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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,
[ 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.




Résumé

Malgré d'importantes avances récentes, les modeles hydrologiques globaux et
leurs bases de données présentent encore des capacités limitées pour soutenir
I’étude de nombreuses questions de recherche résolues dans I’espace et I'étude
d’évaluations intégrées, comme requis dans le domaine de 1'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 modeles actuels, et de con-
cevoir une nouvelle génération de modéle écohydraulique de routage des ri-
vieres, appelé HydroROUT. Basé sur le répertoire de données hydrographiques
mondiales de HydroSHEDS, HydroROUT est le premier modele global spatiale-
ment hyperrésolu de routage de rivieres 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 modele sous différents
parameétres et domaines de recherche et je concois et mets en ceuvre quatre
études de cas liées a 1'évaluation de I'impact de I'activité humaine sur l'intégrité
du systeme d'eau douce. Ces études de cas comprennent a 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
méme mondial. HydroROUT a été appliqué dans deux domaines de recherche
distincts. Tout d'abord, il a été évalué par rapport a 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 riviere (RCI) et l'indice
de régulation de la riviere (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. Deuxiemement, 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-
téemes d'eau douce a lI'aide d’approches par bilan massique appliquées a grande
échelle. A cet effet, HydroROUT a été adapté pour fonctionner comme un modéle
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 trongons de riviere du bassin du fleuve Saint-Laurent, au Canada, et
dans des zones étendues de la Chine continentale. Les résultats a grande échelle
du modéle HydroROUT sont a une résolution de 500 m, résolution jamais at-
teinte jusqu’a 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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Chapter 1

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 (Vorosmarty 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; Kiimmerer, 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., Vorosmarty 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 D6ll, 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.

[ 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 (Vorosmarty 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)?

[ 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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Goal: Contribute to the development of a new generation of integrated, large-scale,

hyper-resolution river routing models for eco-hydrological applications

[Chapter 2]

Global river hydrography
and network routing

[Chapter 3]
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dam impacts

[Chapter 4]
Global dam impacts

[Chapter 5]
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Integrated modelling

1) What are the key challenges
in large—scale river routin
models that need to be ad-
dressed in order to improve
their applicability for assessing
the state of global freshwater
systems?

2) What are the appropriate
scale, resolution, and data
structures to assess multiple
anthropogenic impacts on
freshwater systems?

Development of indicators ca-
pable of assessing cumulative
effects of dams in a large-scale,
integrated river routing model.

Exploration of spatio-temporal
trends of dam impacts at mul-
tiple scales.

Extension of HydroROUT to
perform as a contaminant fate
model in order to assess water
quality at large scales in sup-
port of environmental risk as-
sessments.

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 spa-
tial scales.

Challenges Question / Objective

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.

In addition to these broader questions and objectives about large-scale river
routing models and their advancements, each of the studies in chapters 3 to 6 ad-
dress four more specific research objectives representing different components of
GHMs and contributing to the five challenges (resolution, data structure, multi-

scale assessments, connectivity, and integrated assessment) in different ways:
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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 (Doll 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; Voréosmarty
et al.,, 2000a; Do6ll 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
km? 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 (Havng 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 (D6ll 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;
Doll 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 D6ll, 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 (Vorésmarty 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
NHDPIlus 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 km? 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, Erds 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. (Erds 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 (Vorosmarty 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; Vorosmarty 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
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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).
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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 Wiiest,
2002), thermal stratification (Friedl and Wiiest, 2002), greenhouse gas emis-
sions (Friedl and Wiiest, 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., Vordosmarty 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
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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

14.1 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, [ 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.

[ 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.
a) b)
Level 12 Level 1

river reaches and catchments

Level 11

L

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; D61l 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

[ integrated a database of more than half a million lake surfaces larger than 1
km? (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 km?) 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

a) O Junction / confluence b)
& Edge/river reach

Edge U’stream  D’'stream

1 2,3 -

4,5 1
3 6,7 1
4 - 2
5 - 2
6 10,11 3
7 8,9 3
8 - 7
9 - 7
10 12,13 6
1 14,15 6
12 - 10
13 - 10
14 - 1

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).

e 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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e 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.

v v
‘W Object/barrier
O Junction/ confluence
e) v
%
/

& Edge /river reach
f
(o]
(o]
 /
v!" :v/

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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e 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.

e 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, | 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 ** 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 ¢ 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 x Q01035 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 Do6ll (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):

y QLakE
Qrake + kVyake

PEC(S)LAKE,OUT = PEC(S)LAKE,IN 1.2

where PEC(S)akE our 1S the concentration of substance s at the lake outlet,
PEC(S)pake v represents the inflowing concentration from all river sources,

Qrakg is the discharge in m3/s entering the lake, k is the lake’s decay constant,
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and V; 4k 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, | 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.

35



Chapter 1

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.
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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., Vorosmarty 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 Doll, 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 (Vordsmarty 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, Vorésmarty 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; Vorosmarty et al,, 2000a; Do6ll 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).

o o HydroSHEDS
_ Amazon Basin

River network derived
from SRTM elevation data
at 500 m resolution

Only
major
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Figure 2.1: HydroSHEDS river network for Amazon Basin at 500m resolution.
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BE

300

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; Doll et al, 2003), WBM/WTM
(Vorosmarty 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 Doll, 2004; Lehner et al., 2011) irrigation maps (Siebert et al., 2005) water
use estimates (Wisser et al., 2008; Doll 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/). Vorosmarty 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.

51



Chapter 2

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 (Fiirst and Horhan, 2009). HydroSHEDS has
been enhanced by a vectorized watershed layer that subdivides ba-
sins into units of approximately 130 km? 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 0.52 resolution
discharge layer of the global integrated water model WaterGAP
(Alcamo et al., 2003; Ddll et al., 2003). Individual river reaches can
be distinguished down to stream sizes of 1 1/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.

Raster Base datasets ' HydroSHEDS
Digital
; B
Eﬁvzﬂ?n Directions e Raster
ode Collection
VAN
Wetlands & Flow Derivatives
Flood- Accumu- ¥ X
plains lation
River h\:\?:t?:_j
Networks eha s
HydroROUT ' \ /
River Network
Routing Model  _ ~
Vector
Collection

Routing i i
scheme !

o

GRanD Lakes
In-strea!m Tracing
processing Modils
module

Linked Datasets

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 Oth-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 km?2.

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 R? 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 R? = 0.936; p<0.0001).

10000 a) Average flows b) Low flows

1000

100

HYDAT reported discharge ( m”/s)
=

1 10 100 1000 10000 1 10 100 1000 10000
HydroROUT modeled discharge (m*ls)

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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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/)

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-
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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.
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= Planned Dams
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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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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.

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

62



Chapter 2

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).
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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; D6ll 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-
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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 D6ll (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

67



Chapter 2

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:

e 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.

e 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.

e 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.

e 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.

e 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).

[ 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 (Vorosmarty 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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Rivers Dams
— Mekong main O Existing
stem  Planned

Myanmar

Laos

Thailand

Cambodia

0 250 km Vietnam

]

Figure 3.1 : Overview of the Mekong River Basin with
existing and planned dams.

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.
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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

3.21 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; Vorésmarty 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., Vorésmarty 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; Doll 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 RClvoL)

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 Fragment 2

similar hydrological and geomorphological

\ /

characteristics; see further definition be-  confiuence Fragment 3

low). As such, our index is flexible in its River reach __
use and can be modified by stakeholders in

subsequent analyses.

Fragment 4
The RCI is based on the ‘Dendritic Con-

nectivity Index’ (DCI; Cote et al., 2009).

The DCI uses network analysis to evaluate

Figure 3.2: Basic concept of the River
the cumulative impact of the number, Connectivity Index (RCI). Dams partition
the network into fragments with specific

permeability, and location of barriers on characteristics (e.g., length, volume, class

the life history of potamodromous and di- 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:

L)

DCI =ZL—i2x 100 3.1
i=1

where n is the number of fragments; [; 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 RCly.
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 RClvoL

follows as:

no 2

"].
RClyo, = ZV—‘Z x 100 3.2

i=1

where n is the number of fragments; v; is the total river volume of fragment i;

and V is the total river volume of the entire river network.

The RClyoL 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 RClcLass as a measure of river connectivity

that incorporates the diversity of river classes, and RCIrance 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 RClcrass 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:
no2
RClgiass = ). U G 100
CLASS L VZxC 3.3
i=

where n is the number of fragments; v; is the total river volume of network frag-
ment i; Vis the total river volume of the entire river network; ¢; 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.
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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).
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River Migration Connectivity Index (RCIrance)

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.

c)

Number of Migratory
migratory species . Panagasius species count
1 k gigas spp. 1-3
2-10 "\ ® Species recorded 4-8
1-15 at location 9-14
® 16-20 = Minimum species o 15-20 0 200 km
® 21-27 range — 21-25

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 RCIrancr for all species is

defined as:

o2

RCIgange = Z M_LZ X 100 3.4

i=1

where n is the number of fragments; m; 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 (RCIcomginep)

In an attempt to create a combined indicator that includes information on both
river classes and migration ranges, we define RClcompinep as the arithmetic mean
of RClcrass and RCIrance. We comment on the results of this simple approach in

the Discussion section.

85



Chapter 3

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:

n

>s

DOR =—x100 3:5
D
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:
n
rv;
RRI = Z DOR; 2 3.6
i=1

where n is the number of reaches in the network; DOR; is the DOR value of river
reach i; rv;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

34.1 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-
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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 RCl¢rass or RCIrance), 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).

RClIcLass 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%. RClIrance 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 RCIcpass falls
to 7.6%, nearly a tenth of its original value. RCIrance 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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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, RClcrass, and RCIrance 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.

Comparison of indicators

To provide more insight into the behavior of the different connectivity indices,
we calculated DCI and three RCI values (RClvor, RClcrass, RCIrance) 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

4?2 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
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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 RClcLass 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, RClcrLass 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
RClcLass because a large proportion of the calculated river volume and class con-

nections remain intact.

Finally, the results for RCIrance 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
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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 RCl 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 eff