and then project 

future impacts due to planned or proposed dams (additional details are provided 

in the supplemental information (SI) text). 

4.2.1 Data and models (see SI for more information) 

River routing model (HydroROUT) 

HydroROUT is a river routing model used to conduct tracing, routing and statis-
tical operations in river networks (Lehner and Grill, 2013; Grill et al., 2014) 
based on a graph-theoretical approach (Bunn et al., 2000). HydroROUT is built 
on the vector river network of the HydroSHEDS database at 15 arc-second reso-
lution (Lehner et al., 2008). In total, 17.8 million river reaches with an average 
length of 2.7 km are modeled in HydroROUT, representing a cumulative river 
length of 48.3 million km. This network includes all global streams and rivers 
with more than 0.1 m3/s flow (long-term average discharge) or with an up-
stream area of more than 10 km2. Discharge values from the global hydrological 
model WaterGAP (Alcamo et al., 2003; Döll et al., 2003) were downscaled to Hy-
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droROUT’s river network using spatial interpolation methods. Estimates of river 
volume were derived from mean annual discharge (reflecting the average 
amount of water available to fish and fauna). According to these simulations, the 
global river network contains a total of 566.6 km3 of river water. 

Dam and reservoir database 

We considered 6374 current dams from the GRanD database (Lehner et al., 
2011) and 3377 future hydropower dams compiled by Zarfl et al. (2014) in our 
analysis (Figure 4.1). In the dataset of future dams, 17% are attributed as ‘under 
construction’ and the rest are ‘planned’. These data do not include dams at a pre-
feasibility stage and dams below 1 MW capacity were excluded since information 
on these is sporadic and often lacks detail due to less onerous licensing require-
ments (Zarfl et al., 2014). Reservoir storage volumes are available for current 
dams from the GRanD database, and we added estimates for the future hydro-
power dams based on a linear regression model. 

In the absence of better information, we defined a two-step “future scenario” 
which assumes that all ‘under construction’ dams are built by 2020, and that all 
‘planned’ dams are completed by 2030. More information on this scenario and 
its plausibility is provided in the Discussion section and in the SI (S1.2). For sim-
plicity, the expression “future scenario” will refer to the 2030 horizon from here 
on, unless stated otherwise. 

Uniform spatial units 

In addition to river basins, we used a set of subbasin units termed HydroBASINS 

(Lehner and Grill, 2013) to assess the sensitivity of our index calculations to spa-

tial scale. HydroBASINS is a delineation of global watersheds and was developed 

to provide nested subdivisions of large river basins to conduct disaggregated 

spatial analyses in river systems. 
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4.2.2 River Fragmentation Index (RFI) 

The River Fragmentation Index (RFI) is a measure of river fragmentation by bar-

riers on structural connectivity (expressed as a percentage of full connectivity) 

per basin or subbasin; it is equivalent to the River Connectivity Index (RCI) as 

described in Grill et al. (2014). The RFI is based on the Dendritic Connectivity 

Index (DCI) by Cote et al. (2009) but substitutes river volume for river length. 

The RFI of an unfragmented river network is 0%, with each subsequent dam in-

creasing the value to a maximum of 100%. A single dam in a previously undis-

 

Figure 4.1:  Overview of existing dams (GRanD; Lehner et al., 2011) and planned and under con-
struction future dams (Zarfl et al., 2014) by storage volume class (volumes from Lehner et al. 
(2011) and own estimates). 
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turbed network leads to greatest fragmentation if it splits the network into two 

equal volume fragments, in which case the RFI increases to 50%.  

4.2.3 River Regulation Index (RRI) 

The River Regulation Index (RRI; Grill et al., 2014) is an extension of the Degree 

of Regulation (DOR) as calculated globally in Lehner et al. (2011) and provides a 

quantitative proxy of how strongly a river may be affected by alterations to its 

natural flow regime due to upstream dam operations. The DOR is the proportion 

of a river’s annual flow volume that can be withheld by a reservoir or a cluster of 

reservoirs upstream of the reach and is calculated for each reach of the network. 

The DOR has in one form or another been a key component of seminal studies on 

flow regulation (e.g., Nilsson et al., 2005) or has been analyzed in terms of the 

hydrologically equivalent ‘change in residence time’ or ‘water aging’ (e.g., 

Vörösmarty et al., 1997). A high DOR indicates an increased probability that sub-

stantial discharge volumes can be stored upstream in a given year for future re-

lease. We calculate RRI (%) by first weighting the DOR value of each individual 

reach with its corresponding river volume, and then averaging the results for the 

entire basin to quantify full-basin impacts in a single index. 

4.2.4 Dam Impact Matrix (DIM)  

Building upon previous concepts by Dynesius and Nilsson (1994), we assessed 

fragmentation and regulation effects simultaneously by creating an impact ma-

trix. We first classify each index into four categorical groups based on quartile 

ranges of occurrence (weak: 0-25th; moderate: 25-50th; heavy: 50-75th; and se-

vere: 75-100th percentiles) and then combine the categories from each index to 

create an integrated four by four matrix. This matrix, based on relative rankings 

(from low to high), allows comparison across basins worldwide in order to illus-

trate the large spectrum of possible combinations while identifying four primary 

groups of impacts at each corner of the matrix (see Figure 4.2). It is not a goal of 

this study to interpret or compare absolute impact scores or to define ecological 

thresholds; as such, the assigned class names only represent a statistical ranking 
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and should not be judged as expressing the level of ecological impact (e.g., even 

the ‘weak’ impact class may include river basins that experience substantial eco-

logical perturbations). 
 

  

 

Figure 4.2:  Legend for Dam Impact Matrix (DIM) 
showing qualitative impact categories for the River 
Fragmentation Index (RFI) and the River Regula-
tion Index (RRI). The 16 possible combinations can 
be grouped into 4 broader groups representing 
types of impact: 1) basins with both low fragmen-
tation and low flow regulation (lower quadrant, 
green colors); 2) basins with high fragmentation 
but low flow regulation (right quadrant, yellow 
colors); 3) basins with low fragmentation but high 
flow regulation (left quadrant, blue colors); and 4) 
basins with both high fragmentation and high flow 
regulation (top quadrant, red colors). 
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4.3 Results 

4.3.1 Global trends in fragmentation and flow regulation  

Averaged over all basins, both fragmentation (+32%) and flow regulation indices 

(+43%) deteriorated substantially, with the greatest change between 1950 and 

1980 (Figure 4.3). After 1980, the trajectory of both curves indicates that the 

rate of deterioration due to dam building has slowed considerably, especially af-

ter the year 2000. The construction of all future dams by 2030 would further in-

crease fragmentation (+12%) and flow regulation (+10%) at rates similar to the 

maximum changes of the last century.  

Globally, a total of 1293 main (i.e. not subdivided) river basins contain large 

dams today. These basins represent 59% of global rivers with 28.6 million km of 

combined length (Figure 4.4 and Table S4.2). An additional 209 basins are affect-

ed by at least one future large dam in the 2030 scenario, an increase of 16% in 

 
Figure 4.3: Graph showing the trajectory of RFI and RRI indices averaged over all global 
basins between 1930 and 2010 (based on GRanD) and for a future hydropower scenario 
based on Zarfl et al. (2014). Values reflect area-weighted means of indices across all 
global basins. 



Chapter 4 

 

116 

 

the number of affected basins; an additional 1.6 million km of rivers would be 

affected (6% increase). The total storage volume would increase by 39% from 

5759 km3 in 2010 to an estimated 8007 km3 in 2030. 

The total river length in basins unaffected by large dams today amounts to 

41%; however, many of these river reaches are in arid or semi-arid regions. If 

river volume is substituted for river length, we find that basins not impacted by 

any large dams in our analysis contain just 7% of global river volume, meaning 

that 93% of the world’s river volume lies in basins with at least one dam (Figure 

4.4 and Table S4.2). However, this result is highly influenced by the Amazon Riv-

er which drains roughly one third of global discharge. For a more conservative 

estimate, we only assessed basins that fall within the fragmentation classes of 

moderate to severe (i.e. 25th percentile and up). With this alternative estimate, 

the total river volume of all moderately to severely fragmented basins today 

amounts to 43% of the global river volume; in the 2030 future scenario, this 

more than doubles to 89%, suggesting that new large dams will add major pres-
sure to global river basins. 

 

Figure 4.4:  Proportion of global river volume impacted by fragmentation (a) and flow 
regulation (b) for each impact category (see Figure 4.6 for classification criteria). See 
Table S4.2 for impact values summarized by affected length (km) instead of volume. 
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Regarding flow regulation, the total river volume of all moderately 
to severely regulated basins today also amounts to 43% of global river 
volume, almost the same value as for fragmentation; yet the individu-
al impact classes have a very different distribution: for example, 9% 
of river volume is severely affected by flow regulation while 24% of 
river volume is severely affected by fragmentation (Figure 4.4 and Ta-
ble S4.2). In the 2030 future scenario, the total percentage of moder-
ately to severely impacted rivers for flow regulation increases only 
slightly to 48%, but many rivers experience shifts from lower to high-
er impact classes. 

In combination, today a total of 48% of river volume is moderately to severely 

impacted by either flow regulation, fragmentation, or both. In the 2030 future 

scenario, assuming completion of all dams planned and under construction, this 

number would rise to 93%, mostly due to large dam construction in the Amazon 

Basin. 

In order to compare our volumetric results to Lehner et al. (2011) who fo-

cussed on river length, we calculated the volume of all reaches with DOR values 

≥2%, a threshold previously used to distinguish “affected” rivers (Dynesius and 

Nilsson, 1994; Nilsson et al., 2005; Lehner et al., 2011). The volume of these reg-

ulated downstream rivers currently amounts to 34% of global river volume, ris-

ing to 65% in the 2030 scenario mostly due to large dam construction along the 

Amazon. The volume affected is substantially greater than for length (estimated 

by Lehner et al. (2011) to be ~8% of global river length). The effects of flow reg-

ulation are therefore skewed towards high volume rivers, while large dams less 

directly affect smaller rivers. 

While global trends illustrate the general trajectory of worldwide dam devel-

opments and their impacts, there is significant regional heterogeneity in both 

temporal and spatial patterns. For example, some river basins show relatively 

low impacts by large dams until recently, including the Amazon, Mekong and 

Salween Rivers (Figure 4.5). On the other hand, river basins such as the Nile, 

Mississippi, Nelson and Indus were already heavily impacted early in the 20th 

century. While some river basins have deteriorated in both RFI and RRI in the  
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past, others show impacts only in one of the indicators. For example, the Murray-

Darling is only weakly affected by fragmentation, but is heavily impacted by flow 

regulation (due to large reservoir volumes coinciding with low flow volumes). In 

contrast, the Danube is severely impacted by fragmentation effects, but only 

 

Figure 4.5: Changes in fragmentation and flow regulation for 12 selected large basins. 
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weakly affected by flow regulation. In the future scenario, some basins may not 

experience much additional change, such as the Yenisei or the Nelson, while oth-

ers have substantial increases in RFI alone (Yangtze, Danube, Parana), RRI alone 

(Irrawaddy, Indus), or for both indices (Mekong, Nile, Orange). 

 

4.3.2 Past and current impacts at basin and subbasin scales 

River fragmentation 

Our fragmentation analysis based on RFI reveals that 43% of the global river 

volume is moderately to severely impacted today, and that severe impacts affect 

24% of the global river volume (Table S4.2). A total of 96 large river basins (de-

fined as >350 m3/s discharge) are heavily to severely impacted by fragmentation 

from dams (Figure 4.6 and Table S4.3). However, rivers can appear heavily or se-

verely impacted at the overall basin scale, while the subbasin scale may reveal 

many less impacted areas, e.g., if most dams are clustered only in certain tribu-

taries. Examples are the Mississippi River in North America, the Parana River in 

South America, or the Niger, Zambezi and Nile Rivers in Africa, which all appear 

heavily or severely affected at the basin scale but at the subbasin scale larger 

proportions or even the majority of reaches are only weakly to moderately af-

fected. In particular, dams at central locations relative to the full basin fragment 

the entire network resulting in severe degradation at the basin scale; the same 

dams can result in lower fragmentation scores at the subbasin scale, particularly 

if they are located at subbasin boundaries. 

Flow regulation 

Our analysis shows that 9% of global river volume is severely affected by flow 

regulation from dams (less than by fragmentation) and 18% and 15% are heavi-

ly and moderately affected, respectively (more than by fragmentation; Table 

S4.2). A total of 103 large river basins are heavily and severely affected by flow 

regulation, in particular extensive regions of North America, Africa, the Iberian 

Peninsula, Eastern Europe, Eastern Asia, and South-central Asia (Figure 4.6 and 
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Table S4.3). As with fragmentation, there are noteworthy differences of impact 

classifications at smaller scales. For example, most flow regulation impacts of the 

Mackenzie River in northern Canada result from dams in higher tributaries with 

propagating effects downstream, whereas other parts of the basin are less affect-

ed. The Amazon and Congo Rivers have been relatively unaffected by flow regu-

lation, and some of their tributaries show no signs of direct impact by large dams 

today. Rivers of the Greater Mekong Region (including the Mekong itself) as well 

as smaller rivers such as the Rhine and Po in Europe have been relatively unaf-

fected by flow regulation from dams as well, due to either fewer dams or lower 

reservoir capacities. 

Dam Impact Matrix of fragmentation and flow regulation 

Although many dams have comparable impacts on river flow and fragmentation, 

some dams cause a bigger impact on one or the other. This translates into nu-

merous basins being more affected in only one of the two impact categories 

(Figure 4.7). 

The top quadrant of the DIM (red colors), i.e. basins heavily to severely affect-

ed by both flow regulation and fragmentation, includes a total of 407 basins 

(21% of global river volume). This category highlights basins that have both 

dams on mainstem rivers and large reservoir volumes high upstream in the net-

work. These are typically basins with a long history of dam building (e.g., the 

Nile, Mississippi, or Yangtze).  

A total of 221 river basins (right quadrant, yellow colors) are heavily to se-
verely affected by fragmentation, yet only weakly to moderately impacted by 
flow regulation (12% of global river volume). This category represents basins 
with a majority of run-of-the-river dams that have high impacts on fragmenta-
tion but relatively low storage capacities (e.g., the Danube). 

The left quadrant of the DIM (blue colors) combines 234 river basins that are 
heavily or severely impacted by flow regulation but only show weak to moderate 
impact from fragmentation (7% of global river volume). Examples in this catego-
ry include the Nelson, Ob, or Murray-Darling, with large reservoirs located in 
their headwaters.  
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Figure 4.6:  Todays fragmentation and flow regulation indices at the basin and subbasin scale. 
The RFI and RRI values are each classified according to quartiles (0-25th, 25-50th, 50-75th, and 
75-100th percentiles). 
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River basins remaining only weakly to moderately affected by large dams in 
terms of both fragmentation and flow regulation (bottom quadrant, green col-
ors) amount to 431 (53% of global river volume). Examples of these least im-
pacted basins include certain parts of the Greater Mekong Region, several basins 
in south-central Asia, the Amazon, Orinoco, Tocantins, as well as large propor-
tions of Western and Eastern Europe.   

River basins that remain only moderately to medium affected by large dams in 
terms of both fragmentation and flow regulation account to 431, or 52.6% of riv-
er volume (bottom quadrant, green colors). Examples of these least impacted 
basins include certain parts of the Greater Mekong Region, several basins in 
South-central Asia, the Amazon, Orinoco, Tocantins, as well as large proportions 
of Western and Eastern Europe.  

 

Figure 4.7:  Combining fragmentation and flow regulation indices for the basin (top) and sub-
basin scale (bottom) for today’s situation. The RFI and RRI values are given in percent. The class 
breaks correspond to the percentiles classification in Figure 4.6. This approach allows identifica-
tion of four primary groups of impacts (see caption of Figure 4.2 for more details on classifica-
tion scheme). 
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4.3.3 Future impacts at basin and subbasin scales 

River fragmentation 

New dams in our 2030 future scenario stress many currently less-affected ba-

sins, encompassing a large proportion of global river volume. For example, in the 

currently weakly affected basins of the Greater Mekong Region, rivers such as the 

Salween, Irrawaddy and Mekong undergo significant changes, with substantial 

deterioration of connectivity (see Figure S4.2). These basins are classified in the 

2030 scenario as heavily or severely impacted in both RRI and RFI. The Yangtze 

River shows a similar deterioration, particularly in upstream portions of the ba-

sin where a large number of new dams reduce connectivity at the basin scale. 

Substantial losses in connectivity are also predicted in the Amazon Basin (RFI 

+24%). The subbasin scale reveals which reaches contribute to this decline: nu-

merous dams in the middle and lower portions of the Madeira, Tapajos, and 

Xingu subbasins cause vast increases in fragmentation (RFI +73%, +79%, and 

+50%; Figure S4.2). A large number of dam projects concentrated in the higher 

Andes region of the Amazon Basin lead to smaller connectivity losses (RFI +4%) 

in the subbasin upstream of the Madeira tributary, but these are still considered 

a substantial change (see Finer and Jenkins, 2012). The Tocantins basin is also 

highly affected by fragmentation, losing 56% of its connectivity. 

A number of planned dams in the upper Nile Basin (Lake Victoria catchment) 

cause additional impact (+18%) to an already severely affected basin. In North 

America and Europe, changes in fragmentation are less extreme (e.g., Mackenzie: 

+12%; Danube: +23%), in part because river systems in these regions are al-

ready quite highly fragmented. In Siberia, changes in fragmentation are projected 

to be mostly smaller, yet with stronger impacts in some subbasins. The Amur in 

East Asia shows very substantial increases in fragmentation (+46%) due to a 

new central mainstem dam and numerous large tributary dams. 

Flow regulation 

Our model results for the 2030 future scenario suggest that an additional 209 

currently unaffected river basins will be affected by flow regulation. There are 46 
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additional basins severely affected as a result of 1156 future dams. This causes 

the amount of ‘severely affected’ river volume to rise from 9% to 16%. Smaller 

increases occur in the ‘heavily affected’ category (1351 dams), with a total in-

crease of 2% in an additional 28 basins. 

A number of hot spots with more drastic changes are shown in Figure S4.2. 

For example, hundreds of dams are planned in the mountains of the southern 

slopes of the Himalaya and Pamir Mountains, which would lead to substantial 

downstream impacts, particularly dominant in the Indus (113 dams; RRI 

+153%) and across almost all Brahmaputra River subbasins (392 dams; +15%). 

The Salween River would experience a 132% increase in flow regulation due to 

25 planned dams. Another hot spot is the upper Yangtze River where 133 large 

dams are planned, many of them on the mainstem (+71%). 

Dam Impact Matrix of fragmentation and flow regulation 

Future dam development will occur mostly in basins that are already affected by 

dams, so only an additional 2% of river volume from previously unimpacted ba-

sins is newly affected by future dam construction in 2030. However, substantial 

impacts and shifts are found within the individual groups of the DIM (Figure 4.8).  

The number of basins that become heavily to severely affected by both regulation 

and fragmentation (northern quadrant of DIM, red colors) increases by 71 (an 

additional 11% of global river volume). Basins in the southern (green) quadrant 

also increase by number as formerly unimpacted (and mostly small) basins be-

come impacted. But this group now aggregates less total river volume (-9%) be-

cause larger basins have shifted towards the higher impact groups. 
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Figure 4.8:  Combined impacts for the future scenario of 2030 in which all large hydropower 
dams currently planned or under construction are built (see caption of Figure 4.2 for more de-
tails on classification scheme). 
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4.4 Discussion 

Several studies have reported widespread global effects of dams (e.g., Nilsson et 

al., 2005; Vörösmarty et al., 2010; Lehner et al., 2011; Reidy Liermann et al., 

2012), but mostly at coarse spatial or temporal resolutions. Using the best cur-

rently available hydrographic data, our study is the first global analysis where a 

graph-based river routing model was applied to model past and future impacts 

of dams at multiple scales and at high spatial resolution. While most frameworks 

include river length or surface area as an indicator of dam impacts, we developed 

an indicator based on river volume. River volume may more adequately repre-

sent freshwater habitat space and aquatic biodiversity, assuming that larger riv-

ers generally have a greater opportunity for more heterogeneous habitats that 

fosters greater overall biodiversity (Xenopoulos and Lodge, 2006). Nevertheless, 

in addition to longitudinal fragmentation, river systems are also affected lateral-

ly, with implications for riparian systems and floodplains. As a relatively new 

measure, more research is needed to determine the strengths and weaknesses of 

river volume for specific ecohydrological applications. 

We also found that river volume improves assessment of cross-scale impacts 

as it inherently incorporates the concept of stream orders. If river length is used, 

low level stream orders (first- and second-order streams) can add dispropor-

tionately large amounts of river length to the network (>70% of rivers are 

headwater streams; Lowe and Likens, 2005), yet their contribution to volume is 

small. By using river volume, network configuration and the range of included 

(smaller) stream orders becomes less important, enabling greater comparability 

of indicators between studies with differently detailed river networks. 

Our study confirms that examining dam impacts at different scales is critical. 

Indicators on the basin and subbasin scale can target different applications, each 

with specific advantages and disadvantages. For example, calculations at the ba-

sin scale integrate impacts across the entire river system, allowing for inter-

basin comparison. This is particularly useful in cases where connectivity or flow 

regulation need consideration at the scale of a single basin (e.g., movement pat-

terns of long distance migrating fish, such as large catfish in the Mekong River). 

However, the wide range of basin sizes—spanning several orders of magnitude 
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globally—confounds comparisons between small and large basins. Our subbasin 

results reveal higher intra-basin detail and better differentiation among river 

systems. Nonetheless, achieving a homogenous hierarchical nesting is more diffi-

cult in river systems compared to terrestrial systems (see Kunin, 1998). There are 

several valid ways to partition basins into subbasins, typically based on the size 

or stream-order of tributaries, each triggering different results. Selecting a useful 

and homogeneous subbasin breakdown, such as provided by HydroBASINS, is 

thus a critical task. 

Small and medium sized dams (not included in our assessment) can have a 

significant cumulative effect on flow regulation (Lehner et al., 2011), but similar 

effects for fragmentation have not been systematically analyzed to date at the 

global scale. We conducted a sensitivity analysis using the Mississippi Basin and 

compared the resulting effect of all 25,857 dams included in the National An-

thropogenic Barrier Dataset (NABD; Ostroff et al., 2013) to the effect of the set of 

704 large dams provided in GRanD. We found substantial changes for both RFI 

and RRI indicators, with increases in basin-wide flow regulation from 65% to 

90% and increases in fragmentation from 45% to 65% (Table S4.1). At the sub-

basin scale (Figure S4.1), changes vary throughout the basin, with the Arkansas 

and the Missouri Rivers being most affected by river regulation, and the Upper 

Mississippi and the Red River showing the greatest fragmentation changes. 

These findings suggest that global impacts of all dams—large and small—are 

likely far more severe than illustrated by our results. 

Natural barriers, such as waterfalls, could have similar consequences for river 
network connectivity as dams (Torrente-Vilara et al., 2011; Dias et al., 2013); 
although they also have unique characteristics such as typically allowing for 
greater permeability for species in the downstream direction. We conducted an 
exploratory assessment with a new global dataset of waterfalls (Figure 4.9 and 
Figure S4.3). When incorporating waterfalls, the natural connectivity of many 
watersheds is reduced, which provides a different baseline for our fragmentation 
assessment. The fragmentation values of dams built in the vicinity of waterfalls 
may therefore be smaller than in a fully connected network; on the other hand, a 
dam built in the middle of a subbasin upstream of a waterfall may have more 
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significant impacts for this already isolated subbasin than if its downstream part 
were still connected to the larger system. The inclusion of waterfalls thus has 
implications for impact assessments of individual dams or groups. Similarly to 
waterfalls, intermittent rivers lead to seasonally diminished hydrological connec-
tivity and may have comparable effects on natural river connectivity patterns. To 
include a more differentiated view of natural discontinuities, more data on their 
location as well as a better understanding of their effect on passage of species 
up- and downstream is required. 

Our future dam scenario is designed to provide an illustration of the potential 
impacts of plausible new hydropower developments, yet it should not be misin-
terpreted as a prediction of the ‘most likely’ future situation. There are typically 
more dams planned than are actually built, related to funding and other political 
and economic factors that are difficult to predict, thus determining the likelihood 
of planned dams being commissioned is afflicted by high uncertainties. In con-
trast, we consider the completion of dams already under construction rather 
likely. Our scenario shows that if only the dams that are under construction to-
day (representing 17% of the 3700 dams in Zarfl et al., 2014) were built, frag-
mentation and regulation indices would increase by 4% each, which constitutes 
31% and 38% of the total future increases by 2030 for RFI and RRI, respectively. 
This confirms that a large proportion of the anticipated impacts will already be 
caused by rather likely developments in the near future, and a similar trend 
would then continue if all planned dams were built by 2030 (see Figure 4.3). 

However, important shortcomings of our scenario assessment remain. The 
geographic coverage and completeness of the applied database of future dams is 
difficult to verify, warranting extra caution when drawing conclusions based on 
differences between regions. Also, the focus here on hydropower dams may lead 
to a bias towards fragmentation (rather than flow regulation), yet this may ade-
quately reflect the recent tendency towards building multi-purpose dams while 
storage-only dams become less common globally. Finally, we acknowledge that 
our simplified estimation of reservoir volume for future dams based on hydro-
power capacity has considerable uncertainties. Nevertheless, since our future 
scenario is based on large hydropower dams only, we likely underestimate the 
total impacts of other dam types, particularly those related to climate change 
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mitigation and water storage (e.g. irrigation and flood control), as well as small 
future dams.  

An important research challenge remains unaddressed in our study, namely to 

relate these indicators to actual changes in habitat structure, biotic composition, 

or biodiversity. As a step towards addressing this challenge, our framework is 

capable of providing spatially disaggregated changes of impact scores over time 

and can therefore be used to monitor the fragmentation history of a basin. Such 

information could be related to past changes in biological indicators to deter-

mine if the construction of a specific dam was associated with ecohydrological 

changes in the river basin. 

Given the current capabilities and insights that our framework provides, our 

approach can also help to identify individual dams or sets of ‘hot spot’ dams to 

guide researchers and water resources managers in determining where to con-

duct more detailed local environmental impact assessments. With an increasing 

number of dams becoming dysfunctional due to sedimentation, our framework 

could also inform regional dam removal strategies by prioritizing which dams 

would potentially provide the biggest benefit if removed (O'Hanley, 2011; 

Hoenke et al., 2014).  

Finally, the framework can be applied in support of conservation planning ef-

forts (Hermoso et al., 2011). Although many basins are currently impacted, we 

have identified basins that are relatively pristine in terms of dam effects, but under 

pressure from possible future dam construction. As a large-scale framework, our 

methodology could be used to minimize further exposure, for example, by identi-

fying free-flowing river sections as part of a strategy to derive conservation targets 

or to design protected areas (Pringle, 2001; Abell et al., 2007; Thieme et al., 2007). 
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4.5 Conclusion 

We developed a versatile framework to assess river fragmentation and flow reg-

ulation by dams based on state-of-the-art global hydrographic data and novel 

approaches using discharge-based indicators. Almost half of the global river vol-

ume is moderately to severely impacted by either flow regulation, fragmentation, 

or both. Assuming completion of all hydropower dams planned and under con-

struction in our future scenario, this number would increase dramatically. 

Assessing the effects of dams on river networks is a complex endeavor, due to 

the need to account for interacting and cumulative effects of multiple types of 

flow regulation and fragmentation perturbations. We suggest that multiple indi-

cators should be assessed simultaneously, and that naturally reduced connectivi-

ty by waterfalls and intermittent rivers is included. River volume proved to be a 

more representative and robust metric for assessing river systems across scales 

compared to commonly used metrics such as river length or basin area. We iden-

tified substantial intra-basin heterogeneity of impacts which was previously dif-

ficult to assess, suggesting that studies should be conducted at multiple scales. 

We found that prolonged and prolific dam building has resulted in large-scale 

deterioration of the majority of global river basins, with at times heavy to severe 

impacts. This result is in good agreement with previous studies (Nilsson et al., 

 

Figure 4.9: The effect of waterfalls on river connectivity at the subbasin scale for the year 2010 
calculated as absolute difference in index values (“with waterfalls” versus “without waterfalls”). 
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2005; Lehner et al., 2011). Yet our new indicators reveal an even higher impact 

when river volume (rather than length) is used as the basis of assessment. A sen-

sitivity analysis for the Mississippi River in which we added small and medium 

dams to our global database of large dams suggests that our results are con-

servative, and that global dam impacts are likely of much greater concern than 

illustrated here when small dams are considered as well.  

Our research offers a consistent framework for assessing large-scale dam im-

pacts over space and time in a world with increasing pressures on water re-

sources. We believe that the proposed method and indicators can be applied in 

multiple ways: as a standardized, easily replicable monitoring tool that provides 

comparable global and basin-scale indicators of changes and trends in support of 

international initiatives such as the Millennium Development Goals (MDG), the 

Global Biodiversity Outlook (GBO-4) or the Biodiversity Indicator Partnership 

(BIP); as a complementary set of indicators to support existing methods such as 

the Indicators of Hydrological Alteration (IHA; Richter et al., 1996) or the 

Ecological Limits of Hydrologic Alteration (ELOHA; Poff et al., 2010); or as a con-

tribution to more comprehensive assessment strategies that evaluate existing 

and planned hydropower projects such as the Hydropower Sustainability As-

sessment Protocol (HSAP). We strongly encourage practitioners and relevant 

agencies to systematically compile the required information (foremost dam loca-

tions, reservoir purpose, and storage volumes) to support these kinds of assess-

ments. 

The results of our research emphasize the need for water managers and plan-

ners to consider cumulative, large-scale impacts of multiple dams as part of an 

integrated ‘river systems’ mindset. In this regard, our framework can be imple-

mented in strategic dam planning efforts and regional scenario developments to 

help identify the most critical sets of dams or alternative options in efforts to 

minimize social and environmental tradeoffs associated with dam development 

while maintaining their socio-economic benefits. 
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Supplementary Information 

S4.1 Supplementary methods 

S4.1.1 River routing model (HydroROUT) 

The main functions of the HydroROUT model (Lehner and Grill, 2013; Grill et al., 

2014) include traversing and analyzing a set of reaches as a connected river 

network, and to calculate spatial statistics on, over and across river networks, for 

example by calculating the degree of regulation downstream of a dam, by deriv-

ing statistics for the whole basin, or by conducting comparisons between river 

basins (sensu Peterson et al., 2013). HydroROUT is implemented in C# pro-

gramming language and uses an ArcGIS geodatabase as the container for all geo-

spatial data. 

The underlying network graph of the HydroROUT model is based on a global 

set of vector river lines, derived from the HydroSHEDS dataset (Lehner et al., 

2008) at 15 arc-second spatial resolution (approx. 500m x 500m pixel size at the 

equator). In total, a set of 17.8 million river reaches with an average length of 2.7 

km has been integrated, representing a total global river length of 48.3 million 

km (this network comprises all rivers and streams with an average flow equal or 

larger than 0.1 m3/s, or a catchment area of at least 10 km2).  

River water volume is used as part of the fragmentation and regulation 

indices, reflecting the amount of water available to fish and fauna. Each river 

reach has a simulated long-term average discharge value assigned, which has 

been derived through GIS downscaling techniques (spatial interpolation and re-

allocation) from runoff estimates of the global hydrological model WaterGAP for 

the time period 1961-90 (Alcamo et al., 2003; Döll et al., 2003). River volume, i.e. 

the water volume (length x width x depth) within the river channel at average 

discharge is then estimated based on an approximation of channel width and 

depth following Allen et al. (1994). The global river network as defined above 

contains a total of 566.6 km3 of river water according to our simulations. 
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S4.1.2 Dam and reservoir database 

We used information on the location, year of construction, and storage volume of 
current dams from the Global Reservoir and Dam (GRanD) database (Lehner et 
al., 2011), yet removed some dams from the database due to missing information 
about the year of construction or reservoir volumes. We included a total of 6374 
out of the 6862 dams available (Figure 4.1). The regulation dam at Lake Victoria 
was also excluded in our calculations as this dam is not operated at full capacity 
and would introduce a large bias in the Nile basin due to its central location and 
extremely large potential storage capacity. 

The data for our future scenario assessment was compiled by Zarfl et al. 

(2014), comprising more than 3700 hydropower dam projects currently under 

construction (17%) or planned (83%). It should be noted that this database fo-

cuses on large hydropower projects only. Dams currently under construction or 

planned and with a capacity larger than 1 MW were included in the database. 

They were annotated as ‘planned’ if they were described as such in the original 

data source, or if they were reported as being at a feasibility stage where social, 

cost-benefit and environmental aspects were under evaluation. The level of li-

censing requirements in terms of hydropower regulation is inconsistent among 

different sizes of schemes and also differs between countries, thus there remains 

an inherent uncertainty about the likelihood of the progression of a given pro-

ject. To reduce this uncertainty, records were cross-validated with multiple data 

sources, where possible, to confirm the status of the project, or to provide attrib-

utes that were missing in the original data source. For consistency with GRanD, a 

total of 323 future dams were excluded, namely those located at a river with a 

discharge smaller than 1 m3/s, as almost all GRanD dams conform to this crite-

ria, leaving 3377 to be included in our analysis. 

We estimated storage volumes for these future dams based on a simple linear 

model that has been derived for observed storage capacity and power generation 

capacity of planned dams in Asia. We acknowledge the fact that some run-of-the-

river dams have little storage volume, whereas some storage dams are not de-

signed to produce much power. In lack of better data, we used 251 dams planned 

in Asia with available data on live storage (million cubic meters) and installed hy-
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dropower capacity (MW) (ICEM, 2010), calculated the ratio between the two vari-

ables, and averaged the resulting ratios (mean = 3.19; sd = 8.5). Missing storage 

volume of future dams were then calculated as: 𝑆𝑖 = 𝑃𝑃𝑃𝑃𝑖 ∗ 3.19, where 𝑆𝑖  is the 

storage volume and 𝑃𝑃𝑃𝑃𝑖  is the reported power generation capacity of dam i. 

S4.1.3 Uniform spatial units 

The spatial reference in fragmentation analyses has commonly been the basin 

scale. However, as the size of the world’s river basins span over several orders of 

magnitude, comparisons between small and large basins are difficult. In addi-

tion, if the dams are distributed unequally within the river basin, a smaller scale 

can produce substantially different spatial patterns of impact indicators for indi-

vidual subbasins.  

To address these issues, we used a consistent set of subbasin units, termed 

HydroBASINS (Lehner and Grill, 2013), in our framework. HydroBASINS is a de-

lineation of global watersheds and was developed to provide nested subdivisions 

of large river basins to conduct disaggregated spatial analyses. HydroBASINS 

consists of 12 hierarchical levels of increasingly smaller subbasin units. For this 

study, we chose an intermediate level (level 4) where all of the world’s largest 

basins are partitioned into sets of smaller tributaries.  

S4.1.4 River Fragmentation Index (RFI) 

The River Fragmentation Index (RFI; see also Grill et al., 2014) is a measure of 

structural connectivity (expressed as the percentage of full connectivity) per riv-

er basin or subbasin. It is based on the Dendritic Connectivity Index (DCI) by 

Cote et al. (2009) but has been modified to better take into account the size of 

rivers by introducing the concept of river volume. While the DCI considers rivers 

as lines of a particular length, thus representing habitat space in one dimension, 

our use of river volume adds a discharge-weighting component. This approach 

provides a freshwater analogy to the measurements of habitat area commonly 

applied in terrestrial landscape ecology.  

The addition of river volume generally increases the relative impact of dams 

located on larger or mainstem rivers by shifting the location of largest impact 



Chapter 4 

 

136 

 

(i.e. the “middle” of the network in terms of river volume) further downstream, 

towards locations of larger discharge and channel dimensions. The RFI (%) is 

defined as (Grill et al., 2014): 

  𝑅𝑅𝑅 = 100 − ��
𝑣𝑖2

𝑉2

𝑛

𝑖=1

× 100� S4.1 

where n is the number of fragments (i.e. distinct network sections disconnected 

by dams); vi is the total river volume of fragment i; and V is the total river volume 

of the entire river network in the basin. The RFI of an unfragmented river net-

work is 0%, and each subsequent dam increases the RFI depending on the size 

distribution of the remaining fragments. A single dam in a previously undis-

turbed network leads to the maximum fragmentation at the ‘location of largest 

impact’, i.e. if it splits the network into two equally sized fragments (defined by 

river volume), and the RFI falls to 50%. If a subsequent dam is built close to a 

previous one, the added impact is smaller because of the pre-existing dam. 

The methodology for calculating the RFI for both river basin and subbasin 
scale is the same in principal; i.e., the fragmentation effect of dams outside the 
boundaries of the subbasin is not considered.  

S4.1.5 River Regulation Index (RRI) 

The River Regulation Index (RRI; Grill et al., 2014) is an extension of the ‘Degree 
of Regulation’ Index (DOR) as calculated globally in Lehner et al. (2011) and pro-
vides a quantitative proxy on how heavily a basin is affected by alterations to the 
natural flow regime by dam operations. The DOR captures the potential impact 
of dams on downstream flows by calculating the proportion of a river’s annual 
discharge volume that can be withheld by a reservoir or a cluster of reservoirs 
upstream. Spatially explicit DOR values (%) are calculated for each river reach 
as:  
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where n is the number of all dams upstream of the reach, 𝑠𝑖 is the storage capaci-
ty of dam i located upstream the river reach, and D is the total annual discharge 
volume at the river reach. A high DOR value indicates an increased probability 
that substantial discharge volumes can be stored throughout a given year and 
released at later times. For example, 10% is used as a threshold in Lehner et al. 
(2011) to mark the possibility of substantial changes in the natural flow regime 
to occur. In particular, multi-year reservoirs (DOR > 100%) have the ability to 
release water in accordance with an artificial, demand-driven regime, often aim-
ing to increase dry-season flows or to eliminate flood peaks. 

In order to quantify the overall impact on the basin in a single index value, we 

applied the RRI (%) (Grill et al., 2014) which is calculated by first weighting the 

DOR value of each individual reach with its corresponding river volume, and 

then averaging the results for the entire basin: 

 𝑅𝑅𝑅 = �𝐷𝐷𝐷𝑖
𝑟𝑟𝑖
𝑉

𝑛

𝑖=1

 S4.3 

where n is the number of reaches in the network; 𝐷𝐷𝐷𝑖  is the DOR value of river 

reach i; 𝑟𝑟𝑖  is the river volume of reach i; and V is the total river volume of the 

entire river network in the basin. Note that RRI values can exceed 100% if the 

river network is affected by multi-year storage. 

For calculations at the subbasin level, the initial DOR values are calculated for 

the entire river network (as this is the inherent definition of the DOR index), i.e. 

all upstream dams and their storage capacities are considered, even those of 

dams that are outside (upstream) of the subbasin. However, the RRI for a sub-

basin is then calculated by only using the DOR values and river volumes found 

within the subbasin.  

S4.1.6 Dam Impact Matrix (DIM) 

Although a dam typically has an effect on both fragmentation and flow regime, 

one might be greater than the other, depending on the properties and location of 

the dam. For example, a large storage dam in the upper river network may have 

heavy impacts on the downstream flow regime over long distances yet little ef-
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fect on fragmentation, whereas a run-of-the-river type dam with a small reser-

voir capacity located on a downstream mainstem reach will primarily have im-

plications on fragmentation and little effect on flow regulation. Both effects can 

be assessed simultaneously by plotting them on an impact matrix. We created 

this matrix by first classifying each index into four categorical groups based on 

quartile ranges of occurrence (weak: 0-25th; moderate: 25-50th; heavy: 50-75th; 

and severe: 75-100th percentiles), and then combining the categories from each 

index to create an integrated four by four matrix. This approach illustrates the 

large spectrum of possible combinations while identifying four primary groups 

of impacts at the four corners of the matrix (see Figure 4.2 and Figure 4.4). 
 

S4.2 Additional limitations 

S4.2.1 Hydrology 

Our downscaled discharge values only represent long-term average conditions, 

hence special systems with complex seasonal flow regimes are not properly rep-

resented. The same applies to variations due to seasonality, or longer-term, nat-

ural changes of the river flow. In consequence, our resulting index values are cur-

rently only relating to average conditions. 

S4.2.2 Other anthropogenic perturbations 

Our flow regulation indices do not capture changes to river flows due to anthro-

pogenic perturbations other than dams. However, many rivers have been altered 

structurally which could affect the river flow; e.g., channelization or levees can 

affect flow quantities and qualities of rivers downstream of the modification. The 

same applies to water transfers, which may occur at scales large enough to affect 

river flow substantially. As a result, some river basins appear as weakly affected 

due to low numbers of large dams, but may in fact be more impacted by wide-

spread modifications of the river channel and the floodplain, or by water trans-

fers. 
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S4.2.3 Passability 

We assume that any dam, regardless of its design or operation, compromises 

connectivity, and we assume zero passability for each dam in our model. Howev-

er, the permeability of barriers for migrating fish and other species depends on 

the type of dam. For example, a run-of-the-river dam may prevent migration of 

species in the upstream direction, but can still allow for downstream passage. 

Smaller dams (albeit not explicitly considered in this study), might be passable 

by jumping fish in both directions. If reasonable passability estimates were 

available for each dam, they could be incorporated into the RFI index. But even if 

passability measures were provided, these are often biased towards the up-

stream migration of salmonid fish, but neglect other fish species, downstream 

and lateral migration, and other factors (Kemp and O'Hanley, 2010).  
 

S4.3 Assessment of small dams 
 

 

Figure S4.1: Comparing RFI and RRI in the Mississippi basin between two sets of dams: GRanD 
dams (n = 704) and NABD dams which also include small and medium sized dams in addition to 
large dams (n = 25857). The lower third of the graph displays absolute differences of RFI and 
RRI values (%) between the two sets. 
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Table S4.1: Assessing the effect of small dams on fragmentation and flow regula-
tion indices in the Mississippi Basin (current conditions, 2010). Note that the simi-
lar results for impacted river volumes (km3) suggest that only few (or small) addi-
tional river reaches are added to the impacted category (DOR ≥2%), yet the signifi-
cant increase in RRI indicates that many reaches that are already above the 2% 
threshold substantially increase in their individual DOR values.  

 Dams RFI RRI 
Volume impacted 

(DOR >= 2%) 
Length impacted 

(DOR >= 2%) 

 
# % % km3 %(1) km %(2) 

GRanD 
 (Lehner et al., 2011) 704 44.7 65.0 17.5 95.1 59141 6.2 

NABD  
(Ostroff et al., 2013) 25857 65.4 90.1 17.8 96.7 156084 16.4 

(1) ∑ volume network 18.4 km3 
(2) ∑ length network 954464 km 

 

S4.4 Supplementary tables and �igures 

Table S4.2: Summary table of global impacts by category to compare differences between affect-
ed length and volume (see also Figure 4.4).  

 

1930 1950 1970 1990 2010 2030 

 
km vol km vol km vol km vol km vol km vol 

Fragmentation 
            no impact 80.1% 74.7% 63.9% 34.2% 46.1% 11.6% 41.9% 7.9% 40.9% 7.5% 37.6% 6.1% 

weak 15.3% 21.3% 25.5% 56.4% 27.3% 62.0% 20.1% 50.0% 20.1% 50.0% 6.8% 4.8% 
moderate 2.4% 1.9% 3.4% 3.9% 11.2% 13.4% 9.8% 11.1% 8.6% 9.3% 17.3% 43.4% 
heavy 0.9% 0.5% 3.5% 2.1% 5.0% 4.9% 10.1% 11.8% 9.5% 9.8% 11.0% 15.6% 
severe 1.2% 1.5% 3.7% 3.4% 10.4% 8.1% 18.1% 19.1% 20.9% 23.5% 27.3% 30.1% 
Regulation 

            no impact 80.1% 74.7% 63.9% 34.2% 46.1% 11.6% 41.9% 7.9% 40.9% 7.5% 37.6% 6.1% 
weak 17.3% 23.3% 28.0% 57.7% 25.5% 59.9% 21.9% 54.7% 18.6% 49.8% 17.8% 46.5% 
moderate 1.7% 1.6% 5.9% 7.3% 8.7% 9.9% 7.9% 10.8% 11.1% 14.9% 10.1% 10.3% 
heavy 0.7% 0.4% 1.5% 0.7% 13.7% 13.8% 17.6% 17.3% 18.1% 18.4% 18.4% 20.8% 
severe 0.3% 0.0% 0.8% 0.1% 5.9% 4.9% 10.7% 9.3% 11.3% 9.4% 16.1% 16.4% 
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Table S4.3: River Fragmentation Index (RFI), River Regulation Index (RRI), and Dam Impact Ma-
trix (DIM) for selected river basins (top 5 largest basins of each continent). Color scheme for RRI, 
RFI, and DIM corresponds to Figures 2, 6 and 7. 

  RFI RRI DIM Number of dams Avg. dis-
charge 

  

Africa 2010 2030 2010 2030 2010 2030 2010 2030 
Basin size 

(m3/s) (km2) 
Congo 0.2 25.7 0.5 1.9     10 38 44210 3705302 
Zambezi 68.7 83.4 87.3 96.4     90 118 5525 1378121 
Ogooué 0 20.7 0 0.4     0 4 4694 215217 
Niger 60.8 65.3 23.3 54.4     92 134 4203 2098664 
Nile 70 88.4 33.6 65     16 92 3702 2916802 

Asia                     
Ganges 47.6 57 6.5 21.6     134 926 31657 1574223 
Yangtze 56.1 64.7 13.8 84.8     588 864 28323 1909199 
Irrawaddy 0.7 43.7 1 16.6     10 44 13834 376349 
Mekong 5.1 84.8 3.2 50.2     32 278 13096 774281 
Amur 3.4 49.2 31.5 38.1     12 66 10126 1998203 

Australia                     
Murray 18 18 49 49     82 82 791 775219 
Clutha 63.2 81.5 10.8 15.1     22 30 739 20630 
Mitchell 0 0 0 0     0 0 577 63659 
Waiau 51 51 8.5 8.5     4 4 468 8200 
Waitaki 74.8 75.1 50.8 52.9     12 14 441 11928 

Central America                   
Usumacinta 23.2 60.4 13.3 16.2     12 22 3382 123639 
San Juan 0.4 2.1 5.3 7.2     2 32 1250 41214 
Papaloapan 8.4 8.4 16.7 16.7     2 2 950 39661 
Balsas 60.4 60.4 17.9 17.9     28 28 779 111464 
Motagua 0 0 0 0     0 0 662 16329 

Europe                     
Don 78.4 78.4 40.4 40.4     36 36 7799 1404107 
Danube 67.5 90.3 7.4 19.4     360 970 6257 786749 
Rhine 1.8 4.4 3.9 4     84 88 2390 163008 
Dnieper 82.4 83.7 22.8 22.8     12 16 1616 509822 
Rhône 38.4 38.4 8.2 8.3     74 76 1594 95894 

North America                   
Mississippi 44.7 44.7 65 65     704 704 19178 3179496 
St Lawrence 63.9 63.9 17.8 17.9     348 356 11724 1053294 
Columbia 55.7 56 51.4 52.2     250 254 6830 651407 
Fraser 5.7 6.7 34.1 35.5     22 24 3467 230824 
Nelson 79.6 80 96.6 98.2     178 184 2130 1004347 

South America                   
Amazon 0.1 24.1 0.2 4.8     16 386 202212 5912761 
Orinoco 10 10.1 3.7 4.7     32 40 34537 938384 
Parana 60.8 83 48.2 53.5     140 788 19063 2594295 
Tocantins 27.1 82.7 21.9 32     8 178 11443 772470 
Magdalena 3.4 23.3 4 8.5     24 74 7466 260739 

Arctic                     
Yenisei 33.9 33.9 76.6 76.9     14 16 18382 2489751 
Lena 2.4 2.5 7.3 9.3     6 8 14210 2453574 
Ob 11.1 11.1 24.5 24.5     6 6 12647 2467589 
Mackenzie 9.6 21.4 48 55.8     24 32 6627 1795841 
Yukon 0 0 0.4 0.4     2 2 2194 832689 
Neva 62.2 62.2 27.5 27.5     16 16 2387 285331 
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Figure S4.2: Changes in flow regulation and river fragmentation (absolute difference of RRI and 
RFI in %) between current conditions (2010) and the future scenario of 2030 in which all dams 
currently planned or under construction are built. 
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Figure S4.3: Number of waterfalls per subbasin (HydroFALLS; Lehner et al., unpublished data).  
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Connecting statement (Ch. 5) 

Chapters 3 and 4 demonstrated how HydroROUT can be used at the scale of a 

large river basin and at the global scale to assess human alterations of river con-

nectivity and flow regulation. In chapter 5, I extend HydroROUT in a new direc-

tion to serve as an integrated chemical fate model, in order to assess anthropo-

genic impacts from river pollution from diffuse and point sources. This allows 

me to focus on a more advanced implementation of connectivity, especially look-

ing at cumulative effects and in-river processes.  

Existing approaches to estimate environmental risk from emerging contami-

nants in Canadian river systems currently do not consider spatially distributed 

emission sources or local hydrology. Hence, this chapter serves as the foundation 

for creating a Canada-wide contaminant fate model that could support environ-

mental risk assessment as part of regulatory frameworks.  

Furthermore, this chapter includes a regional validation of HydroROUT’s rep-

resentation of flow quantities to ensure the suitability of the applied average and 

low flow hydrology for the intended contaminant risk assessment. This is a vital 

step of overall model validation because environmental risk is to a large extent 

sensitive to variations of discharge. 
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Abstract 

Chemicals released into freshwater systems threaten ecological functioning and 

may put aquatic and human health at risk. As part of a pilot study in the Saint 

Lawrence River Basin, we developed a new contaminant fate model that follows 

simple, well-established methodologies and is unique in its cross-border, seam-

less hydrological and geospatial framework, including lake routing, a critical 

component in northern environments. We validated the model using the phar-

maceutical Carbamazepine and predicted environmental risk for 15 chemicals in 

the Saint-Lawrence River Basin, Canada. The results showed that the majority of 

tested chemicals are unlikely to pose major environmental risk; however, two 

pharmaceuticals showed elevated risk in up to 17 percent of rivers affected by 

municipal effluents. This pilot study provided the foundation to further develop 

the model towards a Pan-Canadian scale and to wider its scope. As an integrated 

model, our CFM can facilitate the prioritization of actions, such as reducing con-

tamination sources, protecting drinking water resources or upgrading treatment 

plants to achieve targeted pollutant removal. In regulatory frameworks, it can 

help screen new chemicals entering the North American market regarding their 

potential impact on human and environmental health, for example as part of the 

Canadian Chemical Management Plan. 
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5.1 Introduction 

The Millennium Ecosystem Assessment identified anthropogenic contaminants 

released into the environment as a major threat to freshwater ecosystems 

(Millennium Ecosystem Assessment, 2005). Increasingly, a multitude of house-

hold toxicants enter the environment through sewage treatment systems, which 

include substances and residues from industrial products (additives, lubricants, 

flame retardants), consumer products (detergents, pharmaceuticals, personal 

care products), synthetic and natural hormones (e.g., estrogens), and emerging 

contaminants, such as nanomaterials (Schwarzenbach et al., 2006; Kümmerer, 

2011).  

This situation creates an urgent need to limit aquatic life and human exposure 

to these chemicals. In most countries, regulatory frameworks require new chem-

icals entering the market to undergo an environmental risk assessment. In gen-

eral, risk is assessed by exposure and effect modelling, whereby exposure model-

ling predicts environmental concentrations (Predicted Environmental Concen-

tration; PEC), and effect modelling defines levels through which these environ-

mental concentrations have no effect on living organisms (Predicted No-Effect 

Concentration; PNEC). PEC values higher than PNEC indicate unacceptable risk.  

Many traditional methodologies assume that substances are emitted in a 

standard environment with pre-defined environmental characteristics and use a 

constant per-capita discharge rate and dilution factors based on country-wide 

averages. For example, this approach is currently applied in the European Union 

System for the Evaluation of Substances (EUSES; Vermeire et al., 1997). This 

simplified method, however, does not account for spatial variation in consump-

tion, population distribution, physio-geographic characteristics (such as hydrol-

ogy and seasonality), wastewater treatment capabilities, and environmental re-

moval mechanisms. Any of these factors can result in environmental concentra-

tions ranging over several orders of magnitude, creating “contaminant hot-spots” 

in the environment. Researchers proposed in-situ substance measurements to 

refine simple non-spatial risk assessments; but measurements are generally 

complicated by high cost, time-consuming implementation, and lack of robust 

analytical methods.  
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Contaminant fate models (CFMs), which combine Geographic Information 

Systems and water quality models, have emerged as an additional research tool 

to estimate environmental concentrations of chemicals and their environmental 

exposure (Johnson et al., 2008; Cowan-Ellsberry et al., 2009). CFMs mitigate 

some shortcomings of current exposure and risk assessment methods (i.e., 

measurements, non-spatial models), which can be summarized as follows: 

1. CFMs have a strong spatial component, i.e. they take into account population 

size and distribution, river network complexity and its accumulating effects, 

and local river flow dynamics that can differ substantially from the emission 

point and across the stream network.  

2. CFMs are particularly useful for measuring analytically challenging chemicals 

(e.g. nanoparticles), whose environmental quality standard is below current 

analytical capabilities (e.g. EE2), and those known to act as mixtures (e.g. es-

trogens).  

3. For large spatial assessments, logistical and financial challenges often prohib-

it comprehensive sampling across watersheds, making modelling the only vi-

able option. Once set up, the CFM can be repeatedly used to address a wide 

range of contaminants without much additional model adjustment. 

4. Besides descriptive modelling, where the model outcome simulates concen-

trations under current flow conditions, CFMs can be used for predictive mod-

elling, for example to assess a chemical under different climate or emission 

scenarios. Furthermore, CFMs can aid in normative modelling (“optimizing”), 

to answer policy questions, e.g. to determine where interventions should be 

targeted in river systems or to highlight wastewater treatment plants where 

upgrading would considerably reduce in-river concentrations. 

Generally two different approaches exist - multimedia or single-media mod-

els. Multimedia models (e.g., EUSES; Vermeire et al., 1997) simulate chemical 

sources and fate across different environmental compartments (air, water, soil), 

but are generally difficult to parameterize, spatially coarse, and do not allow for 

site-specific predictions. This limits their use in environmental risk assessment. 

Single-media approaches have been used to predict single substance concentra-
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tions in river networks at high spatial resolution, such as GREAT-ER (Feijtel et al., 

1998), ISTREEM (Wang et al., 2000), LF2000-WQX (Williams et al., 2012), PhATE 

(Anderson et al., 2004), the MAPPE model (Pistocchi et al., 2012) and the GWAVA 

model (Johnson et al., 2013). Such models are particularly well-designed for 

household chemicals and have been applied to chemical exposure assessments 

in various studies (Atkinson et al., 2009; Cunningham et al., 2009; Hannah et al., 

2009; Ort et al., 2009; Cunningham et al., 2012; Hosseini et al., 2012; Johnson et 

al., 2013). These models share common assumptions and similar key mecha-

nisms: reasonable per capita emission estimates of contaminant mass entering 

individual wastewater treatment plants (WWTP) can be gained using the aver-

age per-capita consumption of a compound of interest and adjusting for human 

metabolism. The contaminant mass released by individual WWTPs into specific 

river reaches can be estimated using the average per-capita emissions, 

knowledge of the local population served by a WWTP, and adjusting for removal 

during treatment, where relevant (Keller et al., 2006). As for chemical routing in 

the hydrological system, advection is assumed to be the dominant dilution 

mechanism, which can be modeled effectively using stream length, velocity, dis-

charge, and a decay function (Pistocchi et al., 2010). Predicted environmental 

concentrations (PECs) are subsequently based on accumulated load and dis-

charge for each river reach. 

The prediction error from these models have consistently fallen within one 

order of magnitude when compared to actual measurements and, in most cases, 

range within 2-4 times of the measured environmental concentration (Johnson 

et al., 2008). As such, and with these limitations in mind, they are deemed suita-

ble for eco-toxicological exposure and risk assessments of low to medium com-

plexity. However, CFM set-up involves a number of complexities, particularly the 

need for quality cross-boundary hydrographic base maps, including realistic hy-

drological predictions throughout the river network, consumption variability in-

formation, and the chemical’s fate in the system, such as wastewater treatment 

efficiency and environmental decay. These requirements lead to limited model 

deployment to regions where such high quality information is not readily availa-

ble. In Canada, no nationwide, large-scale tool exists that is geospatially explicit 
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(i.e., based on a river network to account for upstream contributions from other 

wastewater systems) to predict aquatic concentrations of substances released 

from wastewater systems at sufficient spatial resolution to support risk assess-

ment activities for regulatory frameworks, such as the Canadian Chemical Man-

agement Plan. 

To address this need, in this study, we present a new contaminant fate model 

that is based on the integration of three components: the HydroSHEDS database 

(Lehner et al., 2008) which provides the hydrographic backbone of the model; 

results from the global hydrological model WaterGAP (Alcamo et al., 2003; Döll 

et al., 2003) which provide the hydrological input data; and the HydroROUT river 

routing model (Lehner and Grill, 2013) which includes the routing component. 

We designed our model to predict environmental concentrations for a wide 

range of chemicals within a complex aquatic network. After initial setup and val-

idation, we applied the model to assess 15 contemporary chemicals in regard to 

their environmental concentrations and eco-toxicological risk for the Saint Law-

rence River Basin. 

5.2 Study design and methodology 

The Canadian provinces of Quebec and Ontario were to core study area, with a 

focus on the Saint Lawrence River (Figure 5.1). We also included all river reaches 

(‘contributing areas’) that enter the two provinces, as defined by the watershed 

delineation from the HydroSHEDS database in order to generate a hydrologically 

complete river network. Cross-boundary watersheds include parts of the United 

States from Minnesota, Wisconsin, Michigan, Ohio, New York, and Vermont, but 

most of these US watersheds drain into the Great Lakes before their flow arrives 

in Canada. We assumed complete dilution of contaminants in large water bodies, 

hence the US tributaries to the Great Lakes were not considered to pose an im-

mediate risk for Ontario and Quebec. Therefore, in terms of chemical mass bal-

ance calculations, we excluded effluents from wastewater treatment plants lo-

cated in contributing areas south of the Great Lakes. There are, however, parts of 

New York and Vermont that drain directly into the lower St. Lawrence River that 
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are likely more relevant contaminant sources from the US, so we included these 

regions in the pilot model version. In total, 1198 WWTPs were part of our study 

(Figure 5.1).  

 

 

Figure 5.1: The study area included areas of Quebec, Ontario as well as some parts of the United 
States (hydrologically connected areas draining into the Saint Lawrence River below Kingston). 
Color markers represent distribution of wastewater treatment plants by state. 

 

Figure 5.2 provides a conceptual model of the study. A geospatial exposure 

and fate model embedded in a Geographic Information System calculated PEC, 

based on a cascade of input and removal mechanisms. To determine the PNEC, 

we used an effect model (Khan, 2014). This enabled us to assess PEC against 

PNEC to locate river network areas with elevated environmental risk. 

We used the pharmaceutical carbamazepine to validate model performance 

by comparing it with measurements from a literature review. Based on eco-

toxicological benchmarks provided by Khan (2014), we evaluated a total of 15 

additional substances. 
 



Chapter 5 

 

152 

 

 

Figure 5.2: Conceptual model of the study. The exposure and fate model is described in the 
methods section of this paper. The effect model follows established procedures as described in 
Khan (2014).  

5.2.1 Discharge downscaling and validation 

To simulate environmental contaminant concentrations, an adequate characteri-

zation of discharge of Canadian rivers that receive wastewater effluents was nec-

essary. This ensures that the dilutive capacity of the receiving waters is appro-

priately parameterized to generate predicted environmental concentrations 

suitable for contaminant risk assessments. 

We used the HydroSHEDS database (Lehner et al., 2008), a publicly available 

global suite of data layers representing river network topology and watershed 

boundaries, to provide the baseline hydrographic data. HydroSHEDS defines flow 
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directions at 500m pixel resolution that are used for water and substance 

transport simulation in a routing model called HydroROUT, currently under de-

velopment at McGill University (Lehner and Grill, 2013). 

The current version of HydroROUT derives discharge by accumulating land 
surface runoff along the river network; yet the underlying runoff generation 
simulation (i.e., the vertical water balance) was not performed within the model 
itself. Instead, we employed decoupled, external runoff estimates provided by 
the global integrated water balance model WaterGAP (Alcamo et al., 2003; Döll et 
al., 2003; model version 2.1 as of 2012). WaterGAP provides runoff estimates of 
long-term monthly averages from 1961-1990 (i.e., the ‘climate-normal’ period as 
defined by the World Meteorological Organization) at 0.5 degree grid resolution. 
We used these runoff estimates with spatial downscaling methods to disaggre-
gate the large grid cells into 500m pixels and then accumulate the runoff along 
the HydroSHEDS river network.  

To evaluate the HydroROUT model accuracy and uncertainty, we compared 

our downscaled discharge estimates with the reported values of HYDAT gauging 

stations (Environment Canada, 2012) in three different ways: 

1) To evaluate the downscaled discharge estimates applied in HydroROUT, we 

compared long-term average flows (AVG-YEAR) across stations using a line-

ar regression analysis as recorded at the 57 “most reliable” HYDAT stream 

gauges (for selection criteria see section S4.5). 

2) The risk from chemical substances in surface waters is usually assessed un-

der low flow conditions for which the daily Q90 flow (flow exceeded 90 per-

cent of the time) is a frequently used indicator. Typically, Q90 is calculated 

from daily discharge measurements, but as the WaterGAP runoff estimates 

are given as monthly time series, we approximated (daily) Q90 with a substi-

tute, namely Q90-MONTH (for the definition see S4.5). To explore the validity 

of this approach, first, we assessed the relationship between Q90 and Q90-

MONTH for observed HYDAT flows by performing a linear regression analy-

sis. Then, we applied a second linear regression to test the Q90-MONTH cor-

relation between observed HYDAT and simulated HydroROUT values. 
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3) Finally, we tested the ability of the HydroROUT model to simulate the annual 

flow regime using the Nash-Sutcliffe Efficiency (NSE) as the quality indicator 

(Nash and Sutcliffe, 1970).  

5.2.2 Exposure model 

Pharmaceutical emission model  

The pharmaceutical emission model calculates the emission from annual per 

capita consumption and the number of inhabitants served by the treatment 

plant. We calculated domestic emission into WWTPs by: 

  𝐿(𝑆)𝑊𝑊𝑊𝑊 = [𝐶𝐶(𝑆)𝑇𝑇 × (1−𝑚𝑠)] × 𝑃𝑇𝑇 5.1 

where 𝐿(𝑆)𝑊𝑊𝑊𝑊 is the total load arriving at the WWTP, 𝐶𝐶(𝑆)𝑇𝑇  is the per capi-

ta consumption of the chemical 𝑠 of the connected population, 𝑃𝑇𝑇  is the total 

population connected to the WWTP, and 𝑚𝑠 is the fraction metabolized in the 

human body of compound 𝑠. However, at the time of this study, the data for con-

sumption on the individual treatment plant level 𝐶𝐶(𝑆)𝑇𝑇  was not available. 

Therefore, we created Canada-wide per capita consumption averages for all 15 

chemicals generated from total Canadian market sales data divided by the popu-

lation totals for Canada in 2012. We give further details on the boundary condi-

tions for each chemical in Table 5.1. 

Wastewater treatment plant model 

Using federal and provincial sources, we assembled the locations and character-

istics of 1198 WWTPs (Figure 5.1). We did not target industrial, mining or agri-

cultural sources in this study. Location, name, average daily flow, treatment tech-

nology and population served were given as attributes. We manually located 

(“snapped”) the wastewater treatment plants to the appropriate HydroSHEDS 

river reach using satellite imagery and other mapping sources. Utilizing expert 

judgment, we classified the treatment plants into the following categories: no 

treatment, primary treatment, lagoon treatment, and secondary treatment. 
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Depending on the type of treatment plant and compound simulated, the incom-

ing load is reduced: 

  𝐿(𝑆)𝐸𝐸𝐸 = 𝐿(𝑆)𝑊𝑊𝑊𝑊 × 𝑅(𝑇)𝑇𝑇 5.2 

where  𝐿(𝑆)𝐸𝐸𝐸 is the substance mass after removal, 𝐿(𝑆)𝑊𝑊𝑊𝑊 is the incoming 

chemical load from the household emission model, and 𝑅(𝑇)𝑇𝑇 is the removal 

efficiency in the wastewater treatment plant of the compound depending on the 

type of removal T. 

5.2.3 River and lake routing model 

In this project, we used the HydroSHEDS database (Lehner et al., 2008), a public-

ly-available global suite of hydrographic data layers. HydroSHEDS defines river 

flow directions at 500m pixel resolution that create a network of river reaches 

for water and substances transport simulation in a routing model called Hydro-

ROUT (Lehner and Grill, 2013). At 500m resolution, more than 400,000 river 

reaches with an average length of 2.8 km exist within the study area, and a total 

of 11,426 river reaches, or 30,506 km are affected by upstream effluent from 

wastewater treatment plants.  

We used HydroROUT’s processing engine for mass balance calculations in the 

river and lake network. For river reaches, we followed a ‘plug-flow’ approach 

(Pistocchi et al., 2010), i.e., a ‘plug’ of substance mass (the amount of contami-

nant released from the treatment plant) is accumulated downstream as the sum 

of the input from the current and all upstream reaches flowing into the current 

reach. The river network was processed iteratively in the hydrological order 

from source to sink. The outflow mass balance for each river reach was calculat-

ed as: 

 𝑃𝑃𝑃(𝑆)𝑅𝑅𝑅𝑅𝑅 =
�∑ 𝐿(𝑆)𝐸𝐸𝐸 +𝑖 ∑ 𝐿(𝑆)𝑅𝑅𝑅𝑅𝑅𝑗 � × 𝑑

𝑄𝑅𝑅𝑅𝑅𝑅
 5.3 

where 𝑃𝑃𝑃(𝑆)𝑅𝑅𝑅𝑅𝑅 represents the environmental concentration at the end of 

the river reach for compound s, as the mass influx sum 𝐿(𝑆)𝐸𝐸𝐸 from all 

wastewater treatment plants 𝑖 located anywhere on the river reach, and the total 
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mass 𝐿(𝑆)𝑅𝑅𝑅𝑅𝑅 from all upstream reaches 𝑗. Chemical substance degradation in 

the river body, if applicable, is expected to decrease at a rate proportional to its 

value, and is represented as the environmental decay factor 𝑑. We calculated it 

based on first-order decay 𝑑 = 𝑒−𝑘𝑘 where 𝑡 is the time a plug of water needs to 

travel through the river reach, and 𝑘 is a positive number called the first order 

rate constant, which determines the environmental decay speed.  

Travel time 𝑡 is derived by dividing river reach length by the average velocity 

within the river reach. This corresponds to the average retention time in each 

individual river reach, i.e. the time a plug of fluid needs to travel from the begin-

ning to the end of the river segment. We approximated velocity following an em-

pirically derived formula (Allen et al., 1994): 

 𝑣 = 1.07 × 𝑄0.1035 5.4 

where 𝑣 is the velocity in 𝑚/𝑠−1 within the river reach and 𝑄 is the discharge in 

m3/s. Note that for simplicity we used average discharge for 𝑄 instead of the re-

quired ‘bankfull discharge’. The differences resulting from this limitation should 

not result in substantially different velocities, and is deemed acceptable given the 

general limitations of the approach by Allen and considering the goal of the study. 

We integrated a comprehensive lake dataset, the Surface Water Body Data-

base (SWBD; NASA/NGA, 2003) into HydroROUT to represent lakes larger than 1 

km2 in surface area. SWBD includes vectorized lake polygons that were digitized 

as part of the Shuttle Radar Topographic Mission (SRTM) at 30m resolution. We 

also estimated and validated lake volumes using GIS methods, based on correla-

tions with lake surface area and surrounding topography (Pistocchi and 

Pennington, 2006; Hollister and Milstead, 2010).  

As a preliminary measure in our pilot study, we modeled each lake as one sin-
gle completely stirred tank reactor (Mihelcic et al., 2010): 

 𝑃𝑃𝑃(𝑆)𝐿𝐿𝐿𝐿,𝑂𝑂𝑂 = 𝑃𝑃𝑃(𝑆)𝐿𝐿𝐿𝐿,𝐼𝐼 ×
𝑄𝐿𝐿𝐿𝐿

𝑄𝐿𝐿𝐿𝐿 + 𝑘𝑘𝐿𝐿𝐿𝐿
  5.5 

where 𝑃𝑃𝑃(𝑆)𝐿𝐿𝐿𝐿,𝑂𝑂𝑂 is the concentration of substance s at the lake outlet, 

𝑃𝑃𝑃(𝑆)𝐿𝐿𝐿𝐿,𝐼𝐼 represents the inflowing concentration from all river sources, 
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𝑄𝐿𝐿𝐿𝐿  is the discharge in m3/s entering the lake, k is the lake’s decay constant, 

and 𝑉𝐿𝐿𝐿𝐿  is lake volume, estimated by a geospatial volume estimation model 

(sensu Hollister and Milstead, 2010). We used the same constant k for both lake 

and river decay. Future models may improve on modelling lakes by incorporating 

a “tank-in-series” approach (Shanahan and Harleman, 1984; Anderson et al., 

2004).  

5.2.4 Dilution factors and percent wastewater in river 

We calculated dilution factors 𝐷𝐷 for each WWTP as the ratio between the 

downscaled river flow at the WWTP location and the reported discharge leaving 

each WWTP: 

 𝐷𝐷𝑊𝑊𝑊𝑊 =
𝑉𝑅𝑅𝑅𝑅𝑅 + 𝑉𝑊𝑊𝑊𝑊

𝑉𝑊𝑊𝑊𝑊
  5.6 

where 𝑉𝑅𝑅𝑅𝑅𝑅  is the flow volume in the river reach where the treatment plant is 

located, and 𝑉𝑊𝑊𝑊𝑊 is the sewage treatment plant effluent volume. 

Wastewater flow, expressed as a percentage of river flow, is an indicator that 

provides general information on a river’s status with regard to cumulative 

WWTP effluents and can help identify critical locations with a high effluent pro-

portion in river water. Based on reported river flow and accumulated effluent 

volume from all upstream WWTPs, we estimated the wastewater percentage in 

the watercourse as PW:  

 𝑃𝑃 = 100 ×
∑ 𝑉𝑊𝑊𝑊𝑊𝑖

∑ 𝑉𝑊𝑊𝑊𝑊𝑖 + 𝑉𝑅𝑅𝑅𝑅𝑅,𝑗
  5.7 

where 𝑉𝑅𝑅𝑅𝑅𝑅,𝑗  is the river reach’ i flow volume, and ∑ 𝑉𝑊𝑊𝑊𝑊𝑖  is the accumulated 

effluent volume from all wastewater treatment plants upstream of the river 

reach. We accumulated the effluent flow from WWTPs along the stream network 

and applied the above formula for each river reach. 
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5.2.5 Model uncertainty, sensitivity and validation 

Model uncertainty and sensitivity 

Contaminant fate models often evaluate multiple substances with differing envi-
ronmental behaviors. Due to the wide range of parameter input, at times ranging 
over various orders of magnitude, a calibration for each individual contaminant 
is complicated, time consuming, and limited by sparse measurement availability. 
Even if such calibration is achieved, an improvement over uncalibrated models is 
not always guaranteed (Webster and Mackay, 2003). For these reasons, CFMs are 
typically not calibrated but, rather, the PECs are based solely on the input pa-
rameters (i.e., substance use, metabolism, removal, in-stream decay).  

However, we acknowledge that model uncertainty results from disregarding 
important natural variability of our system. For example, inter-annual and sea-
sonal flow changes increase the range of concentrations in our river system and 
concentrations may be exceptionally high during extreme low flow events. An-
other example is added uncertainty from consumption variability, e.g., cross-
country or between-state differences in consumption patterns, or temporal 
changes in consumption (e.g. flu medication). As a third example, the removal 
efficiency of a treatment plant may be variable, e.g., can be substantially lower 
for combined sewer overflow systems, which allow some of the wastewater to be 
discharged untreated in case of high storm water volumes. 

Furthermore, we were unable to quantify uncertainty due to inherent model-
ling and measurement errors. Such uncertainty can result from modelling errors 
in the Global Hydrological Model, and from the downscaling to higher resolution 
river networks. The same applies to flow velocities, which affect in-stream re-
moval rates, because these are correlated to discharge in our model. 

In most cases, uncertainty is difficult to estimate, especially considering the 
fact that multiple, relatively unknown pharmaceuticals are modeled. Neverthe-
less, variability can be accounted for, to some degree, by performing Monte-Carlo 
simulations (Callahan, 1996) in which random values are selected for key varia-
bles from pre-defined probability density functions for a large number of model 
runs. Generally, each variable uses a specific probability density function, and the 
variation boundaries for each pharmaceutical are determined individually based 
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on the mean and deviation (e.g. +/- 0.5 std). However, due to the lack of infor-
mation on the variability of these variables and each pharmaceutical, we used a 
simpler approach, by which we fixed minimum and maximum variability using a 
single relative threshold for all variables and pharmaceuticals (we used a 50% 
deviation from the mean), and drew random values from a triangular probability 
distribution within the defined variability boundaries. For example, if the dis-
charge at a specific river reach was 5 m³/s, the Monte-Carlo module randomly 
selected a value between 2.5 m³/s and 7.5 m³/s from a triangular probability 
distribution. While this does not allow for confidence interval calculations, it 
does provide a sense of the model boundaries. This preliminary sensitivity anal-
ysis should be replaced by a more standard approach once better information 
about parameter variability becomes available. 

Validation of mass balance model 

Experimental validation of the simulated PECs with field measurements would 

be unreasonable for a contaminant fate model that assesses multiple chemicals, 

mainly due to the logistics and cost of sampling multiple different chemicals. 

Furthermore, in the case of many emerging contaminants, laboratory methods 

are not developed enough to detect these chemicals in the environment. In pre-

vious studies, contaminant fate models that share similar characteristics have 

performed reasonably well without calibration for a wide range of substances. 

In this study, we use common approaches for contaminant fate model valida-
tion (Feijtel et al., 1998; Anderson et al., 2004; Aronson et al., 2012), i.e. semi-
quantitative methods, specifically cumulative frequency plot comparisons, to 
evaluate mass balance module performance for one chemical: Carbamazepine 
(CBZ). CBZ, a commonly prescribed drug in Canada, shows low removal in 
wastewater treatment plants and is characterized by surface water persistence 
(half-life ~70 days), making it a good candidate for the validation of our mass 
balance model. CBZ is commonly detected in Canadian surface waters. The initial 
conditions that drive the mass balance model for CBZ are shown in Table 5.1. 

We used cumulative probability distributions to evaluate measured concen-
trations in rivers (e.g. Cunningham et al., 2009). We calculated cumulative distri-
butions for numerous CBZ measurements as found in the literature. In total, we 
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analyzed 373 reported samples from 19 different studies, including: Metcalfe et 
al. (2003); Miao and Metcalfe (2003); Brun et al. (2006); Hua et al. (2006); 
Lissemore et al. (2006); Lajeunesse and Gagnon (2007); MacLeod et al. (2007); 
Yargeau et al. (2007); Viglino et al. (2008); Garcia-Ac et al. (2009); Viglino et al. 
(2009); Li et al. (2010); Rahman et al. (2010); Tabe et al. (2010); Waiser et al. 
(2011). We plotted the concentrations as cumulative frequency curves that in-
cluded non-detects and followed the same procedure for our model simulations 
to allow direct comparison. 

Finally, we used point-by-point validation (e.g., Feijtel et al., 1998) to compare 
the simulated concentrations from our model to the observed concentrations 
measured at specific point locations in the river network. Ideally, the on-the-
ground observations should be collected following a specific and structured 
monitoring campaign. In this study, however, we used only observed concentra-
tions from two CBZ studies, one peer-reviewed study by Lajeunesse and Gagnon 
(2007) and one Master’s Thesis from the University of Waterloo (Kormos, 2007). 

5.2.6 Environmental concentrations and risk assessment 

In total, we selected 15 pharmaceuticals for environmental risk assessment. The 

selected set comprised those pharmaceuticals for which sufficient eco-

toxicological data was available in literature. With the baring exception of antibi-

otics, we considered a pharmaceutical to have sufficient ecotoxicological data if a 

chronic No Observed Effect Concentration (NOEC) for fish was available for its 

exposure. For antibiotics, the availability of an endpoint for cyanobacteria was 

required before it could be deemed to have sufficient data. The reason for this 

data availability requirement was that fish are known to be the most sensitive 

taxon to non-antibiotic pharmaceuticals (Fent et al., 2006), while cyanobacteria 

are the most sensitive taxon to antobiotics (Ebert et al., 2011).  

Subsequently, we predicted river concentrations for each chemical using the 
parameterization given in Table 5.1 for both low flow and average flow condi-
tions. In addition, we calculated risk indices for river reaches by calculating the 
ratio between predicted environmental concentrations (PEC) and the predicted 
no effect concentration (PNEC). Except for Ethinylestradiol (EE2), PNECs were 
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based on relevant toxicity benchmarks developed by Khan (2014). For EE2, we 
adopted the environmental quality standard proposed by the European Union of 
0.035 ng/L (SCHER, 2011). In general, PEC/PNEC > 1 is indicative of unaccepta-
ble risk. Finally, we plotted the risk indices as density curves for each chemical to 
further explore the potential risk of the chemical on environmental health.  

 

 

Table 5.1: Parameter values used for the calculation of the source and fate of pharmaceuticals. 

 Tot. 
con. 

Per 
cap. 
con. 

Metab-
oliza-
tion1 
 
 

Removal 
efficiency 
(R1) 

Removal 
effi-
ciency 
(R1+2) 

Instream 
degrada-
tion con-
stant 

Predicted 
No-Effect 
Concentra-
tion 

 TCN  𝐶𝐶𝑇𝑇 𝑚𝑠 𝑅1𝑇𝑇 𝑅2𝑇𝑇 𝑘 𝑃𝑃𝑃𝑃 

Pharmaceutical kg/ 
yr 

µg/ 
cap·d 

Frac-
tion 

Frac- 
tion 

Frac- 
tion day-1 ng/L 

5-Fluorouracil 537 45 0.221 0.07 0.41 0.3465 200 

Anastrozole 7.4 1 0.24 0.04 0.06 0 1000 
Atenolol 11436 960 0.88 0.11 0.40 0.024 148000 
Azithromycin 3061 257 1 0 0 0 9.4 
Bicalutamide 232 19 0.48 0.04 0.05 0 1000 
Carbamazepine 22443 1885 0.17 0 0.09 0.0088 500 
Diazepam 285 24 0.11 0 0 0 100 
Diclofenac 9057 761 0.24 0.01 0.42 0.28875 100 
Ethinylestradiol 
(EE2) 

9.7- 
13.1 

0.81- 
1.10 0.43 0.21 0.84 0.07 0.035 

Fulvestrant 0.15 0.013 0.19 0.65 0.72 0 0.57 
Hydrochlorothiazide 13778 1157 1 0 0 0 1000000 
Quetiapine 10182 855 0.029 0.09 0.12 0.0385 10000 
Sulfamethoxazole 16804 1411 0.30 0.003 0.50 0.0364 590000 
Tamoxifen 264 22 0.09 0.26 0.26 0.3465 22 
Trimethoprim 3651 307 0.79 0.10 0.25 0 240000 
1 Uex + Fex 
2 7-22 if injected, and 100 if topical 
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5.3 Results 

5.3.1 Discharge validation 

Long-term average discharge 

Figure 5.3 shows the results of long-term annual discharge (AVG-YEAR) com-

pared to and downscaled discharge used by the HydroROUT model at 57 sta-

tions. The linear regression model suggests a high correlation and indicates that 

the downscaled discharge accounts for 98.2% of observed data variation (coeffi-

cient: 1.05; residual standard error: 0.244). Additional validation sets and results 

incorporating a larger number of HYDAT gauging stations, as well as validation 

of monthly flows are available in S4.5.  

Low flow discharge validation 

We proposed to use the Q90-MONTH (i.e. the lowest long-term average monthly 
flow) as a substitute for the commonly used daily Q90 low flow index.  

Figure 5.3b shows that a very good correspondence exists between the two 
indicators, and Q90-MONTH accounts for 96.7% of (daily) Q90 value variations 
(coefficient: 1.123; residual standard error: 0.4461; statistically significant re-
sults at the 95% confidence level). However, Q90-MONTH tends to systematically 
overestimate Q90, in particular for very small streams. This means, with respect 
to fate modelling, that low flow assessments based on Q90-MONTH are likely to 
underestimate substance concentrations and contamination risk as compared to 
analyses using daily Q90.  

Figure 5.3c shows the comparison results between the observed and modeled 
low flow index Q90-MONTH for the “most reliable” 57 HYDAT stations. The line-
ar regression model confirms a high correlation and indicates that the Hydro-
ROUT model accounts for 90.2% of the variation in the observed data (coeffi-
cient: 1.043; residual standard error: 0.6743; statistically significant results at 
the 95% confidence level). As expected, the associated error for low flow condi-
tions is higher than for long-term average discharges. Differences between mod-
eled and reported low flows can vary by up to one order of magnitude, especially 
for smaller rivers. 
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Figure 5.3: A) Scatterplot of observed and simulated long-term average flows (AVG-YEAR). B) 
Comparison between daily Q90 and monthly proxy (Q90-MONTH). C) Observed (re-calculated 
from daily data) and modeled Q90-MONTH low flow values. 

 

This is likely caused by the more extreme nature of low flow conditions as 

well as the potential for significant anthropogenic influences in terms of flow 

regulation that are not adequately represented in the hydrological model. Ac-

cordingly, the uncertainty for predicting contaminant concentrations for low 

flow conditions is increasing. Nevertheless, in terms of contamination modelling 

this range of error is still tolerable for general screening and risk assessment 

analysis, assuming the goal of such assessments is to derive environmental con-

centrations within a factor of 10 (USEPA, 1996; Anderson et al., 2004).  
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5.3.2 Mass balance model validation 

Figure 5.4 shows a quantitative comparison between simulated and observed 

CBZ concentrations. Roughly 52% of samples across 19 studies detected CBZ in 

surface waters (lakes and bays were excluded). The observed and simulated con-

centrations plotted against each other showed relatively good agreement. The 

observed concentrations fall within the range of both average and low flow simu-

lated concentrations. The 95th percentile concentrations for CBZ were 13 ng/L 

(min 6 - max 29), 31 ng/L (11-65), and 85 ng/L under simulated average and 

low flow conditions, and for observed concentrations, respectively. 

Due to limited availability of geo-referenced measurements, we could only 

conduct point-by-point validations at a few locations, reported by Lajeunesse 

and Gagnon (2007) and Kormos (2007). Lajeunesse and Gagnon (2007) meas-

ured upstream and at distances of up to 8 km downstream of the Montreal 

wastewater treatment plant in the St. Lawrence River. The measurements of La-

jeunesse and Gagnon (2007) represent low flow conditions and indicate that the 

Montreal WWTP contributes strongly to the surface water concentrations of 

Carbamazepine. This observation is replicated (albeit at lower magnitude) in our 

model by the sharp increase of concentrations in the St. Lawrence River below 

the location of Montreal’s WWTP (Table 5.2). 

The study by Kormos (2007) measured and analysed raw surface water con-

centrations of Carbamazepine at two drinking water plants in the Grand River 

Basin, Ontario (see Figure S5.6) and included detailed river discharge at the time 

of measurement (see Table S5.8). The comparison between observed and simu-

lated flow showed good overall agreement between HYDAT’s reported low and 

average flow values with our model (Table 5.3) although the average flow is sim-

ulated notably higher than observed at Facility B. We then compared simulated 

concentrations under low flow conditions with predicted environmental concen-

trations from our model (Table S5.9). Despite the differences in modeled dis-

charge for one of the stations, we still observed a good agreement between ob-

served and simulated concentrations. We give a further detail of the evaluation of 

the two studies in S5.5. 
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Figure 5.4 Cumulative frequency plot with minimum, maximum, and average concentrations of 
Carbamazepine for all reaches of the river network. Black and grey colors represent average flow 
conditions; red and orange represent low flow conditions. Ranges are computed based on 500 
Monte-Carlo simulations with random variation of parameters up to 50% for substance usage, 
river discharge, and in-stream decay. Also plotted are observed concentrations for Carbamezap-
ine in Canadian surface waters, compiled from 19 studies which analyzed 373 samples for the 
presence of Carbamezapine. Cumulatively, Carbamezapine was detected in 52% of the samples 
analysed (non-detects are included in the graph).  
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Table 5.2: Simulated and observed Carbamazepine concentrations (ng/L) in the St. Lawrence 
River near Montreal. 

 0.5 km up-
stream 
WWTP 

0.5 km 
downstream 
WWTP 

2.5 km down-
stream WWTP 

4.5 km down-
stream 
WWTP 

8 km down-
stream 
WWTP* 

Lajeunesse and 
Gagnon (2007) 

0.8 7.4 5 4 3.5 

HydroROUT 
simulated 

0.77 1.7 1.7 1.7 2.0 

* Note: This location includes the load from two additional treatment plants and from the Miles 
Iles River 

 

Table 5.3: Comparison between observed and simulated long-term flow (m3/s) and between 
observed and simulated Carbamazepine concentrations (ng/L) at two drinking water stations at 
the Grand River, Ontario. The concentration for the “observed Q90-MONTH low flow” was ap-
proximated by taking the average of the shaded cells in Table S5.8 (representing months of low 
flow) across samples of both facilities. 

Location   Average Flow (m3/s)   Q90-MONTH (m3/s)   CBZ conc. (ng/L) 

    Obs. Sim.   Obs. Sim.   Obs. Sim. 
Facility A  37.9 42.3  14.4 11.4  21.6 25.8 
Facility B   58.1 91   20.1 25.1   49.6 48 

5.3.3 Dilution Factors 
Many screening-level risk assessment models are built on a hypothetical “repre-
sentative” scenario, based on apparently conservative assumptions regarding 
environmental dilution in multiple water bodies. Typically, such models for Can-
ada assume that a conservative risk assessment can be performed by using a de-
fault dilution factor (DF) of 10 (HC/EC, 2010). The suitability of such an assump-
tion remains to be evaluated. The model we developed here is particularly suited 
to perform such an evaluation.  

Under low flow conditions, our results indeed show that 90% percent of DFs 
of the analysed WWTPs are higher than 10 (Figure 5.5), suggesting that this val-
ue is a reasonable assumption for screening level assessments where risk man-
agement prioritization is the goal. However, our results also show that the actual 
risk is strongly dependent on hydrological conditions: 118 WWTPs showed low 
(1 to 5) to medium (5 to 10) DF values, suggesting potentially elevated risk 
downstream of these locations (Figure 5.6).  
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Figure 5.5: Cumulative frequency plot of dilution factors. A total of 888 WWTPs were included; 
WWTPs that discharge into lakes, or discharge seasonally were excluded. 

 

 

Figure 5.6: Map of dilution factors under low flow conditions (Q90-MONTH). 
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5.3.4 Percentage wastewater in rivers 

Even if dilution is high for individual treatment plants, cumulative effects from 

other treatment plants may increase the potential for environmental risk. Our 

results suggest that numerous important rivers in our study area are potentially 

at risk from wastewater treatment plant effluents under low flow conditions, due 

to substantial accumulated effluents volumes (Figure 5.7). For example, under 

low flow conditions, the effluent discharge percentage of total water flow can 

reach mean values of 14%, 16%, and 17% for the Thames, Credit, and Don Rivers 

respectively. Maximum concentrations in shorter stretches of rivers can yield up 

to 29%, 38%, and 61% of wastewater in the Maitland, Blanche, and Credit Riv-

ers, respectively (Table 5.4).  

 

 

Figure 5.7: Percentage of wastewater in river course under low flow conditions (Q90-MONTH). 
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Table 5.4: Percentage of wastewater in river courses under low flow conditions (Q90-MONTH) 

No. Name Wastewater %  
(max) 

Wastewater %  
(mean) 

Province 

1 Credit River 62 14 ON 
2 Blanche River 38 4 ON 
3 Maitland River 29 7 ON 
4 Thames (North Thames) 21 16 ON 
5 Grand River 19 10 ON 
6 Don River 18 17 ON 
7 Mississippi River 17 9 ON 
8 Ausable River 13 3 ON 
9 Yamaska 9 5 QC 
10 Rivière du Nord 9 6 QC 
11 Rivière Bécancour 8 4 QC 
12 Rivière des Envies 7 2 QC 
13 Rivière Doncaster 7 2 QC 
14 Rivière L'Assomption 4 2 QC 
15 Rivière Champlain 4 2 QC 

5.3.5 Environmental risk assessment 

We evaluated environmental risk assessment for the 15 chemicals selected for 

the study area and present the results in Figure 5.8 and Table 5.5. Of the 15 

chemicals analyzed, the release of the antibiotic Azithromycin and the exogenous 

estrogen used in birth control pills, Ethinylestradiol (EE2), were found to present 

risk to the receiving aquatic environment.  

The geospatially disaggregated concentrations of the antibiotic Azithromycin 

are shown in Figure 5.9 (see also Figure S5.1 and Figure S5.2 for average flow 

conditions). Substantial river courses show elevated concentrations over exten-

sive river lengths. On average, the Monte-Carlo runs indicated that the substance 

showed PEC concentrations higher than PNEC in 17.2% of the affected river 

reaches with a minimum of 8.6% and a maximum of 35.3% affected. Under aver-

age flow conditions, Azithromycin still triggered risk in 7.6% (min: 1.7%; max: 

16.9%) of the river courses.  

Geospatial concentrations of EE2 are shown in Figure 5.10 (see also Figure 

S5.1 and Figure S5.2 for average flow conditions). EE2 showed average PEC con-
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centrations higher than PNEC in 3.0% (min: 0.8%; max; 7.8%) of the affected 

river reaches (Table 5.5). Under average flow conditions, EE2 triggered risk in 

0.6% (min: 0.1%; max: 2.7%) of the river courses. We assumed PNEC for EE2 to 

be equal to the environmental quality standard developed by the EU (SCHER, 

2011).  

The risk predicted for EE2 release is lower than that predicted by Johnson et 

al. (2013) for a number of countries in Europe. The reason for this may be higher 

per capita EE2 consumption in Europe compared to Canada (Johnson et al., 

2013) and lower dilution levels that are available in Europe compared to Canada 

for sewages upon their release to the environment (Keller et al., 2014).  

 

 

 

Figure 5.8: Risk indices (PEC/PNEC) for simulated chemicals under low flow conditions. Risk 
Index is calculated as the ration of Predicted Environmental Concentration (PEC) over the Pre-
dicted No-Effect Concentration (PNEC). 
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Table 5.5: Minimum, mean and maximum 95th percentile concentrations of pharmaceuticals (ng/L) 
in rivers under average flow conditions (AVG-YEAR) and low flow conditions (Q90-MONTH). ‘Min’ 
and ‘Max’ percentile concentration refer to the results of the Monte-Carlo runs, representing bounda-
ry concentrations, whereas ‘mean’ refers to the average of Monte-Carlo runs. Also shown are the per-
centages of river length affected downstream of WWTPs (total length of rivers 36,419 km) that ex-
ceed PNEC concentrations (Risk Index > 1). Substances that trigger risk in any form are emphasized 
in bold. 

 
 

Average flow scenario 
(AVG-YEAR) 

Low flow scenario  
(Q90-MONTH) 

Pharmaceutical 
PNEC 
(ng/L) 

Mean 95th  
percentile  

conc. (ng/L) 

Risk Index  
>1 (% river 

length) 

Mean 95th  
percentile  

conc. (ng/L) 

Risk Index  
>1 (% river 

length) 

5-Fluorouracil 200 0.24 
(min: 0.11; 
max: 0.55) 

0 
0.64 

(min: 0.29; 
max: 1.41) 

0 

Anastrozole 1000 0.01 
(min: 0.005; 
max: 0.025) 

0 
0.025 

(min: 0.01; 
max: 0.06) 

0 

Atenolol 1.48 x 10^5 25.7 
(min: 11.4; 
max: 58.4) 

0 
64.2 

(min: 29.1; 
max: 142.1) 

0 

Azithromycin 9.4 12.1 
(min: 5.4; 
max: 27.7) 

7.6 
(min: 1.7; 
max: 16.9) 

27.5 
(min: 12.3; 
max: 61.2) 

17.2 
(min: 8.6; 
max: 35.3) 

Bicalutamide 1000 0.42 
(min: 0.19; 
max: 0.95) 

0 
0.95 

(min: 0.42; 
max: 2.11) 

0 

Carbamazepine 500 12.2 
(min: 5.4; 
max: 27.5) 

0 
30 

(min: 13.6; 
max: 66.4) 

0 

Diazepam 100 0.13 
(min: 0.05; 
max: 0.28) 

0 
0.28 

(min: 0.12; 
max: 0.63) 

0 

Diclofenac 100 4.5 
(min: 2.1; 
max: 10.3) 

0.00006 
(min: 0; 

max: 0.1) 

12 
(min: 5.6; 
max: 26.5) 

0.0004 
(min: 0; 

max: 0.3) 
Ethinylestradiol 
(EE2) 

0.035 0.0075 
(min: 0.0033; 
max: 0.0172) 

0.6 
(min: 0.1; 
max: 2.7) 

0.0188 
(min: 0.0086; 
max: 0.042) 

3.0 
(min: 0.8; 
max: 7.8) 

Fulvestrant 0.57 0.00005 
(min: 0.000022; 
max: 0.000115) 

0 
0.000139 

(min: 0.000063; 
max: 0.0003) 

0 

Hydrochloro-
thiazide 

10^6 54.7 
(min: 24.2; 
max: 124.6) 

0 
123.7 

(min: 55.4; 
max: 275.3) 

0 

Quetiapine 10^4 0.9 
(min: 0.4; 
max: 2) 

0 
2.2 

(min: 1; 
max: 4.8) 

0 

Sulfamethoxa-
zole 

5.9 x 10^5 11.3 
(min: 5.1; 
max: 25.5) 

0 
30.2 

(min: 13.6; 
max: 66.2) 

0 

Tamoxifen 22 0.06 
(min: 0.03; 
max: 0.13) 

0 
0.15 

(min: 0.07; 
max: 0.33) 

0 

Trimethoprim 2.4 x 10^5 9.5 
(min: 4.2; 
max: 21.7) 

0 
22.17 

(min: 9.9; 
max: 49.18) 

0 
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Figure 5.9: Simulated Azithromycin concentrations in rivers under low flow conditions and asso-
ciated risk indices assuming PNEC of 9.4ng/L (see SI for maps under average flow conditions). 
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Figure 5.10: Simulated Ethinylestradiol concentrations in rivers under low flow conditions and 
associated risk indices assuming PNEC of 500ng/L (see SI for maps under average flow condi-
tions). 

 

  



Chapter 5 

 

174 

 

5.4 Discussion 

We first calculated the percentage of wastewater in river flow indicator. As a 

separate indicator which can be derived relatively easy, the results pinpoint geo-

graphic hotspots of elevated generic risk and may be targeted in management 

plans to improve the wastewater treatment infrastructure or reduce consump-

tion and disposal of certain chemicals upstream.  

We then estimated risk for 15 pharmaceutical and found quite high risk for 
Azithromycin. To better appraise risk posed by the aquatic release of Azithromy-
cin, it is worth discussing the manner in which its PNEC was estimated. We esti-
mated Azithromycin’s PNEC by dividing an acute endpoint for cyanobacteria 
with an application factor (AF) of 100 (Khan, 2014). We deemed this necessary, 
since the available endpoint for the critical taxon was an acute endpoint. Appar-
ent Azithromycin risk may reside partially in the high AF required to evaluate its 
PNEC. Therefore, a chronic endpoint for the exposure of Azithromycin to cyano-
bacteria needs to be developed. Nevertheless, currently available data indicates 
that Azithromycin release presents an unacceptable risk to the study area.  

The risk of EE2 was also found elevated. PNEC for EE2 was developed with an 

AF of 2, which is indicative of the fact that there is good confidence in the ecotox-

icological data available for fish exposure to EE2. Therefore, the predications 

made here can be taken to suggest that EE2 may be presenting an unacceptable 

risk to a small number of river reaches in the study area. Yet, the risk posed by 

EE2 when assessed on its own also has limitations, because EE2 is known to act 

with other endogenous estrogens to result in fish developing intersex character-

istics (Williams et al., 2009).  

However a number of shortcomings and unaddressed uncertainties should be 

mentioned and steps should be taken to address uncertainties more completely 

in the future. Regarding discharge, we found a good agreement between our 

downscaled model values and the discharge measured at gauging stations. Nev-

ertheless, for large-scale runoff modelling, important factors affecting routed 

discharge accuracy include, but are not limited to, errors in the routing process 

(e.g., related to flow velocity, channel geometry, flow attenuation) and errors due 

to inadequately represented flow regulation structures. Human controlled flow 
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regulation features, such as dams and reservoirs, are common in the study area, 

possibly causing a misrepresentation of low flow conditions in particular. Also, 

errors in routing diverging (bifurcating) river channels (which may converge 

again further downstream) can cause significant inaccuracies in HydroROUT as 

the model is currently unable to represent this situation. Another source of un-

certainty is the simplified estimation of flow velocity. In the current model ver-

sion, we use variable flow velocity based on Allen et al. (1994). This approach is 

very simplistic and affects, among other things, the time available for in-stream 

decay. This method is subject to further verification and uncertainty analysis; 

however we do not consider it a main contributor to uncertainty in this case. 

The validation using Carbamazepine revealed differences between observed 

and simulated 95th percentile concentrations, which can be attributed, in part, to 

the limited data point availability across different river sizes, but more likely to 

the fact that measurements are generally biased towards collecting samples from 

surface waters with high concentrations, such as downstream of wastewater 

treatment plants (Hannah et al., 2009). Furthermore, almost no study records 

river flow at the time of measurement, which further complicates the compari-

son. A possible improvement to the validation methodology could be achieved by 

comparing cumulative probability plots for specific regions with simulated and 

reported concentrations from similar river reaches. 

To assess model sensitivity related to parameter uncertainty, the Monte-Carlo 

simulation module is currently based on simplified assumptions to generate 

combinations of parameter sets. We believe, however, that better uncertainty 

calculation implementations can further improve model output confidence.  

We have not addressed the temporal variation in product consumption and 

associated chemical emissions. Consumption may vary inter-annually or season-

ally, change between different days of the week, or follow diurnal fluctuations 

(Kormos, 2007). These patterns in product consumption are currently disre-

garded since such information is typically not available. More insight into specif-

ic chemical variations could improve sensitivity analysis settings and allow for 

more realistic results. Sales data at individual province or city levels or even at 

finer scales is readily available. Therefore, in cases where substance consump-
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tion differs significantly by region, the accuracy of predictions could be much 

improved. Such data is available (e.g., from the firm IMS Health); however, the 

associated costs have prohibited their inclusion in this study. 

Additionally, the contaminant fate model does not currently include input 

from atmospheric deposition, erosion, surface runoff, or from non-treated 

wastewater. The latter could be a significant contributor since the connection of 

population to sewage treatment plants is incomplete. 

5.5 Conclusions 

We developed a first version of a new geospatial chemical fate model that com-

bines a global, high-resolution hydrographic framework HydroSHEDS with a river 

routing model, HydroROUT, to estimate sources and fate of chemicals, and vali-

dated the performance in a case study focusing on the Saint Lawrence River ba-

sin. We simulated environmental concentrations for 15 pharmaceuticals and 

identified potentially elevated risk for the estrogen Ethinylestradiol (EE2) and the 

antibiotic Azithromycin in a moderate and large number of river reaches, respec-

tively. 

Based on the results presented, we believe that our model is capable of realis-

tically estimating in-river contaminant concentrations for the purpose of screen-

ing for problematic chemicals, especially considering that a typical goal of such 

models is to simulate concentrations that are within an order of magnitude of 

measured concentrations. Yet, a number of improvements can be made to gain 

greater confidence in our model simulation: 

The discharge used in the HydroROUT chemical fate model is in good agree-

ment with data from gauging stations, although further improvement can be 

made to model low flows more accurately, which tend to be simulated too high 

compared with commonly used low flow metrics such as Q90. As such our model 

may underestimate risk under low flow conditions.  

Our model is unique in linking to high-resolution databases of lakes, and by 

taking into account lake removal processes, which are particularly important in 
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Canada’s lake-rich environments. Yet future development should include more 

validation of lake volumes estimation and possibly also test other lake removal 

models. 

A future goal is to extend this model to the Canadian scale to support the im-

plementation of the Canadian Chemical Management Plan. Based on the experi-

ences with this pilot study, we see this goal within our reach, if substantial work 

is conducted to gain greater confidence in our discharge model, especially focus-

sing on low flow metrics, and if enough resources are available to invest in the 

time to link the contaminant sources such as WWTP, which took a substantial 

share of the model development time. The seamless hydrographic database facili-

tated modelling of cross-border contributions from sources outside Canada, 

which is otherwise difficult, and typically a major roadblock in developing models 

across national boundaries. This is especially true for the availability of discharge 

data, which is seamlessly available from HydroSHEDS, two of the major compo-

nents of a Canadian-wide contaminant fate model. 

We anticipate that this model will serve other functions as well. For example, it 

could be used in conjunction with on-going research to evaluate the importance 

of a number of emerging contaminants; to evaluate the cumulative effects of pol-

lutant loadings originating from urban communities and industries (e.g., hospi-

tals, mining, petroleum, pulp and paper) across entire watersheds at large scales; 

and to simulate the potential impacts of specific events that can result in signifi-

cant particular pollutant emissions across watersheds for relatively short periods 

of time (e.g., during the extensive use of pharmaceuticals during pandemics).  

Our model aims to enhance our scientific understanding of the legacy of con-
taminants at large and to create a leading, large-scale contaminant fate model that 
can serve as a unique tool to study risks and future threats related to cumulative 
effluents of substances from domestic, agricultural, or industrial sources; screen 
for critically impacted areas; and test or optimize mitigation scenarios. If extended 
to the national scale, the model can support the implementation of the Canadian 
Chemical Management Plan by adding a geospatial risk assessment component. 
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Supplementary information 

 

S5.1 Maps of chemical concentration 

 

 

Figure S5.1: Simulated concentrations for Azithromycin (top panel) and Ethinylestradiol (bottom 
panel) under average flow conditions (AVG-YEAR).  
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S5.2 Maps of risk index 

 

 

Figure S5.2: Simulated risk indices for Azithromycin (PNEC = 9.4 ng/L; top panel) and for Car-
bamazepine (PNEC = 500 ng/L; bottom panel) under average flow conditions. 
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S5.3 Detailed hydrological model validation 

In order to evaluate the accuracy and uncertainty associated with the Hydro-

ROUT model, we compared our downscaled discharge estimates with the re-

ported values of HYDAT gauging stations (Environment Canada, 2012). 

To evaluate the general quality of the downscaled discharge estimates used in 
HydroROUT, long-term average flows and low flows were compared across sta-
tions using a linear regression analysis. In a second comparison, the ability of the 
HydroROUT model to simulate the annual flow regime was tested using the 
Nash-Sutcliffe Efficiency (NSE) as the quality indicator.  

By means of the Environment Canada Data Explorer, average daily stream 
flows of gauges in the provinces of Quebec and Ontario were extracted from HY-
DAT (Environment Canada, 2012) in a time series format. Location information 
is provided for all gauging stations as coordinates in decimal degrees. The HY-
DAT gauging stations had to be co-registered (i.e., snapped) to the stream net-
work of HydroROUT to allow for the assignment of simulated (downscaled) long-
term average monthly flows and upland area from the river network model to 
each station. With the use of provincial dam and reservoir data, gauging stations 
downstream in close proximity to potential sources of flow regulation were 
flagged accordingly; yet it is important to note that this information was not 
readily available for Ontario, thus only Quebec rivers were attributed for the 
presence of dam structures in near vicinity. Finally, the difference in upland wa-
tershed area between the reported values of the HYDAT stations and the simu-
lated values based on HydroSHEDS was calculated. This difference serves as a 
measure of accuracy for the co-registration of the HYDAT gauging station to the 
HydroROUT stream network.  

For the subsequent validation purposes, different subsets of stations in the 
provinces of Quebec and Ontario were selected by extracting them from the total 
of 522 available stations. In particular, a set of 57 “most reliable” stations was 
derived based on the following, consecutive criteria: 

1) Stations need to have 30 years of observed, uninterrupted records in the ‘cli-
mate normal’ period (1961-90) - number of stations reduced to 235  
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2) Stations need to show a difference of maximum 10% between reported HY-
DAT and estimated HydroSHEDS watershed area - number of stations reduced 
to 156. 

3) Stations cannot have a known major dam or reservoir downstream in close 
proximity as the effect of flow regulations are not included in our downscaled 
discharge estimations - number of stations reduced to 57.  

Additional validation sets with more HYDAT stations and different criteria 

have also been evaluated (see Table S5.1 and Table S5.2, as well as Figure S5.3 

and Figure S5.4 for results). The R statistical software and its HydroTSM package 

(Zambrano-Bigiarini, 2011) were used to calculate statistics relevant to the vali-

dation of the modeled discharge data. Daily and monthly statistics were calculat-

ed for each HYDAT station from daily flow data during the study period. For the 

HydroROUT model, only monthly statistics were calculated from the long-term 

average monthly flow data. The following hydrological indicators were assessed 

for observed flows (HYDAT) and simulated flows (HydroROUT): 

• MQ: long-term average flow for time series 1961-90  

• Annual flow regime: series of 12 representative monthly flow values (Jan-Dec) 
representing the average flow for each month calculated from the period 
1961-90  

• Q90: daily flow that is exceeded at 90% of time (only calculated for HYDAT 
data)  

• Q90-MONTH : average flow of the lowest month in the annual flow regime 
(see above)  

The risk from chemical substances in surface waters is usually assessed under 
low flow conditions for which Q90 is a frequently used indicator. Typically, Q90 
is calculated from daily discharge measurements, but as the WaterGAP runoff 
estimates are given as monthly time series, we approximated (daily) Q90 with a 
substitute, namely Q90-MONTH. To explore the validity of this approach, we first 
assessed the relationship between Q90 and Q90-MONTH for observed HYDAT 
flows by performing a linear regression analysis, and then applied a second line-
ar regression to test the correlation of Q90-MONTH between observed HYDAT 
and simulated HydroROUT values. 
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Table S5.1: Statistics for low flow (Q90-MONTH) validation using different sets of HYDAT gaug-
ing stations with different characteristics (for corresponding scatterplots see Figure 5.3). 

Set Max. upland 
error (%) 

Years of 
data 

R2 Number of 
stations 

A 10 10 0.89 307 

B 10 30 0.92 97 

C 25 10 0.88 367 

D 25 30 0.91 111 

E 100 10 0.43 458 

F 100 30 0.35 138 
     

     

Table S5.2: Statistics for long-term average flow validation using different sets of HYDAT gauging 
stations with different characteristics (for corresponding scatterplots see Figure S5.4). 

Set Maximum up-
land error (%) 

Years of 
data 

R2 Number of 
stations 

G 10 10 0.97 307 

H 10 30 0.97 97 

I 25 10 0.97 367 

J 25 30 0.97 111 

K 100 10 0.40 458 

L 100 30 0.31 138 
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Figure S5.3: Scatterplots for observed and modeled low flow (Q90-MONTH) values (see Table 
S5.1 for more explanation). Plots E and F include stations with large discrepancies in reported 
versus modeled watershed areas; these HYDAT stations may either be co-registered to incorrect 
tributaries on the HydroSHEDS river network; or may be located on braided stream channels (or 
canals) which are not properly represented in HydroSHEDS; or their watershed may be incor-
rectly delineated in HydroSHEDS. 
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Figure S5.4: Scatterplots for observed and modeled long-term average flow values (see Table 
S5.2 for more explanation). Plots K and L include stations with large discrepancies in reported 
versus modeled watershed areas; these HYDAT stations may either be co-registered to incorrect 
tributaries on the HydroSHEDS river network; or may be located on braided stream channels (or 
canals) which are not properly represented in HydroSHEDS; or their watershed may be incor-
rectly delineated in HydroSHEDS. 
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Comparison of long-term average monthly flows 

Figure S5.5 depicts four graphs with comparisons of flow regimes for long-term 

average monthly flows derived from observed HYDAT station data and 

downscaled for use in the HydroROUT model. The Nash-Sutcliffe model efficien-

cy (NSE) was used as a measure for the strength of the correlation. This analysis 

was executed using the HydroGOF package (Zambrano-Bigiarini, 2011) in R. NSE 

values can range from minus infinity to 1, with 1 being the best value, and nega-

tive values indicating a less than random fit. 

Based on these NSE values, we prescribed ratings following (with slight modi-

fications) suggestions by Moriasi and Arnold (2007) for examining river flow da-

ta with a monthly time step (Table S5.3). Although the resulting NSE coefficients 

are low or unsatisfactory in many cases, these results need careful interpre-

tation. In particular, the NSE coefficient is not very suitable for capturing situa-

tions where a temporal shift in discharge regimes exists while the overall shape 

of the curve is similar (see Figure S5.5, lower right panel). Such shifts are often 

observed in large-scale models for high latitudes, where snowmelt process are 

predominant, and temporal shifts of one or two months due to inadequate rep-

resentation of daily temperature fluctuations (which induce snow melt) are 

common. The most important measure for our contamination risk assessment 

model, i.e. the magnitude of the low flow index Q90-MONTH, may still be repre-

sented reasonably well despite this temporal shift in the flow regime. 
 

Table S5.3: NSE rating summary for 57 selected HY-
DAT stations 

NSE rating Range Count 

Very Good 1.00 ≥ NSE >0.75 2 

Good 0.75 ≥ NSE > 0.65 3 

Satisfactory 0.65 ≥ NSE > 0.50 5 

Inconclusive 0.50 ≥ NSE ≥ 0 14 

Unsatisfactory NSE < 0 33 
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NSE rating example: very good fit  
(NSE=0.85; Station ID: 02QB001) 

NSE rating example: good fit  
(NSE=0.7; Station ID: 02OJ007) 

  

  

NSE rating example: satisfactory fit  
(NSE=0.53; Station ID: 02CC005) 

NSE rating example: Unsatisfactory fit (NSE=-
1.49; Station ID: 05QD006) 

Figure S5.5: Flow regime examples and Nash-Sutcliffe Efficiency (NSE) ratings. 
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S5.4 Wastewater treatment plants 

Data was available for a total of 1283 WWTPs within the study area. At the time 

of data collection in 2013, Quebec had the most treatment plants with a total of 

692, followed by Ontario with 473. The states of Vermont and New York in the 

contributing basin areas had 45 and 73 WWTPs, respectively. All 1283 WWTPs 

discharge a total effluent volume of 13.8 million m3 per day and serve a total 

population of 15.3 million people (see Table S5.4). From the total of 1283 given 

treatment plants, we included 1198 in the current model and excluded 85 due to 

lack of information (treatment type, population, location).  

The distinction of direct discharge into lakes is an important characteristic of 

the model implementation. According to the available data, 221 WWTPs dis-

charge a total volume of 4.5 million m3 per day into 89 lakes across the four 

provinces/states. Further information, a breakdown of WWTPs that discharge 

into lakes by region, and statistics for all lakes with WWTPs are included in Table 

S5.5 and Table S5.6. 
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Table S5.4: Summary statistics of discharge volume, population served, and number of WWTPs 
by province/state 

Treatment type Ontario Quebec 
New 
York Vermont Total 

No treatment 
  

 
  

Discharge (m³/day) 4,195 39,238  
 

43,433 
Population served 1,708 44,002  

 
45,710 

Number of WWTP 5 63  
 

68 

Primary treatment 
  

 
  Discharge (m³/day) 535,395 3,628,418 14,896 42 4,178,750 

Population served 533,873 2,734,625 24,805 366 3,293,669 
Number of WWTP 21 35 25 1 82 

Lagoon treatment 
  

 
  

Discharge (m³/day) 224,181 1,473,220 9,539 8,487 1,715,427 
Population served 299,551 1,915,737 10,213 18,171 2,243,672 
Number of WWTP 171 516 9 12 708 

Activated sludge 
  

 
  

Discharge (m³/day) 6,019,814 626,299 29,583 4,471 6,680,167 
Population served 7,414,725 735,791 34,759 9,077 8,194,352 
Number of WWTP 232 37 23 2 294 

Trickling filter 
  

 
  

Discharge (m³/day) 103,983 651,841 41,185 9,615 806,624 
Population served 115,852 885,881 35,121 7,831 1,044,685 
Number of WWTP 11 30 6 1 48 

Tertiary treatment 
  

 
  

Discharge (m³/day) 39,582 101,210 66,699 97,016 304,507 
Population served 41,012 138,846 67,435 183,279 430,572 
Number of WWTP 17 11 10 29 67 

Non-surface discharge 
or treatment type un-
known 

  
 

  
Discharge (m³/day) 82,612 

 
 

 
82,612 

Population served 57,570 
 

 
 

57,570 
Number of WWTP 16 

 
 

 
16 

Total effluent (m³/day) 7,009,762 6,520,226 161,902 119,630 13,811,520 
Total pop. served 8,464,291 6,454,882 172,333 218,724 15,310,230 
Total # of WWTP 473 692 73 45 1,283 
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Table S5.5: Volume of wastewater directly 
discharged into lakes by region. 

Region # WWTPs  
discharging  
into lakes 

Effluent  
discharged  
(m³/day) 

Population  
served 

Quebec 44 71,153 108,717 

Ontario 149 4,405,978 5,468,433 

Vermont 7 25,764 55,903 

New York 21 45,512 45,512 

Total 221 4,548,407 5,679,571 
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Table S5.6: Statistics of lakes that receive direct discharge from WWTPs 

Lake Name 
 

# of WWTPs 
discharging 

into lake 

Total popula-
tion served 

Effluent 
Received 
(m3/day) 

Lake surface area 
(sq. km) 

Lake Ontario  46 4,576,034 3,509,777 19,347 

Lake Michigan  31 190,515 180,729 117,120 

Lake Champlain  12 75,793 50,605 1,141 

Lake Erie  12 57,685 88,072 25,767 

Lake Simcoe  7 107,065 100,901 759 

Lac St. Jean  5 15,455 11,896 1,066 

Lake Superior  5 110,388 116,869 81,843 

Lake 
Timiskaming  

4 7,055 6,520 204 

Lac Aylmer  3 5,480 4,213 32 

Lake Muskoka  3 6,408 4,135 115 

Buckhorn Lake  2 2,452 3,373 109 

Lac Magog  2 3,655 1,195 11 

Lac Megantic  2 440 110 27 

Sturgeon Lake  2 16,993 18,547 43 

Other Lakes  
(total 78)  

85 504,153 451,464 4,904 

Total 221 5,679,571 4,548,407 252,488 
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S5.5 Mass balance validation: point-by-point 

Case 1: St. Lawrence River at Montreal 

In order to conduct a point-by-point validation, we used point locations provided 

by Lajeunesse and Gagnon (2007), who measured upstream and at distances of 

up to 8 km downstream of the Montreal wastewater treatment plant in the St. 

Lawrence River. Montreal’s WWTP is only equipped with primary treatment 

technology. As a result, little pharmaceuticals are removed due to the treatment 

process (see also Gagnon and Lajeunesse, 2012). The measurements of Lajeu-

nesse and Gagnon (2007) represent low flow conditions and indicate that the 

Montreal WWTP contributes strongly to the surface water concentrations of 

Carbamazepine. This observation is replicated (albeit at lower magnitude) in our 

model by the sharp increase of concentrations in the St. Lawrence River below 

the location of Montreal’s WWTP (Table S5.7). 

 

Table S5.7: Simulated and observed Carbamazepine concentrations (ng/L) in the St. Lawrence 
River near Montreal 

 0.5 km up-
stream 
WWTP 

0.5 km 
downstream 

WWTP 

2.5 km 
downstream 

WWTP 

4.5 km 
downstream 

WWTP 

8 km down-
stream 
WWTP* 

Lajeunesse 
and Gagnon 
(2007) 

0.8 7.4 5 4 3.5 

HydroROUT 
simulated 0.77 1.7 1.7 1.7 2.0 

* Note: This location includes the load from two additional treatment plants and from the Miles 
Iles River 

 

The comparison with the study by Lajeunesse and Gagnon (2007) needs care-

ful interpretation. The measured river flow at the day of observation was 8340 

m³/s according to HYDAT at station St. Lawrence/Lasalle (Station ID: 020A016), 

whereas HydroROUT’s Q90-MONTH index for low flow conditions indicates 

7776 m³/s, i.e. nearly 10% lower than the measured value. Higher concentra-

tions are thus expected from HydroROUT, yet simulated concentrations are 
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roughly 40% lower than observed. On the other hand, Lajeunesse and Gagnon 

(2007) do not provide measured effluent concentrations from the WWTP for the 

observation date. Although little inter-annual variation may be expected, the 

same study references two effluent measurements at the same time of the year 

that differ by a factor of seven (656 ng/L on 27 April 2005 compared to 91 ng/L 

on 26 April 2006). Since we do not know the effluent concentrations on the day 

of observation, we cannot be sure whether the given in-river concentrations are 

on the high or low end of the spectrum.  

Finally, it should be noted that literature studies in general tend to rely on 

measurements made directly in the sewage effluent or immediately downstream 

of a treatment plant, likely within the discharge plume of the WWTP. Our current 

model cannot represent concentrations at specific points within the mixing zone 

since it assumes full mixing of the wastewater parcel upon release. Therefore, 

simulated concentrations might be smaller than those reported in literature. 
 

Case 2: Grand River at Kitchener 

 A study by Kormos (2007) measured and analysed raw surface water concentra-

tions of Carbamazepine at two drinking water plants in the Grand River Basin, 

Ontario (see Figure S5.6) and included detailed river discharge at the time of 

measurement (Table S5.8). The comparison between observed and simulated 

flow showed good overall agreement between HYDAT’s reported low and aver-

age flow values with our model (Table S5.9) although the average flow is simu-

lated notably higher than observed at Facility B. We then compared simulated 

concentrations under low flow conditions with predicted environmental concen-

trations from our model (Table S5.9). Despite the differences in modeled dis-

charge for one of the stations, we still observed a good agreement between ob-

served and simulated concentrations. Note that the variability in monthly load-

ing was quite high, ranging from 441g to 855g for Facility A, and 1205g to 2757g 

(excluding the outliers in August 2005) for Facility B. 
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Figure S5.6: Location of measurement stations (Fa-
cility A and B). Map from Kormos (2007). 

 

 

 

  



Chapter 5 

 

194 

 

Table S5.8: Raw surface water concentrations of Carbamazepine (ng/L) and mean daily flows 
(m3/s) at two drinking water stations at the Grand River, Ontario (Kormos, 2007; see p. 123 and 
152). Flow measurements from HYDAT stations; grey shading indicates measurements in low 
flow periods (as used in Table S5.9). Numbers in parenthesis are considered outliers. 

Year '05 '05 '05 '05 '05 '05 '05 '05 '05 ‘06 ‘06 ‘06 

Day/Month 5/4 3/5 7/6 5/7 2/8 6/9 4/ 
10 

15/ 
11 

6/ 
12 

3/1 7/2 7/3 

Facility A             

Con. Sample 1 2.8 7.6 25 27 22 16 19 24 11 7.1 3.2 12 

Con. Sample 2 2.7 7.1 22 28 20 17 18 22 11 8.5 2.8 12 

Observed flow 85 30 15 10 11 10 13 10 25 30 65 15 

Facility B             

Con. Sample 1 7.9 14 52 72 (1015) 51 33 42 18 19 8.2 27 

Con. Sample 2 7.6 14 53 67 (961) 52 31 43 21 16 7.9 29 

Observed flow 140 50 20 15 13 14 15 15 30 48 95 25 

 

Table S5.9: Comparison between observed and simulated long-term flow (m3/s) and between 
observed and simulated Carbamazepine concentrations (ng/L) at two drinking water stations at 
the Grand River, Ontario. The concentration for the “observed Q90-MONTH low flow” was ap-
proximated by taking the average of the shaded cells in Table S5.8 (representing months of low 
flow) across samples of both facilities. 

Location   Average Flow (m3/s)   Q90-MONTH (m3/s)   CBZ conc. (ng/L) 

    Obs. Sim.   Obs. Sim.   Obs. Sim. 
Facility A  37.9 42.3  14.4 11.4  21.6 25.8 

Facility B   58.1 91   20.1 25.1   49.6 48 
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Connecting statement (Ch. 6) 

Chapter 5 demonstrated the extension of HydroROUT as a chemical fate model in 

a major Canadian river basin, and estimated risk for 15 commonly used pharma-

ceuticals in Canada. In chapter 6, HydroROUT is adapted further to perform at an 

even larger scale as the first high-resolution chemical fate model applied to 

modelling the risk of hormones as endocrine disruptors in continental China.  

China was chosen due to its pressing water quality problems, but also because 

current models designed for North America or Europe cannot easily be trans-

ferred to China (and other developing or transitional countries) due to data limi-

tations. Current models (including my own adaptation developed in chapter 5) 

neglect sources from populations not connected to wastewater treatment plants, 

but these sources release contaminants directly into the environment, which 

may in fact present greater ecological risk than local releases from wastewater 

treatment plants which serve larger populations. 

In this chapter, I developed a pilot model where the sources of non-connected 

households are specifically included as a distributed source of contamination. I 

integrated raster data and developed downscaling methods to estimate contami-

nant releases from these distributed sources. I then explore the relative im-

portance of distributed (non-point) versus point sources (i.e., wastewater treat-

ment plants), and estimate the combined risk from hormones for Chinese fresh-

water systems. 
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Abstract  

The contamination of freshwater systems is increasing in many river basins due 

to industrialization and population growth, posing risks to ecosystems and hu-

man health. However, the sources and fate of many chemicals are currently un-

known. We developed a first version of a new spatially-explicit contaminant fate 

model as an extension of the river routing model HydroROUT, a vector-based 

framework for river routing. HydroROUT operates at very high spatial resolution 

(~500m), simulates river and stream chemical transport with in-stream remov-

al, and contains links to a set of lakes larger than 1 km2 which act as a partial 

sink during the transport. The chemical fate model includes a consumption and 

release model, considers point-source contributions from wastewater treatment 

plants, and accumulates contributions of rural and urban populations not con-

nected to sewage treatment plants. As a case study, we modeled the sources and 

fate of the estrogens estrone (E1), 17β-estradiol (E2), estriol (E3), as well as the 

synthetic estrogenic steroid hormone 17α-ethinylestradiol (EE2) in Chinese sur-

face water bodies. Preliminary validation of the results revealed that our predic-

tions were within the range of concentrations reported in the literature. Our 

‘most probable’ scenario results in unacceptable risks, i.e. higher than the pre-

dicted no effect concentrations in 27% of rivers of China that have an average 

discharge > 1 m3/s. Larger rivers also showed substantial risk with 28%, 14%, 

and 3% of rivers larger than 10, 100, and 1000 m3/s, respectively, affected by 

unacceptable levels of hormone concentrations, whereas no risk was predicted 

in the largest rivers (>10,000m3/s) of China. Wastewater treatment plants play 

an important role in water quality control by reducing the risk in substantial 

portions of the river network, which would otherwise show unacceptable risk. 

Nevertheless, releases from untreated population dominate by far the overall 

contribution to risk. Our estimates of contaminant concentrations should be in-

terpreted as incomplete because estrogen sources from animal husbandry are 

not included in the current model, but are likely substantial sources of these con-

taminants in parts of China.  
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6.1 Introduction 
Widespread concerns have arisen that environmental quality in China is deterio-
rating due to increasing urbanization, population growth and industrial, agricul-
tural and economic intensification (Wang et al., 2012; Liu et al., 2013; SEPA, 
2013; Varis et al., 2014; Zhou et al., 2014). Extensive contamination of freshwa-
ter ecosystems due to releases from municipal and industrial sewage plants, un-
treated wastewater, and leakage of chemicals from agriculture production and 
animal husbandry operations has been reported (Shao et al., 2006). An emerging 
issue that exacerbates freshwater degradation are releases of pharmaceutically 
active compounds into rivers and lakes (Richardson et al., 2005). The extent to 
which these sources contribute to overall freshwater degradation is unclear, be-
cause the identification of these compounds in the environment is complicated 
by limited detection capacities of current technology and by the high cost associ-
ated with extensive measurement campaigns. In addition to conducting meas-
urements, the modelling of the sources and risks of exposure has become a 
commonly-used strategy to provide reasonable results at low cost for a variety of 
compounds (Johnson et al., 2008; Cowan-Ellsberry et al., 2009). Spatially distrib-
uted contaminant fate models such as GREAT-ER (Feijtel et al., 1998), ISTREEM 
(Wang et al., 2000), LF2000-WQX (Williams et al., 2012), PhATE (Anderson et al., 
2004), MAPPE (Pistocchi et al., 2012), and GWAVA (Johnson et al., 2013) have been 
widely used in Europe and North America (Atkinson et al., 2009; Cunningham et 
al., 2009; Hannah et al., 2009; Ort et al., 2009; Cunningham et al., 2012; Hosseini et 
al., 2012; Johnson et al., 2013). These models share common assumptions and 
similar key mechanisms; i.e., reasonable estimates of per capita emissions of the 
mass of contaminants released into individual wastewater treatment plants 
(WWTPs) are calculated using the average per capita consumption of a com-
pound of interest and then adjusted for human metabolism, removal of contami-
nants in wastewater treatment plants are estimated (Keller et al., 2006), and di-
lution through advection after discharged into natural waters are modeled using 
stream length, velocity, discharge and a decay function (Pistocchi et al., 2010). 
Predicted environmental concentrations (PECs) are subsequently based on the 
accumulated load and the discharge at the river reach scale. These types of mod-
els have not been extensively applied in less “data-rich” countries. In particular, 
China poses a significant challenge to large-scale contaminant fate models be-
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cause of a large rural population not connected to wastewater treatment plants, 
the country’s large variability of hydrological regimes, and the lack of publicly 
available datasets regarding the location of WWTPs. 

Several studies have attempted to assess the risks associated with chemicals 

in China using non-spatial screening techniques (see review in Wang et al., 

2012). Other studies used spatially-limited models that either focussed on indi-

vidual watersheds (Liu et al., 2014) or assessed risk on very large spatial scales 

(Zhang et al., 2014). These models were based on a coarse scale (e.g., entire wa-

tersheds) and only estimated risks in large rivers (> 1000m3/s). (Whelan et al., 

2011) use a coarse scale (0.5 x 0.5 degree) raster based hydrological and routing 

model to estimate concentrations of “down-the-drain” products in China based 

on a global hydrological model. The estimated levels of risk arising from these 

coarse models are generally low, mainly due to high dilution in these large rivers 

and environmental decay during the long travel time between headwater 

sources and downstream locations. However, the distribution of risks in smaller 

headwater streams, which were ignored in the previous models for China, re-

mains unknown, but could potentially be high because sources in headwaters are 

generally concentrated releases from small urban and rural congregations.  

The identification of risk in a spatially more accurate way in the river system 

is a prerequisite to the development of strategies to reduce environmental con-

tamination and exposure. Releases from WWTPs are generally considered the 

major source of pollutants of surface waters. Recent studies took into account 

the percentage of populations served by WWTPs and account for removal (Zhang 

et al., 2014). A model to predict steroid inflow and effluent from sewage treat-

ment plants in China was developed by Johnson and Williams (2004) based on 

detailed population assemblages. Such a model can contribute to better parame-

terize and validate WWTP emissions into rivers. But to our knowledge, there is 

currently no risk assessment model that precisely geolocates the WWTPs to the 

discharge point at individual river reaches in order to account for more localized 

impacts.  

Almost half of the population in China still lives in rural areas (China 
Population Census Office, 2012) and the vast majority of these populations are 
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not connected to WWTPs (MEP, 2011). Hormone releases into small and medium 
sized rivers from these non-connected rural populations can be reasonably pre-
sumed to be major sources. To address the challenges posed by sources from ru-
ral area population and to spatially model the fate of estrogens in China, we used 
high resolution population density maps to derive spatially-distributed release 
estimates similar to Hodges et al. (2011). These release estimates were com-
bined with a high-resolution river routing model to accumulate the sources and 
determine the fate of chemicals and the risks posed by them in the river network 
downstream. 

In order to test whether the model predictions were reasonable, as case study 

for China, we calculated the environmental exposure and risk of four hormones: 

estrone (E1), 17β-estradiol (E2), estriol (E3), as well as the synthetic estrogenic 

steroid hormone 17α-ethinylestradiol (EE2). We selected estrogens because eve-

ry human releases certain quantities of hormones, which allowed us to research 

spatially distributed (“diffuse”) sources from residents not connected to WWTPs, 

versus localized (“point”) sources from populations connected to WWTPs. Fur-

thermore, hormones are very potent endocrine disruptors (Crisp et al., 1998) 

and act in an additive way (Caldwell et al., 2012) and thus, may pose risk to the 

wildlife and humans even at low concentrations. For example, the feminization of 

fish leading to the collapse of fish populations caused by estrogen pollution has 

been reported at concentrations as low as a few nanograms per litre (Kidd et al.). 

Concentrations in excess of predicted no effect concentrations (PNECs) have 

been reported at several sites in rivers and lakes across China (Chang et al., 

2009; Zhao et al., 2009; Chang et al., 2011; Jiang et al., 2012). Jiang et al. (2012) 

found alarmingly high levels of source water contamination in Chinese rivers, 

lakes and reservoirs. Yet, the assessment of risk of hormones in rivers and lakes 

based on contaminant fate models have been mainly conducted in North Ameri-

ca and Europe (Hannah et al., 2009; Caldwell et al., 2010; Writer et al., 2010; 

Anderson et al., 2012) and very limited research has been conducted in China on 

risk assessment for hormones. 

The share of risk contributed by communities not connected to WWTPs is 
likely to be high in China for two reasons: First, a significant proportion is not 
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connected to any sewage treatment facility, especially in rural areas. Approxi-
mately 26% of the population in large cities, and 46% in small and medium cit-
ies, lack wastewater treatment, whereas the coverage in urban areas is practical-
ly non-existent (MOHURD, 2012). Our own calculations indicate an average of 52% 
connectivity across urban and rural areas. Second, the removal efficiency of hor-
mones via sewage treatment is generally very high (Caldwell et al., 2012). This 
creates a situation where even a small number of people that are not connected to 
wastewater treatment facilities may produce significant risk, which makes the as-
sessment of the small scale contributions of local residents even more important. 

Importantly, little work has been done to account for animal sources of estro-
gens. The main sources of natural and synthetic estrogens are humans and ani-
mal husbandry operations (Hanselman et al., 2003) and, to a minor extent, 
sources from wildlife. An exposure model was created for Shanghai (Liu et al., 
2012), which attributed human and livestock contributions of hormones. A com-
prehensive multimedia model for China was recently developed by Zhang et al. 
(2014), which included steroid sources from humans, animals, land application 
of livestock waste and sewage irrigation, with an assessment of concentrations 
in rivers, sediments and soil for 58 river basins in China. The model estimates 
predicted high emission densities of steroidal hormones in East China in general 
alignment with GDP densities. High risks were predicted in 12 of 58 basins, 
mainly located in Northeastern China. The predicted environmental concentra-
tions (PECs) were within the range of 0.08 - 5.7 ng/L. However, it appears that 
average flows were used to calculate PECs, which would result in relatively low 
predicted risks. Furthermore, these concentrations were almost all estimated for 
rivers with large dilutive capacity (>500m3/s average flow). 

To address the arguments made above, a realistic estimation of risk for small-

er rivers must account for sources and pathways of contaminants at high spatial 

resolution, must take into account the locations, capacity and discharge volumes 

of WWTPs, must include reasonable estimates of hydrological flow, and must ac-

count for populations not connected to wastewater treatment facilities. The first 

goal of this study is, therefore, to develop a high-resolution spatial contaminant 

fate model for China, which considers local estimates of stream flow at the river 

reach scale and takes into account point-sources of WWTPs as well as sources of 
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populations not connected to WWTPs. The second goal of this study is to apply 

our contaminant fate model to study the spatial distribution and magnitude of 

estrogen emission sources, predict their fate in the environment, and to deter-

mine the environmental risk of these compounds in Chinese surface water bod-

ies. To better understand the spatial distribution of chemical sources, our high-

resolution approach is essential to determine the risk from spatially distributed 

sources in headwaters, which will allow us to better assess the risk for smaller 

rivers. Due to substantial uncertainty regarding these sources and their fate in 

the environment, we use several scenarios to understand our model’s sensitivity 

with respect to key parameters. Overall, this study contributes the first compre-

hensive, high-resolution multi-contaminant fate model for continental China and 

sets the stage for the application of the model to other areas of the world.  

6.2 Methodology 

6.2.1 General outline 

Based on county- and city-level administrative units, we first calculated per-

capita contributions of residents based on the demographics of each administra-

tive unit by separating sources into urban and rural. We then assess pathways 

either via WWTPs or directly into the environment (Figure 6.1). Using high-

resolution river hydrography and a routing model, we accumulate the load 

downstream in the river system and then account for the decay, transformation 

and removal occurring in lakes. The four assessed natural and synthetic estro-

gens are then weighted by their potency and then total concentrations in surface 

waters are calculated based on low-flow discharge estimates generated from 

long-term model simulations. PECs are then assessed against the PNEC to assess 

risk. We ran the model for 11 scenarios (i.e., scenario 1, scenario 2, etc.) with dif-

ferent settings of parameters reflecting WWTP removals, direct discharge coeffi-

cients (ddc) of untreated wastewater, river decay, and lake removal. A descrip-

tion of the methodology used is given in the sections below with further details 

provided in the Supplementary Information (SI). 
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6.2.2 Data sources 

1. River network: The study area comprises of continental China. However, a 
number of rivers in the northern part of the country are leaving China, and enter 
the country at a later point downstream. These river reaches were also included, 
to create a complete hydrologically connected network. The baseline hydrograph-
ic data used in this study is provided by the HydroSHEDS database (Lehner et al., 
2008), a publicly-available global suite of data layers representing river network 
topology and watershed boundaries (Figure 6.2). HydroSHEDS defines river flow 
directions at 500 m pixel resolution, which are then used to create a network of 
river reaches for transport simulation of water and substances in a routing model 

 

Figure 6.1: Conceptual representation of the contaminant fate model. 
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called HydroROUT (Lehner and Grill, 2013). At the 500 m resolution, there are 
more than 1 million river reaches with an average length of 2.8 km within the 
study area. Each river reach has a contributing catchment, which was used to ag-
gregate fine-scale spatial information. A set of 25,583 lakes with a surface area 
larger than 1 km2 (NASA/NGA, 2003) were also integrated into HydroROUT. 

2. Discharge data: Decoupled, external runoff estimates, provided by the global 

integrated water balance model WaterGAP (Alcamo et al., 2003; Döll et al., 2003), 

are employed. WaterGAP provides runoff estimates of long-term monthly aver-

ages for the period of 1961-90 at a 0.5 degree grid resolution. These runoff esti-

mates are spatially downscaled by disaggregating the large grid cells into 500 m 

 

Figure 6.2: River network (Lehner et al., 2008) and long-term average discharge of rivers > 1 
m3/s in China (Alcamo et al., 2003; Döll et al., 2003). 
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pixels and then accumulating them along the HydroSHEDS river network. 

Monthly model low flows were used to substitute more traditional low flow indi-

cators, such as daily Q90 flows (see chapter 5). 

3. Wastewater treatment plants: The locations and characteristics of 2739 
WWTPs for China were obtained from official sources in tabular form (MEP, 
2011), corresponding to August 2010. A total of 192 WWTPs with flow rates less 
than 0.001 million m3/d were excluded (due to difficulties to determine infor-
mation on ‘population served’ for small plants), resulting in 2547 WWTPs con-
sidered in this study (Figure 6.3). The total designed treatment capacity of all 
WWTPs is 125.0 million m3/d with a total average treatment capacity of 96.1 
million m3/d. All WWTPs considered used secondary treatment technologies 
(i.e., biological treatment). The population served by each WWTP was assigned 
based on data of the Beijing Municipal Research Institute of Environmental Pro-
tection compiled by Zhong Yan (unpublished data). The specific longitudes and 
latitudes of the WWTPs were determined by using geolocation techniques, which 
translate addresses into geographic coordinates. Each data point was manually 
verified for each individual plant and corrected using satellite imagery. Finally, 
the locations were co-registered to the river network of HydroROUT. 

4. Administrative Units (AUs): The calculations of hormone contributions were 
conducted at the county administrative level. Large cities such as Beijing are 
composed of several smaller counties, and these were grouped into homogenous 
“city” units to avoid inconsistencies in calculating treatment coverage in these 
areas due to the peripheral location of WWTPs in these large conglomerates. We 
calculated population demographics for a total of 2345 AUs based on the latest 
China population census conducted in 2010 (China Population Census Office, 
2012) (see Figure 6.4). Population density maps (Gaughan et al., 2013) and spa-
tial classifications of rural and urban areas (Schneider et al., 2009, 2010) were 
used to calculate hormone releases at the river reach scale. 
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Figure 6.3: Wastewater treatment plants and population served in China (MEP, 2011). Locations 
are based on geocoding and manual adjustments using satellite images. 
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6.2.3 Per capita hormone release 

Per-capita estrogen hormone releases (E1, E2, E3, and EE2) were calculated 

from natural and synthetic sources for each AU, based on the demographic char-
acteristics. Residents of each AU were grouped based on gender and age group, 

and per capita contributions of natural hormone releases were calculated using 

average excretion rates (Khan, 2014; Khan and Nicell, 2014). Synthetic hormone 

contributions from contraceptives and hormone replacement therapy (HRT) 

 

Figure 6.4: County level administrative units and population density in 2010 (China Population 
Census Office, 2012). 
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were calculated using total national consumption (CMSN, 2012) and adjusted for 

elimination and metabolic conversion to other forms of estrogen (Khan, 2014; 

Khan and Nicell, 2014). The total consumption was distributed spatially based 

on relative consumption rates reported for each province (CMSN, 2012). See sec-

tion S6.1 in SI for details on these calculations. 

6.2.4 Source separation and pathways 

Two types of loading were incorporated into the model: (1) hormone sources 

from populations connected to a WWTP; and (2) populations not connected to 

any WWTP. We first determined the population count of treated versus untreat-

ed populations in each AU based on the sum of populations treated by all 

WWTPs versus the total population. We then calculated loadings from treated 

and untreated populations in each AU separately for rural and urban popula-

tions, based on land use classifications (Schneider et al., 2009, 2010). 

We calculated the loading from rural and urban populations connected to 

WWTPs using information about the capacity associated with each treatment 

plant (see S6.2) and the per capita hormone excretion rates calculated previously 

(see 0). After removal in the WWTP, the load was linked to the river reach or lake 

into which the plant discharges its effluent. 

The contribution of estrogens from the population not connected to WWTPs 

were calculated by taking the estimated total hormone contributions of the en-

tire population minus the contributions estimated for population connected to 

WWTPs. We made the assumption that not all human releases enter directly into 

surface water bodies; however, the factors affecting this proportion are currently 

not well understood. We therefore incorporated a new variable into the model 

representing the proportion of hormone load from untreated wastewater reach-

ing the water body, termed direct discharge coefficient (ddc). In our ‘most proba-

ble’ scenario, we parameterized ddc as 40% for untreated wastewater dis-

charged into nearby rivers in rural areas as reported by Wang et al. (2011) and 

used a higher ddc of 80% for urban areas (Dr. Wang Kaijun, School of Environ-

ment, Tsinghua University, personal communication) due to the presence of im-
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pervious surfaces. We conducted modelling experiments with a range of other 

ddc values to evaluate the sensitivity of model outputs to this variable. 

We used a population density map from WorldPop (Gaughan et al., 2013)—

aggregated to match our model’s 500 m spatial resolution—to distribute the 

contributions from untreated populations spatially according to population den-

sity in the AUs - separately for rural and urban areas. Rural and urban areas were 

classified according to data of a MODIS-based land use classification (Schneider 

et al., 2009, 2010). The downscaling procedure essentially resulted in a high-

resolution surface of hormone input (see S6.2 for details). 

6.2.5 River and lake routing model 

We used an extension of the global routing model HydroROUT (Lehner and Grill, 
2013) for mass balance calculations in the river and lake network. For river 
reaches, we followed a ‘plug-flow’ approach (Pistocchi et al., 2010), i.e., a ‘plug’ of 
substance mass (the amount of contaminant released from the treatment plant) 
is accumulated downstream as the sum of the input from the current and all up-
stream reaches flowing into the current reach. We currently model lakes as ei-
ther passing the load fully to the downstream river or as eliminating the load en-
tirely (Ort et al., 2009), depending on user input. In future model iterations, once 
the necessary lake volumes have been calculated, a more appropriate method 
based on a completely stirred reactor model will be incorporated. The river net-
work is processed iteratively in the hydrological order from source to sink (see 
S6.3 for details). We also accounted for the assumption that an estimated 50% of 
E2 is converted into E1 during treatment or in the environment (Zhang et al., 
2014).  

6.2.6 Environmental risk assessment 

After accumulation and degradation, we calculated PECs per river reach by divid-

ing the accumulated chemical mass by the discharge of the reach (see also sec-

tion S6.4). Due to the seasonal variability of river flows, we used the Q90-month, 

which is a low flow indicator equivalent to the daily 90th percentile flow; i.e. a 
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flow that is exceeded at 90% of the time and, which represents our ‘worst-case’ 

scenario with minimal dilution and maximal concentrations. 

Since estrogens act in an additive manner (Thorpe et al., 2001) and the eco-

toxicological potency of all estrogens is not equal (SCHER, 2011; Anderson et al., 

2012; Caldwell et al., 2012), the total amount of estrogen released from residents 

was expressed in terms of E2 equivalents, the most potent natural estrogen. Spe-

cifically, EE2, E1 and E3 were assumed to be 10, 0.33 and 0.04 times as potent as 

E2, respectively (Khan and Nicell, 2014). After the weighting, we calculated risk 

quotients (RQs), based on the ration of PECs to PNEC for all estrogens. Combined 

PNEC was assumed to be 1 ng of E2-eq/L (Williams et al., 2009). 
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6.3 Results 

6.3.1 Total emissions 

The total excretion of hormones from residents in China was estimated at 29,548 
kg/yr. This apportions to 6033, 3018, 20454, and 43 kg/yr of E1, E2, E3, and 
EE2, respectively, as shown in Table 6.1. A total of 11,115 kg/yr was discharged 
into rivers and lakes, partitioned as 3267, 582, 7249, and 16 kg/yr of E1, E2, E3, 
and EE2 respectively. This represents a total of 62.4% estrogen removal from 
WWTPs and includes the reduced proportion of the load from untreated 
wastewater reaching the water body (ddc) from urban and rural populations 
who are not connected to WWTPs. Figure 6.5 shows the emission density of es-
trogens per square kilometer. Spatial patterns of estrogen emission densities are 
generally consistent with the spatial pattern of population density shown in Fig-
ure 6.4. After routing, first order decay processes and lake removal eliminated 
another 33.7% of the total estrogen excretions, leaving 3.9% of the total estrogen 
excretions into the environment being exported to sinks (i.e., either to the sea or 
to endorheic sinks), or to neighboring countries, with total of 12.6, 4.2, 1.3, and 
19.7% of E1, E2, E3, and EE2 being exported. 

 

 
Table 6.1: Sources and fate of estrogen compounds in China (Data based on CMSN 
(2012) and own calculations*). 

Process 
E1 
(kg) % E2 

(kg) % E3 (kg) % EE2 
(kg) % Total 

(kg) % 

Total Excretion 6033 100 3018 100 20,454 100 43 100 29,548 100 
Removal in WWTPs or not directly 
discharged 2766 45.8 2436 80.7 13,205 64.6 27 62.8 18,433 62.4 

Discharge into rivers and lakes 3267 54.2 582 19.3 7249 35.4 16 37.2 11,115 37.6 
Decay and removal in rivers and 
lakes 2510 41.6 456 15.1 6979 34.1 7.5 17.4 9952 33.7 

Export to sinks or neighboring 
countries 757 12.6 127 4.2 270 1.3 8.5 19.7 1163 3.9 

*Totals may not match or account to 100% due to rounding. 
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Figure 6.5: Potency adjusted emission density (reach catchment scale) for simulated estrogens 
(after treatment in WWTP and accounted for direct discharge coefficient ddc; before environ-
mental decay and lake removal). EE2, E1 and E3 were assumed to be 10, 0.33 and 0.04 times as 
potent as E2, respectively (Khan and Nicell, 2014). 

6.3.2 Environmental risk and sensitivity 

We detected a high sensitivity with respect to the contributions of rural popula-

tions unserved by WWTPs, combined with a high parameter uncertainty. We 

therefore ran the model for 11 scenarios (i.e., scenario 1, scenario 2, etc.) with 

different settings of parameters reflecting WWTP removals, direct discharge co-

efficients (ddc) of untreated wastewater, river decay, and lake removal as illus-

trated in Table 6.2. The scenario that was currently deemed as most probable 
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(scenario 7 in Table 6.2) based on parameters from a literature review resulted 

in a predicted substantial risk (PEC > PNEC) for widespread parts of China. 

The resultant spatial patterns of risk—based on potency-adjusted estrogen 

concentrations assessment and expressed as risk quotient (RQ)—are shown in 

Figure 6.6. Risk patterns loosely follow the population density patterns (as 

shown in Figure 6.4), modified by regional variations of precipitation and dis-

charge and by local flow magnitude. Large parts of the North China Plains appear 

with very high concentrations, due to low river flow and high population density.  

Overall, this scenario indicates risk for 19.8% of all rivers (considering river 
length) in China. By examining different river sizes, we detect more risk if the 
smallest rivers (0.1m3/s-1m3/s) are no longer accounted for, with 27.1% of riv-
ers >1 m3/s and 28.3% of rivers >10 m3/s at risk. This may be due to the fact 
that numerous small streams do not receive releases according to our population 

Table 6.2: Percentage of river length at risk for different model scenarios by river class. River 
classes are defined by discharge size thresholds, for example the river class ‘>1000’ also in-
cludes the rivers in the next larger category, ‘> 10,000’. 

Scenario 
Number Description WWTP 

removal 

ddc 
% 

(urb) 

ddc 
% 

(rur) 

Lake 
rem. 

River 
decay 

Percent of river length at risk (%)  
by river class (m3/s) 

>0.1 
(complete 
network) 

>1 >10 >100 >1000 >10,000 

1 
 Downstream 

of WWTP 
only 

Yes 0 0 Yes Yes 1.3 4.7 4.8 0.8 0 0 

2  low ddc Yes 20 20 Yes Yes 12.8 16.2 15.4 4.7 0 0 

3  med. ddc Yes 40 40 Yes Yes 19.5 25.7 25.4 11.4 2.1 0 

4  high ddc Yes 60 60 Yes Yes 23.3 32 32.5 17.6 4.4 0 

5  v. high ddc Yes 80 80 Yes Yes 25.4 36.4 37.8 23.5 7.6 0 

6  full ddc Yes 100 100 Yes Yes 26.9 39.6 41.7 28.4 10.4 0 

7 (‘most 
probable’) 

 variable 
ddc Yes 80 40 Yes Yes 19.8 27.1 28.3 14.1 2.9 0 

8 
 high ddc, no 

riv. rem.; no 
lake rem. 

Yes 80 40 No No 22.4 38.3 50.8 54.8 54.2 87.3 

9  S8: high ddc, 
no lake rem. Yes 80 40 No Yes 20.9 32.5 38.3 28.2 17.2 0 

10  high ddc, no 
river rem. Yes 80 40 Yes No 21.0 31.0 35.8 26.5 16.8 13.7 

11 
 high ddc, no 

WWTP re-
moval 

No 80 40 Yes Yes 20.1 28.6 32.8 22.7 8.3 0 
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distribution map, and due to the observation that WWTPs are typically located at 
larger rivers. There were also numerous small river reaches that fall dry for one 
or more months per year, as indicated by the color grey in Figure 6.6, in which 
case the low flow values become difficult to derive with our discharge model. In 
these cases, we assumed no river flow and assigned zero concentration. If only 
medium to large sized rivers (>100 m3/s) are assessed, 13.9% of rivers showed 
risk, whereas, only 2.9% of large to very large rivers (>1000 m3/s) showed risk. 
Very large rivers (>10,000 m3/s) did not show any risk due to their high dilution 
capabilities. 

 

Figure 6.6: Risk quotient (RQ) based on the predicted environmental concentration (PEC) to 
predicted no-effect concentration (PNEC; assumed 1 ng/L based on Williams et al. (2009)) for 
each river reach. The colors orange, red and purple indicate RQ above 1. The small table at the 
lower right indicates the percentage of river reaches in each size class for which the combined 
estrogen concentrations exceed PNEC. All calculations were conducted under low flow condi-
tions for the scenario 7 of Table 6.2. Rivers marked grey showed zero flow over one or several 
months and could not be assessed due to lack of data. 
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WWTPs alone produce risk in 4.8% of rivers > 10 m3/s, as illustrated in sce-
nario 1 and scenario 11 in Table 6.2. This highlights the large contribution of 
populations who are not served with WWPTs, even if ddc is set low (i.e., 20% for 
both urban and rural areas) as demonstrated in scenario 2. However, removal by 
WWTPs is increasingly important for larger rivers. When comparing scenario 11 
to scenario 7, risk without WWTPs removal increased by 4.5% and 8.6% in me-
dium (>10 m3/s) and large rivers (> 100 m3/s) respectively, and affects 5.4% 
more of the very large rivers (> 1000 m3/s). This indicates that WWTPs play an 
important role in water quality control of increasingly large rivers. Without 
WWTP removal, the risk in many river reaches would be increased to unac-
ceptable levels (PEC>PNEC). Nevertheless, releases from untreated population 
dominate, by far the overall contribution to risk.  

The removal of chemical load due to processes in lakes and rivers is very im-
portant. A comparison of scenario 7 and scenario 8 shows that both lake and in-
stream removal reduced the risk in all river classes substantially. Lake removal 
by itself has a very substantial influence on results, as by the results of scenario 
10. Another important observation is that lake removal becomes increasingly 
important for larger rivers: if the model passes the load directly through lakes 
(without any removal), as shown in scenario 9, the risk is twice as high for rivers 
> 100 m3/s and 5 times as high for very large rivers compared to the scenario 
with lake removal (i.e., scenario 7).  

A similarly large effect is triggered by the in-stream removal in rivers, which 

substantially reduces risk compared to no in-stream removal (i.e., scenario 10). 

It appears that in-stream removal processes are largely responsible for reducing 

risk in large and very large rivers, possibly due to the longer travel time with op-

portunities for environmental decay. 

6.3.3 Validation 

Modelling results were validated by comparing predicted estrogen concentra-

tions with available measurements in selected river reaches, as shown in Table 3. 

The results revealed our predictions to be within the range of concentrations re-

ported in the literature (Chang et al., 2009; Zhao et al., 2009; Chang et al., 2011; 

Jiang et al., 2012). Some explorations for individual sites at the Yangtze River 
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(Table 6.3) showed that our predictions were within an order of magnitude (or 

better) from observations, except for one location (S10). However, a more exten-

sive set of point-by-point comparisons have not been conducted yet. These com-

parisons are generally complicated by the lack of available data on stream flow 

quantities at the time when the concentrations in the rivers were measured. 

Some more observational data is available (Chang et al., 2009; Zhao et al., 2009; 

Chang et al., 2011; Jiang et al., 2012) but the studies did not include coordinates 

for the measurements, making the matching between site and river network dif-

ficult, or lack discharge data at the time of measurement. Additional validation 

including the application of other validation techniques, such as cumulative fre-

quency plots, requires extensive efforts that are beyond the scope of the present 

study. 

 

 
Table 6.3: Observed (Jiang et al., 2012) versus predicted PEC (this study) of estrogens in 
the Yangtze River. From the 23 locations examined in Jiang et al. (2012), only 16 loca-
tions provided measurements. Out of these, nine measurements were taken in a lake or 
reservoir, and were thus not considered. 

 
 E1 (ng/L)  E2 (ng/L)  E3 (ng/L) 

Site  obs. pred. factor diff.  obs. pred. factor diff.  obs. pred. factor diff. 

S6  1.53 1.67 1.1  0.25 0.32 1.3  n.a. n.a. n.a. 

S7  0.96 2.0 2.1  0.34 0.38 1.1  n.a. n.a. n.a. 

S8  0.87 0.5 1.7  0.31 0.1 3.1  n.a. n.a. n.a. 

S9  1.08 10.05 9.3  0.55 1.5 2.7  4.4 2.78 1.6 

S10  1.93 0.15 12.9  0.71 0.02 35.5  3.9 0.014 281.4 

S11  2.37 10.09 4.3  0.58 1.53 2.6  4.2 3.42 1.2 

S14  2.98 6.34 2.1  1.51 0.75 2.0  2.6 0.38 6.8 
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6.4 Discussion 
A high-resolution contaminant fate model was developed for China as a basis for 
assessing risk due to contaminants in rivers of China. The model was applied to 
the case of estrogens, was tested for its sensitivity to model parameter values, 
and was validated in a preliminary way against available measurement data. This 
model is of an exploratory nature and, thus, a number of further assessments 
and improvements should be conducted before greater confidence in the results 
can be achieved. In particular, the issues discussed below point to the need for 
further exploration and refinement of the model. 

First, we identified a high sensitivity of model output to the direct discharge 
coefficient (ddc), which reflects the contaminant load discharged directly into 
rivers. Research on this issue is sparse and ddc estimates rely on sparsely availa-
ble evidence. Chang et al. (2009) attributed almost 63% of the hormone loads in 
45 Chinese rivers to discharges of untreated wastewater. In rural areas, this pro-
portion could be lower; for example, Wang et al. (2011) report 47% of untreated 
wastewater is discharged into trenches or ditches directly, whereas, 7% is dis-
charged into nearby rivers. In urban areas, the proportion of untreated 
wastewater reaching a water body is deemed even higher due to a larger propor-
tion of impervious surfaces and can reach levels of up to 80% (Dr. Wang Kaijun, 
School of Environment, Tsinghua University, personal communication). Although 
ddc is larger in urban areas, our model sensitivity was much higher for rural 
populations, because on the one hand, a low proportion of the population is con-
nected to wastewater treatment facilities, and on the other hand the proportion 
of untreated urban populations is generally much lower than for rural popula-
tions. Furthermore, this issue varies spatially, related to hydrological stream 
density and flow quantities. Particularly large areas of the North China Plains, 
where our model indicates increased risk, is mostly characterized by “artificial” 
hydrology, consisting of a network of canals with the aim to control and retain as 
much water as possible. This is in contrast to North American and European 
landscapes, where the goal is often to drain the landscape from excess water in 
case of flooding (Ongley et al., 2010). As a consequence, the proportion of 
wastewater reaching a significant surface water body and routed downstream 
may be exaggerated in our model and could lead to overestimations of risk in 
these areas.  
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Our model includes high-resolution pathways of estrogens from residents to 
the river system previously not considered by other models at this spatial scale. 
There is a high sensitivity associated with releases of contaminants and routing 
in these headwater streams. For example the range of concentrations quickly ris-
es when smaller rivers are assessed given that extremely high concentrations of 
estrogens are observed in many small river reaches. Uncertainties with respect 
to the underlying hydrography and hydrology in small river reaches contribute 
to uncertainty of in-river concentrations and may explain those high concentra-
tions. A thorough validation of the hydrological model could not yet be per-
formed for Chinese river courses; however, our hydrological data has been vali-
dated in previous studies (see chapter 5) with reasonable success. Since the hy-
drological data stems from the same global model, we assume comparable accu-
racy and uncertainty for China; however, a region-specific validation should be 
conducted before future implementations of this model. 

Population density maps (PDMs) can greatly affect the overall risk, especially 
for smaller rivers. PDMs are modeled densities based either on nighttime light 
distribution or on modeled spatial distributions based on roads, river networks 
and major population centers. Population data stems from administrative level 
population statistics. The level of detail of these administrative units can play a 
role for accurately distributing the population spatially. To test this, we conduct-
ed additional sensitivity analysis with three different population distribution 
maps. The Global Population of the World data product (GPW; CIESIN, 2005) ap-
pears to distribute populations rather evenly across rural areas, and this triggers 
risk is numerous very small headwater stream. The population distribution of 
LandScan (LandScan, 2006), on the other hand, appears to be more unevenly 
distributed, resulting in higher spatial variation. Compared to GPW, this causes 
some catchments to show very high population counts, but also results in a large 
amount of basins with very little contributions from residents. The third dataset 
termed WorldPop (Gaughan et al., 2013) used advanced spatial regression mod-
els, which included a variety of data sources such as street-level geodata. The spa-
tial distribution appeared to be more realistic than for the others. Three test runs 
with the different data sets produced significant differences in risk—GPW pro-
duced the most risk, followed by Landscan, and finally WorldPOP. However, due to 
the notable sensitivity, a more thorough comparison in the future is warranted.  
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A limitation of the model is that contributions of animal husbandry opera-
tions are not currently accounted for because their locations and loads are diffi-
cult to determine, which is a common problem when assessing risk from estro-
gens using CFMs (Caldwell et al., 2010; Anderson et al., 2012). Animals in live-
stock farms excrete several orders of magnitudes higher levels of estrogen per 
head than humans (Zhang et al., 2014) and can contribute to substantial hor-
mone activity in rivers (Matthiessen et al., 2006; Burkholder et al., 2007; Chen et 
al., 2010). Depending on the ratio of animals to humans and depending on the 
mechanisms of how these sources are released into the environment, the contri-
bution could vary substantially over space (Wint and Robinson, 2007); for ex-
ample, animal husbandry operations are spatially concentrated in the mid-west 
of the United States. In China, an average of 62% of E1, E2, and E3 may stem 
from animals (Zhang et al., 2014). Due to the lack of data to account for these 
sources, our model results should be interpreted as incomplete, and the real risk 
is likely substantially higher. Comprehensive data should be collected to include 
these sources in future studies. 

Due to limitations in the underlying global hydrological runoff model Wa-

terGAP temporal resolution, we proposed Q90-Month (i.e. the lowest long-term 

average monthly flow) as a substitute for the commonly used daily Q90 low flow 

index. There is generally very good correspondence exists between the two indi-

cators (see chapter 5 of this thesis), yet Q90-Month tends to be systematically 

overestimated compared to Q90, in particular for very small streams. This means, 

with respect to fate modelling, that low flow assessments based on Q90-Month 

are likely to underestimate substance concentrations and contamination risk as 

compared to analyses using daily Q90. Nevertheless, in terms of contamination 

modelling this range of error is still tolerable for general screening and risk as-

sessment analysis, assuming the goal of such assessments is to derive environ-

mental concentrations within a factor of 10 (USEPA, 1996; Anderson et al., 2004).  

The representation of lakes in our model is currently simplified. If we would 

model lakes as tank reactors or tank-in-series reactors (Anderson et al., 2004), 

we can expect partial removal, resulting in risk percentages falling between the 

results shown in scenario 7 and scenario 9. However, the extent to which this in-

creases risk downstream is currently unknown. 
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Despite the current limitations of the model, and pending further improve-

ments and validation, we anticipate a variety of future application of this con-

taminant fate model. Contributions from livestock per county to model the addi-

tional risk from animal feeding operations in China should be included in this 

model to more comprehensively model the risk from estrogens. Following this, 

other contaminants from animal husbandry operations, such as antibiotics, ni-

trogen and phosphorus could be modeled as well. There are a number of sub-

stances for which the magnitude of their release to the environment has been 

linked to the purchasing power of the population such as GDP (Hodges et al., 

2011). We thus suggest using county-level GDP distributions to generate a spa-

tially explicit general indicator of risk from such substances, or to utilize GDP to 

spatially downscale the use of certain chemicals.  

 

6.5 Conclusion 

In this work, the first high-resolution contaminant fate model for China has been 

developed with the goal of providing a tool for assessing sources, fate, and envi-

ronmental risk of a variety of chemicals. The model operates at an unprecedent-

ed spatial resolution of 500m for continental China and estimates emissions 

from human populations using even higher resolution population density maps 

and from co-registered wastewater treatment plants, which were previously not 

considered as georeferenced point sources. An important source of dilution, 

lakes and reservoirs are explicitly represented as well. As a test case, we ex-

plored the fate of hormones in freshwater systems, in an environment driven by 

high hydrological variability and large contaminant contributions from popula-

tions not connected to wastewater treatment plants. Under low flow conditions, 

our model was used to predict high-resolution patterns of environmental con-

centrations. The results indicate that predicted environmental concentrations 

are expected to exceed the predicted no-effect concentration in approximately 

one quarter of all rivers larger than 1 m3/s when accounting for river length. We 

found that wastewater treatment plants contribute substantially to risks by 
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themselves, but releases from untreated rural populations in headwaters domi-

nated by far the contribution to overall risk. Regarding overall performance, a 

preliminary validation indicated good agreement between predicted spatial pat-

terns and measured local contaminant concentrations. Despite these promising 

results, the extent to which our model can produce accurate predictions needs 

further investigation. When specifically considering the case of China, uncertain-

ty around the direct discharge of untreated wastewater from populations should 

be reduced and further validation of the hydrological database is necessary, with 

a specific focus on China. Nevertheless, once these improvements have been 

made and greater confidence in the model results can be gained, the model could 

support environmental risk assessment for a variety of chemicals in China or 

elsewhere. 
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Supplementary Information 

S6.1 Calculation of natural and synthetic estrogen contribu-
tions 

Hormone releases from age and gender groups (see Table S6.1) were calculated 

for each administrative unit (AU) based on its population demographics. 

The total amount of synthetic estrogen, 17β-estradiol (E2), estrone (E1), and 

ethinylestradiol (EE2) used in 2010 in China was 439, 2177, and 114 kg respec-

tively (CMSN, 2012). Furthermore, we accounted for the fact that E1 and E2 are 

transformed into other forms of estrogen. A total of 37.8% of consumed EE2 is 

eliminated through excretion (see Table 6.2). 

We were unable to find consumption data at the county level and instead used 

provincial level data provided by CMSN (2012) regarding the total consumption 

of contraception and hormone replacement therapy (HRT) pills. Consumption 

data was available for the entire country and for the provinces of Beijing, Shang-

hai and Chongqing, Guangdong, Jiangsu, Zhejiang, Liaoning, Fujian, Shandong, 

Guangxi, and Henan (Table 6.3). These AUs combine 81.6% and 92.8% of contra-

ceptive and HRT pill use of China, respectively. The levels of consumption for the 

missing provinces were estimated by distributing the proportion of pill usage 

unaccounted for to the remaining provinces relative to the provinces’ population 

count. 
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Table S6.1: Natural steroid excretion per person (Khan, 2014; Khan and Nicell, 2014). 

 Excretion (μg/d) 
Population group  Estrone (E1) 

 
17β-estradiol 
(E2) Estriol (E3) 

female prepubescent 0.08 0.06 0.2 
 cycling-menstrual 8.69 4.42 9.40 
 menopausal 1.7 0.8 1.9 
 pregnant 248 126 1337 
male prepubescent 0.08 0.06 0.2 
 adult male 3.6 2.13 2.4 

 

 

Table S6.2: Use, excretion and conversion of synthetic forms of estrogens. 

Estro-
gen 

Use in 
kg/yr  
(CMSN, 
2012) 

Conversion to 
other estrogens 
(%) 

 
Reference 
 

excreted load (kg/yr) 

    EE2 E1 E2 E3 

EE2  114 37.8 to EE2 (Khan and Nicell, 
2014) 43    

E2 439 
25.0 to E1 
8.5 to E2 
6.0 to E3 

(Khan, 2014)  110 37 22 

E1 2177 11.0 to E1 
2.0 to E2 (Khan, 2014)  240 44  

 Total      43 350 81 22 
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Table S6.3: Distribution of contraceptive and hormone replacement therapy (HRT) pill use 
among the provinces and municipalities in China (CMSN, 2012). 
 

Province or municipality Contraceptive pill use (%) HRT pill use (%) 

Anhui 1.60 2.30 
Beijing 18.2 3.90 
Chongqing 4.37 3.90 
Fujian 4.29 2.80 
Gansu* 0.69 0.50 
Guangdong 14.66 7.10 
Guangxi* 3.43 0.92 
Guizhou* 1.00 0.72 
Hainan* 0.23 0.16 
Hebei 1.84 3.00 
Heilongjiang* 1.00 0.73 
Henan 3.00 2.90 
Hubei 1.49 4.50 
Hunan 1.67 2.00 
Inner Mongolia* 0.63 0.46 
Jiangsu 7.93 11.1 
Jiangxi* 1.16 0.84 
Jilin 0.72 2.40 
Liaoning 5.50 4.70 
Ningxia* 0.16 0.12 
Qinghai* 0.15 0.11 
Shaanxi* 0.99 0.72 
Shandong 4.49 8.80 
Shanghai 10.25 7.60 
Shanxi* 0.90 0.65 
Sichuan 2.14 2.80 
Tianjin 0.32 3.40 
Tibet n.a n.a 
Xinjiang* 0.55 0.40 
Yunnan* 1.19 0.87 
Zhejiang 5.45 19.60 
* estimated   
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S6.2 Source separation and pathways to environment 

Contributions of populations connected to wastewater treatment plants 

We assume that WWTPs primarily serve urban populations. The total of treated 

population is therefore subtracted from the total urban population first, irre-

spective of the ratio between urban and rural population: 

 𝑑 =  𝑃𝑃𝑃𝑢𝑢𝑢 − 𝑃𝑃𝑃𝑡𝑡𝑡𝑡𝑡𝑡𝑡  6.1 

Depending on the result, we proceed with calculations as follows:  

(a) If d is a positive number, d is the estimate of the number of urban people not 
served by a WWTP (𝑑 = 𝑃𝑃𝑃𝑢𝑢𝑢,𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢). It also follows that the urban popula-

tion served by treatment systems is equal to the total population served by 
treatment (𝑃𝑜𝑜𝑢𝑢𝑢,𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 𝑃𝑃𝑃 𝑡𝑡𝑡𝑡𝑡𝑡𝑡). In this case, none of the rural popula-

tion is served by WWTPs (𝑃𝑃𝑃𝑟𝑟𝑟,𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 0) and the rural population not 

served by WWTPs is equals to the total rural population (𝑃𝑃𝑃𝑟𝑟𝑟,𝑢𝑢𝑢𝑢𝑢𝑎𝑎𝑎𝑎 =

𝑃𝑃𝑃𝑟𝑟𝑟). 

b) If d is zero, all urban population is served by WWTPs and none of the rural 

population is.  

c) If d is a negative number, all urban people are served by treatment facilities  

 𝑃𝑃𝑃𝑢𝑢𝑢,𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 𝑃𝑃𝑃𝑢𝑢𝑢| 𝑃𝑃𝑃𝑢𝑢𝑏,𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 = 0 6.2 

and the absolute value of d is the estimated number of rural people provided ac-

cess to treatment in addition to the urban served. 

 𝑃𝑃𝑃𝑟𝑟𝑟,𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = |𝑑| 6.3 

The rural population not served by treatment is equal to the total rural popula-

tion minus the rural population served by treatment. 

The individual contributions from any given WWTP is the sum of the population 
served 𝑃𝑃𝑃𝑢𝑢𝑢,𝑡𝑡𝑡𝑡𝑡𝑡𝑡 + 𝑃𝑃𝑃𝑟𝑟𝑟,𝑡𝑡𝑡𝑡𝑡𝑡𝑡  multiplied with the daily capita excretion 
rate (𝑒𝑒𝑐𝑐𝑐/𝑑𝑑𝑑 ; see Table 6.1) multiplied by a removal factor depending on the 

type of treatment. There were no primary (i.e., physical/chemical treatment) 

WWTPs found in our study area—only secondary WWTPs (i.e., biological treat-
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ment). We assumed average removal rates (𝑟𝑟𝑟𝑡𝑡𝑡𝑡) of 66.8%, 85%, 97%, and 

84% for E1, E2, E3, EE2 based on reported literature values (Caldwell et al., 

2010). The total input of hormones from wastewater treatment plants per river 

reach (𝐿𝐿𝑟𝑟𝑟𝑟ℎ) is the sum of the contributions from all WWTPs releasing waster 

into that reach: 

 𝐿𝐿𝑟𝑟𝑟𝑟ℎ,𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = ���𝑃𝑃𝑃𝑢𝑢𝑢,𝑡𝑡𝑡𝑡𝑡𝑡𝑡 + 𝑃𝑃𝑃𝑟𝑟𝑟,𝑡𝑡𝑡𝑡𝑡𝑡𝑡�× 𝑒𝑒𝑐𝑐𝑐
𝑑𝑑𝑑

× 𝑟𝑟𝑟𝑡𝑡𝑡𝑡�

𝑊𝑊𝑊𝑊

 6.4 

Contributions of populations not connected to wastewater treatment and 
spatial downscaling procedure 

We upscaled the WorldPop population density raster (Gaughan et al., 2013) from 

its native 100 m resolution to our 500 m pixel resolution and created a per-pixel 

population ratio grid:  

 𝑟𝑟𝑟𝑟𝑟𝑖 = �
𝑃𝑃𝑃𝑖

𝑃𝑃𝑃𝐴𝐴𝐴𝐴𝐴
� 6.5 

where 𝑟𝑟𝑟𝑟𝑟𝑖  is the fraction of the total population 𝑃𝑃𝑃𝐴𝐴𝐴𝐴𝐴 of the AU in each 
grid cell 𝑖, and 𝑃𝑃𝑃𝑖  is the population in that grid cell. This ratio allowed us to 
spatially distribute and downscale estrogen contributions from populations cal-
culated at the AU level to a finer (500 m × 500 m) resolution. We separated ur-
ban and rural ratios based on land use classifications (Schneider et al., 2009, 
2010). Note that this method may underestimate the contributions from current 
urban populations whereas rural population may be overestimated because a 
population shift into urban environments has recently occurred in most counties 
(Hodges et al., 2011). The loading of an individual pixel within the AU in an area 
is then calculated as: 

 𝐸𝐸𝐸𝐸𝐸𝐸𝑖 = 𝑃𝑃𝑃𝐴𝐴𝐴𝐴𝐴,𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 × 𝑙𝑙(𝑆)𝑐𝑐𝑐/𝑑𝑑𝑑 × 𝑑𝑑𝑑 × 𝑟𝑟𝑟𝑟𝑟𝑖 × 365 6.6 

where 𝐸𝐸𝐸𝐸𝐸𝐸𝑖  is the annual mass load of substance s, 𝑃𝑃𝑃𝐴𝐴𝐴𝐴𝐴,𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢  is the 

total count of population that is not served by WWTPs in the AU (rural or urban), 

ddc is the proportion of hormone load from untreated wastewaters reaching the 

water body. 
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In our ‘most probable’ scenario, we parameterized ddc as 40% for untreated 

wastewater discharged into nearby rivers in rural areas, as reported by Wang et 

al. (2011), and used a higher ddc of 80% for urban areas due to the presence of 

more impervious surfaces (Dr. Wang Kaijun, School of Environment, Tsinghua 

University, personal communication). 

Finally, after the contribution of untreated populations was downscaled to the 

pixel resolution, we used zonal statistics with reach catchments as zones to ag-

gregate the hormone load from the individual pixels to the respective river reach. 

 𝐿(𝑆)𝑟𝑟𝑟𝑟ℎ,𝑖 = � 𝐼𝐼𝐼𝐼𝐼𝑝𝑝𝑝,𝑢𝑢𝑢𝑟𝑒𝑒𝑒𝑒𝑒,urban|rural
𝑊𝑊𝑊𝑊

 6.7 

S6.3 River and lake routing of mass balances 

The outflow mass balance for each river reach is calculated as: 

 𝑇𝑇𝑟𝑟𝑟𝑟ℎ,𝑖 = ��𝐿𝐿𝑤𝑤𝑤𝑤 + �𝐿𝐿𝑟𝑟𝑟𝑟ℎ
𝑗,𝑛𝑖

� × 𝑑𝑠  6.8 

where 𝑇𝑇𝑟𝑟𝑟𝑟ℎ,𝑖 represents the total accumulated mass at the end of the river 

reach i, calculated as the sum of mass influx from all wastewater treatment 
plants located anywhere on the river reach 𝐿𝐿𝑤𝑤𝑤𝑝, and the total mass 𝐿𝐿𝑟𝑟𝑟𝑟ℎ 

from all upstream reaches j,n. The degradation of a chemical substance in the 
river body, if applicable, is expected to decrease at a rate proportional to its 
mass, and is represented as the factor d is the environmental decay factor of es-
trogen s. The factor d is calculated based on first-order decay 𝑑 = 𝑒−𝑘𝑘 where t is 
the time a plug of water needs to travel through the river reach (based on aver-
age flow velocity), and k is a positive number called the first-order rate constant, 
which determines the time speed of environmental decay. Based on averages 
given in Caldwell et al. (2010), we used 0.3, 0.3, 5.7 and 0.07 for E1, E2, E3 and 
EE2, respectively, as k (day-1). 

In the river network, t is derived by dividing river reach length by the average 

velocity within the river reach. This corresponds to the average retention time in 

each individual river reach (i.e., the time a plug of fluid needs to travel from the 
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beginning to the end of the river segment). Velocity was estimated from long-term 

average discharge following the empirically derived formula (Allen et al., 1994):  

 𝑣 = 1.07 × (𝑄0.1035) 6.9 

where v is the velocity in m/s within the river reach and Q is the long-term aver-
age discharge in m3/s.  

Lakes are currently modeled as either passing the load fully to the down-

stream river or eliminating the load entirely (Ort et al., 2009), but will be includ-

ed as a completely stirred tank reactor (Anderson et al., 2004) in future up-

grades of the model. 

S6.4 Environmental Risk Assessment 

After accumulation and degradation, we calculated the predicted environmental 
concentrations, 𝑃𝑃𝑃𝑖  , for each river reach i by dividing the accumulated chemi-
cal mass 𝑇𝑇𝑟𝑟𝑟𝑟ℎ,𝑖  by the discharge 𝑄𝑖 of the corresponding reach (which in-

cludes the accumulated amount of water volume from the wastewater treatment 
plants upstream): 

 𝑃𝑃𝑃𝑖 =
𝑇𝑇𝑟𝑟𝑟𝑐ℎ,𝑖

𝑄𝑖
 6.10 

Due to the seasonal variability of river flows, we used the Q90-month, a low 
flow indicator equivalent to the daily 90th percentile flow (i.e. flow that is ex-
ceeded 90% of the time and which represents the worst-case scenario with min-
imal dilution and maximal concentration). See chapter 5 of this thesis for a dis-
cussion on Q90-month. 

Since estrogens act in an additive manner (Thorpe et al., 2001) and since the 
eco-toxicological potency of all estrogens is not equal (SCHER, 2011; Anderson 
et al., 2012; Caldwell et al., 2012), the amount of estrogen release from residents 
was estimated in terms of E2 equivalents, the most potent natural estrogen. Spe-
cifically, EE2, E1 and E3 were assumed to be 10, 0.33 and 0.04 times as potent as 
E2, respectively (Khan and Nicell, 2014). After the weighting, we compared the 
E2-equivalent concentrations (PECs) to the combined Predicted No Effect Con-
centration (PNEC) for all estrogens, which is assumed to be 1 ng of E2-eq/L 
(Williams et al., 2009). 
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7 Synthesis and concluding remarks 
This thesis contributes to advancing the field of global hydrological modelling by 

providing a comprehensive, new framework to conduct eco-hydrological re-

search at high spatial resolution. The application of this modelling platform pre-

sents opportunities to bridge the divide between large-scale modelling and more 

local, applied research conducted by ecologists or water managers who require 

higher-resolution data and/or specific analyses not typically available in global 

hydrological and routing models. I conducted analyses in regional (Saint Law-

rence River; Mekong River), national (China), and global research settings, which 

would not have been possible without the presented innovations in global river 

routing. My research has helped to alleviate the challenges that many large-scale 

hydrological and routing models face related to inadequate spatial resolution, 

inflexible data structures, missing multi-scale support, limited support for con-

nectivity, and the lack of integrated modelling. 

7.1 Scientific contributions  

This thesis and related research introduced the first global integrated hyper-

resolution river routing model designed for eco-hydrological assessments of an-

thropogenic effects on rivers. It made substantial contributions to advance scien-

tific understanding and methodologies in the field of global hydrology, as follows: 

Contributions to knowledge: 

i. In chapter 3, I developed and compared several new indicators of river 

fragmentation and flow regulation. While most river assessments and appli-

cations use river length as a fundamental measure to represent river habitat 

for species, I find that indicators based on river volume may be more ade-

quate in this application for ecological modelling. I showed that an indicator 

that uses river volume (i.e. size) provides a better representation of ecologi-

cal information such as species migratory ranges or river classifications. I al-

so found that indicators based on river volume are less scale dependent as 

they are less susceptible to the spatial extent of the underlying river network 
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(i.e. additional small streams have little volume). The development of new 

volume-based indicators (chapter 3) led me to their application at the global 

scale in chapter 4. These results further supported my hypothesis that river 

volume is more representative as a proxy or indicator in ecological assess-

ments than river length. This hypothesis warrants further investigation as 

part of a more systematic and directed assessment. As a broader opportuni-

ty, the use of river volume as demonstrated in HydroROUT could provide an 

alternative or additional measure for ecohydrological research in general.  

ii. In chapter 4, I conducted a multi-scale assessment in which I showed that 

river fragmentation is highly scale dependent both within and across river 

basins. At the sub-basin scale, I identified substantial intra-basin heteroge-

neity of impacts which was previously difficult to assess due to model scale 

and resolution. The results suggest that studies on river network connectivi-

ty should be conducted at multiple scales. 

iii. In chapter 4, I also demonstrate that small dams significantly contribute to 

fragmentation when compared to scenarios where only large dams are as-

sessed. Specifically, the relative magnitude of small versus large dam impacts 

was quantified for the first time in detail for the Mississippi Basin. 

iv. Finally, chapter 4 revealed that natural barriers significantly affect the frag-

mentation calculations, in particular waterfalls. This finding suggests that fu-

ture assessments should take into account both anthropogenic and natural 

sources of fragmentation, which has implications for environmental impact 

assessments of individual or groups of dams. For example, a proposed dam at 

a location with a waterfall nearby may not reduce connectivity as much as 

would be expected in a fully connected network. Furthermore, the inclusion of 

waterfalls in eco-hydrological models could enable new assessments alto-

gether, such as predicting the distribution of species throughout river systems. 

v. In chapter 5, I show that 90% of all wastewater treatment plants in the study 

area indicate a dilution factor of 10 or higher, which provides evidence that 

this commonly applied assumption underlying most current risk assessment 
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methodologies is indeed valid. However, I also show that that assessments 

based on dilution factors alone cannot replace spatial risk assessments such 

as the one conducted with HydroROUT. For example, I found that two out of 

15 commonly used pharmaceuticals in Canada show elevated environmental 

risk in extensive reaches of the Saint Lawrence River. 

vi. In chapter 6, I determined novel spatial patterns of risk from hormones in 

continental China, and I show that wastewater treatment plants are critical 

to reducing risk from hormones in river systems. Yet, a second key finding of 

this study is that the combined contributions from small-scale populations 

that are not connected to sewage treatment plants may be far greater pollu-

tion sources than treated wastewater from large urban municipalities. This 

is an important finding for the implementation of contaminant fate models 

in regions where large parts of the population are not connected to sewage 

treatment plants, including large parts of the developing world. My findings 

also suggest that these non-point sources may be equally important for oth-

er population-sourced chemicals, such as pharmaceuticals. 

Contributions to scientific methodologies: 

i. This research provides a global, multi-scale framework in which river rout-
ing is feasible from very small scales to increasingly larger scales; i.e., from 
small river reaches to larger, nested hydrological subdivisions such as sub-
basins and basins. This provides the research community with a framework 
to conduct eco-hydrological research at multiple scales using a common 
routing approach. The framework is based on graph-theoretical principles, 
where river networks are analysed using network theory. This type of ap-
proach has been shown to support the linkage of landscape ecology and hy-
drology domains (Bunn et al., 2000), and as such provides new opportuni-
ties to support integrated modelling in freshwater systems.  

ii. My research led to the design and critical evaluation of indicators of river 
fragmentation and flow regulation that can be derived rapidly as a first-
order proxy even in data-poor settings, and provided a proof-of-concept that 
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such simple indicators are useful to rank, distinguish, or monitor varying 
levels of impacts from different dams. Combined with stakeholder involve-
ment, such indicators provide opportunities to be used in policy-support 
and environmental assessments, for example with the goal to find alterna-
tive or ‘optimal’ solutions in large-scale dam planning and management ex-
ercises. 

iii. This study combined, for the first time, multiple impacts of dams, namely 
flow regulation and fragmentation of rivers in one framework. While the two 
effects were previously assessed separately, or in the form of a lumped indi-
cator, they were here combined to form one integrated “Dam Impact Matrix” 
which helps to improve our understanding of trade-offs between different 
types of dams in general and in relation to their societal benefit (i.e. energy 
production; chapter 3). 

iv. Furthermore, this research allowed for much more refined and detailed re-
sults regarding dam impacts than previously achievable. The higher spatial 
resolution of the HydroROUT framework supports the distinction of intra-
basin variability and trends, i.e. at sub-basin scales, while the computational-
ly efficient routing algorithms enable fast, repetitive scenario calculations to 
provide temporal trends of river fragmentation that have never been pre-
sented before. 

v. This research also showed the applicability of HydroROUT as a high-
resolution chemical fate model, which is expected to provide novel opportu-
nities to investigate the sources and fate of chemicals in the environment at 
large scales. As a chemical fate model, HydroROUT’s relatively simple, vec-
tor-based design supports assessments of a large variety of chemicals. Hy-
droROUT has been shown to produce reasonable predictions of chemical 
concentrations in rivers to support first-order risk assessments and screen-
ing of chemicals. 
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7.2 Limitations and future directions 

HydroROUT provides significant improvements over current approaches in eco-

hydrological modelling at large scales, and my research has addressed many of 

the identified challenges with substantial success. Despite these advancements, a 

number of challenges remain, which are mainly related to limitations identified 

in my diverse studies on river networks. These limitations, at the same time, 

provide avenues for future improvements and research directions.  

Limitations in the implementation of hydrological and routing processes 

• HydroROUT’s routing scheme does not include dynamic runoff routing but 

instead uses, in a decoupled mode, monthly and yearly long-term average 

discharge from a Global Hydrological Model that was downscaled to Hydro-

ROUT. This currently limits the application of HydroROUT to studies that do 

not require dynamic interactions between streamflow and other model 

components. Yet, the non-dynamic integration of streamflow substantially 

decreases model complexity and model run time, leading to superior per-

formance and allowing, for example, rapid repeated model executions re-

quired for Monte-Carlo simulations or in sensitivity analyses. If dynamic 

flow routing would be included in HydroROUT, such applications may no 

longer be feasible.  

• The omission of an internal runoff generation scheme means that scenarios 

of land use or climate change and their resulting effects on discharge cannot 

be calculated. The implementation of a combined land-surface model with a 

routing scheme would drastically increase model complexity, and negate 

some of the performance advantages of HydroROUT.  

• The currently implemented routing and tracing scheme is limited to up-

stream and downstream routing, accumulation and first-order decay func-

tions. More complex in-river routing may be required for representing high-

er levels of complexity in river processes, e.g. dispersal and population-level 

dynamics. More advanced in-stream decay functions (e.g. nutrient-

spiralling) also require modifications to the current routing algorithms. 
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• The routing component currently does not consider the effects of floodplains 

including flood wave attenuation of retention processes. Also, their effect on 

chemical removal processes is not considered, although floodplains are 

known to act as sinks for river constituents, such as sediments, nutrients, 

and contaminants. With the recent integration of a global floodplain map 

(Fluet-Chouinard et al., in prep) there is an opportunity to include a “flood-

plain module” in HydroROUT. This could provide further research avenues 

into the effect of floodplains on the distribution of water and substances 

along the river network. 

• The representation of velocity in HydroROUT is currently derived from river 

discharge using hydraulic geometry laws (Allen et al., 1994). While this ap-

proach is inherently prone to large errors, it may be considered an im-

provement over the use of constant flow velocities implemented in some 

other models. Yet using this approach in HydroROUT makes the model esti-

mates susceptible to uncertainty and error linked to the accuracy of repre-

senting discharge (further discussed below). Future iterations of Hydro-

ROUT should consider the use of more advanced methods to estimate veloci-

ty similar to Ngo-Duc et al. (2007), Fiedler and Döll (2010), and Verzano et 

al. (2012). The latter is using discharge, stream gradients, and global esti-

mates of simplified Manning coefficients.  

• I was able to show that small dams and waterfalls play an important role in 

fragmentation assessments, and may significantly alter outcomes of dam 

impact assessments. Yet I was not able to include them systematically in my 

large-scale assessments in the Mekong or globally, because of ongoing dis-

cussion about how the differences of passability between small dams, water-

falls, and large dams should be addressed by the connectivity indices. Large 

dams are considered generally non-permeable (assuming no structures to 

enhance passability), but waterfalls are typically passable in one direction, 

and smaller barriers are more passable overall. There is an opportunity to 

conduct research on the effects of waterfalls on river connectivity, and on the 

combined effect of including waterfalls into dam planning frameworks. 
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• Most of the river routing calculations in HydroROUT are conducted based on 

steady-state assumptions using long-term average discharge, or, in the case 

of applications related to chemical fate routing, based on low flow indicators 

calculated from steady-state monthly averages. My research indicated that 

the prediction of chemical concentrations in rivers is very sensitive to the 

accurate representation of low flow hydrology. Typical low flow indicators 

(e.g., 7Q10, Q90) in risk assessment are based on daily flows, but this tem-

poral detail is not included in HydroROUT. Steps, including statistical ap-

proaches, should be taken in future iterations of the model to improve the 

low flow hydrology used in HydroROUT. 

• The dam impact studies should be interpreted with caution due to a number 

of shortcomings: The calculation of river regulation disregards important 

processes that modify the flow, in particular—due to lack of data—the actual 

operational rules of dams. Furthermore, the calculations of fragmentation do 

not take into account any form of permeability of barriers, and assumes a 

complete barrier effect for every dam. However, numerous dams implicitly 

(by design) or explicitly (by structural modifications) allow the passage of 

species to pass the dam under certain circumstances. The DOR and RRI cal-

culations should therefore be considered as a proxy for accumulated large-

scale dam impacts rather than as a quantitative absolute measure of impact 

for individual dams. 

Limitations in underlying baseline hydrography and the downscaled dis-
charge estimates 

The underlying baseline hydrographic data (HydroSHEDS) as well as the 

downscaled discharge used in HydroROUT display uncertainties that translate 

into limitations of the HydroROUT framework as follows: 

• The HydroSHEDS database was developed originally only for regions below 

60 degrees northern latitude, as data beyond this latitude were not available 

from the underlying digital elevation model (Farr et al., 2007). Substitute da-

ta from a different topographic dataset (USGS, 2000) with substantially infe-



  Chapter 7  

 

237 

 

rior quality was added for the northernmost regions. There is potential for 

improvement in these areas, as better elevation data recently became availa-

ble from Robinson et al. (2014). 

• In predominantly flat terrain, the representation of hydrological flow paths 

is generally less accurate due to elevation ‘noise’ introduced from vegetation 

and built-up areas. In these cases, manual corrections were conducted in the 

production of HydroSHEDS; e.g., stream burning techniques were employed 

to enforce hydrological accuracy, where high resolution river networks were 

available (Lehner et al., 2006). However, significant deviations from ob-

served flow paths are noticeable in some regions. 

• Because of the underlying algorithm to derive flow directionality does not 

allow for multiple downstream directions, river bifurcations (i.e. splits into 

multiple flow channels), braided river systems, or secondary channels in riv-

er deltas cannot be represented with HydroROUT. Canals and artificial struc-

tures are also not implemented, which becomes relevant in places such as 

the North China Plain (chapter 6), which is heavily modified due to canaliza-

tion. These shortcomings cannot easily be circumvented, and the implemen-

tation of these features would add substantial complexity to the connectivity 

and flow routing model. Nevertheless, for many applications these omis-

sions, which are typically at smaller scales, are less critical.  

• Highly detailed and complex topographic features such as floodplain chan-

nels that regulate local hydrological connectivity are not adequately repre-

sented in HydroSHEDS (Yamazaki et al., 2012). These limitations may be-

come relevant in certain situations; i.e., where such features are critical. Even 

at HydroSHEDS’ 90m resolution, such spatial detail is not well represented. 

Dedicated data models with higher spatial resolution should be considered 

(e.g. based on LIDAR). 

• The preliminary validation of downscaled river discharge that is used in Hy-
droROUT showed overall good agreement with the observed flows at 166 
gauging stations in Canada for long-term average discharge values (see 
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chapter 5). However, the monthly flow values, important in environmental 
risk assessment methodologies where a measure of low flows is needed 
(chapter 5 and 6), showed substantially larger errors. In cases where we 
compared low flow indicators derived from HydroROUT’s downscaled dis-
charge to low flow indicators at gauging stations (monthly Q90 flows), val-
ues of HydroROUT were generally too high. This, in turn, affects the envi-
ronmental risk assessments conducted in chapter 5 and 6, leading to under-
estimated risk for low flow conditions. Human controlled flow regulation 
features, such as dams and reservoirs, can further cause misrepresentation 
of low flow conditions in particular. Overall, more validation of the discharge 
input into HydroROUT is needed—ideally a systematic global scale assess-
ment to better understand the limitations in low flow hydrology. 

• Regarding the lake database used in HydroROUT, it should be mentioned 

that there is a severe quality discrepancy between the representation of a 

lake’s surface area and its storage volume. While the first is based on manu-

al, high-resolution digitizing, the latter is estimated with spatial regression 

models. Overall, the volume estimations have been shown to provide ac-

ceptable first-order proxies based on tests against a selection of 5950 lakes 

across the world (Messager et al., in prep.), yet the values of individual lakes 

may be greatly over- or underestimated. 

7.3 Policy application and cross-cutting themes 

The contributions made in this research have so far been applied to two fields of 

research—dam impact assessments and contaminant fate modelling. As evi-

dence of their usefulness in integrated assessments in a policy-relevant context, 

the indicators of river fragmentation and flow regulation that I developed in 

chapters 3 and 4 have already been implemented in a case study prepared for 

the Asian Development Bank to support an international integrated assessment 

entitled ‘Ensuring Sustainability of Greater Mekong Sub-region Regional Power 

Development (ADB TA7764-REG), sub-project: Determination of Flow Regula-

tion and River Connectivity for Different Scenarios’.  
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Furthermore, these indicators will serve as new global scale indicators of 

fragmentation and flow regulation as part of the Biodiversity Indicator Partner-

ship (BIP), a global initiative to promote and coordinate development and deliv-

ery of biodiversity indicators (http://www.bipindicators.net/). 

The past and current development of HydroROUT as a chemical fate model 

(chapter 5) has been supported by Health Canada and Environment Canada with 

the goal to assist the implementation of the Canadian Chemical Management 

Plan (Ambrose and Clement, 2006)—a plan for addressing the legacy of approxi-

mately 4300 chemical substances prioritized through a categorization process 

by 2020. Between October 2012 and March 2013, a pilot study was carried out 

on behalf of Health Canada to test the feasibility of developing a large-scale con-

taminant fate model for the provinces of Quebec and Ontario (Lehner et al., 

2013)1. Further initiatives are under way to extend the scope of the model from 

the current East Canada extent to a Canada-wide model. 

The HydroROUT framework was recently used to create linkages between hy-

drological objects and cities, with the goal to map the water sources of the 

world’s largest cities. This work has resulted in my co-authorship in the publica-

tion ‘Water on an urban planet: Urbanization and the reach of urban water infra-

structure’ (McDonald et al., 2014). 

The importance of upstream connectivity for improved conservation planning 

has been widely acknowledged (Hermoso et al., 2012) and HydroROUT, with its 

graph-theoretical approach, is ideally suited to provide such functionality at a 

global scale. In particular, there is, to my knowledge, no current framework that 

includes natural and anthropogenic barriers in large-scale freshwater conserva-

tion planning approaches, a gap that could be filled by HydroROUT with its 

unique capabilities to model connectivity and fragmentation. 

                                                            
1 A consulting report was delivered to Health Canada, with Bernhard Lehner and Jim 
Nicell as the Principal Investigators. I was responsible for conducting the research and 
model development.  
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7.4 Overarching conclusions  

The presented research contributes substantially to the body of knowledge in 

integrated eco-hydrological modelling. I have developed the first of a new gener-

ation of global river routing models that can support local modelling and deci-

sion making while providing a large-scale perspective. The resulting model, Hy-

droROUT, has a number of unique characteristics, which I have demonstrated 

can contribute to novel integrated research applications. 

HydroROUT combines preprocessed data, models and tools into a single large-

scale modelling framework providing researchers with the opportunity to adapt 

the modelling scheme to the specific requirements of their geographic location 

and study system. Despite the current limitations related to the quality of the 

underlying HydroSHEDS database and implementation of the HydroROUT mod-

elling framework, results have to be judged against large-scale needs of ecol-

ogists or water resources managers for which HydroROUT was designed.  

For example, even if discharge values are prone to substantial uncertainty and 

error, ecological changes in the river network are often most pronounced at con-

fluences between small tributaries and large main-stem rivers, where flow mag-

nitudes can differ by one or several orders of magnitude. Many critical charac-

teristics along the river network, such as highly altered conditions, disruptions in 

connectivity, distances along the flow path, or contributing catchment areas are 

well represented in the current model version, despite errors in discharge, due 

to the very high spatial resolution of the hydrographic baseline data. Major 

changes between river orders are well represented and can be related to species 

distributions. Detailed spatial objects, such as effluent points of wastewater 

treatment plants, dams, waterfalls and lakes, can be included as part of the as-

sessments, even if uncertainties in the exact hydrological values are present.  

The current version of HydroROUT is not able to conduct its own runoff and 

discharge generation, which leaves the model unsuitable for scenario calcula-

tions related to changes in land use or climate. The decoupled nature of Hydro-

ROUT, however, presents other research opportunities in terms of facilitating 

novel and computationally highly efficient eco-hydrological applications at large 
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scales, previously not possible. The advanced implementation of connectivity and 

river routing in HydroROUT using a vector framework and a graph-theoretical 

model are key characteristics of this new generation of routing models.  

In this thesis, I have made several technical and theoretical improvements to 

advance the field of global hydrological modelling and routing, by providing new 

data, models, methods, knowledge and insights that are useful for large-scale 

eco-hydrological assessments. Beyond this research domain, there are ample 

opportunities to apply HydroROUT and its concepts in a variety of related fields 

including aquatic ecology, biogeochemistry, geo-statistical modelling, and health 

risk assessments. 
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Döll P, Fiedler K, Zhang J (2009). Global-scale analysis of river flow alterations due to water 
withdrawals and reservoirs. Hydrology and Earth System Sciences Discussions 6, 4773-4812. 
doi:10.5194/hessd-6-4773-2009 
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Fekete BM, Vörösmarty CJ, Lammers RB (2001). Scaling gridded river networks for macroscale 
hydrology: Development, analysis, and control of error. Water Resources Research 37, 1955-
1967. doi:10.1029/2001wr900024 

Feldman A (2000). Hydrologic Modeling System-HEC-HMS. Technical Reference Manual. US Army 
Corps of Engineers Hydrologic Engineering, Washington, D.C., p. 157. 

Fent K, Weston Aa, Caminada D (2006). Ecotoxicology of human pharmaceuticals. Aquatic 
toxicology (Amsterdam, Netherlands) 76, 122-159. doi:10.1016/j.aquatox.2005.09.009 
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Vörösmarty CJ, McIntyre PB, Gessner MO, Dudgeon D, Prusevich A, Green P, Glidden S, Bunn SE, 
Sullivan CA, Reidy Liermann C, Davies PM (2010). Global threats to human water security and 
river biodiversity. Nature 467, 555-561. doi:10.1038/nature09440 
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Wisser D, Fekete BM, Vörösmarty CJ, Schumann AH (2010). Reconstructing 20th century global 
hydrography: a contribution to the Global Terrestrial Network- Hydrology (GTN-H). 
Hydrology and Earth System Sciences 14, 1-24   

Wisser D, Frolking S, Douglas EM, Fekete BM, Vörösmarty CJ, Schumann AH (2008). Global 
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