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Abstract

Interactive impacts of climate change and human activities (e.g.

hydropower production) have posed urgency in examining the patterns of

hydrological and thermal response in riverine ecosystems, and the potential

ecological implications manifested. Hydro-geomorphic conditions are the major

factors in shaping water qualities in river networks, especially under the

extreme climatic events. However, when the power of nature is encountered

with human regulations, represented by hydropower production, it would be

well worth discussing how the pictures of riverine hydro- and thermal regimes

would change over the certain range of time and space. Moreover, the possible

utility of hydropower regulation as mitigation of extreme climate changes is still

open question to be verified.

Above-mentioned questions are answered in three aspects specifically:

1

Governing factors and spatial distribution model for water residence
time in river networks across Germany. Based on the machine
learning technique of boosted regression trees (BRT), spatial
distribution of water residence time is estimated for the long-term
annual average hydrological conditions and extreme cases of flood

and drought.

Impacts of hydropower over temporal and spatial range are
investigated by analyzing the mechanisms of hydropeaking
propagation. Hydrologic and geomorphic contribution framework is
proposed and applied for the upper Rhone River basin in Switzerland,

a typical hydropower exploited river basin in the mountainous area.

River water temperature response as an indication for ecological
status is investigated for the alpine rivers across Switzerland,

excellent representatives of sensitivity and vulnerability to climate

3



change while under highly exploitation of hydropower activities.
Extreme climate change case of heatwaves in 2003 and 2006 are

selected and analysed especially.

Results of the three research components in correspondents to listed
research questions showed that river hydrological regimes have more
directly/important influence on the variation of flow availability in comparison
with the geomorphologic settings. Nevertheless, geomorphologic and topologic
conditions (e.g. river width, slope, and roughness coefficient) that largely
control the hydraulic waves diffusion processes in a hydropower-dominated
river basin determine the spatial range of hydropeaking impacts. A hierarchy
framework of geophysical obstructions, hydrology, and hydraulic waves
diffusion process is proposed for analyzing the spatial range of hydropeaking
propagation. When the effects of hydropeaking and thermopeaking that
induced by hydropower production activities are dominated in the river reach,
hydropower regulation offers as great potential to mitigate extreme climate

events (i.e. heatwaves).

By looking into specific perspective of river hydro- and thermal regimes,
hydropower regulation, and climate extremes via different scales, we
investigated the interactive effects between riverine ecosystem and
human-climatic impacts. We expanded the approach of water residence time
estimation into the field of machine learning with spatial predictions. Impacts of
hydropower regulation are first elaborated with a framework of hydropeaking
propagation mechanisms. Hydropower regulation has been identified to have
great potential to mitigate extreme heatwaves through altering thermal regimes
in rivers. Results of the study not only contribute to river hydrology and ecology
studies, but also to the river management and climate change mitigation

practices.
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Chapter 1

General introduction

River discharge and water temperature, together with the light availability
are traditionally considered ast h e 0 Marialtles coidtrolling the structures
and functions of freshwater ecosystems (e.g. Richter et al., 1996, Ward, 1985,
Westlake et al.,, 1965). They overall control a complex array of physical,
chemical, biological processes and related mutual interactions on which the

stream and riparian biota has been adapting at different life stages.

For a variety of reasons, the level of scientific consideration given to the
three above master variables as fundamental ecological drivers is highly
different and biased towards discharge, with a huge number of studies
addressing the linkages of flow regimes with river ecology, especially in
consideration of the increasing levels of flow regime alterations by human
effects worldwide (e.g. Nilsson et al., 2005; Zarfl et al., 2015). River thermal
regimes have received comparatively much less attention, at least until
approximately the last decade (Webb et al., 2007). Finally, light availability in
rivers has been much less studied even compared with the riverséthermal
regimes, with quantitative analysis being developed only in recent years (e.g.,

Julian et al., 2008).

The research developed in the present thesis is framed in such broad
paradigm and focuses on the analysis of selected aspects of the hydrological
and thermal regime of rivers that are of recognized ecological significance.
The developed research mainly focuses on its physical dimension, without
explicitly analyzing its ecological implications, though attempting to discuss
them at various stages. The selected topics investigate ecologically relevant

flow and thermal regimes characteristics at different spatial and temporal
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scales, focusing on controls that are of hydro-geomorphic, anthropic and

climatic origin.

The hydrology of river ecosystems
characterized by variations both of flow and of water temperature, and often
shows distinct seasonal flood pulses (Junk et al. 1989, Webb and Nobbis,
2007). The hydrological and thermal regimes of rivers have fundamental
implications for the structure and functioning of river ecosystems (Pringle,
2003), as river connectivity (Amoros and Bornette, 2002), ecological selection
on the catchment-scale distribution of benthic invertebrates (Ceola et al., 2013;
Ceola et al., 2014), biodiversity functions (Bunn and Arthington, 2002), and
ecosystem integrity (Olden and Naiman, 2010).

The documented decline of biodiversity worldwide is mostly accelerated in
freshwater compared to terrestrial ecosystems (Dudgeon et al., 2006;
Rodriguez et al., 2012) with one of the major causes being river fragmentation,
caused by impoundments and human water abstractions (e.g. Nilsson et al.,
2005; Poff and Schmidt, 2016). Hydropower is among the main causes of river
fragmentation and related flow and thermal regimes alteration, and is projected
to witness rapid increase worldwide (Lehner et al., 2011; Zarfl et al., 2015).
While some of its downstream impacts on aquatic ecology are already well
known and documented, still the associated spatial scales and time scales,
particularly in relation to the projected climatic changes, are still poorly

understood and quantified.

The flow and the thermal regimes of rivers also have strong
consequences on the physical T chemical water quality, especially by acting
on the spiraling of nutrients in river systems (e.g. Ensign and Doyle, 2006).
Despite the increasing availability of physically based hydrological models for
flow regime simulations at the river reach and catchment levels, linkages
between river hydrology and water quality studies in terms of nutrient retention
processes are limited to input parameters as part of process-based models, or
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empirical function of the mean annual change in river water residence time
(Vorésmarty et al., 2003). Moreover, these applications are subject to the
difficulties of varying river geomorphologic conditions and the availability of

experimental data.

However, nutrient pollution has effects at spatial scales that go beyond
regional or local impacts on water qualities and also affects the functioning of
stream ecosystems especially at the scale of entire river catchments
(Woodward et al., 2012). In this case, water residence time appears
alternatively as a useful proxy to develop quantitative predictions of ecological
and water quality status through variation of flow regimes under anthropic and
climatic effects. The concept of residence time represents a key parameter
both in hydrology, where it is especially used to predict the move of flood

waves, and for the modelling of water quality in rivers (Shamsaei et al., 2013).

This introductory chapter presents a summary of the state-of-art for the
three elements of the study, sets out the main scientific questions behind them,

and introduces the general outline of the thesis.

1.1 Hydrological residence time in river networks and

linkages to water quality

The time that a certain amount of water travels through a river reach
controls the greatest potential of time during which nutrient spiraling processes
take place. The retention of biologically labile dissolved substances largely
depends on the travel time through a river system during which processes
contributing to nutrient spiraling processes may take place (Ensign and Doyle,
2006). Nutrient transportation in streams involves both physical dynamics and
biological uptake processes along the longitudinal and vertical direction in
rivers (Kronvang et al., 1999; Runkel, 2007). The nutrient cycle, in conjunction

with the downstream transport, is described as spiraling processes (Figure 1.1)
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(Newbold et al., 1981).

Figure 1.1 The nutrient cycle, in conjunction with downstream transport, described as spiraling.
(Modified from: Hebert, P.D.N, ed. Canada’'s Aquatic Environments [Internet]. CyberNatural

Software, University of Guelph.)

The travel time of nutrient flux has been investigated through experimental
techniques, labors and thus resource-limited (Drummond et al., 2016;
Nieuwenhuyse, 2005; Soulsby et al., 2006). However, insights into the
processes of nutrient spiraling process by experiments are biased and
condition dependent due to the fact that nutrient addition often brings much
higher concentration than the background level, which results with
overestimated nutrient uptake length (Mulholland et al., 2002). Modelling
studies on nutrient export are mostly based on steady state hydrologic
conditions assuming variations in pressure from pollution sources (Ingestad
and Agren, 1988; Powers et al., 2009; Runkel, 2007; Runkel and Bencala,

1995). This assumes that the hydraulic gradients that drive the transports are
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maintained the whole time the stream water remains in the water body, which

is unrealistic (McCallum and Shanafield, 2016).

The biogeochemical functioning of a river ecosystem is largely dependent
on the transportation processes of water and dissolved substances within the
geomorphic context of river networks (Withers and Jarvie, 2008; Benettin et al.,
2015). The transport mechanisms are mainly shaped by hydromorphological
parameters such as river discharge, water depth and velocity, and by other
related physical ones as water temperature. Nutrient dynamics are controlled
by the interaction of several key parameters, i.e. river discharge, channel
geometry and vertical exchanges of water (Maazouzi et al., 2013). River
hydromorphological shapes those processes and plays a major role in
structuring the hydrological, ecological and biogeochemical dynamics in
streams and rivers that are essential to ecosystem functioning (Doyle et al.,
2003). Therefore, an improved understanding of the functions of nutrient
retention time and transportation processes needs to tackle the challenge from
the perspective of water residence time by quantifying its interactions
hydromorphological parameters in space and time (Ambrosetti et al., 2003;

Bouwman et al., 2013; Tong and Chen, 2002).

It should be noted that there exist differences between the flow velocities
in the system (that set the velocity of conservative solutes) and the celerity (or
speed with which hydraulic perturbations are conveyed, which control the
hydrograph), are to be the velocity of conservative solutes, expected since
they are controlled by different mechanisms. The nutrient transportation
velocity in streams is always slower than the kinematic flow celerity of
gravity-driven hydraulic waves. Studies on the differentiation and translation of
these two velocities under varying flow conditions have been thoroughly
discussed by McDonnell and Beven (2014). The water residence time

discussed in this paper is coherently referred to flow velocity.
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1.2 The time and space dimensions of peaking flows

from hydropower regulation

Human impacts (i.e. through hydropower operation, land use changes,
river restoration) have greatly changed the natural flow regimes and the
ecological connectivity of rivers (Crook et al., 2015; Daufresne et al., 2015;
Lamouroux and Olivier, 2015). Variability of stream flow represents a major
determinant for the ecological status of rivers, especially in mountainous river
systems with highly exploitation of hydropower production (Geris et a., 2015).
Many studies have documented a set of downstream ecological effects of
hydropower operations (e.g. Bruno et al., 2013; Gorla et al., 2015).
Disturbance of the flow regimes of riverine ecosystems generate ecological
feedbacks between biological and physical processes (Lytle and Poff, 2004).
Dams greatly transform natural patterns of rivers by distorting flow and thermal
regimes and habitats downstream (Bruno et al., 2010; Poff and Schmidt, 2016).
A more sustainable operation of hydropower plants would require, at least
adopting standards for environmental flows, which therefore have been widely
studied (Acreman and Dunbar, 2004; Alfieri et al., 2006; Baron et al., 2002;
Geris et al., 2015; Richter et al., 1997; Rossel et al., 2015).

Among the different effects associated with hydropower operations, a

specific set of processes is that associated with intermittent flow releases

downstream of hydropower plants, which

Moog et al., 1993; see Figure 1.2 and Figure 1.3 for an illustration).
Hydropeaking is resulted from the typical production of storage hydropower
plants and it consists of artificially imposed flow oscillations caused by the
typical intermittent functioning of hydropower plants, which aim at producing
hydroelectricity during peak demand hours when the energy price is higher.
Hydropower is privileged among the renewable energy sources because the

typical functioning of the plants allows nearly real-time operations, with the
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possibility to start energy production within few minutes needed to start the

turbines.
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Figure 1.2 lllustration of the hydropeaking phenomenon in mountainous rivers where
hydropower plants are connected with a penstock. Representative flow hydrograph
characterized by no hydropeaking (station: Reckingen) and by hydropeaking (station: Brig) on

the Rhone River in Switzerland. (Modified from: Bruder et al., 2016.)
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Figure 1.3 lllustration of the hydropeaking effect below hydropower plant. Example of the
hydrograph is taken from the gauging station Visp at the Rhone river basin, Switzerland. (a)
Discharge value of 10-min resolution from 1980 to 2014; (b) Same resolution but discharge

only in January of 1980-2014.
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The hydrographs of recipient water bodies downstream of hydropower
plant releases often take the peculiar shape depicted in Figure 1.3, which
shows the markedly fast rate of changes in streamflow in the gauging station
of Reckingen and Brig on the Rhone River in Switzerland. Temporally varied
hydropower production, which aims to meet the varying requests for electricity
demand by consumers, creates artificial peaks of flows released to the
downstream river sections. This feature is referred to as hydropeaking, which
results in sub-daily fluctuations of flows (Zolezzi et al.,, 2009) that vary
according to the demand of the energy market. These sub-daily fluctuations of
river flows are accompanied by parallel variation of water temperature, as the
water is released on most cases from the hypolimnetic zone of large reservoirs.
In Alpine regions, such hypolimnetic water is usually colder than river water
during summer, and warmer during winter (XXX). Hence, especially temporal
variation of the release of hypolimnetic water profoundly disrupts the natural
daily pattern of water temperature in rivers. These artificial fluctuations of river
water temperature are referred to as thermopeaking (Carolli et al., 2008;
Zolezzi et al., 2011; Bakken et al., 2016). Approaches to characterize the
variations generated by hydropeaking (Carolli et al., 2015; Alonso et al., 2017)
and thermopeaking (Davide et al., 2015) have been studied for some cases
(Céréghino et al., 2002; Leitner et al., 2017; Kelly et al., 2016; Valentin et al.,
1996).

While hydropeaking and, most recently thermopeaking have been
extensively studied in terms of their ecological effects and of their physical
characteristics, still most information on such alteration of the flow regime
concentrate on specific time scales and are based on data collected
at-a-station, i.e., rigorously applying to the river cross section where
hydrological and thermal data have been collected. Very few studies examine
on a quantitative basis the actual spatial scale of river reaches affected by

hydropeaking propagation and the temporal evolution of hydropeaking over a
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time scale of decades. We make a step forward in this direction by addressing
such general question in Chapter 3 by referring to the phenomenon of
hydropeaking in several Alpine rivers that are heavily used for hydropower

production (see Chapter 3).

1.3 Impacts of extreme climatic events on riverine

ecosystem

Besides human factors, like those associated with hydropower regulation,
the discharge and temperature of running waters can be affected in several
ways by climatic changes. Climate change does not only involve an increase
of average temperatures, but also an increased frequency of extreme climatic
and hydrologic events. Managing the risks of extreme events and disasters to
advance climate change adaptation represents a major challenge for

freshwater management (IPCC, 2012; Leigh et al., 2015).

Extreme climatic events such as heatwaves and cold spells may
represent severe thermal stress situations also for aquatic ecosystems, as
temperature represents one of the most direct drivers of ecological impacts in
the aquatic ecosystems. Heatwaves are spikes of abnormally hot weather, and
although relatively few studies have explicitly investigated their effects in rivers,
experimentally increasing the frequency, intensity and duration of warming can
alter the rates of emergence of aquatic insects and community composition.
For instance, the 2003 European heatwaves caused high mortality among

riverine benthic invertebrates (Mouthon and Daufresne, 2015).

Similarly, extreme hydrological events as exceptional floods and droughts
may represent most critical impacts on riverine ecosystems, which differ in
their effects significantly from the effects of usual annual flow dynamics
(Ledger and Milner, 2015; Leigh et al., 2015; Reid and Ogden, 2006; Webb,

1996; Woodward et al., 2016), also in respect to their ecological impacts on
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aquatic organisms (Death et al., 2015; George et al., 2015).

Chapter 4 presents an analysis of the potential linkages between climatic
extreme events associated with heatwaves and the dynamics of river water
temperature, by separately examining the response of Alpine rivers with
hydropeaking i regulated flow regimes and of Alpine rivers that are not subject
to intermittent flow releases. Some potential ecological effects of such
dynamics are analysed and discussed as well. Previous studies that
investigate the impacts of hydropower regulation on riverine ecosystems have
not considered the impacts of extreme climatic events at the same time, which
represents an important issue of water management especially in the
vulnerable Alpine river systems. Thus, Chapter 4 addresses such gap in
respect to the available knowledge on combined effects of hydropower
regulations and extreme climatic events on the river hydrological and thermal

regimes.

1.4 Research gaps

So far, few studies have aimed to improve the understanding of water
residence time considering hydromorphological impacts on river channels as
both driving force and the carrier. The estimation of the hydrological regimes in
complex river systems is investigated by both detailed process-based models
on one side, and over simplified empirical methods on the other side. This gap
appears to be even larger when it comes to the application of large-scale river
basins. Given this consideration, we explored in Chapter 2 the application of a
nonlinear statistical approach of a spatial distribution model that integrates the
factors of water residence time and different interactions between roughness
features (river bed and bank roughness), river bed morphology, transient zone

storage in hierarchical river systems.

The research gap addressed in Chapter 3 relates (i) to the typical spatial

of hydropeaking in regulated rivers and on its main hydro-morphological
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controls, and (ii) to the temporal evolution of hydropeaking on seasonal and
multi-decadal time scales. Particularly, little is known about how hydrological
effects associated with lateral tributaries and hydrodynamic effects associated
with the propagation of sub-daily hydraulic waves induced by hydropeaking
interact with each other to control the space scale of actual hydropeaking wave
attenuation in Alpine rivers. Despite the existence of qualitative maps
indicating the location and length of river reaches subject to high, moderate or
low hydropeaking pressure, a systematic approach that could capture the
mechanisms of spatial propagation of hydropeaking waves has not been

developed so far.

Furthermore, as the wuse of hydropower and accompanying
hydropower-induced effects are spread worldwide, ecological status of a river
system is widely affected. The fragile river systems may become increasingly
vulnerable in presence of extreme climate changes. In Alpine rivers it has been
suggested (Hari et al., 2013) that hydropeaking-affected river reaches may be
paradoxically &éprotectedd against heatwave
with hydropeaking, as the release of hypolimnetic water from large reservoirs
may dampen the effects of heatwaves on downstream river water temperature

with their unique aquatic habitats. This hypothesis is analysed in chapter 4.

1.5 Aims and structure of the thesis

Hence, this thesis broadly aims to identify the role of some
hydromorphological features of rivers on their hydrological and thermal
regimes, especially if these rivers are affected by the use of hydropower and
by extreme climatic events. The residence time of river water and water
temperature have been selected as an indicators for the hydrological and
thermal regimes, respectively; hydropeaking and thermopeaking are
characterized as effects of hydropower regulation on rivers; finally, extreme

events are analysed as representatives climatic extremes.
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The second chapter investigates the governing factors and spatial
distribution model for water residence time in river networks in Germany. The
spatial distribution of water residence time is estimated for the long-term
average hydrological conditions, and also for extreme cases of flood and

drought by applying the spatial distribution model of Boost Regression Trees.

The third chapter evaluates the spatial and temporal properties of
hydropeaking in rivers through a combined analysis of the propagation of
hydropeaking waves over different temporal and spatial ranges by analyzing
the effects of hydrologic and geomorphic features. These analyses are
conducted on the example of the upper Rhone river system in Switzerland, a

typical Alpine river exploited by hydropower.

The fourth chapter investigates the response of river water temperature
response as an indication for ecological status in the Alpine rivers across
Switzerland to the extreme heatwaves in 2003 and 2006. River reaches, which
are subjected to hydropeaking and thermopeaking, are compared to other river
reaches without hydropower regulation. Related potential ecological effects

are presented and discussed.
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Chapter 2

Estimating water residence time
distribution in river networks by boosted
regression trees (BRT) model

Abstract

In-stream water residence time (WRT) in river networks is a crucial driver
for key biogeochemical processes that contribute to the functioning of river
ecosystems. Dynamics of the WRT is critical for forecasting the nutrient
retention time in the surface runoff, especially the over-saturated overland flow
during flood events. This study illustrates the potential utility of integrating
spatial landscape analysis with machine learning statistics to understand the
hydrologic and geomorphic functioning of river networks on WRT especially at
large scales. We applied the Boosted Regression Trees (BRT) model for the
estimation of water residence time, a promising multi-regression spatial
distribution model with consistent cross-validation procedure, and identified
the crucial factors of influence. Reach-average WRTs were estimated for the
annual mean hydrologic conditions as well as the flood and drought month,
respectively. Results showed that the three most contributing factors in
shaping the WRT distribution are river discharge (57%), longitudinal slope
(21%), and the drainage area (15%). This study enables the identification of
key controlling factors of the reach-average WRT and estimation of WRT
under predictive hydrological conditions with more readily application.
Resulting distribution model of WRT at national level may serve to improved
water quality modelling and water management practices that aim to estimate

or maximize nutrient retention in river systems.

Keywords: Water residence time; river networks; spatial distribution model,

28



Boosted Regression Trees (BRT).

2.1 Introduction

Water residence time (WRT) (also known as in-stream water residence
time, Worral et al., 2014) refers to the average time that a certain amount of
water travels through the defined river reach. Reach-average WRT represents
one of the most important determinants for in-stream biogeochemistry
recycling processes (Catalan et al., 2016; Drummond et al., 2016; Ensign and
Doyle, 2006; Gibson, 2000; Hrachowitz et al., 2016; Stanley and Doyle, 2002).
Residence time studies especially for extreme hydrologic regimes (i.e. flood
and drought events) are of particular importance for water management
practice. Hence, understanding the controlling factors and spatial distribution
of reach-average WRT would greatly facilitate the modelling of water quality in
river networks. It should be noted that the velocity of conservative solutes,
which indicates the nutrient transportation velocity in streams, is always slower
than the kinematic flow celerity of pure water itself. Studies on the
differentiation and translation of these two measurements in different flow
conditions have been well discussed by McDonnell and Beven (2014). The
water residence time discussed in this paper is coherently referred to flow

velocity in a given river reach.

Despite of its importance for water management, WRT may only be
modeled either by sophisticated and time-consuming hydraulic models, or by
over-simplified input-output estimation at large scales. We are not aware of an
existing model to estimate the spatial distribution of WRT within river networks
which does not require the availability and processing of detailed information
on channel morphology. This chapter aims at evaluating the reach-average
WRT across the wide range of hydro-geomorphologic settings by applying the

spatial distribution model of Boosted Regression Trees (BRT).

Studies on WRT are often based on process-based deterministic models
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for hydrological cycles including groundwater, precipitation and surface runoff
in the river basin (such as SWAT (Grizzetti et al., 2003), SPARROW (Preston
et Seitzinger al., 2011), NEWS2 (Mayorga et al., 2010) etc.). However, these
deterministic models are time consuming and data demanding while applying
to networks of large river systems. Besides that, WRT is estimated based on
the travel time of dissolved solute tracers that are experimentally added to the
river, which may also be used to analyse their retention efficiency especially if
the dissolved matter may be retained by biological processes (Drummond et
al., 2016; Nieuwenhuyse, 2005; Soulsby et al., 2006). Further improvements
of the process-based models will likely require addressing spatial
heterogeneities within basins (Mayorga et al., 2010) and a better
understanding of river network retention and the factors controlled by runoff

within watershed (Dumont et al., 2005).

In the meantime, computational and empirical methods (i.e. MONERIS,
Venohr et al., 2011) offer more diversified options in combining statistical and
process-based models at different scales (Gottschalk et al., 2006;
Nieuwenhuyse, 2005; Soulsby et al., 2006). The 1-D hydraulic modelling
based on the Manning-Strickler formula, which calculates flow velocity
according to channel slope and cross-section variations, has been widely used
in estimating flow velocity and thus water residence time (Verzano et al., 2012,
Worrall et al., 2014). Water residence time in rivers networks differs due to the
variability of inflow rates, river topology and geomorphology parameters (e.g.
slope) (Doyle et al., 2005; Wang et al., 2015). Governing factors and the
reach-average WRT estimation remains in difficulty due to distinguished
geomorphological conditions. Understanding the WRT distribution in river
networks, especially at large scales, still showed needs for improvements of
more readily feasible approach between the time-consuming

hydrology/hydraulic models and the over-simplified input-output estimations.
The response of river flow to precipitation is highly nonlinear, and so are
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the in-stream processes of water retention (Heidbichel et al., 2012). To
determine how differences in geomorphologic settings influence spatial
heterogeneity in transport and retention of nutrient, research has suggested
that a network perspective is needed to understand how connectivity,
residence times, and reactivity interact to influence dissolved nutrient
processing in hierarchical river systems (Stewart et al., 2011). Beyond the
traditional insights of nonlinear processes using 1-D, 2-D or 3-D
hydrodynamics equations, other nonlinear statistical approach such as the
Boosted Regression Trees (BRT) is becoming to play a part in hydrodynamic
studies (Ouedraogo and Vanclooster, 2016; Toprak and Cigizoglu, 2008;
Toprak et al.,, 2014). The BRT model, which combines the advantages of
regression trees and boosted adaptive method, has been widely applied in
studies on ecological traits and species distributions (Zimmermann et al.,
2010). Due to its powerful functionality and feasibility, BRT modelling has
being increasingly applied recently in other environmental issues, too (Roe et
al., 2005). Related topics such as natural flow regimes, groundwater and
hydraulic conductivity (Jorda et al., 2015; Naghibi et al., 2016; Snelder et al.,
2009), soil science (Martin et al., 2009; Jalabert et al., 2009), air pollution
(Carslaw et al., 2009), energy (Kusiak et al.,, 2010), or climate change
(Shabani et al., 2016) etc. has been applied with the BRT modelling.

With consistent cross-validation procedure and the feature of easy
application, the BRT model suggests a highly potential for applying large-scale
WRT analysis while considering multiple hydro-geomorphological parameters.
In this study, we employed the BRT model to map the spatial distribution of
water residence time of 82 river networks across gradients of climate, human
impacts, and landscape characteristics in Germany. Distribution of WRT under
long-term average discharge situation and hydrologic extremes of flood and
drought are analysed especially. In order to juxtapose the new perspective of

the spatial distribution modelling approach with the established methods, we
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compared results of the BRT model with that of the empirical fitted equation by

sampled datasets.

2.2 Materials and Methods

2.2.1 Study area and dataset

We collected the discharge data, which are recorded with a temporal
resolution of 15 minutes, for the years 2008-2014 from 132 gauging stations in
Germany. Among these stations, 82 river reaches were identified which are
delimited at both the upstream and downstream ends by gauging stations
(Figure 2.1). These reaches are geographically widely distributed and thus well
represent the hydromorphological conditions (Table 2.1) of 13 stream types in
Germany that differ in their biogeochemical conditions, too (Table 2.2).
Substrate classes of the soil type for each river reach are represented in
percentage (up to 100% all classes in sum) according to their length that falls
into each class. All the geographic analyses and calculations were performed

in ArcGIS Desktop (Version 10.0, ESRI, 2010).

To be noted, discontinuities in the river system, such as lakes and
impoundments (produced by weirs or dams) are not considered in this paper,
as water residence time in these conditions is usually much longer (decades to
hundred years), and is controlled by different mechanisms (Heidbiichel et al.,

2012; Ji, 2008; Rueda et al., 2006).
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Figure 2.1 Map of river networks in Germany, with selected river reaches (orange) and the

corresponding upstream-downstream gauging stations (circles).

Table 2.1 Hydrologic and geographic variables of studied river reaches. (Please see Table A.1
in supplementary materials for detailed information of attributes for all river reaches).

Categorical variables
Stream type See Table 2.2

Substrate class # Sand (S), Clay (C), Silt (U), Loam (L), Peat bog (HM),
ubstrate class

Fen (NM)

Continuous

variables Mean Range Std dev
Length (km) 30.8 1.01 - 145.4 30.34
Slope (m/m) 0.00379 0.00005, 0.04104 0.00776
Width (m) 88.40 1.73 - 408.42 105.91
Drainage area (km?) 25115.28 11.15 - 159427.5 41625.53
Mean discharge (m3/s)  327.86 0.253 - 2259.32 610.45

a The substrate classes are based on the German soil classification system (Working Group on Soil
Classification of the German Soil Science Society, 1997).
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Table 2.2 Stream types covered by our study reaches (acc. to the official German stream and
river type classification system (Pottgiesser and Sommerhauser, 2004).

Main category Sub-category

1.1 = Small and mid-sized rivers

2.1 = Small rivers in the alpine foothills

. . 2.2 = Mid-sized rivers in the alpine foothills

Alps and Alpine foothills a-sized rivers P! I
3.1 = Small rivers in the Pleistocene sediments of the alpine
foothills

4 = Large rivers in the alpine foothills

5 = Small coarse substrate dominated siliceous
7 = Small coarse substrate dominated calareous highland rivers

9 = Mid-sized fine to coarse substrate dominated siliceous

highland rivers
Central highlands
9.1 = Mid-sized fine to coarse substrate dominated calcareous

highland rivers
9.2 = Large highland rivers

10 = Very large gravel-dominated rivers

15 = Mid-sized and large sand and loam-dominated lowland
Central plains rivers

20 = Very large sand-dominated rivers

Ecoregion independent 11 = Small organic substrate-dominated rivers

streams 21 = Lake outflows

Catchment size class:
Small river: 10 - 100 km?
Mid-sized river: 100 - 1,000 km?
Large river: 1000 - 10,000 km?2

Very large river: > 10,000 km?

2.2.2 Factors affecting water residence time

In this chapter we evaluate the average discharge, drainage area, river

width, length, slope, stream type, and sediment composition as potential
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predictive factors for WRT in the selected river reaches (Table 2.1).
Parameters are averaged over the reach between the upstream and
downstream stations to represent the mean situation of the selected river

reach.

We introduced the nonmetric multidimensional scaling (NMDS) plots
(Agarwal et al., 2007) to obtain an insight into the patterns of
hydromorphological conditions as well as WRT distributions for the studied
river reaches. NMDS method provides as a useful tool in environmental
assessment while integrating different forms of dataset no matter it is
continuous monitoring data, discrete parameter, binary data or binomial
category datasett We used the Gowerod6s gener al
approach (Gower and Legendre, 1986) to standardize the continuous
variables against the discrete ones to get standardized Euclidean distance for

the NMDS plots.

2.2.3 Spatial distribution model: Boosted Regression Trees
(BRT)

The main aim of applying BRT modelling in this paper is to model spatial
distribution of WRT with features of nonlinearity and interactions among
multiple predictive variables (Elith and Leathwick, 2016). When the model is
fitted, it simulates the var i aviranmental
scenarios. A measure of relative importance (in percentage) is calculated in
the model to facilitate comparisons of term-wise contributions. In addition,
partial dependence plots and fitted link functions for each variable were
produced. Fitted BRT models were obtained by the sum of all trees multiplied

by the learning rate (Elith et al., 2008):
f(x)=9g[ xi Ti (x)] (Eg. 2.2)

where f is the fitted model, x is the independent variable, T; are the individual
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learners, and g is the link function that grows optimum trees.

In order to set up the BRT training model, the monitored and measured
dataset of predictive variables described in section 2.2 was used for all
selected river reaches. According to monitored discharge (Q), water level (D),
and the average river width (B), baseline flow velocity (V) for the training model
is solved by the basic relationship of hydrodynamics (Q=A*B*D). Then, the
WRT values that were used for the training modelling were derived from the
mean velocity between two gauging stations and the distance apart. Due to the
length and scale-dependent attributes of water residence time, the average
flow velocity is expressed as hour per kilometer instead of traditional time
metric of hours. Calculations for BRT model were all performed in R (R Core
Team, 2016) by using the package o6di smod (
(Greg Ridgeway with contributions from others, 2015).

The error of the prediction is calculated using the Root Mean Squared

Errors (RMSE):

Yo yo 2 (Eq. 2.2)

where WRTpred is the predicted water residence time (h/km) and WRTobs is the
original calculated value according to observation at the river reach of i, and n

is the number of studied river reaches.

2.2.4 Travel time of hydraulic waves method

The travel time or passage time of the peaking concentration for a
conservative solute has been well established in studying the residence time
and longitudinal dispersion of pollutants (Graf, 1986). Water residence time
applied here is defined as the time lag between the observed discharge time

series of the paired upstream and downstream gauging stations.

Cross-correlation techniques are often used to determine the relationship

between two time series, which is based on the theory of linear time-invariant
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system. In order to minimize the negative effects of white noise in the time
series and the discharge magnitude distinctness, the peaks and valleys in the
time series are detected firstly with values and locations out of the original
dataset. Secondly, the cross correlation functions for each pair of
Opeakmerssgegri esd6 are calculated to find out
corresponding time lag as the water residence time for this river reach (Figure

2.2A).

Apart from determining the residence time by using the upstream and
downstream hydrologic time series, we also analysed the average widths of
each hydraul i ewiwdweés h(edlreyadrter) as an indic
ratio in this study (Figure 2.2B). The damping ratio (also called Q factor), a
dimensionless measurement of system oscillation, is calculated as the peak
locations divided by the width  (Siebert, 1986). For the hydrologic
transportation system, the implications of transit storage or dead zones are
di sclosed through the &éshapwidhoonifonthhhe hydr o
basis for each river reach is the average widths of paired
upstream-downstream hydrograph of corresponding month. Hydro-widths are
calculated based on 15mins intervals and final results are converted into the
unit of hours for illustration. Calculations are all made through Signal
Processing Toolbox in MATLAB (MathWorks, 2016). Calculations are made
through the Statistics and Machine Learning Toolbox in MATLAB (MathWorks,
2016).
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Figure 2.2 Schematic diagram of the discharge time series of the upstream input and

downstream output with time lags between peaks.

2.3 Results and discussion

Elaboration of the results starts with spatial dissimilarity of the
geomorphological and hydrological factors for studied river reaches, followed
by the results of relative importance of variables calculated by the BRT model.
Furthermore, we discussed the spatial distribution of estimated WRT under
long-term annual average discharge conditions as well as during the extreme

hydrological month of flood and drought.

2.3.1 Governing factors for water residence time

Multidimensional Euclidean distance between the studied river reach
representing the varying channel hydro-geomorphology is showed in the
Nonmetric multidimensional scaling (NMDS) plot (Figure 2.3). The colored
river reaches according to their classification of stream types showed
clustering patterns in accordance with the river size. Exceptions are the
ecologically independent streams including lake outlets (type 21) and small
organic substrate-dominated rivers (type 11). Spatial distributions of predictive
factors for selected river reaches are illustrated in supplementary materials

(Figure Al - A3).
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Figure 2.3 Dissimilarities of the studied river reach in the Nonmetric Multi-Dimensional Scaling

(NMDS) ordination space according to hydro-geomorphic attributes.

Fitted BRT models were obtained by the sum of all trees multiplied by the
learning rate of each predictive variables. The fitted model accounted for
54.53% of the mean total deviance of the monitored dataset (1-mean residual
deviance / mean total deviance = 1-(23.546/40.751) = 0.4222). The optimal fit
was achieved with the following variable setting: interaction depth =10, tree
complexity = 10, learning rate = 0.001, bag fraction = 0.5 and cross-validation
= 10-folds, optimal number of trees = 1680. For this fit, the training data
correlation coefficient was 0.668, and cross-validation correlation coefficient

was 0.614.

The predictive variable of mean discharge represented the most influential
variable (57.42%) in the BRT model, followed by slope (21.54%) and the sum
of drainage area (15.64%). Mean river width and river types together only
contributed by less than 4% to the model. Similarly, substrate classes did not
significantly influence water residence time (less than 2% contribution to the
model). Especially, the substrates of clay, peat bog and fen showed no

statistical contribution (Table 2.3). Although the latter predictive variables have
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little or no importance in our study, we did not exclude them from the set of the
predictive variables dataset, as they potentially may gain some importance in

analyses of other datasets.

Table 2.3 The relative influence of predictive variables of river hydro-geomorphology as
computed from the fitted BRT model on water residence time.

Variable Short name Relative importance (%)
Mean discharge (m?3/s) Qmean 57.42
Slope (m/m) Slope 2154
Drainage area (km?) Area 15.64
Mean river width (m) Width 2.41
River type RType 1.25
Substrate_Sand (%) Sand 0.70
Substrate_Loam (%) Loam 0.69
Substrate_Silt (%) Silt 0.34
Substrate_Clay (%) Clay 0
Substrate_Peat bog (%) Peat bog 0
Substrate_Fen (%) Fen 0

In order to see how each predictive variables vary in shaping the
simulated WRT, we bring the partial dependence plot (Figure 2.4) to show the
relative influence of the leading eight variables on WRT after accounting for
the average effects of all other variables in the boosted regression trees model.
In each y-axis of the predictive factors, fitted function is showed in its greatest

generality on the scale of link function (see Eq. 2.1).
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Figure 2.4 Partial dependence plots showing the dependence of residence time depends on
hydro-geomorphologic variables after accounting for the average effects of the other
predictors in boosted regression tree analysis. Each point represents an observed value for
one quadrat with rug plots at the bottom of each panel. Y-axes are predicted values of the
fitted functions. All panels are plotted on the same scale for comparison. Variable

abbreviations are given in Table 2.3.

Influence of the mean discharge and drainage areas shows different

magnitude of negative influence on WRT. River width of more than 100 meters
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