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Swedish summary

Vattendrag utgér en volumetrisk liten men viktig del av den hydrologiska cykeln.
Vattendrag fungerar som snabba transportleder for vatten, I6sta dmnen och energi
och ytvattnet interagerar dven kontinuerligt med utstrtémmande grundvatten i den sa
kallade hyporheiska zonen, vilket 4r sedimenten nirmast vattendragen. Flédet av
ytvatten in och ut ur den hyporheiska zonen kallas hyporheiskt utbyte och kan
péverka vattenkvalitén i det lokala vattendraget och i nedstréms recipienter genom
att skapa fOrutsittningar for retention och nedbrytning. P4 grund av antropogena
aktiviteter har manga vattendrag blivit fysikaliskt, kemiskt och biologiskt nedbrytna,
och naturliga funktioner sisom hyporheiskt utbyte har gatt férlorade. For att skydda
vattendrag frin fortsatt destruktion, och for att restaurera vattendrag och forbittra
vattenkvalitén i lokala vattendrag och nedstréms recipienter krivs en 6kad fysikalisk
forstaelse och tillférlitliga modeller f6r prognosering av hyporheiskt utbyte. Trots att
den hyporheiska zonen studerats ingiende under de senaste decennierna misslyckas
ofta befintliga modeller med att inkludera alla visentliga temporala och spatiala skalor,
och de dr dirfér svart att generalisera resultaten for stérre avrinningsomraden. Det
generella syftet med denna avhandling var att 6ka den fysikaliska forstaelsen f6r hur
flédet genom den hyporheiska zonen i sma vattendrag drivs och att underska hur
det hyporheiska utbytet piverkar dmnestransporten i sma enskilda vattendrag och
nitverk av vattendrag. Dessutom syftade avhandlingen till att undersdka betydelsen
av restaurering av vattendrag for det hyporheiska utbytet och transporten av kvive i
smé jordbruksdiken. Metoderna som anvindes i den hir avhandlingen inkluderar
bide omfattande undersékningar i filt och semi-analytisk matematisk modellering.
Ett ramverk av modeller etablerades, vilket inkluderade bide en deduktiv,
hydromekanisk modell som utvirderar korrelationen mellan den flerdimensionella
bottentopografin och hydrologin i ett vattendrag och det hyporheiska utbytet, samt
en endimensionell longitudinell transportmodell som inducerar de parametrar som
beskriver det hyporheiska utbytet frin sparimnesférsék i vattendrag. Dessa tva
modeller kors-validerades i tio lokala vattendrag och ramverket av modeller anvindes
sedan pd ndtverks-skalan i tvé studier, da understétt med omfattande observationer.

Resultaten visar att hyporheiskt utbyte kan ha stor inverkan pd dmnestransporten i
nitverk av vattendrag samt pa det utstrémmande grundvattnets flddesmonster.
Resultaten underbygger dessutom tidigare studier som visar att fordelningen av
hydraulisk tryckh6jd lingsmed vattendragens botten till stor del kontrollerar det
hyporheiska utbytet i sma alluviala vattendrag med lagt flode, litet djup, och mattlig
lutning. Bottens och ytvattnets longitudinella profilers fraktala egenskaper dr sirskilt
betydande f6r den hyporheiska utbyteshastigheten. Inmitningar av bottentopografin
och ytvattenprofilen i tio sma alluviala vattendrag visade att det var de longitudinella
variationerna i hydraulisk tryckhéjd Gver korta véglingder (0.1-5m) som drev
majoriteten av det hyporheiska utbytet, samt att variationer i den hydrostatiska
tryckhojden var viktigare dn variationer i den hydrodynamiska tryckhéjden. Det
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etablerade modellramverket visade ocksa att nedbrytningen av kvive i den
hyporheiska zonen i huvudsak beror pd balansen mellan flédet av vatten till
sedimenten och transporttiden diri. Specifikt visar studien att det existerar ett
optimalt Damkhélers tal, definierat som produkten mellan medeluppehillstiden i den
hyporheiska zonen, och denitrifikationshastigheten lingsmed hyporheiska
flédeslinjer, som motsvarar den optimala nedbrytningshastigheten av kvive, givet en
konstant ratio mellan djupet pa den hyporheiska zonen och vattendjupet i
vattendraget. Det betyder att nedbrytningshastigheten av kvive i vattendragen
antingen dr transport eller reaktionsbegrinsad, och nir det nuvarande Damlkhélers
tal bestimdes for alla smé vattendrag i jordbruksomriden i Sverige, varierade denna
begrinsning bide mellan vattendrag och mellan olika flédessituationer. Den stora
spatiotemporala variationen i potentialen pekar pa behovet av en hég lokal forstaelse
for de processer som faktiskt driver det hyporheiska utbytet samt noggrann och
platsspecifik design av specifika dtgirder. Modellering visade att om detta gors finns
potential att minska mingden kvive som transporteras till Ostersjén genom att
forstirka det hyporheiska utbytet i sm4, alluviala vattendrag.
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Abstract

Stream water that flows into and out of streambeds is called hyporheic exchange flow (HEF).
It continuously interacts with groundwater and thereby affect the water quality of local stream
reaches as well as downstream recipients by providing an environment where solutes and
energy can be retained and degraded. Because of anthropogenic activities, many streams and
rivers have been physically, chemically and biologically degraded during the last centuries and
natural functions, such as HEF, have to some extent been lost. The general aim of this thesis
was to advance the understanding of the physical controls of HEF in small streams and to
investigate how HEF influences solute reactive transport in streambeds and surface water
networks before and after stream restoration. To reach the aim, the consistency and deviation
between HEF parameters evaluated with two common approaches were investigated in ten
different alluvial streams with low discharge, shallow depth and moderate slope. The two
approaches were: 1) developing and using a deductive hydro-mechanical model to assessed the
relationship between the multiscale streambed geomorphology and the reach scale average
HEF parameters, and 2) evaluating HEF parameters from in-stream tracer tests using a 1D
longitudinal transport model. The relatively high consistency between the approaches connects
theories that previously have been relatively fragmented and provides a tool for upscaling
(parameterizing) of HEF in solute transport models over stream networks based on
independent observations of stream topography, streambed sediment properties and in-stream
hydraulics. Applying the modelling framework at the network scale and supporting it with
comprehensive datasets provided information regarding physical mechanisms and spatial
vatiability of HEF as well as its influence on longitudinal solute transport. Specifically, the
fractal properties of the water surface profile were shown to represent the average HEF velocity
well. Furthermore, hydraulic head variations over shorter wavelengths (0.1-5 m) were found to
drive the main part of the HEF and the static hydraulic head variations dominated over dynamic
hydraulic head variations as drivers of HEF in all investigated streams. Moreover, this thesis
highlights the importance of the hyporheic zone as a bio-chemical and mechanical filter for
stream water. It shows that common engineered stream restorations can influence HEF and
improve the water quality in local stream reaches as well as downstream recipients. Specifically,
the thesis presents exact solutions to the nitrogen transport, which shows that the mass removal
of nitrogen in the hyporheic zone is either transport or reaction limited and that the maximal
removal rate corresponds to an optimal hyporheic residence time and a typical denitrification
Damkohler number. The results also show that potential exists to reduce the agricultural
nitrogen load to the Baltic Sea by stream restorations that optimize the hyporheic residence
times. However, the large spatiotemporal variability in the potential between reaches stresses
the importance for further studies on which processes that are driving HEF under specific
hydromorphologic conditions and careful design of stream restoration measures at each local
stream reach.

Keywords: Hyporheic exchange flow, Hydrological modeling, Solute transport, Stream
restoration, Nitrogen, Power spectral analysis
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1 INTRODUCTION

Streams and rivers are extremely important for the natural environment as well as
society, and they contribute to many different ecological, economic and societal
functions. The stream network serves as roadways in the landscape, by distributing
drinking, bathing and irrigation water, while also providing important ecological
habitats and corridors for many aquatic species. Furthermore, while streams and
rivers can transport contaminants, natural solutes and particulate matters over large
areas, they also have self-cleaning capacities depending on different hydrologic
conditions. This thesis studies the self-cleaning capacity of streams achieved by
flow through the so-called hyporheic zone (HZ) and investigates how this process
can be observed, quantified and enhanced through stream restoration actions. This
section provides a summary of the hydrological aspects of this scientific discipline
and sets out the motivation of the thesis. It also introduces the HZ and its
importance for local streambed hydrology, the groundwater-surface water
continuum and biogeochemical reactions in the stream, with a focus on nitrogen
cycling. Furthermore, this section summarizes the ongoing degradation of many
stream functions and the potential of stream restoration as a method to improve
water quality. Finally, the main objectives and scope, as well as the limitations of
the thesis, are presented in this section.

1.1 The hyporheic zone and the groundwater-surface water
continuum

It has been known since the mid 20" century that the water in streams is a mix of
surface runoff and old groundwater (Rodhe et al., 1996, McDonnell et al., 2010).
More recently, it was discovered that streamwater flows into the subsurface and,
after some time, returns to the stream, and the stream network has therefore been
increasingly acknowledged as an integrated part of the catchment (e.g., Bencala,
1993, Winter et al., 1998, Cardenas, 2015). The area closest to the streambed, where
groundwater and surface water meets is part of both the surface water and the
groundwater continuum and is commonly referred to as the hyporheic zone. The
term hyporheic originates from the Greek words hypo, which means under and
rheos, which means river, and was initially introduced by Orghidan (2010). The
flow of water through the HZ is called hyporheic exchange flow (HEF) and is
defined here as surface water that flows into the streambed and soon returns to the
stream (Harvey and Bencala, 1993). By this definition, hypotheic flow paths are
bidirectional and enter and leave the streambed several times within the study
reach, which is contradictory to groundwater flow paths that are unidirectional and
only cross the streambed intetface once, recharging from or discharging to the
stream (Harvey and Wagner, 2000). However, since both groundwater flow and
HEF occur over a wide range of spatial scales, creating a complex hierarchical
pattern of flow cells (Téth, 1963, Winter et al., 1998, Worman et al., 2007), the
separation of the two types of flows is not always straightforward and will depend
on the research focus (Bencala et al., 2011, Boano et al., 2014). HEF along a specific
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stream reach is impacted by the larger-scale groundwater circulation and, thus, is
controlled by large-scale catchment processes, while at the same time, it reflects an
aggregation of processes operating on smaller scales (Tonina and Buffington, 2009,
Ward and Packman, 2019). Thus, this mutual influence between groundwater and
HEF demonstrates that the two types of flows are part of an integrated
hydrological system.

The impact of regional groundwater flow on the patterns of the HEF has been
estimated at the catchment scale in modelling studies by superimposing the two
flow fields. Such studies have shown that groundwater flow causes a fragmentation
of HEF, resulting in patchier HEF characteristics than occurs when the
groundwater flow is not accounted for (Worman et al., 2007, Stonedahl et al., 2013,
Caruso etal., 2016, Mojarrad et al., 2019). The superimposing approach also reveals
that the interaction between groundwater and sutface water is mutual, so that the
groundwater flow patterns and magnitudes likewise are impacted by the HEF
(Winter et al, 1989, Mojarrad, 2021). A highly intensive HEF will force
groundwater to discharge over smaller areas, and this funneling of groundwater
flow paths results in higher discharge velocities close to the streambed-water
interface. The importance of having a multiscale perspective in HEF research has
been acknowledged for a long time, but is still often neglected (Stream Solute
WorkshopWortkshop, 1990, Boano et al, 2014, Pinay et al., 2015, Ward and
Packman, 2019). This thesis adds to the increasing body of research on the
multiscale nature of HEF by utilizing a spectral model that acknowledges the
importance of a wide distribution of spatial scales wen studying HEF.

The wide range of spatial and temporal scales related to HEF reflects its broad
range of drivers, even within a shorter stream reach. HEF is mainly driven by
hydraulic head variations at the streambed-water interface, and is controlled by the
geological properties of the streambed (Boano et al., 2014). The hydraulic head
variations at the streambed-water interface can be divided into static and dynamic
parts, both related to the streambed geomorphology. At a specific point at the
streambed-water interface, the static head is the sum of the streambed elevation
and the stream water depth. The variation in static head along the streambed
interface was first studied as a driver of HEF by Vaux (1968). Static head gradients
that drive the HEF are created across relatively large geomorphological features in
the stream such as riffle and pool sequences, dunes or cascades and steps (e.g.,
Harvey and Bencala, 1993, Woessner, 2000, Tonina and Buffington, 2007, Tonina
and Buffington, 2011, Hassan et al., 2015). Static head gradients can also arise
across obstacles, such as boulder clusters and dead wood (e.g., Kasahara and Hill,
2006, Lautz et al., 2006, Sawyer and Cardenas, 2012, Sawyer et al., 2012), and across
meander bends (e.g., Wroblicky et al., 1998, Boano et al., 2006). Dynamic head
variations are the drag and lift forces that arise when flowing water interacts with
streambed roughness features such as bedforms and stones as described eatly by
Thibodeaux and Boyle (1987), Savant et al. (1987) and Elliott and Brooks (1997a).
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Dynamic head driven HEF is particularly important in lowland rivers, which have
sandy bottoms and entail submerged bedforms and where overlying water surfaces
are relatively flat; however, it can also exist in combination with static head driven
HEF (Wondzell et al., 2019). The relative importance of static and hydraulic head
drivers has been raised only occasionally in previous research. This thesis more
thoroughly addresses the separate impacts of dynamic and static heads on HEF.
An improved understanding of these phenomena is needed in order to upscale
reach and sub-reach mechanisms to the scale of stream networks and catchments.
A better understanding can also improve the design of stream restoration measures
with specific remediation targets. Other processes and phenomena that can cause
flow of surface water across the streambed interface are not discussed extensively
in this thesis but are acknowledged here since they can be substantial in certain
types of streams. First, stream meandering can result in pressure variations at the
streambed that cause lateral HEF through the meander bars (e.g., Boano et al,,
2006, Cardenas, 2009). Another important phenomenon that can cause HEF is the
penetration of turbulent surface water across the streambed interface (e.g.,
Nagaoka and Ohgaki, 1990, Packman et al., 2004, Boano et al., 2011, Voermans et
al,, 2017, Grant et al., 2018, Voermans et al., 2018). Furthermore, changes in stream
and groundwater stages cause occasional and mainly lateral HEF, often referred to
as bank storage (e.g., Pinder and Sauer, 1971, Wu et al., 2018, Singh et al., 2019).
Finally, different types of biological processes create a flow of water across the
streambed-water interface, such as, e.g., burrowing and feeding by benthic
organisms (Boudreau, 2000, Song et al., 2010, Shrivastava et al., 2021).

1.2 Biochemical reactions in the hyporheic zone

The HZ has been identified as a hotspot for biochemical reactions (McClain et al.,
2003, Zhao et al., 2021). Flow of water through the HZ increases the contact time
between the surface water and mineral surfaces and biofilms in the streambed
sediments, where reactions can occur. Furthermore, groundwater and surface
water have very different chemical and physical compositions. While groundwater
is generally anoxic and slow moving, with relatively stable temperatures and
reduced chemical conditions, surface water is highly illuminated, oxygenated, well-
mixed and fast moving, with highly variable temperatures (Brunke and Gonser,
1997, Krause et al., 2011, Boano et al., 2014). Mixing of these waters makes the
HZ a transition environment with steep physiochemical gradients (Triska et al.,
1993, Rutherford et al., 1995, Hedin et al., 1998, Lautz and Fanelli, 2008, Zarnetske
et al,, 2011, Zarnetske et al., 2012). Groundwater flow and HEF bring essential
nutrients, organic carbon and oxygen into the HZ, which together with physically
stable streambed sediments provides an attractive habitat for microbes (Hedin et
al., 1998, Findlay and Sobczak, 2000). Aerobic catalyzing microbes colonize in
areas where surface water is recharged into the HZ and normally has high dissolved
oxygen concentrations. High aerobic microbial activity in those areas subsequently
leads to oxygen depletion along streamlines, resulting in colonization of anaerobic
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metabolizing microbes furthere down in the streambed sediments or in discharge
areas along the streambed. The highly reactive sediments can influence the fate of
water contaminants traveling through a watershed. First, groundwater
contaminated with heavy metals, nutrients and organic solutes that are discharged
in streams can be substantially modified after passing through the HZ (Hedin et
al,, 1998, Nagorski and Moore, 1999, Conant et al., 2004, Krause et al., 2013).
Second, after reaching the surface water, multiple circulations of the contaminant
through streambeds with HEFs can influence the stteam water quality and the final
concentration exported to the recipient (Harvey et al.,, 2013, Mallard et al., 2014,
Ensign and Doyle, 2006, Wérman et al., 2002)

Nitrogen is one of the most important components in stream ecosystems, and its
biogeochemical cycling in the HZ has been studied extensively. Nitrogen, together
with phosphorous, carbon, oxygen and hydrogen is essential for all living
organisms. However, imbalances in the nitrogen cycle can lead to eutrophication,
resulting in collapsed aquatic ecosystems. Nitrogen makes up just below 80% of
the atmosphere in the form of nitrogen gas (N), which is not available for
biological metabolism by most living organisms (Galloway et al., 2004). Nitrogen
reaches the geosphere through biological nitrogen fixation (BNF), where the
reduction of N, into ammonia (NHy) is catalyzed by specific groups of bacteria.
Furthermore, lightning can produce enough energy to turn atmospheric N into
NO.. Nitrogen is subsequently loaded to the surface water system from point
sources or diffuse sources such as surface runoff and groundwater discharge, in
organic as well as inorganic forms. If the upstream catchment is small, fixation of
nitrogen gas directly into the water can also be substantial but occurs primarily in
slow-moving waters such as wetlands and lakes (Howarth, 2014). In undisturbed
terrestrial areas, nitrogen is mainly apparent in the surface water system in organic
forms such as detritus or dissolved organic matter (Bernot and Dodds, 2005). The
relatively low levels of inorganic nitrogen that enter such pristine streams are
rapidly denitrified or taken up by biota (Peterson et al., 2001, Galloway et al., 2003).
In contrast, in many ateas that are impacted by human activities, the nitrogen cycle
has been altered by the cultivation of legumes, utilization of industrialized
fertilizers, and fossil fuel combustion (Galloway et al., 2004). Thetefore, many soils
are saturated with nitrogen, which then leaches to surface water (Galloway et al.,
2003, Bernot and Dodds, 2005, Royer et al., 2006). Nitrogen saturation can occur
when organism growth is no longer limited by the nitrate concentration, when
organisms mineralize a greater part of their food because it is nitrogen-rich, and
when abiotic adsorption places are saturated (Bernot and Dodds, 2005). So-called
legacy nitrogen has been shown to accumulate within the root zone of agricultural
soils for several decades before being transported to streams with relatively deep
and old groundwater (Tesotiero et al., 2013, Van Meter et al., 2016). Climate change
is also expected to alter the transport of nitrogen from land to surface waters, and
intensify the eutrophication of lakes and oceans (Teutschbein et al., 2008). The
leaching of nitrogen into groundwater, and subsequently into streams, is mainly in
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inorganic forms, i.e. nitrite and nitrate, since those species are highly movable in
water. The transport of inorganic nitrate in stream networks is thus high and
accounts for a large part of the nitrate transported to oceans (Boyer et al., 20006).
In the Baltic Sea, where eutrophication is an extensive problem, it is estimated that
around 70% of the total nitrogen load to the sea is riverine transport (HELCOM
2018)

Nitrogen cycling refers here to the transformation process between different
inorganic nitrogen species, through nitrification, denitrification and bacterial N
fixation (Duff and Triska, 2000). Nitrification is when ammonium is oxidized into
nitrate, which is an energy-yielding process that is catalyzed by chemolithotrophic
nitrifying bacteria. Denitrification occurs in anoxic conditions and reduces nitrate
into nitrite, nitrous oxide, and nitrogen gas, and the process is catalysed by specific
denitrifying bacteria that derive most of their energy from degradation and use
nitrate or nitrite as an electron acceptor. As described in previous paragraphs, the
HZ is an important environment for nitrogen cycling due to its steep oxygen
gradients and diverse microbial community. Depending on whether denitrification
or nitrification dominates, the HZ can function as both a sink and a source of
surface water nitrogen (Jones and Holmes, 1996, Zarnetske et al., 2011, Zarnetske
et al,, 2012). Hence, nitrification can be the dominating process in some streams
(e.g., Jones et al., 1995, Holmes et al., 1996), but often the nitrification rate is
relatively fast in comparison to the residence times in the HZ, and nitrate is an
intermediate product subsequently reduced through denitrification (Jones and
Holmes, 1996, Storey et al., 2004, Zarnetske et al., 2011). Therefore, when the
sediments have relatively low permeability, when dissolved organic carbon is not
the limiting factor and when the stream is the dominant source of nitrogen, the
HZ is generally a nitrogen sink (Duff and Triska, 2000, Birgand et al., 2007). This
was also concluded by a number of field studies at the catchment scale (Alexander
et al., 2000, Peterson et al., 2001, Mulholland et al., 2008, Mulholland et al., 2009),
and it is the benchmark of this thesis. The abovementioned field studies also
observed differences in nitrogen removal related to watercourse size and concluded
that small streams remove nitrogen more efficiently than larger rivers (removal in
proportion to the nitrogen load). This is due to higher cumulative length, and
generally higher connectivity with groundwater, indicated by the higher ratios
between HEF rates and in in-stream discharge, in small streams compared to in
large rivers (Lowe and Likens, 2005, Wollheim et al., 2006, Wondzell, 2011).
Furthermore, the upstream position of small streams means they are the source of
nitrogen for the downstream network, and that the condition in these streams can
set the chemical signature of a full catchment (Lowe and Likens, 2005). However,
large rivers can be a more important nitrogen sink in terms of absolute mass
because of the possibly higher mass load in these streams and their downstream
position in the stream network (Wollheim et al., 2006, Mulholland et al., 2008,
Ensign and Doyle, 2006).
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1.3 Degradation and restoration of streams and hyporheic zones

In pristine streams, that is streams that are not impacted by human activities,
groundwater-surface water interactions in the HZ can largely affect the surface
water quality within a catchment. However, accelerating exploitation of streams
and rivers during the last century has led to the physical, chemical and biological
degradation of streams and rivers and the loss of many natural functions (Ward et
al., 2001, Newcomer Johnson et al., 2016). Most streams and rivers in the
developed world have been geomorphologically simplified to reduce the risk of
flooding and improve transportation of people and goods (Ward et al., 2001, Wohl
et al,, 2015). In agricultural areas, drainage systems have been installed and streams
have been channelized, with the purpose of lowering groundwater levels and
increasing the area of arable land (Krug, 1993, Akesson et al., 2016, Newcomer
Johnson etal., 2016). These simplifications of stream geomorphology have resulted
in a disconnection between streams and their adjacent streambeds and generally
decreased in-stream residence times and nitrogen removal rates (Opdyke et al,,
2006, Royer et al., 2006, Gooseff et al., 2007, Fehér et al., 2012). The eutrophication
of both local streams and many large lakes and coastal areas around the world is
probably caused predominately by nutrient enrichment originating from land-
based activities such as agriculture and atmospheric deposition (Schindler, 1974,
Howarth, 2014, EEA, 2019). However, the problem has likely been amplified by
the degradation of the streams’ self-cleaning capacity (Hancock, 2002).

Because of the abovementioned problems, several international directives and
policies have been implemented to protect our waterbodies. For example,
according to the European Union water framework directive (WFD)
(2000/50/EC), all waterbodies in Europe should be in good ecological and
chemical status before 2015, a deadline that have now been extended to 2027. The
WFED has been successful in reducing point source chemical pollution, and
monitoring has indicated that nitrogen concentration in European rivers generally
decreased between 1982 and 2018 (EEA, 2022). However, as of 2018, only
approximately half of EU water bodies were in good status (EEA, 2018). Generally,
surface water bodies (rivers, lakes, transitional and coastal waters) are in worse
shape than groundwater bodies, and hydromorphological pressures and diffuse
sources (most often related to agricultural practices) have been identified as the
most severe pressures, affecting 40% and 38% of all EU water bodies, respectively.
Hydromorphological pressures include physical alteration of the channel
geomorphology, streambed sediments properties or riparian zone conditions, and
river restoration is proposed as a potential measure for reducing such pressures.
The WFD is accompanied by the Nitrates Directive (ND), which requires EU
member states to both identify waters affected and at risk of being affected by
nitrate pollution and develop action programs designed to reduce and prevent
nitrates pollution. However, stream restoration is not mentioned specifically as a
way of reaching this goal. Furthermore, several more localized initiatives exist. For
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example, the countries within the catchment of the Baltic Sea have agteed on the
Baltic Sea Action Plan (BSAP). It has the goal of eliminating eutrophication of the
Baltic Sea by 2030, which is defined as a total maximum nitrate input to the Baltic
Sea of 792,209 tonnes per year. HELCOM has acknowledged that agricultural
practices represents the main part of the diffuse sources of nitrate exported to the
Baltic Sea (HELCOM, 2021). One of several actions suggested against
eutrophication is the application of innovative water management measures where
approptiate and different types of stream restoration measutes and implementation
of wetlands are mentioned as examples.

River and stream restoration includes a variety of actions that enhance river
processes or forms and addresses the improvements of the ecological, physical or
chemical conditions of a local watercourse and downstream recipients. Restoration
goals vary largely between projects and includes improvements in, e.g., fish habitats
and passage, in-stream habitat of other specific species, river connectivity
(longitudinal, with flood plains and with the HZ), bank stability and river esthetics
(Bernhardt et al., 2005, Wohl et al., 2015). Furthermore, one of the most common
restoration goals today, which is of increasing importance, is the improvement of
water quality (Wohl et al., 2015, Newcomer Johnson et al., 2016, Lammers and
Bledsoe, 2017). The HZ is known to impact stream water quality, but its functions
have rarely been mentioned as a specific objective of stream restoration (Hester
and Gooseff, 2010). Even in cases where the HZ is mentioned as an important
ecotone, specific guidelines for how to modify the HEF are often lacking, although
this is slowly changing (Berg et al., 2014). Generally, the HEF can be amplified in
three ways through engineering practices: 1) modifying the hydraulic head
variations at the streambed interface, 2) changing the streambed surface area (i.c.
stream width and length) and 3) changing the hydraulic conductivity of the
stteambed (Hester and Gooseff, 2011). Specifically the first of these practices
motivated the research performed in this thesis, which focused on how hydraulic
head variations at the stream interface control HEF, and on how stream restoration
measures can affect the hydraulic head variations and thus the solute transport at
the reach and stream network scale. Restoration measures that modify the stream
geomorphology and water surface profile include artificial riffle and pool
structures, cross-vanes, boulder weirs and log dams (Kasahara and Hill, 2000,
Hester and Doyle, 2008, Lautz and Fanelli, 2008, Gordon et al., 2013, Rana et al.,
2017).

Stream restoration that aims to improve water quality has fast increased in
numbers; however, in reality, improvements are uncertain, and their effects are
lagging in time (Melland et al., 2018, Chen et al., 2021, Fisher et al., 2021). Most
restoration projects lack long-term monitoring data, which complicates the
evaluation of projects and designs at the relevant scales (Newcomer Johnson et al.,
2016, Lammers and Bledsoe, 2017). Specifically, stream restoration projects are
often implemented at the stream reach scale, while the resulting water quality is
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monitored at the stream catchment outlet (Wohl et al., 2015). Modelling and field
studies have concluded that stream restoration that modifies the HEF needs to be
implemented across long watercourses to be effective (Azinheira et al., 2014,
Hester et al., 2016, Thompson et al., 2018). Thus, it is important to position stream
restorations in locations with high potential for HEF or in areas within the
catchment where most nitrogen is loaded to the surface water (Refsgaard et al.,
2019, Magliozzi et al., 2019). Furthermore, stream restoration measures should be
designed to be most effective at times when the nitrogen load to the stream is the
largest. This becomes complicated because the correlation between discharge and
nitrogen load as well as discharge and HEF are not yet fully understood. The
nitrogen load has been shown to increase with high discharge due to increasing
nitrogen mobilization but also to decrease with high discharge due to dilution
effects (Royer et al., 2006, Minaudo et al., 2019). Similarly, hyporheic fluxes have
both been shown to increase and dectease with stream discharge, since the
discharge impact the different physical controls of HEF differently (Ward et al.,
2019). The temporal and spatial variation in both HEF and nitrogen load
emphasize the importance of understanding the functions of the stream prior to
restoration (Ward et al., 2001, Dufour and Piégay, 2009). For example, stream
restoration measures have increased the static head-induced HEF while
simultaneously decreasing the dynamic head-driven HEF, consequently resulting
in minor changes in the total HEF and stream water quality (Mason et al., 2012,
Rana et al, 2017). Furthermore, an understanding of how and where HEF
influences groundwater flow properties, such as the exact position of discharge and
transport rates through the upper streambed sediments, is needed to position
stream restoration measures correctly (Mojarrad, 2021). This motivates further
research on how to generalize the HEF at the catchment scale from common
stream and catchment characteristics. Such generalizations do exist, but the
complexity of the HEF and its high variability in both time and space have
complicated the use of scaling models for predictive purposes at the catchment
scale and more research is needed.

1.4  Objectives and scope of the thesis

The first aim of this thesis was to advance the understanding of the primary
physical controls of HEFs at different spatial scales and to investigate how HEFs
influence solute transport in local stream reaches and surface water networks.
Therefore, the consistencies and deviations between two common approaches for
estimating HEF was investigated. The two approaches were: 1) to assess HEF
inductively from tracer tests using a transport model and 2) to estimate HEF
deductively by developing a 2D multiscale mechanical model. A possible
consistency between models would provide means for upscaling of sub-reach
processes to the reach scale and for parameterization of transport models. The
second aim of this thesis was to investigate whether and how nitrogen removal can
be enhanced by stream restoration that modifies stream hydromorphology and
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alters the HEF. This was done by deriving exact solutions to the nitrogen transport
and subsequently aggregating these at the stream network scale. Specifically, the
thesis was based on four separate but interlinked studies, with the objectives as
stated below:

¢ The objective of Paper I was to formulate remediation targets for stream
restoration in the form of exact solutions for mass removal in the HZ. A
second aim of the paper was to evaluate the effect of stream restoration in
a specific stream, using the derived equations parameterized through in-
stream tracer tests, and to compare different ways to utilize the available
hydraulic head drop along a stream teach to control the HEF velocity
across the streambed-water interface.

e In Paper II, the linkages between streambed geomorphology and the
parameters quantifying HEF were examined through a cross-validation
between two approaches commonly used for estimating HEF, as described
in the paragraph above. The paper included the performance of in-stream
tracer tests and topographical and geological surveying of ten small stream
reaches with varying characteristics. Furthermore, the paper investigated
the relative importance of different spatial scales of stream topography as
well as static and dynamic hydraulic head drivers on the reach average HEF
velocity.

e The objective of Paper III was to use the modelling framework defined in
Paper I to evaluate the current nitrogen removal in the HZ, as well as the
potential for stream restoration to increase nitrogen removal, at the national
scale. The paper also included modelling of a few simple restoration
measures in a local reach, with the intent of examining the practical
potential of stream restoration, in comparison to the theoretical potential,
which was evaluated at the national scale.

e In Paper IV, the linkage between stream hydromorphology and HEF was
utilized to map the HEF velocity along the stream network of five different
catchments with varying hydromorphologic characteristics. In addition to
illustrating the possible vatiation in HEF velocity within and between
catchments, this paper aimed to investigate how the HEF is controlled by
catchment and stream reach hydromorpholigic characteristics at different
spatial scales and to understand the type of conditions under which the
HEF can impact upwelling groundwater flow patterns and transport rates.

1.5 Thesis limitations

The results of this thesis are limited in a number of ways, related both to the
modeling framework, and to the data used to calibrate and parameterize the used

10
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models. Firstly, there is an undetlying assumption of steady state within the
timeframe of the field measurements, which had to be made to evaluate the
performed tracer tests in the proposed way. Therefore, bank storage driven by
temporal discharge fluctuations were not considered in this thesis. Secondly, this
thesis mainly considers small watercourses with relatively low discharge and
shallow depth, and the results will not be transferable directly to HEF in large
rivers. The focus on small streams is because these are thought to be more
important nitrogen sinks than large rivers (see section 1.2) and because restoring
small streams are more practical and easier than restoring large rivers. Furthermore,
the high accumulative length and the upstream position of small streams means
they can set the chemical signature of a full catchment. However, the characteristics
of the streams where field measurements were performed also assets a limitation
on the results. In addition to being small, with relatively low discharge and shallow
depth, the investigated stream reaches were also relatively straight and therefore,
lateral HEFs through meander bends are not investigated as part of this thesis.
Instead, the thesis focused on multiscale vertical HEFs driven by longitudinal head
fluctuations at the streambed interface, often referred to as pumping. Thirdly, a
major limitation of the reactive modelling results are the underlying assumptions
that the HZ is a nitrogen sink; that nitrogen reaches the stream water mainly as
nitrate or nitrite; that denitrification is the predominant process controlling the
mass removal; and that first order reactive modelling can capture the essentialness
of the removal. It should also be noted that stream restoration in the context of
this thesis only refers to enhancement of the water quality, and that it was referred
to as stream remediation in Paper 1. Finally, groundwater discharge is accounted
for in a simplistic way in this thesis. In Paper II, the groundwater flow was
quantified as a dilution factor, and in the studies investigating the impacts of stream
restoration on nitrogen mass removal (Papers I and III), neutral conditions were
assumed (neither groundwater discharge nor recharge). Although the interactions
between groundwater flow and HEF is the focus of Paper IV, the models for these
two flows were completely separated so that the constraining impact that
groundwater discharge can have on HEF was not accounted for. Furthermore, the
parts of the stream network where groundwater was recharging at the streambed
was not included in the investigation.

2 THEORY ON HYPORHEIC FLOW MODELLING

This thesis studies the transport of fluids in open channels and porous media, and
a modeling framework was established to mechanistically represent the local HEF
and its impact on 1D longitudinal solute transport. A large part of the thesis is
focused on the technical aspect of how HEF is quantified in this modelling
framework. Generally, existing models for HEF can be divided into two groups
that are based on two fundamentally different approaches (Packman and Bencala,
2000, Boano et al., 2014, Cardenas, 2015). The first approach uses breakthrough
curves from in-stream tracer tests to calibrate longitudinal transport models,
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resulting in induced parameter values of the flow across the streambed interface.
The second approach uses mechanistic groundwater models with varying
complexity to deduce parameters quantifying hyporheic flow. In this thesis, both
approaches are applied and combined to obtain a more holistic picture of the effect
of HEF on solute transport in streams. In sections 2.1 and 2.2, a theoretical
background of both methods will be presented, including examples of previously
developed models. In addition, section 2.3 provides a theoretical background on
the modelling of reactive solute transport in streams, mainly focusing on the
transport of nitrogen removal through denitrification. Throughout this section, as
well as the rest of this thesis, SI-units will be used when introducing new model

parameter S.

2.1 In-stream solute transport modelling

The first approach for modelling the HEF is an inductive approach, which looks
at the HEF from the perspective of the transport of solutes in the surface water.
HEF variables are estimated by calibration of differential equations, commonly
referred to as the transport equations, using break-through curves from in-stream
tracer tests. Tracer tests provide a unique way to measure the combined effects of
all transport pathways and mechanisms that occur between two sampling points;
and relate the longitudinal transport and the solute spread to specific transport
mechanisms. The methodology essentially consists of the injection of a traceable
solute in the stream or river and the measurement of breakthrough curves
(concentration over time) at one or several positions downstream of the injection
point (e.g., Kilpatrick and Wilson, 1989). The measured input signal, i.e. the
concentration at the injection point, and the downstream breakthrough curves can
then be used to calibrate the transport model. This section introduces the transport
equations as well as different ways of accounting for HEF in such models; the
tracer tests performed as part of this thesis are described in the methods section
3.2.1.

2.1.1 The transport equation

To derive the transport equation, the eulerian view of motion is used, in which
fluid is considered a continuum and observed within a fixed frame in space, a so-
called control volume. The Reynolds transport theorem is used to apply physical
laws to a fluid flowing through such a control volume (Chow et al., 1988). The
theorem defines two types of fluid properties, where the first is the extensive
propetty (B), which is dependent on the mass of the studied system (M), and the
second is the intensive property (), which is defined according to § = dB/dM.
In words, the Reynolds theorem states that the total rate of change of an extensive
property with time (dB/dt), is equal to (1) the total rate of change of the extensive
property stored in the control volume (CV) and (2) the net outflow of the extensive
property through the control surface (CS). When solute mass M (kg) is used as the
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extensive property in the Reynolds transport theorem, the intensive property is
one, and we obtain the continuity equation:

B L ([ff,, cav ) + [ J - dA 1)

in which lfi—A: (kg/s) is any source or sink of the solute, ¢ (kg/m’) is the solute

concentration that varies in both time and space and dV (m’) is a small patt of the
control volume. Further, J (kg/m’) is the flux of the fluid across a small area dA
(m?) of the control surface. By utilizing Gauss’s divergence theorem to transform
the surface integral into a volume integral, the continuity equation transforms into
its differential form according to:

dM _ dc

E_E-}— V-] (2.2)

where V = (:—x,%,%) is the nabla operator. In this thesis, the solute transport is
studied along the stream network (coordinate x) using the common 1D advection-
dispersion equation (ADE), which is derived by double averaging Equation 2.2

over time as well as space (Fischer et al., 1979). The 1D ADE reads:

dc d’c P dM

S tDim=2Jes+ (2.3)

dc

P +u
where C (kg/m’) denotes the time and volume average solute concentration, u
(m/s) is the cross-sectional average stream velocity in the x direction, Dy, (m?*/s) is
the dispersion coefficient, P (m) is the wet perimeter, 4 (m?) is the stream cross-
sectional area and J¢s (kg/m’s) is the transversal flux over the permeable
streambed surface. Equation 2.3 is valid when the studied solute is completely
mixed over the cross section of the stream, and describes the downstream
transport of the solute or contaminant pulse and the Gaussian, symmetrical
spreading of this pulse (Fischer et al., 1979). The advective transport, which is the
transference of a species or particle from one place to another with the bulk flow
field, is represented by the second term of the left hand side of Equation 2.3. The
solute spreading from high to low concentration, a process referred to as
hydrodynamic dispersion, is represented by the third term. The spreading occurs
due to three processes: molecular diffusion, turbulent diffusion and mechanical
dispersion, which are lumped together since their effects are difficult to separate,
and since they all have mathematical expressions analogous to Fick’s law, i.e. they
are proportional to the concentration gradient (e.g., Fischer et al., 1979). The
transversal transport over the main channel boundary, i.e. the right hand side of
Equation 2.3, results from deviations from the mean velocity and concentration
caused by turbulent flow and variations in the longitudinal stream geomorphology.
This flux can be diffusive, dispersive and advective and is of great importance in
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natural streams, where it induces an exchange between the main channel and zones
with stagnant ot slow moving water. The parameterization of the term J¢g was
studied thoroughly in this thesis and previous work related to this term is presented
in the next section.

212 Transient storage and HEF in solute transport models

The importance of the transversal flux across the streambed in natural streams was
first acknowledged because in-stream tracer tests resulted in skewed tracer
breakthrough curves with a characteristic tail related to late time arriving solutes.
Initially, tailings were attributed to exchange with stagnant surface water adjacent
to the main stream, so called dead zones, and models that coupled two differential
equations were developed to address this process (Hays, 1966, Thackston and
Schnelle, 1970). However, Bencala and Walters (1983) emphasized that the
observed tailings did not necessatily have to be flow through strictly dead zones
within the open stream body, but any process that temporarily removed the tracer
from the main stream and returned it again at a later time. They therefore
introduced the concept of transient storage and recognized that the same equations
as those used to describe the dead zone storage could describe this longitudinally
distributed exchange process. They also presented the extensively used transient
storage model (TSM), where the transversal flow is conceptually described as a first
order mass transfer that is proportional to the difference in solute concentration in
the main channel and the storage zone, which is described as a well mixed box.

Since the TSM was first introduced, it has been adapted in several ways to inctease
its physical realism and thereby its complexity (Knapp and Kelleher, 2020). Most
often, the adaptations have considered how the transversal flux across the
streambed, Jcs, is formulated. A number of models have separated the transient
storage into multiple storage zones, for example letting one zone represent
stagnant surface water and another the HZ (Choi et al., 2000, Briggs et al., 2009,
Neilson et al., 2010a, Neilson et al., 2010b). Another approach has been to account
for the multiscale aspects of transient storage by extending the solute residence
times within the transient storage zone to a wider range. This has been done in the
multi-rate mass transfer model (MRMT) by mathematically defining the flux across
the streambed as a convolution between the in-stream concentration breakthrough
and a memory function, whose derivative is proportional to the residence time
distribution in the storage zone (Carrera et al., 1998, Haggerty et al., 2000). As
described by Boano etal. (2014), a special case of the MRMT model is the advective
storage path model (ASP) (Wérman et al., 2002), which specifies the transient
storage as advective flow through the streambed sediments. Both the MRMT and
the ASP are advantaged over the TSM since they provide flexible ways (higher
degrees of freedom) of defining the residence time distribution compared to the
TSM, which implicitly uses an exponential residence time distribution with only
one distribution parameter. If an exponential residence time distribution is used in

14



Ida Morén TRITA-ABE-DLT-2232

the ASP model, it equals the TSM exactly (Wo6rman et al., 2002). However, skewed
distributions such as the truncated power law distribution (Haggerty et al., 2000,
Haggerty et al., 2002, Gooseff et al., 2003) or the log-normal distribution (Wérman
et al., 2002) have been shown to accurately describe the late time behavior of in-
stream tracer test breakthrough curves.

2.2 Hydromechanical subsurface flow modelling

The second approach for quantifying the HEF is deductive and includes the
utilization of hydromechanical models. Such models are based on the physical
principles of mass and momentum balances and solve the governing equations for
groundwater flow at the stream-subsurface interface. Existing models are highly
variable in terms of their conceptual setup and mathematical complexity but
generally rely on the governing equations for groundwater flow. In this section,
these equations ate described for saturated, steady and isotropic conditions.
Furthermore, ways to model the constraining streambed geology and the driving
hydraulic head fluctuations at the streambed interface are described.

221 The governing equation for groundwater flow

Below streambeds, the groundwater flow of water is often assumed to be saturated
and thus driven by gravity and commonly modelled using the empirical Darcy’s
law. The law assumes that the flow is laminar and states that the specific discharge
through a porous medium, often referred to as Darcy’s velocity, is proportional to
the gradient of the energy potential across the medium. The energy within the
groundwater domain is quantified in terms of hydraulic head, and for inertia free
flow, the velocity field in the streambed becomes:

q = KVh(x,y) 2.4

where q (m/s) is the Darcy velocity vector, K (m/s) is the hydraulic conductivity
vector and h(x,y) (m) is the hydraulic head of the streambed. Furthermore, we
know that for steady and incompressible flow the continuity equation (Equation
2.2) simplifies to:

V.-q=0 (2.5
By substituting q in Equation 2.5 with Darcy’s law, the groundwater equation for

steady state flow through a saturated, anisotropic porous medium in two
dimensions becomes:

:—x (Kx 3—:) + :—x (Ky Z_;) =0 2.6)
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where K, (m/s) is the hydraulic conductivity in the x direction and Ky (m/s) is the
hydraulic conductivity in the y direction. Isotropic conditions subsequently result
in the two-dimensional Laplace equation for groundwater flow:

0%*h | 9%h
Tz = 0 @7

The groundwater flow equation as well as the Laplace equation can be analytically
solved if certain types of boundary conditions are used. The following two sections
(2.2.2-2.2.3) describes the upper hydraulic head boundary condition and how it
commonly has been defined in HEF research.

2.2.2 Longitudinal pressure distributions at streambed interfaces

HEF modelling is distinguished from general groundwater flow modelling in the
definition of the upper hydraulic head boundary condition, applied at the
streambed-water interface. The energy content of open surface water consists of
four parts: potential energy related to the elevation of the streambed; pressure
energy related to the weight of the water; kinetic energy related to the movement
of the water and internal energy coming from the viscous properties of the water
and its interaction with the streambed and banks (Chow, 1959). The gradient of
this energy in the direction of the flow is referred to as the energy grade line, which
always has a negative slope in the direction of flow and drives the longitudinal flow
of water in the stream. It is the projection of the total energy of the water column
at the streambed that causes the pressure gradients assumed to drive the main part
of the HEF. At the streambed, if assuming no slip conditions, the velocity head is
zero, and the energy thus consists only of the streambed elevation and the pressure
head, which can be divided into two parts. The first part is the static pressure head,
which is the weight of water at the streambed and thus equal to the stream depth.
The second part is the dynamic pressure head, which is the transformation of the
kinetic energy of the flowing water into pressure and occurs when flowing water
interacts with the streambed. The high computational power now available allows
for highly detailed numerical models that describe the spatially- and time-varying
surface water flow through Naiver-Stokes equations and the resulting (dynamic
and static) pressure distribution at the streambed interface (e.g, Cardenas and
Wilson, 2007, Janssen et al., 2012, Ren et al., 2019, Betterle et al., 2021). These
models can also account for HEF driven by turbulence, which can be an important
process, specifically in high velocity, plane-bed streams with course streambed
material (Packman et al., 2004, Voermans et al., 2017, Grant et al., 2018, Voermans
et al., 2018). The drawback of these complex models is that they depend on high
quality and dense input data in terms of stream geomorphology. Furthermore, for
generalizing the results from a specific study, analytical models or simplified
numerical models might be preferred over complex numerical solutions.
Therefore, throughout the history of hyporheic exchange research, most existing
models have used simplified expressions to account for the upper hydraulic head
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boundary condition and focused mainly on the pressure-driven, advective flow
through the HZ, which is referred to as advective pumping. In this thesis, these
simplified equations are used but extended by accounting for the multiscale
distribution of the pressute head along the streambed and including the static as
well as the dynamic head, which will be described in more detail below.

222.1. Static head driven hyporheic exchange flow

In gradually varying flow, changes in the flow depth in the direction of the bulk
movement are minor, and the hydrostatic law of pressure distribution applies
(Chow, 1959). The law states that the vertical pressure distribution over the cross-
section is close to static, and the total energy fluctuations along the stream, relative
to a specific datum, are exactly defined by variations in the water surface profile.
This has been utilized in several models for HEF. Early studies by Vaux (1962) and
Vaux (1968) approximated changes in the total energy line with the surface water
profile in a small gravel bottomed stream with riffle pool geomorphology. Vaux
concluded that the water is upwelling where the profile is concave and downwelling
at sites where the stream water profile is convex. A few decades later, Harvey and
Bencala (1993) identified flow paths through the HZ of a mountain stream in
Colorado and related the flow to breaks in the water surface profile and the
streambed. Later research also verified that the water surface elevation is a good
approximation for the total hydraulic head at the streambed interface and that it
can be used to model the main part of the HEF (Anderson et al., 2005, Gooseff et
al,, 2007). As an alternative to measuring the stream bottom elevation and depth,
hydraulic routing of the water sutface profile can be used to examine the static
hydraulic head at the streambed (e.g., Saenger et al., 2005, Hester and Doyle, 2008,
Marzadri et al., 2014). In this thesis, both measurements and hydraulic routing was
petformed to quantify the static head fluctuation at the streambed, as described in
section 3.4.2.

2222. Dynamic head-driven hyporheic exchange flow

When studying the hydraulic conditions in rivers, or the longitudinal transport of
solutes therein, it is often suitable to treat the flow as gradually varying over the
main part of the reach. However, it is also known that natural stream flow often
varies rapidly over short distances. This causes deviations around the hydrostatic
pressure that in some conditions can be substantial. Compared to static head
variations, dynamic pressure fluctuations generally occur across smaller spatial
scales that are important to consider when modelling HEFs (e.g., Stonedahl et al.,
2013, Gomez-Velez and Harvey, 2014). Specifically, the head gradients occurring
across small roughness features due to drag and lift forces created by flow
deflections have been acknowledged as important drivers of HEF. In eatly studies,
it was shown that head pressure distributions over dune-like bedforms had an
approximate shape of a sinusoidal wave, with wavelengths equal to the length of
the bedforms (Savant et al., 1987, Elliott and Brooks, 1997a, Elliott and Brooks,
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1997b). Drag fotces at the stream bottom, induced by triangular bedforms, were
therefore modelled as a single sine curve, whose amplitude was related to the
bedform height and streamflow properties. The model was parameterized by
combining theoretical knowledge on the drag force coefficient and empirical
results of head measurements over triangular bedforms (Fehlman, 1985). The
parametetization resulted in an expression of dynamic head hy at the streambed-
water interface (y = 0) according to:

hqg(x,y = 0) = C4H sin (ZTHx) 2.8)

where H (m) is the bedform height, A (m) is the wavelength of the hydraulic head
fluctuations, equal to the wavelength of the bedform and the so called Fehlmans
constant Cq (-) is estimated as:

3
o | (B2 H/d<034
Ca= 0285 3 (2.9)
(=) H/d > 034
0.34

where d (m) is the average stream depth, U (m/s) the average longitudinal stream
velocity and g (m/s?) is the gravitational acceleration. This idealization of
hydrodynamic head across the bedforms was then used as the boundary condition
at the streambed interface, to solve the groundwater flow equation (Equation 2.6),
resulting in the advection pumping model (APM). Since its development, the APM
has been widely used and extended to account for effects of, e.g., a limited HZ
depth, groundwater discharge, unsteady flow conditions, and the transport and fate
of contaminants and small particles in the HZ (e.g., Packman et al., 2000, Cardenas
and Wilson, 2004, Wérman et al., 2006, Boano et al., 2009, Bottacin-Busolin and
Marion, 2010, Grant et al., 2014, Azizian et al., 2015, Caruso et al., 2010).

223 Multiscale hyporheic exchange flow and fractality

The multiscale nature of groundwater flow and HEF has long been recognized and
linked to the multiscale topography of the landscape and streambeds (e.g., T6th,
1963, Winter et al., 1998). Modelers have considered this multiscale behavioral, and
extended the original APM for utilization in streams with more complex streambed
geomorphologies than triangular bedforms (Woérman et al., 2006, Stonedahl et al,,
2010, Marzadri et al., 2014, Mojarrad et al., 2019). These extended models are all
based on superposition principles, which apply to both the hydraulic head
distribution within the streambed and the final velocity fields, since they are both
linear properties. Specifically, the HEF is calculated over a wide range of spatial
and temporal scales by defining the upper hydraulic head boundary condition,
h(x,y = 0), as a Fourier sum acting on a flat surface. This can be done in two
dimensions to represent the effect of the 2D landscape topography on the 3D
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subsurface flow (Woérman et al, 2000), but here, the simpler 1D boundary
condition is applied to calculate the 2D HEF along the stream network. The
boundary condition applies:

h(x,y =0) = XV, Ap;sin (%x) +S (2.10)

where Ap, ; (m) is the amplitude and A; (m) is the wavelength of the hydraulic head
harmonic i, and S (-) is the average slope of the hydraulic head, equal to the slope
of the stream. The more harmonics that are added to the sum, the better the
equation will mimic the real hydraulic head fluctuations at the streambed interface.
If Equation 2.10 is substituted into the steady state groundwater equation
(Equation 2.6), the pour velocity flow field in the HZ can be derived according to:

21K Ap 2

Ve(xy) = Tl 5= cos (7" x) a(2;) +KS 2.11a)
2nK Api . (2

V,(x,y) = ?’zl%%sm (fx) a(l;) (2.11b)

where Vy (m/s) is the horizontal velocity component, V;, (m/s) is the vertical
velocity component, (-) is the streambed porosity and « (-) is a factor that
accounts for the common decrease in velocity with depth in the HZ. The factor a
originates from the lower boundary condition assumption, which will be discussed
in mote detail in the methods section 3.4.3, and K in Equation 2.11 represents
either the hydraulic conductivity at y = 0, or the average hydraulic conductivity of
the streambed depending on which expression for @ that is used. The HEF velocity
at the streambed interface can then be defined as the vertical velocity component
aty = 0, according to W(x) = V,,(x,y = 0)n{ (m/s), where { (-) is a constant
referred to ass the area reduction factor and accounting for the fact that all
streamlines do not enter the streambed perpendicular to the bed, (Wérman et al.,
2002).

It is relatively simple to separate the hydraulic head fluctuations into static and
dynamic components according to Ap; = Apq; + Ap,si, where Ap g; (m) is the
dynamic head amplitude and Ap5; (m) is the static head amplitude. In some
studies, the static head was only considered as an average slope, while the dynamic
head was distributed across scales according to Equations 2.8 and 2.9 (e.g,
Worman et al.,, 2006), while in other studies, both the static and dynamic head
distributions were defined over a spectrum of scales (Marzadri et al, 2014,
Mojarrad et al., 2019). The dynamic head can be calculated for complex streambeds

by defining the streambed topography as a Fourier sum according to y, =

N . 2T
Yite Ay, isin (/1—1
Cd(H = O'yb)Ay

x) + § and calculating the dynamic head amplitudes as Ap g; =

pi» thus substituting the bedform height with the streambed

19



The influence of multiscale hyporheic flow on solute transport

elevation standard deviation 0y, (m) (Elliott, 1990, Wérman et al., 2006). Similarly,
in Stonedahl et al. (2010) the bedform height was estimated as H = Zﬁayb (),

to more exactly tepresent a sinusoidal topography.

Previous studies have also illustrated that power spectral analysis and fractal theory
can be important tools for understanding the multiscale aspects of HEFs. It has
been acknowledged that both landscapes and riverbed topographies often follow a
fractal geometry (Hino, 1968, Rodriguez-Iturbe et al., 1992, Turcotte, 1992, Nikora
et al,, 1997). The concept of fractals means that although the topography can seem
complex and chaotic, the signal is ordered when represented on a spectral form
with a power-law distribution of amplitudes versus wavelength of the constituent
signal harmonics. That is, if a property that varies longitudinally along the
streambed is treated as a signal and is mathematically represented by a Fourier
series, then there is a power-law relationship between the amplitude, and the
wavelength according to:

Ay, = a;Abr 2.12)

where af and by are constants, and f defines the property of the signal. For
streambed topography elevation, denoted Yy, scaling variable a,,, reflects the size
of the streambed geomorphologic features (length and height), while by, reflects
their roughness (Lee et al.,, 2020). Previous studies in flumes as well as natural
streams have shown that byb generally varies between 2 and 3 (Hino, 1968, Nikora
etal, 1997, Wérman et al., 2007, Aubeneau et al., 2015). Wérman et al. (2007) also
showed that fractal landscapes and streambed topographies result in fractal
distributions of subsurface patterns of both large-scale groundwater flow and
HEF. Subsequently, later research has shown that fractal streambeds produce
fractal distributions of hyporheic residence times (Aubeneau et al., 2015), and that
the constants ay, and by, can function as scaling parameters of HEF, where
generally the hyporheic flux increases with increasing a,, and decreases with
increasing byb (Marzadri et al., 2014, Lee et al., 2020).

2.3 Modelling nutrient cycling in streams

Solutes that ate transported through streams and the HZ may also interact with the
surrounding environment through chemical reactions. These reactions are species
specific and can be reversible, solely causing retention of the solute, or irreversible,
removing the species from the studied stream system. In addition to investigating
the transport of conservative solutes, this thesis considers the fate and transport of
nitrogen within streams. As described in the introduction, streams and rivers are
generally thought of as nitrogen sinks, and the main removal process is thought to
be denitrification.
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The reactive solute transport in streams can be modelled by specifying the solute
source or sink term of the ADE (Equation 2.3). The removal of nitrogen in streams
is often assumed a first order reaction that is directly proportional to the nitrogen
concentration in the steam water according to

dM _ dcv

E = ? = _Rsyscv (213)

where Ry (1/5) is the first order reaction rate of the stream system and V' (m’) is
the system volume. This system reaction rate can be related to other common
measures of nutrient removal such as the uptake length, which is equal to U/Rgys,
or the uptake per unit area, which is equal to Rgy,sCd (Newbold et al., 1982, Stream
Solute Workshop, 1990) . However, none of these quantifiers of mass removal are
specifying the exact processes through which the mass is removed and are often
determined experimentally through reactive in-stream tracer tests (Mulholland et
al,, 2009, Lammers and Bledsoe, 2017). The drawback of Equation 2.13 and the
system removal rate is that it does not distinguish between reactions in the main
channel and reactions in the HZ, which for example is relevant when using models
in stream restoration work. To specify such a distinction, previous studies have
extended the TSM by accounting for first order removal also within the storage
zone (Bohlke et al., 2004, Runkel, 2007, Bohlke et al., 2009, O'Connor et al., 2010,
Harvey etal., 2013). By doing so, it can be shown that Ry is the sum of the uptake
rate in the main channel, Ry¢ (1/s), and an effective uptake rate of the storage
zone, Ryz (1/s), which depend both on the biogeochemical and hydraulic
conditions of the storage zone (Runkel, 2007). Using first order kinetics to model
denitrification in the HZ is legitimated if the conditions are nitrate limited, and
controlling factors, such as the number of bacteria, temperature and the
concentration of dissolved organic carbon are not varying with time (Pell and
Worman, 2008, Marzadri et al.,, 2011, Hester et al., 2016). Nevertheless, slightly
more complex models have been developed by coupling HEF hydromechanical
estimations with so-called Monod kinetics or the Michaelis—Menten equation,
which are nonlinear, mathematical models for microbial growth and redox
reactions (Boano et al., 2010, Marzadri et al.,, 2011, Azizian et al., 2015). These
models acknowledged that nitrogen removal along hyporheic streamlines is
strongly linked to the redox gradients observed within HZs (Triska et al., 1993,
Zarnetske et al.,, 2011, Zarnetske et al, 2012). A simpler approach that also
acknowledges this gradient was used by Gomez-Velez et al. (2015) when estimating
nitrogen removal in the HZ of the full Mississippi River network. In their model,
nitrification was not accounted for, but the nitrogen removal was specified to occur
only at hyporheic travel times longer than a threshold time, Tyxy (5)- Toxy is the
travel time along an hyporheic streamline, after which oxygen is reduced to a degree
that denitrification becomes significant, and this time will hereafter be referred to
as the oxygen consumption time.
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3 METHODS

Both mathematical modelling and extensive field investigations were performed in
this thesis to increase the mechanistic understanding of HEF, its primary physical
controls, and its effect on solute transport at larger scales. Specifically, a modelling
framework was established by combining a number of different analytical and
semi-analytical models, which were partly developed in this thesis. This section
describes the field sites were measurements and modelling were done; the
performed field measurements and data processing; as well as some results that
constitute important stream characterizing information. Furthermore, the
development of the model framework is described here. First, the advective storage
path model is desctibed, including calibration towatds tracer tests and sensitivity
analysis of the model. Then, the derivation of a multiscale hydromechanical model
for HEF is described, including how the estimation of the hydraulic head boundary
condition at the watet-streambed intetface was done; how geological constraints
was accounted for through the geological damping factor and how the hyporheic
residence times were estimated differently in the different papers. Finally, this
methodology section describes how stream hydraulic variables were estimated in
non-gaughed streams; how regression analysis was performed to generalize results
from the field measurements and extensive modelling; and how the potential for
stream restoration to enhance nitrogen removal was estimated in this theses.

3.1  Field and modelling sites

This thesis mainly considers HEF processes in relatively small streams in Sweden.
All field investigations (Papers I and IT) were made at the reach scale, and reaches
varied in length between approximately 200 m and 1500 m (Tables 1 and 2). In the
models that were set up at the catchment scale (Papers III and IV), the stream
netwotk was also divided into stream reaches (sometimes referred to as segments)
with assumed constant hydraulic and geomorphologic characteristics and without
any tributaries. Compared to the large rivers of the world, the water courses of
Sweden are generally shorter (interspersed with lakes) and have smaller catchment
areas (Petersen et al., 1995). Here, the type of streams investigated were restricted
further to streams of low discharge, shallow depth and relatively low slope, in part
resulting from the need to conduct measurements through wading. However,
focusing on small (low-order) streams is also desired since these streams have
demonstrated their importance for the overall solute transport in catchments due
to their relatively long accumulative lengths, high connectivity with the terrestrial
environments and upstream catchment positions, as described more
comprehensively in Section 1.3. Furthermore, the stream restoration designs that
were considered in this thesis are not applicable for very large rivers.

In Paper I, measurements were performed in the catchment of Tullstorps Brook,
which is a small stream draining an agricultural area located in Scania at the south
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cost of Sweden that dischatrges into the Baltic Sea. The catchment has an atea of
57 km® and the yearly mean discharge at the mouth of the catchment is
approximately 0.74 m’/s according to models by SMHI (Lindstrém et al., 2010).
As in most catchments in Scania, and in other agtricultural areas of Sweden, the
stream network has been channelized and is partly buried in culverts to lower
groundwater levels and increase agricultural capacity (Krug, 1993, Vought and
Lacoursiere, 2010). However, to improve water quality and limit flooding, a large
patt of the stream network has been restored in an extensive restoration project
that started in 2009 and was still ongoing in 2022 (Tullstorpsin Ekonomisk
Forening, 2022). Measurements were performed in four different reaches of
Tullstorps Brook; two were defined as agricultural, one as natural and one as
restored. These reaches are described in more detail in the appended Paper I. The
discharge was low at the time of the measurements, never reaching above 0.05
m’/s; the average water depth varied among reaches between 0.11 m and 0.28 m;
and the slope was between 0.24% and 0.46%.

In Paper 11, investigations were performed in a relatively large variety of stream
types (compared to in Paper I) to draw more general conclusions. Tullstorps Brook
was also included in Paper II, but only a shorter part of the reach was referred to
as natural in Paper L. In addition, measurements were performed in reaches flowing
through both agticultural land and mixed coniferous and deciduous forests, which
varied in both stream discharge, slope and streambed material. The reaches were
located in five different catchments (Figure 1). The discharge at the time of the
measurements was relatively low and varied among reaches between 0.005 m’/s
and 0.11 m’/s and stream depths between 0.12 and 0.56 m on average. A more
thorough description of the reaches is found in the appended Paper II and
summatized in Table 2.

Paper III aimed to estimate the current nitrogen removal and the potential of
stream restoration to increase nitrogen removal in all agricultural streams of
Sweden. The study included only agricultural ditches small enough for the
implementation of restoration measures, with yearly average discharge less than 1
m3/s and agricultural N load of more than 0 kg/year according to the SVAR
database (Lindstrém, 2010). Furthermore, a local scenario analysis of a number of
restoration designs was performed in Malsta Brook, a reach which also was
investigated in Paper II. The modelled reach was 240 m long, had an average
gradient of 0.12%, and flowed through an agricultural landscape. Malsta Brook had
an estimated yeatly average discharge of 0.12 m3/s, but the model was calibrated
for the low flow conditions observed and reported in Paper II.
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Table 1. Characteristics of investigated stream reaches in Paper I including surrounding
environment, geomorphology, in-stream vegetation, streambed material, stream length X, stream
slope S, stream depth d and streambed hydraulic conductivity K, as well as the discharge at the
time of the tracer test, Q0. (Modified from Paper I)

Surrounding ~ Geomorphology ~ Stream- X S d K QO
environment  and in stream bed o
vegetation material () Co) ) /9t m3/9)§
Reach 1- Agriculture Restored, Sand 520 0.31 0.28 1.1E-03 0.03
restored meandering, riffle  and
and pools, two gravel.
step ditches, Clay in

boulders and logs ~ pools
regularly at stream
bottom, dense,

submerged
vegetation.
Reach 2 - Agriculture Straight, Sand 1530  0.44 025 1.2E-03 0.03
agriculture channelized, and
dense submerged  gravel
vegetation.
Reach 3 - Agriculture. Sinuous, riffle and ~ Sand 480* 0.46 0.11 99E-04  0.05
natural Mixed forest  pools. and
closest to gravel
stream
Reach 4 - Agriculture Straight, Sand 1430 0.24 024 7.7E-04 0.03
agriculture channelized, and
dense submerged  gravel
vegetation.

*The elevation survey was performed over 455 m of the reach. tHydraulic conductivity just below the

streambed interface (y=0). § Discharge estimated by SMHI using the HYPE model.

=3

The main aim of Paper IV was to understand how the HEF velocity, the upwelling
deep groundwater velocity, and the ratio between them vary within and between
catchments and to determine which catchment and reach characteristics that
control this variation. Therefore, five catchments were selected to represent a range
of topographies, land uses and soil depths that are common in Sweden (Figure 1).
The first three of the catchments of Paper II were also included in Paper IV
(Tullstorps Brook, Bodals Brook and Siva Brook) because some prior knowledge
about the stream network was considered valuable for the study. Furthermore, the
Krycklan catchment, which is a well monitored study catchment (Laudon et al.,
2013), was selected to represent the boreal landscapes and the relatively steep
streams that are common in the northern parts of Sweden (Petersen et al., 1995).
Finally, a subcatchment of the Forsmarks Brook watershed was selected to
represent the low gradient, surface water systems that are heavily interspersed with
lakes and wetlands, which are common in south-central Sweden (Petersen et al.,
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1995). Forsmarks Brook was also interesting because of its location near the
planned Swedish final disposal of high-level nuclear waste. A thorough description
of the five catchments is found in the appended Paper IV.

U é = 0 875 175 350 Kilometers
——t—t—t—t——

S

4 Krycklan Catchment (Paper IV)

Forsmarks Brook Catchment (Paper IV)

Sava Brook Catchment (Paper Il and IV)

i /"~ Reach Ré6a (paper Il)
Vo L/ Reach R6b (paper Il)

Reach Ré6c¢ (paper II)
/ Reach Ré6d (paper II)

Malsta Brook (Paper Il and IIl)

e Reach R3 (paper Il and IIl)
B Norrtélje Brook (Paper II)

/
b7 / Reach R4 (paper Il)
Oslo v ‘\/

siochiBR Bodals Brook Catchment (Paper Il and IV)
5K Reach R1 (paper II)
e Reach R2a (paper Il)

Reach R2b (paper Il)

b nsand

Cobienturg Tullstorps Brook Catchment (Paper |, Il and IV)
L= ~ Reach R7 (paper l)
/
g Reach 1 (paper I)
o _ Reach 2 (paper I)
‘ " Esri, HERE, Garmin, (c) Reach 3 (paper I)
Ebiers Copenhagen / OpenStreetMap contributors, and Reach 4 (paper )

~

the GIS user community.

Figure 1. Overview of field sites including both locations of local stream reaches studied in Papers
I, IT and 111, and the regional catchments studied in Paper IV.
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Table 2. Characteristics of investigated stream reaches from the five catchments in Paper II,
including surrounding environment, geomorphology, in-stream vegetation, streambed matetial,
stream length X stream slope 5, stream depth 4 and streambed hydraulic conductivity K, as well as
the discharge at the time of the tracer test, Qo (Modified from Paper II)

Catchment  Surrounding ~ Geomorphology Stream- X S d K Qo
v ool 00w e @)
R1 Bodals Coniferous Sinuous, riffle and ~ Sand, 273 244  0.12 3.03E-04 0.006
Brook forest pool with gravel
occasional and
cascades, pristine, ~ stones
perennial
R2a | Bodals Coniferous Meandering, riffle ~ Sand, 338  1.66 0.14 3.36E-04 0.005
Brook forest and pool with gravel
occasional and
cascades, pristine, ~ stones
perennial
R2b | Bodals Mixed forest  Straight, riffle and ~ Sand 288 0.09 019 3.37E-04 0.005
Brook pool, pristine
R3 | Malsta Agriculture  Straight, partly Sandand 197 0.12 0.2  3.55E-04 0.005
* Brook channelized with gravel,
stone walls, clay in
occasional steps pools
R4 Norrtilje Agriculture.  Sinuous, flat Sandand 578 0.29  0.45 4.72E-04 0.109
Brook Mixed forest bottom, partly gravel
closest to channelized with
stream stone walls
R6a | Siva Coniferous Straight, riffle and  Sandand 386 026  0.18 5.44E-04 0.003
Brook forest pool, pristine. gravel
Ro6b | Siva Agriculture  Sinuous. Partly Sandand 495 0.004 0.34 5.76E-04 0.012
Brook dense submerged  gravel,
vegetation. clay in
pools
R6c | Siva Agriculture.  Straight. Pristine. ~ Sand, 226 043  0.34 5.13E-04 0.065
Brook Mixed forest gravel
closest to and
stream stones,
clay in
pools
R6d | Siva Agriculture  Straight, Clayand 208 0.08 0.56 06.86E-04 0.099
Brook channelized, sand
partly dense
vegetation
R7 | Tulls-torps Agriculture.  Straight, riffleand Sandand 204 049  0.18 9.9E-04 0.041
Brook Mixed forest  pool. gravel
closest to
stream

*A longer reach of Malsta Brook, including R3, was surveyed and modelled in HEC-RAS as part of Paper III.
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Crur (HG/L)

3.2 Field measurements and data processing
3.2.1 In-stream tracer tests

Tracer tests were conducted to obtain an integrated measure of HEF within the
investigated reaches of Papers I and II and to parameterize the transport equations
that will be described in detail in Section 3.3. The same experimental design was
used in all conducted tracer tests. The fluorescent rhodamine WT' (RWT) was
injected directly into the stream water column through a slug injection, and a break
through curve (BTC) was measured upstream as well as downstream of each
investigated stream reach using in-situ submersible fluorimeters (Cyclops C7,
Turner Designs, Inc., U.S.A.). The injection was made at a distance upstream from
the first measured BTC that assured complete mixing within the cross section,
which was essential in order to use the measurements to calibrate longitudinal,
cross-section averaged, transport models (Kilpatrick and Wilson, 1989). The
fluorimeters were also left in the stream long enough to capture the characteristic
BTC tails, created when parts of the solute are retained in slow moving zones and
thus arriving to the measuring point considerably later than the bulk of the solute
(Haggerty et al.,, 2000, Haggerty et al., 2002, Woérman and Wachniew, 2007,
Bottacin-Busolin et al., 2011, Drummond et al., 2012). The used fluorimeters
measured the electric potential of the emitted fluorescence in mV and
measurements were subsequently transformed into the concentration of RWT by
creating a standard calibration curve using water from the stream. An example of
a calibration curve and RWT concentration BTC, from a test performed in Malsta
Brook, is presented in Figure 2. Detailed information about the tracer tests can be
found in the appended Papers I and II.

@ ' ' ' ®)
810"k o 102 =B Opllmx.zed ASP model
y=0.16x-1.16 s Behavioural ASP model
R2=1 % B Observed ds BTC
6-10"F ."' = O  Observed us BTC
2 E.0 [
S Orx 10 E !’
210+ !
ra gob g b
0k~ . ) 152} i 4 ) ) Ry - 2]
0 200 400 600 0 10 20 30 40
Sensor reading (mV) Time since injection (hours)

Figure 2. Example of tracer test data from Malsta Brook (reach R3 in Paper II), including a) a
standard calibration curve linking the fluorimeter reading in mV to Rhodamine WT (RWT)
concentration in Pg/L; and b) the resulting upstream (us) and downstream (ds) observed break
through cutve (BTC) in pg/L, as well as the best (optimized) advective storage path (ASP) model of
the us and ds BTC, and all the behavioral models of the ds BTC.
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3.2.2 Hydraulic conductivity

The average hydraulic conductivity, K (m/s), was estimated in all investigated
stream reaches through distributed in-situ falling head tests using a device referred
to as a piezometer. The test was conducted by filling the piezometer with water
and then allowing it to infiltrate into the streambed under constant hydraulic
pressure while the pace at which the piezometer emptied was registered. The
hydraulic conductivity was subsequently evaluated using the theoty of Hvorslev
(1951), which is described in more detail in Paper II. Hydraulic conductivity was
measured with the piezometer at 3 and 7 cm depths, at 4 to 6 points in each cross-
section, located approximately every 50-100 m along the reaches. In Paper I, the
average hydraulic conductivity in all measuring points at each depth (3 and 7 cm)
was used to parameterize a decay function for hydraulic conductivity, which is
described in Section 3.4.3. In Paper II, isotropic hydraulic conductivity was
assumed for the streambeds and the average of all hydraulic conductivity
measurements was taken to parametrize the models used.

In the national investigation performed in Paper III, the hydraulic conductivity of
the streambed was assumed to be 10 m/s everywhere. In Paper IV, where more
detailed data were available, the geographically distributed hydraulic conductivity
of the topsoils of the five catchments was estimated by correlating the Swedish soil
map provided by ©Sveriges geologiska undersékning (SGU) to specific values of
hydraulic conductivity taken from the literature. The hydraulic conductivity was
then assumed to decay from 10" m/s at the streambed interface to the average
hydraulic conductivity of the surrounding (undetlying) soil. A hydraulic
conductivity of 10* m/s was assumed based on the measurements of both this
thesis (Table 1 and Table 2), and other studies (Riml et al., 2013, Stewardson et al.,
2016, Ward et al., 2019).

3.2.3 Elevation surveying

Elevation sutveys were performed in each of the investigated reaches to
parameterize the developed mechanical model used to calculate the average
exchange velocity across a multiscale streambed interface. All streambed elevation
surveys were performed along the thalweg of the streams with a Leica Sprinter 50
automatic leveling instrument (Leica Geosystems AG, Switzetland), and a regular
rod was used to measure the stream depth at the same point as the streambed
elevation. The final elevation of the streambed had an instrumental accuracy of *
2 mm, and the measurement of water surface elevations was estimated to have an
accuracy of £ 7 mm, which was the sum of the instrumental accuracy and the = 5
mm estimated uncertainty of the stream-depth measurements. In Paper I, the
streambed elevation and stream depth were registered every 4-7 m. Since equal
spacing was needed for the subsequent spectral analysis of the profiles, the profiles
were interpolated to obtain an equal density of 2.45 m before analysis. In Paper II,
measurements aimed for a distance between points of either 1 or 0.5 m. Since the
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actual distances sometime differed from the predefined distances, those profiles
were interpolated to a lag-distance between measured elevations between 0.23 m
and 0.74 m, depending on the reach, before power spectral analysis was performed.
The Leica Sprinter 50 automatic leveling instrument was also applied to measure
the stream cross sections used as input in an HEC-RAS model that investigated
the impact of stream restoration measures in Paper III (see Section 3.7.1)

3.24 Discharge and nitrogen load data

Information regarding the discharge for the entire stream network of Sweden was
needed both to select relevant catchments within Paper I1I and IV, and to estimate
the HEFs in the reaches within the selected catchments. Discharge in the outlet of
all catchments of Sweden and the nitrogen load to each catchment was extracted
from the Swedish Water Archive (SVAR). SVAR is an open-access database with
information on Swedish hydrology, which divides the country into catchments and
simulates runoff and nutrient transport in each catchment with the S-HYPE model
(Lindstrém et al., 2010). The discharge out of each catchment and nitrogen load to
each catchment were subsequently distributed per metre length of the stream
network (Paper I1I) or for each pixel along the stream network (Paper IV). In Paper
III, where network effects were accounted for, discharge and nitrogen load from
upper catchments were added to the local discharge of each catchment.

3.25 Processing topography data

In Paper IV, no streambed or water surface elevation data were available, and a 2
m x 2 m digital elevation model (DEM) of the topography, provided by the
Swedish mapping, cadastral and land registration authority (GSD-Elevation data,
grid 2+, ©Lantmiteriet) was therefore processed to specify the longitudinal
streambed elevation profiles for all of the investigated reaches. The DEM files were
based on laser scanning of the topography sutface, with >5 measuring points/m?,
which had horizontal and vertical accuracies of £0.3 m and 0.1 m, respectively.
The geographical extension of the stream network within each of the five regional
catchments was defined by calculating a flow accumulation raster from the DEM
file and choosing a threshold accumulation area to only include streams with an
annual mean low discharge of 0.5 L/s or more. After the stream network was
defined, it was divided into stream reaches (sometimes referred to as segments),
separated at the locations of stream junctions. However, only stream reaches with
a length >50 m were included in the analysis. The longitudinal elevation was then
extracted along all of the reaches.

The longitudinal elevation profiles were subsequently used both for
parameterization of the HM model and for calculating a number of topographical
indexes for each stream reach, later used in the regression analysis of Paper IV.
Those indexes included the stream slope S (-) and the normalized standard
deviation in stream slope 0, /X (-), where X(m) is the length of the reach and g,
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(m) is the standard deviation in streambed topography. Furthermore, these indexes
included the median subcatchment area, MSC (m?), which is the median of the
local catchment area of each stream pixel upstream of the catchment or
subcatchment outlet. In addition, the 2 m x 2 m DEM was also used to calculate a
number of catchment average topographical indexes (see section 3.6). For each
pixel of the DEM, the local catchment slope, Scym (°), the gradient to stream GtS
() and the elevation above stream EaS (m) were calculated. Subsequently, the
average of Scy, GtS, EaS and elevation, E (m), as well as the standard deviation
in the elevation og (m), were calculated for each catchment and subcatchments
included in the study.

Elevation data provided by the Swedish mapping, cadastral and land registration
authority were also used to calculate the average slope of each segment in the full
stream network of Sweden (Paper III). However, a less dense DEM of 50 m x 50
m (GSD-Elevation data, grid 50+, ©Lantmiiteriet) was used for this purpose.

3.3 Thereactive advection storage path model

In this thesis, the ASP model (Woérman et al., 2002), was used to evaluate tracer
tests and as a basis for deriving equations for nitrogen mass removal at the reach
scale. The model was chosen because of how it couples the longitudinal solute
transport in the stream with the advective transport of solutes along a continuous
distribution of pathways within the HZ. Such a coupling was useful to investigate
how changes in stream hydromorphology can affect the longitudinal transport of
solutes in streams. The ASP-model, specified for nitrogen transport, is based on
the general transport equation for solutes in streams, including a transversal flux
across the streambed interface and first order mass removal in the main channel as
well as the HZ (Equation 2.3 but with mass removal according to section 2.3). It
reads:

dc dc d’c P
Ut D= =2Jcs = TucC G

where Ty¢ (1/s) is the mass removal rate in the main channel and C (kg/m’) is the
solute concentration in the stream water. In the ASP-model, the total transversal
mass flux across the streambed interface, Jcs, is assumed to be due to advection
only, thus excluding other processes such as turbulence or diffusion. It is
parameterized by integrating the advective flux over a distribution of different
pathways, defined as a continuous, flow-weighted residence time disttibution,
f(T) where T (5) is the residence time along one streamline from entering to
exiting the HZ. In Paper 1, it was shown how the average could be calculated also
by integration over the streambed length. The transformation between the spatial
and time formulation was done by defining the flow-weighted residence time
distribution as f(T)dT = W(x)dx/((W (x))X), where W(x) (m/s) is the
exchange velocity distributed spatially along the streambed, and X (m) is the length
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of the full streambed. The squared brackets around W(x) express the flow
weighted average according to {...) = [ 000 ... f(T)dT and is a notation that will be

used continuously throughout this thesis. This definition of f(T) tesults in a
hyporheic flux across the streambed interface according to:

Jes = HW @) (=C(0) + (G (&, Dler)) (3:2)

whete G (t, T)|;=r is the solute concentration when the pore water exits the HZ at
residence time T. Furthermore, defining f(T) as a function of the flow weighted
average exchange velocity also leads to the expression:

(WMP/KW?M=W (33)

showing that the flow weighted average exchange velocity equals the standard

deviation in the non-flow-weighted exchange velocity along the streambed, oy,
(m/s). The derivations of Equations 3.2 and 3.3 are presented in detail in Paper I,
and the equations constitute important stepping-stones for formally linking the
longitudinal transport equations and the hydro mechanical model for the HEF that
will be presented in Section 3.4. To specify the flow-weighted average of the solute
concentration that exits the HZ at time t, i.e. (G(t, T)|;=7), the flow along a single
streamline in the HZ was defined in the ASP model as:

€ LI G G4

where @ is the Darcy velocity of a water parcel traveling within a stream tube with
longitudinal coordinate z, 7 is the streambed porosity and ryz is the reaction rate
along streamlines of the HZ (Woérman et al., 2002). Within this thesis, to account
specifically for denitrification, two travel time ranges were specified along the
hyporheic stream tubes, separated by the oxygen consumption time Tyyxy (5) (see
section 2.3). For the travel time range 0 < 7 < T,y,, the reaction rate was set to
zero, reflecting the oxygenated conditions that most likely occurs initially after the
stream water has entered the HZ. As the water travels longer time within the HZ,
one can assume that oxygen is consumed, leading to an oxygen depleted zone for
travel times in the range Toyy < T < T, where rp, # 0. When evaluating RWT
tracer tests (Paper I and II), both T,y, and 14z were set to zero, while when
estimating the removal rate of nitrogen in the HZ (Papers I and III), 1y was
specified to be denitrification only (fyz = Tgen), and values of Tyy, and Igep wWere
estimated from the literature.
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3.3.1 Solutions to the transport equation using the Laplace method

Several ways exist to solve the transport equation for solutes in streams, and in this
thesis, exact solutions to Equations 3.1, 3.2 and 3.4 were either derived in the
Laplace domain and then inversed numerically or solved analytically in the form of
temporal moments. The governing equations for solute transport varied slightly
between the three papers (I, IT and III), but the final solutions are based on the
same boundaty and initial conditions. First, it was assumed that the solute entered
the stream as an instantaneous mass pulse at time t = 0, defined by a Dirac delta

pulse, C(x =0,t) = MQi—:jé‘(t), where My is the injected mass. Second, it was

assumed that no solutes existed in the stream before that, i.e. G(7,t = 0) =
C(x,t =0) =0 or at an infinite distance from the injection place, i.e.
C(x = oo,t) = 0. Finally, a boundary condition for the mass flux through the HZ
was defined as: G(T = 0,t) = C(x,t). In Papers 1 and 11, the residence time
distribution in the HZ was assumed exponential, since a one variable distribution
was needed to find a closed form solution to the solute response. However, other
types of residence time distributions have been shown to better represent the flow
through the HZ. Therefore, in Paper I, I utilized the general solution presented
by Woérman et al. (2002), which was derived for a conservative solute (i.e. Ty =
Tuz = Tmin = Kyc = Kyz = 0), an arbitrary residence time distribution,
dispersive flow in the main channel, and the same boundary conditions as in Paper
I. The concentration in the stream was then calculated numerically, by assuming a
log-normal residence time distribution.

3.3.2 Estimating the mass removal in stream reaches and networks

To quantify the effect of the transport of a solute through the HZ on the mass
removal and retention at the reach scale, the zeroth temporal moments of the
solute response were calculated, which is a common statistical measure used to
characterize longitudinal solute transport (Gupta and Cvetkovic, 2000, Riml and
Worman, 2011, Schmid, 2003, Wérman et al., 2002). The temporal moment can
be calculated directly from the Laplace transformed solutions of the solute
transport equation, according to:

_ i 9/ f(xp)
m =D 35)

where f is the laplace transformed solution, p is the laplace variable and j is the

order of the temporal moment. The zeroth temporal moment was used to detive
o

the relative mass conservation along a stream reach according to B = w0 % that
the mass removal along a stream reach, D (-), is:
o
D=1- 3.6
M/Q (-6)
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The derivation of the zeroth and first temporal moment of the solute concentration
in the main channel (i.e. f(x,p) = C(x,p)) is found in the appended Paper T and
in Morén et al., 2018. Furthermore, the final expressions for D (specified for
nitrogen), with dispersion in the main channel (Paper I) and without dispersion
(Paper III), are presented in the results section.

In addition to the relative mass removal, the absolute mass removal was estimated
for all stream reaches in Sweden with a nitrogen load from agricultural sources and
a discharge smaller than 1 m’/s (Paper I1I). The absolute nitrogen mass removal
within one of the reaches depends, apart from the relative mass removal (Equation
3.6), on the spatial distribution of the nitrogen load along the stream network (Riml
and Wo6rman, 2011). The diffuse input of agricultural nitrogen to each reach was
represented here by uniformly distributing the load to each regional catchment
along the stream network of the catchment (see section 3.2.4). The path of
downstream segments that water and mass followed to reach the final recipient
was identified for each of the segments. The relative mass removal (of the mass
loaded to segment i) along the full transport pathway from reach i to the recipient
was subsequently denoted D' and calculated according to:

D'=(1-B")=1-B;[}- B (3.7)

where j is the number of reaches between reach i and the recipient, and B' is the
relative mass recovery along the full transport pathway from reach i to the
recipient. Thus, the subscription index indicates the local mass removal and
recovery of reach I, and the superscription index indicates the mass removal and
recovery of the full transport pathway from reach I to the recipient. The absolute
mass removal of the mass loaded to segment i, Ml-in (kg), was then calculated as
MR = MiinDi = Miin(l - Bi) (kg). Segments that represented lakes were
excluded from the analysis by assuming a value of B = 1. The total agricultural N
mass removal in small streams could then be calculated as the sum of mass

removed in each of the separate segments.

3.3.3 Calibrating the advective storage path model

To quantify the variables of the ASP-model, it was calibrated to agree with the
observed tracer breakthrough curves (Papers I and II). A formal parameter
optimization was performed by minimizing the error between the observed tracer
breakthrough curve and the numerical Laplace inversion of the calculated
breakthrough. It was important that the minimized error emphasized the peak of
the breakthrough as well as the tail, since the shape of the tail provides information
regarding tracer flow through slow moving zones such as the HZ (e.g., Haggerty
et al., 2002, Woérman and Wachniew, 2007). Therefore, before the error was
calculated, the breakthrough curve concentration points were divided into two
groups, where concentrations higher than 20% of the peak value were considered
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the peak (group A) and concentrations lower than 20% of the peak were
considered the tail (group B). To equally weight the contribution of the two parts
of the dataset for the final error, the logarithmic form of the data in group B was
used when the mean squared error was calculated according to:

e = min,

(3.8)

M 2 M 2
1 < %4 (Csim,ai=Cobs,a,i) n %A (108(Csim,B,)~108(Cobs,B,)) )

z Z
Ma+Mp (max(cobs,A,i) _min(cobs,A,i)) (max(cobs,B,i) - min(cabs,B,i))

where My and Mp are the total number of observations in Groups A and B,
respectively; Cgip is the simulated concentration (Laplace solution transformed
back to the real domain); and Cjpg is the observed concentration of each group
(Bottacin-Busolin et al., 2011).

3.34 Sensitivity analysis

Even though it is satisfactory to arrive at a single set of variables describing the
transport observed with a tracer test, it is also essential to report the uncertainties
related to the estimated variables. In this thesis, the sensitivity of the model output
to changes in the model parameters was investigated through a Monte-Carlo-based
analysis of the parameter space (Papers I and II), in the line of several previous
studies (Beven, 2006, Riml et al., 2013, Ward et al., 2017). The analysis was
performed by modelling the BTC with a set of variables randomly sampled from
predefined distributions and then comparing the simulated BTC with the observed
BTC using equation 3.8. This was done more than 10000 times for each reach and
tracer test. In Paper I, the uncertainty of all hydraulic vatiables U, Dy, (W) and (T')
was investigated, while in Paper 11, the velocity, U, was removed from the analysis
because it was considered relatively certain. The uncertainty of the variables
included in the Monte Carlo analysis was illustrated through so-called “dotty plots”
(Figure 3), which is a projection of the multidimensional error with regard to one
variable at the time. A dotty plot that forms a peaky minimum, indicates that the
value provided by the formal optimization (if located at the minimum) is relatively
certain since the error is sensitive to small changes in the value of this variable. In
contrast, if the lowest values of the dotty plot are very wide, than the error is
insensitive to changes in that variable, and the single value provided by the formal
optimization is considered uncertain. To quantify the uncertainty illustrated
through the dotty plots, an error limit, below which the relative parameter set was
considered “behavioural”, was stated. Behavioral variable sets were said to result
in equally accurate simulations of the breakthrough curve. The range of each
variable resulting in errors below the error limit was also reported as a substitute
for a confidence interval, where a larger range was said to represent a more
uncertain parameterization than a narrower range. The error limit was set to 50%
of the lowest error in Paper I and 15% of the lowest error in Paper IT (red markers
in Figure 3). It should be noted that the choice of those limits was arbitrary, and
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that the measure only allows for comparison between the reaches and variables

estimated in this specific study.

error (-)
error (-)

102 107" 100 107 10® 10 10
(W> (mis)

10° 102 104
<T> (m/s) CV[T] (+)

Figure 3. Dotty plots from Monte Carlo sensitivity analysis of the advective storage path (ASP)
model calibrated using tracer test data from Malsta Brook (reach R3 of Paper II). Each dot represents
a model run with randomly selected variables and the red dots represents behavioural models, with
an error smaller than 15% of the minimal error. The vertical black line illustrates the parameter value

from the formal optimization.

3.4 A hydromechanical model for hyporheic exchange flow

Streambed geomorphology has a documented major control on flow through the
HZ and consequently on longitudinal solute transport in streams, and it is uniquely
interesting from a stream restoration point of view since it can be engineered (see
introduction section). A multiscale hydromechanical (HM) model was developed
in this study to investigate how the streambed topography and changes in this
topography influence the flow through the HZ. The model accounts for both static
and dynamic head at the stream bottom and provides ways to decompose the flow
along a reach for the two different drivers as well as for different spatial scales
(wavelength). Scale decomposition was done by treating the upper hydraulic head
boundary condition and the HEF across the streambed interface as spatial signals
and analysing those signals using power spectral theory.
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34.1 The flow-weighted average exchange velocity

The multiscale hydromechanical model was derived by acknowledging that the
variance of any signal equals the integrated power spectral density (PSD) of the
same signal according to:

00 = J;m P da (3.9)

Amin = 22
where 0f(y)® is the variance of an arbitrary signal f and S;(4) is the power spectral
density (PSD) of that signal, which is a function of the wavelength A (m), ranging
between a minimum of A, (m) and a maximum of Ay,4, (m). Furthermore, in
Paper 1, it was shown that the flow weighted average exchange velocity across the

streambed interface of a reach equals the standard deviation in the exchange
velocity along the reach (Equation 3.3) according to:

(W(x)) = /f fmaz SW(A) da (3.10)

where Sy (1) (m3/s2) is the power spectral density of the exchange velocity
longitudinal variations along the reach. To parameterize Equation 3.10, Sy, (1) was
estimated from the PSD of the hydraulic head at the streambed interface, Sy (1)
(m3), which in turn was estimated from streambed geomorphology and hydraulics.
The linkages between Sy (1), S, (4) and the stream characteristics were specified
by introducing a discrete form of the PSDs, for which the variance can be written
as O'f(x)z =yN, ASg (li)/li_zA/li. As shown in the theory section, previous
research has suggested that the multiscale hydraulic head variation along a stream
bottom and the resulting HEF can be modelled as a Fourier series (Equations 2.10
and 2.11). With this in mind, it was recognized that the total variance of a real
Fourier seties (representing the signal f) is equal to the sum of squared amplitudes
divided by two according to 0 ()% = N LA 7, i2 /2, where Ag ; is the amplitude of

PP . . (2m .
harmonic i in the series Yy Ag isin (Tx) These two ways of writing the
i

variance of the signal f provide a formal link between the real Fourier sum and the
PSD of the signal according to:

lezlAg = YN, AS;(A) A A, G.11)

Since the variance of a sum equals the sum of a variance, it was assumed that the

link provided by Equation 3.11 also is valid for a single harmonic function

Ar(A; Sr(Ai
f(2 D? = A f( i)

according to Substituting the atbitrary signal f for the

hydraulic head and exchange Velocity along a reach the linkages becomes:
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Sn(A)
—= = A hziz (3.12)
Ao = A0 (3.13)
where Ay, (4;) = 2nK %‘Ai)a(/ﬁ) is the amplitude of the velocity spectrum (see

Equation 2.11). Equations 3.12 and 3.13 can then be combined to define the PSD
of the HEF velocity along the reach according to:

Sw(d) = 2nK)?a(2)? 2 (3.14)

The hydraulic head spectrum was subsequently decomposed into its static and
dynamic contribution according to:

Sh(}{) = Shs + Shd(){) (315)

where Sy, (1) is the streambed topography PSD and S, , (1) is the dynamic head
PSD.

3.4.2 Estimating hydraulic head power spectral densities

A central part of the HM model developed and used in this thesis involves the
estimation of the hydraulic head PSD, which in this work was done by first
estimating the hydraulic head variations in real space and, in a second step,
calculating the PSD. The longitudinal variations in the water surface profile were
used directly as the static part of the real hydraulic head in the cases where they
were measured (Papers I and II) or modelled (Paper III). However, in Paper IV,
the only available data were those extracted from the DEM (3.2.5). A compatison
with measured streambed topographies and WSPs showed that the DEM seemed
to reflect the WSP, rather than the streambed topography. Therefore, the
topography extracted from the DEM was used as the static head distribution in
real space at the stream bottoms of the five catchments in Paper IV, and a constant
scaling factor was derived from field data to estimate the streambed topography
elevation. The dynamic part of the hydraulic head distributions was calculated as a
simple damped version of the multiscale streambed topography utilizing Equation
2.9, and estimating the bedform height as H = 2\/70'” in Paper I and H =
Zﬁayb in Paper IV. In Paper II and the local modelling in Paper 111, longitudinal
variations in the stream hydraulics within the separate reaches were accounted for
when calculating Fehlmans constant. It should be noted again that in the HM
model, the streambed topography is assumed flat, and the estimated hydraulic head
vatiations are assumed to act upon this flat bed.
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After the streambed topographies and hydraulic head distributions were measured
or calculated in real space, their PSDs were estimated using Welsh’s method and
the MATLAB function pwelch. This common approach results in a spectrum with
less noise than the simpler standard periodogram estimation method. Welsh’s
method includes decomposition of the data series into overlapping, windowed
segments followed by calculations of a periodogram for each segment using the
discrete Fourier transform (Welch, 1967). The different periodograms are
subsequently averaged to get the final spectrum.

Figure 4 shows an example of the derived power spectral densities for the
streambed topography, water surface profile and dynamic hydraulic head estimated
from a) measurements in reach R6a (Paper II) and b) data extracted from the DEM
at the same position as reach R6a (Paper IV). Both methods result in streambed
topography spectra that have higher magnitudes than the water sutface profile and
much higher magnitudes than the dynamic head spectra. However, when
accounting for longitudinal variations in the hydraulic variables (in Paper II and
III) the dynamic head PSDs have a different shape compared to the streambed
PSD. Moteover, the static head PSD, resulting from the measured water surface
profiles (Papers I, IT and III) has a different shape than the streambed topography
PSD. In contrast, in the method used in Paper IV, all three spectra have the same
shape and only the spectral level differs between them.
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3.4.3 The geological damping factor

The geological damping factor, a(4), controls the decay in the HEF velocity with
streambed depth due to geological constraints and is part of Equations 2.11 and
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Figure 4. Power spectral density (PSD) of static and dynamic hydraulic head fluctuations as well as
stream bottom elevation fluctuations along the thalweg of the stream based on a) elevation
measurements along reach R6a of Paper II and b) data extracted from the DEM at the same position
as reach Roa.
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3.14 in different forms. The factor results from the derivation of the exchange
velocity field in the real domain, and it was defined differently in the four papers
included in the thesis. In Papers II and III, homogenous hydraulic conductivity
was assumed down to an impermeable layer at depth & (m), which is similar to the
solution by Wérman et al. (2006), but here derived in 2D and resulting in a
geological damping factor according to:

1—-exp(—4me/A)
1+exp(—4me/A)

a(d) = (3.16)

This factor quickly approaches 1 when € exceeds A/3. The impermeable layer does
allow for an exact solution of the average exchange velocity since no streamlines
reach a depth of infinity. However, the saturated hydraulic conductivity of
streambeds and deeper geological layers is rarely homogenous and has been shown
to decrease with depth. A relatively common way to account for this decay, which
was also done in Paper 1V, is to use an exponential decay function according to
K = K, exp[—cky], where y is the depth into the streambed and cx (1/m) is a
constant (Marklund et al., 2008, Ameli et al., 2016). Including the decay in hydraulic
conductivity when deriving the hyporheic flow field leads to a geological damping
factor according to:

4T 41

a(l) = exp <—M + (ﬂ)z + 1)2”Ty (3.17)

Equation 3.17 will approach unity if ¢k is very small and approach zero if ¢y is
very large. The average hydraulic conductivity will thus decrease with increasing cg.
In Paper I, a combination of the two assumptions was used: an impermeable layer
was assumed above which the hydraulic conductivity was assumed to decay
exponentially. With these assumptions, the geological damping factor becomes:

Lrexp( —( 4 [(22) 41 im
a(d) = (—% + (%)2 + 1) 1_:z:E_§_%_;+ J(%‘—,,A)ZHS;S (3.18)

All three geological damping factors imply that the exchange velocity induced by
hydraulic head gradients across longer wavelengths dampens and that the
contribution of large-scale topographical features to the average HEF generally
becomes less important than that of small-scale features.

3.4.4 The hyporheic residence time

In addition to the flow-weighted average exchange velocity derived in section 3.4.1,
the hyporheic residence time distribution provides an important control for the
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transport of both inert and reactive solutes in streams. It was estimated in three
different ways in this thesis. In Paper I, it was shown that if the areas of upwelling
and downwelling hyporheic flow are the same, the average depth of the HZ can be
derived according to:

g =20 (3.19)

Equation 3.19 was used in Paper I and the local investigation of Paper III to

estimate €. Furthermore, in the local investigation of Paper III, & was assumed not

to be impacted by the stream restoration, equation 3.10 was used to calculate (W)

after implementation of weirs or alteration of the hydraulic conductivity, and the
2¢

residence time was then calculated as (T) = wr

In Paper II, the log-normal residence time distribution associated with the hydro-
mechanical mode was derived numerically through a particle tracing routine. The
hyporheic velocity field was calculated using the multivariate groundwater
equations 2.11a and 2.11b, in combination with the calculated hydraulic head PSDs
and the formal link between Fourier amplitudes and the PSD (equation 3.11).
Different values of streambed porosity and depth were assumed, resulting in a
number of different flow fields. Subsequently, particles were released at recharge
(inflow) locations along the streambed interface and traced within each of the flow
fields until they reached the interface again. For the travel of each particle, in each
flow field, the residence time was logged. A histogram of particle residence times
was created and flow weighted, and a continuous log-normal function was fitted
to the discrete distribution. The fitting provided values of the mean and standard
deviation of the distribution, and subsequently those were used to calculate the
flow weighted average tesidence time, (T) (s) and the coefficient of vatiaiton,
CV[T] (). Thus, the particle tracing methodology, which is desctribed in more detail
in Paper II, resulted in one residence time distribution for each assumption of
streambed porosity and HZ depth.

In the national investigation of Paper III a scaling law introduced by Wérman et
al. (2002) was utilized to calculate the average residence time of all reaches
according to:

X = 0,013, (3.20)

where Fr = \/% is the Froude number (-) and the constant 0.013 was estimated

by fitting the equation to data from a set of field investigations in agricultural
reaches of Sweden (including some of the sites in Paper II).
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3.5 Estimating hydraulic variables in nongauged streams

The derived models, presented in section 3.3 and 3.4, needed to be parameterized
with relevant hydraulic variables to evaluate the effect of HEF on longitudinal
transport in and on upwelling groundwater. In Papers III and IV, in which the
HEF and nitrogen mass removal were estimated for a large number of stream
reaches where no field experiments were performed, the hydraulic conditions were
also estimated using different models. This was done according to the following
procedure. First, the discharge at all catchment outlets (extracted from the SVAR
database), was distributed over the stream network as described in section 3.2.4.
Second, the discharge was averaged over short distances, resulting in the local mean
annual discharge Q (m3/s), specified for each stream reach or segment. Third, the
local mean annual discharge was used to estimate the stream velocity and stream
depth in each of the reaches; this was done differently in Papers IIT and IV.

In Paper III, simplified routing was performed at the national scale using a
corrected form of Manning’s equation according to:

Q_ 1 2/3
<= n—cé’l’ZRh (3.21)

where, R, (m) is the hydraulic radius and n, = {, *n (s/m'?) is the corrected

Manning coefficient. n (s/m'”

) is the Manning coefficient, which was set as a
constant, and {;, (-), a cotrection factor, which was introduced to account for the
nonuniform flow conditions that can be expected in the investigated agricultural
reaches. The correction factor was determined by comparing the flow velocity
derived from a set of tracer experiments in agricultural streams (including some of
tracer tests in Papers I and II) with the equivalent variables estimated from the
uncotrected Manning equation. The stream slope was derived from the stream
network map and the 50 m x 50 m elevation DEM, and the hydraulic radius and
depth were calculated based on the assumption that all reaches had a stream
bottom width of 1.5 m and a trapezoidal cross-section with a side slope of 1:3.

In Paper IV, a regression model was used to represent the average stream velocity
U and average stream width w in all reaches according to the two equations below:

U = 10% - Q¥u - (%)Z” (3.22)
e+ Cu0log(2
w = 104w (%)B +wlog(;) (3.23)

where Ay, B, and C,, and Xy, Yy, and Zy; are regression constants. This work was
conducted for assumed annual mean discharge conditions and thus Q = Qy.
Those regression constants were previously quantified for 11 geographical regions
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in Sweden using an extensive dataset (Rosberg, 2003) and this quantification was
used in Paper IV. Subsequently, a rectangular channel geometry was assumed to

calculate the average stream depth for all reaches according to d = % It should

be mentioned that Equations 3.22 and 3.23 were used in several established models
for water resource assessments in Sweden, i.e. the HBV-model (Pers, 2007) and
HYPE (Lindstrém et al., 2010).

3.6  Generalization of the average hyporheic exchange velocity

The methodologies to quantify HEF that were mentioned above (assessment of
stream tracer tests and the multiscale hydro mechanical model) are simplified in
many ways compared to 3D hydromechanical and numerical models or distributed
in-stream measurements of HEF. Nevertheless, the methods rely on relatively
complicated and extensive data processing and field measurements that are
commonly not available for managers or researchers at larger scales. Therefore,
this thesis also explored general linkages between the HEF velocity and other
independently measurable properties, such as stream and catchment geographical
and hydromorphological characteristics. These linkages were tested statistically in
Paper IV using principal component and regression analyses and generalized the
understanding that could be gained from the cross-validation between the two
approaches for quantifying HEF, performed in Paper II. Furthermore, regression
analysis was also performed in Paper IV to investigate in which geographical and
hydromorphological condition HEF is expected to have an impact on deep
upwelling groundwater.

3.6.1 Tested dependent and independent variables

Before performing the regression analysis in Paper IV, dependent and independent
variables were calculated for all subcatchments (related to specific stream segments
and with an area of between 0.0051 km® and 7.714 km?), intermediate
subcatchments (areas of 6.68 km” and 37.75 km? and the five full regional
catchments. Both the modelled flow weighted average HEF velocity, and the ratio

between the average deep groundwater discharge velocity and the average HEF

Waewr
w)

calculated using the HM model parametrized according to section 3.2.5. To specify

velocity, Oy, = , were used as dependent variables. The HEF velocity was

the average deep groundwater discharge velocity, Wygr, the topographically
controlled groundwater flow fields in the five regional catchments were first
modelled using a steady state numerical model described in the appended Paper
IV. Particles were then released at a depth of 500 m and traced to the surface.
Finally, the velocity of all particles discharging within the sub-catchment or full
catchment of interest was averaged.

To explain the variability in the dependent variables, a large number of independent
variables were derived, representing catchment topography characteristics,
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catchment geology characteristics and stream reach characteristics (both hydraulic
and topographical indexes). As described in section 3.2.5, topographical indexes
were derived from the DEM file. In addition, the average hydraulic conductivity of
the topsoil in each sub-catchment, K, was estimated from hydraulic conductivity
related to specific soil types, and the average soil depth (quaternary deposits), Dgp,
was calculated from the soil depth model provided by the Geological survey of
Sweden (© SGU). Furthermore, fractal properties of the WSP (i.e. PSD magnitude
and slope), were included in the regression analysis and noted aysp and by gp.
Finally, stream hydraulic characterizing variables, i.e. the Reynolds number Re =

Ud U .
> the Frouds number Fr = \/ﬁ’ the stream power per unit channel length, ) =

pgSQ (kg m/s”) and the Darcy-Weibash friction factor f = B‘les,

using values of discharge, velocity, and depth, estimated according to section 3.5

were calculated

and stream slope, S, according to section 3.2.5.

To avoid multicollinearity in the multivariate regression analysis, reduce the degrees
of freedom and select the most relevant dependent variables, a PCA was performed
and the variance of inflation factor was calculated for the dependent parameter set.
Both these statistical analyses are described in more detail in the appended Paper
IV. The analysis lead to that ten independent variables (Acpy, Sy, GtS, MSC,
Kcm, Dop, U, Fr,Re, Q, f, aysp, and by, sp) were selected to be included in the
regression analysis.

3.6.2 Regression analysis

Regression analysis is a statistical method that estimates the relationship between
one or several dependent variables and one or several independent variables. Since
the dependent variables in Paper IV were shown to follow a log-normal
distribution, a power law equation was used in the regression analysis. Both single
and multivariate regression analyses were performed, where the latter was done
both in ae stepwise matter, and with two independent variables at the time. To
evaluate the significance of the included independent vatiables in the regression
models, statistical t-tests were performed and a significant model was defined as
having a p-value < 0.05. Furthermore, to estimate the explanatory power of the
model, three different coefficients of determination were calculated (Montgomery
et al,, 2012). First, the ordinary coefficient of determination was calculated as:

_ Z?=1(Yi—?i)z

R =1 T (V1)

(3.24)

where Y} is the true dependent variable, Y; is the predicted dependent variable and
Y is the mean of the true values. Second, to compensate for the number of included
independent variables that naturally increase the explanatory power of a model, the
adjusted coefficient of determination was calculated as:
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_ (1-R?)(i-1)

2 _
Raqj =1 i—k—1

(3.25)

where k is the number of independent variables, and i is the number of datapoints
in the regression plot. Finally, the predictive coefficient of determination was
calculated by first performing a 3-fold cross validation of the regression model and
repeating this 10 times. The R? value was then calculated for each of the 30 tests
and finally averaged to obtain the predictive coefficient of variation, R3¢

3.7 Testing the potential of stream restoration

A number of simple remediation strategies were tested as part of this thesis to
examine the practical possibility of increasing the nitrogen mass removal along a
specific reach (Papers I and III). The impact of specific designs was assessed in
two local stream reaches, and the theoretical potential was assessed at the national
scale.

3.7.1 The local effects of specific stream restoration designs

The HM model (section 3.4) was parameterized with estimates of the upper
hydraulic head PSD and the in-stream hydraulics to approximate the impact of
stream testoration in two short stream reaches.

In Paper I, the measured hydraulic head PSD (in Reach 3) was compared with a
theoretical PSD intended to represent a remediation measure resulting in a step
shaped WSP. The hydraulic conditions of the stream, including the advective travel
time and the stream depth, were assumed not to be impacted by the
implementation of this generic step.

In Paper III, HEC-RAS (USACE, USA), was used to model the impact of a
number of restoration designs on both the water surface profile and in-stream
velocity and depth. HEC-RAS solved the 1D energy equation using the standard
step method and calculated the distributed vatiation in dischatge, exchange velocity
and stream depth. The model was calibrated for the base-case conditions (i.e. the
current geomorphologic conditions, without restoration measures), towards
stream depth and velocities assessed from the tracer test measurements performed
in the reach. The tested designs, presented in Table 3, included alterations of
hydraulic conductivity as well as the implementation of weirs of different heights
H (m) and in-between distances, L (m), designed to represent in-stream structures
such as cross-vanes or boulder clusters. The different designs were then analyzed
during three dischatge conditions: low discharge LMQ = 0.01 m3/s, mean
discharge MQ = 0.12 m3/s, and high discharge HMQ = 0.41 m3/s.
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Table 3. The base case condition and restoration designs tested in Malsta Brook (Paper IIT), including
in-stream structures in the form of weirs of varying height (H) and in-between distance (L) and
modification of the average hydraulic conductivity (K) of the streambed. (From Paper III)

Design notation Design details
Base-case BC Observed topography K=1-10"%m/s
Installing S1 H =0.2m, L=57 m, H/L = 0.004 K=1-10"3m/s
in-stream
S2 H=0.4m, L =57 m, H/L=0.007 K=1-10"%m/s
structures
S3 H=02m,L=114 m, H/L= 0.002 K=1-10"3m/s
S4 H=04m,L=114m, H/L=0.004 K=1-10"3m/s
Modifying | K1 Observed topography K=1-10"%m/s
streambed | K2 Observed topography K=1-10"*m/s
material K3 Observed topography K=1-10"%m/s
3.7.2 The theoretical potential of stream restoration at the national scale

In addition to the reach scale stream restoration scenario analysis described in
section 3.7.1, Paper III included an estimation of the potential for stream
restoration in all small agricultural streams in Sweden. It was done by calculating
the current as well as maximal nitrogen removal rate and relative mass removal and
comparing these; thus the national scale analysis did not consider specific stream
restoration designs. The equations used for this national analysis are presented as
results in Section 4.2.1 (Equations 4.3 and 4.6). To estimate the current mass
removal, Equation 4.3 was parameterized with the HEF parameters (T) and (W),
which were calculated using Equation 3.19 and Equation 3.20 and assuming €= 0.1
m in all stream segments. Furthermore, it was assumed that 7o, = 0.1 h™ and
Toxy= 1 h' in all stream segments, and the denittification in the main channel,
Ryc, was assumed to be zero and thus Rgys = Ryz. Subsequently, the maximal
nitrogen removal rate and relative mass removal in the HZ were derived in the
same way but assuming (T) = (T}opt, where (T)opt is the optimal hypotheic
residence time, estimated for each reach using Equation 4.6.

The network effect was accounted for by aggregating the relative and absolute mass
removal in all small agricultural stream reaches in Sweden, according to Equation
3.7, for both current and optimal conditions. The potential was then stated as the
difference between current and optimal conditions. Temporal variation in the
removal rate was not analyzed explicitly but instead assessed by performing a
sensitivity analysis including three static discharge scenatios, that is: mean discharge
(MQ), low mean discharge (LMQ) and high mean discharge (HMQ), estimated as
the yearly averages of modeled discharge provided by SMHI (SMHI, 2021).
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4 RESULTS AND DISCUSSION

The general aim of this thesis was to better understand the physical controls for
HEF and how HEF influences solute transport in stream reaches and networks.
Specifically, a modelling framework was established that provides a physically
based way to parameterize HEF variables in transport models and assess the mass
removal at the stream reach, and network, scale. The modelling framework is in
itself an important result of this thesis and is presented in Figure 5. The big white
arrows in Figure 5 indicates the models and methodologies that were linked
together and the blue markers how models were used in different papers. First, the
multiscale hydro mechanical (HM) model was developed (section 3.4) and utilized
to quantify the 2D subsurface flow; and the transport model (ASP model) was used
simultaneously to quantify the in stream solute transport, including HEF. The
temporal moments of the solute transport were then derived to estimate the reach
scale mass removal (Equation 3.6); and the reach scale response was aggregated to
estimate the network scale mass removal (Equation 3.7).
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ASP model for

solute transport Biogeochemicistry
and HEF | | of the HZ
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o / \ Reach scale \
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Figure 5. The interlinkages between different models and papers in this thesis, indicating both
subsurface and surface water modelling (lower and upper boxes) and modelling at different spatial
scales (increasing scale towards the right in the figure). The big white arrows illustrates the models
that are part of the framework including the multiscale, hydro mechanical (HM) model used for 2D
subsurface flow modeling; the advective storage path (ASP) model used to quantify the 1D solute
transport with surface water; temporal moment derivation to estimate the reach scale mass removal;
and aggregation of the reach scale response to estimate the network scale mass removal. The cross-
validation between the surface and subsurface models is also shown to the left. The brown fields and
small arrows denotes the data needed to limit the models, and the blue markers illustrates which
models that were part of which papers.
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Figure 5 also illustrates that in Paper 111, a scaling model (Equation 3.20) was used
to estimate the hyporheic residence times, due to lack of streambed elevation
profiles from all agricultural streams of Sweden. Field observations and extraction
of data from maps and literature reviews were used to limit the model results and
these are shown in the brown fields in Figure 5. Furthermore, the cross-validation
between HEF variables derived with the transport model and the HM model is
shown in Figure 5 since it motivates to use the HM model to parameterize ASP
model. In this thesis, the model framework in Figure 5 was specifically used in the
clockwise direction to estimate the mass removal from specific
hydromorphological characteristics. However, the bidirectional arrows are
representing the ambition to in the future follow the modelling framework in the
opposite direction, i.e., to estimate the hydromorphology needed to reach a specific
reach or network scale mass removal.

4.1  Physical controls on hyporheic exchange flow

One of the main objectives of this thesis was to advance the physical understanding
of how HEF is controlled at different spatial scales. Therefore, linkages between
the multiscale stream hydromorphologic characteristics and HEF quantifying
parameters were thoroughly investigated. The results from these investigations are
presented in this section and includes: 1) the cross-validation of two different
approaches for HEF quantification; 2) the advanced understanding of key spatial
scales and drivers for measuring and modelling HEF; and 3) assessed statistical
correlations  between the average exchange velocity and geographic and
hydromorphological stream and catchment characteristics.

4.1.1 Cross-validating two approaches for estimating hyporheic exchange

The cross validation performed in Paper II show that the results from HM
modelling and tracer test assessments of HEF generally agreed in terms of the flow-
weighted average exchange velocity, (W) (Figure 6a). However, the results also
show that the residence time distributions (quantified in terms of the average
residence time (T'), and coefficient of variation CV[T]) agreed to a lesser extent
(Figure 6b and 6¢). The horizontal uncertainty bars in Figure 6 are related to the
MC analysis, performed to investigate parameter sensitivities in the ASP model,
and show that the observed tracer breakthrough curves ate accurately described by
a large range of HEF parameters. The vertical uncertainty bars show the range of
values resulting from the HM model when assuming a range of reasonable HZ
depths (0-1 m) and streambed porosities (0.2-0.5). If both error bars crossed the
1:1 line, it was considered an acceptable cross-validation between the two
approaches. Thus, the results show that (W) assessed using the two methods
agreed in the seven reaches with the smallest discharge, shallowest depth and
lowest Reynolds number. In contrast, in the three largest reaches, (W) was lower
when induced from the tracer test than when derived with the HM model, even

when the model uncertainty was accounted for.
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Figure 6. Cross-validation of inductive assessments of tracer tests using the advective storage path
(ASP) model and deductive modelling using the mulstiscale hydro mechanical (HM) model, in terms
of: a) the average exchange velocity, (W); b) the average of the hyporheic residence time, {(T'); and ¢)

the coefficient of variation of the residence time distribution, CV[T].

Horizontal etror bars

represents the variable range leading to behavioral models, while the vertical error bars represents the
sensitivity in the variables due to different assumptions of the hyporheic zone depth, €, and streambed
porosity, 1. (From Paper II)

In terms of (T), comparable results were reached with the two models in only five
out of ten reaches (Figure 6b), and an even lower agreement was found in terms
of CV[T] (Figure 6c). Note that only three of the reaches were cross-validated in
terms of both (T') and CV[T]. More emphasis was placed on the longer residence
times when applying the HM model than when tracer tests were evaluated, and
generally, the HM model resulted in wider RTDs compared to the optimized tracer
test. The largest difference in (T') was found in the same three reaches where (W)
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was not cross-validated and those were the three largest, and deepest, reaches. The
divergence between models could be attributed to model technical differences
between the approaches, which generally emphasize different parts of the residence
time distributions (Stonedahl et al., 2012). A tracer test detect only the transport of
the injected tracer that reaches the downstream measuring point within the length
and time scale of the tracer test (i.e. within the so-called window of detection)
(Harvey and Wagner, 2000, Schmadel et al., 2016). Thus, the longest streamlines
and residence times will be missed if part of the tracer bypasses the measuring point
and recharges into the main channel further downstream; if part of the tracer
reaches the measuring point after measurements are ended; or if the concentration
is below the detection limit of the measuring device (Bencala et al, 2011,
Drummond et al., 2012). In contrast, HM models are restricted by their resolution.
A too small resolution of input data, in this case the longitudinal distance between
clevation measurements, or uncertainty in high density data, might result in
uncertain estimates of the shortest residence times of the RTD.

Another reason for deviation between the HEF variables estimated with the two
approaches is that while the HM only accounts for so-called pumping, occurring
vertically and longitudinally along the stream thalweg, the ASP model induces all
of the transported tracer within the reach. Exchange with stagnant surface water
and lateral exchange with the riparian zone (Briggs et al., 2009, Johnson et al., 2014)
could, for example, be expected in the three reaches with the largest deviation
between the two approaches since these three reaches were the largest in terms of
both depth and width. The same reaches also had the highest Reynolds numbers,
and therefore, turbulence could have been an important exchange mechanism
there (Packman et al., 2004, Grant et al., 2018).

Finally, deviation between the two approaches in terms of (T) and CV[T] could be
attributed to uncertainties in the model parameterization and input data.
Equifinality in the parameterization of the ASP model is indicated by the MC
analysis. Specifically, there exists a statistical relationship between the mean and the
vatiance of a log-normal distribution, whereby if (T) is uncertain, so is CV[T]
(Woérman and Wachniew, 2007). Parameter uncertainty exist also in the HM model
and is mainly related to how the streambed hydraulic conductivity, permeability
and depth are estimated and conceptually described. When modelling HEF in the
Paper II using the HM model, the average hydraulic conductivity was estimated
from point measurements in the field, and the depth and permeability was
parameterized by minimizing a specific error between the HM model results and
the tracer test assessment. In reality however, heterogeneities often exists in
streambed material and hydraulic conductivity, and it is difficult to specify the
maximum depth below which there is no hyporheic flow. Heterogeneities in
streambed sediments can cause both increases and decreases in HEF parameters
(Cardenas and Wilson, 2004). One way of easily accounting for heterogeneity in
the model defined here, is to assume a decay in hydraulic conductivity with depth,
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as was done in Papers I and IV. However, variation in both hydraulic conductivity
and HZ depth over relatively short distances, due to heterogeneities such as clay
lenses or rocks, can also be expected in some streams and can impact the hyporheic
flow field (Earon et al., 2020, Gomez-Velez et al., 2014). Such heterogeneity was
not accounted for in the modelling performed in this thesis.

In summary, although uncertainty existed, the general result of Paper II was that
the tracer test assessments and HM model could be cross-validated relatively well
in terms of (W) in small alluvial streams, with shallow depth, small width and
moderate slope. This indicates that the HEF is largely controlled by longitudinal
gradients in the water surface elevation profile or stream bottom elevation profile.
Furthermore, these results provide a physical explanation for the parameters of the
ASP model, which can also easily be transformed into variables of other transport
models.

41.2 Static and dynamic hyporheic exchange at different spatial scales

The multiscale HM model, developed as patt of this thesis, can be used to study
the physical basis of HEF in detail and when distributed over a range of spatial
scales. The contribution of different spatial scales and different drivers to the total
HEF is relevant for a phenomenological understanding of the processes and
benefits management when planning stream restorations or monitoring stream
hydromorphology and water quality.

The HEF velocity PSDs from reach R3 are plotted in Figure 7, and the PSDs from
the rest of the reaches are found in the appended Paper II. The peaks around
wavelengths of approximately 1-2 m shows that the HEF was mainly generated by
hydraulic head gradients over features with this length. Furthermore, Figure 7
shows that the static head driven HEF velocity was considerably larger than the
dynamic head-driven HEF velocity over all observed wavelengths and this was the
case in all stream reaches. The domination of relatively small-scale features over
larger features in all investigated reaches was also observed for the average HEF
velocity (W), which was conceded by integrating over the PSDs. Increasing the
upper cutoff wavelength used in the integtation, Ay gy, showed that mote than
90% of the average exchange velocity was driven by features with wavelengths
smaller than 5 m and that it was the case in all reaches (Figure 8). Thus, the results
indicates that spatial scales smaller than 5 meters are crucial to consider to
satisfactory quantify HEF in small alluvial streams, both in measurements and
models, whereas larger scales might be acceptable to neglect. Several previous
studies that have modelled HEF over a range of spatial scales, also concluded that
small-scale features contribute to a large part of the total hyporheic flux (Wérman
etal., 20006, Stonedahl et al., 2012, Stonedahl et al., 2013, Gomez-Velez and Harvey,
2014).
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Figure 7. The power spectral densities (PSDs) of the static, dynamic and total head driven
hyporheic exchange flow (HEF) velocity distributed over observed and extrapolated
wavelength. Note that the blue lines (solid and dashed) are disappearing behind the black
line for larger wavelength, since the dynamic head is too small to influence the total HEF
velocity at these scales. This is an example from Malsta Brook (Reach R3), while results
from the rest of the reaches are found in Paper II.

Previous studies that have separated between the HEF driven by static and
dynamic head gradients have disagreed on which of the two that drives the main
part of the exchange. It is generally thought that HEF in high-order reaches, which
are normally steep with low discharge and low relative submergence of bedforms,
is mainly driven by static head gradients. Subsequently, when moving toward lower
stream order reaches with lower slopes and higher discharges, dynamic head
gradients becomes increasingly important (Wondzell et al., 2019). This theory could
explain why static head domination that was found in two mountainous
catchments (Marzadri et al., 2014, Mojarrad et al., 2019), while dynamic head
domination was observed in less steep reaches and catchments (Stonedahl et al.,
2013, Gomez-Velez and Harvey, 2014). However, the reason for the domination
of dynamic head exchange according to some models could also possibly be related
to the presumption that no static head gradients exist below a certain wavelength,
as in Stonedahl et al. (2013).

To test whether the resolution in the input data and the resulting PSD minimum
wavelength control the relative importance of the static and dynamic heads
according to the HM model, the hydraulic head spectrum was extrapolated to
wavelengths smaller than what was observed. This extrapolation was also
performed to investigate whether the agreement between the HM model and the
tracer test assessment (Section 4.1.1) was dependent on the resolution of the PSDs.
When extrapolated, the static and dynamic head spectra intersected in some of the
reaches at wavelengths between 0.01 and 1 m (see example in Figure 7, dashed
lines). The intersection indicates that at the smallest scales, hydraulic head
variations exist in the stream bottom profile that are not evident in the overlying
water surface. Nevertheless, this intersection did not affect the relative importance
of the static and dynamic heads for the average HEF velocity, and the static head
driven HEF was still dominant in most reaches.
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Figure 8. The average hyporheic exchange flow (HEF) velocity calculated with
increasingly high cutoff wavelength (Ajqx) and normalized with the HEF velocity
calculated with the maximal upper wavelength equal to the stream reach length (X), for
the ten different study reaches of Paper II. (Modified from Paper II)

However, in two of the reaches, R2b and R6b, the dynamic average HEF velocity
became larger than the static when all scales were included. This finding is probably
attributed to the relatively low slopes of reaches R6b and R2b, which does exert a
limitation for the longitudinal static head gradients, as discussed thoroughly in
Paper 1. Thus, this thesis indicates that the importance of dynamic head gradients
for the average HEF velocity might be missed if an excessively low longitudinal
resolution of the streambed topography or hydraulic head at the surface water
interface is used in hydromechanical models estimating HEF. However, the thesis
also shows that static head gradients might be important at scales less than a meter
and should therefore not be dismissed beforehand.

It is also possible that the inclusion of small spatial scales influences the cross-
validation of the HM model and the tracer test assessment described in Section
4.1.1. This prospect was investigated in Papers I and II by integrating over the
exchange velocity PSDs with an increasingly large value of the minimum
wavelength, A In Paper I, the estimated stream topography PSD had an otiginal
minimum wavelength of approximately 5 m; when the PSD was extrapolated down
to wavelengths of 1 mm, the HEF velocity increased substantially, and a better
agreement with the tracer test results was reached. In Paper II, the minimal
observed wavelength ranged between 0.2 m and 1.4 m, depending on the reach,
leading to relatively good agreement between the two approaches in most reaches,
as shown in Figure 6. When extrapolating the hydraulic head PSDs towards
nonobserved wavelengths, it only had a minor impact on (W), not large enough to
considerably affect the agteement with the tracer test assessment in any of the ten

reaches.
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4.1.3 Reach and catchment characteristics controlling hyporheic exchange

The agreement found between the HM model and tracer test assessments in terms
of (W) provides a physical explanation for the HEF parameters of the ASP model
and other similar solute transport models, in certain types of streams. However,
the usefulness of the HM model and other similar models are limited by their
complexity and the need for high density input data. Extrapolation of the hydraulic
head spectrum towards nonobserved wavelengths could partly resolve this
problem. However, the method of extrapolation does incorporate uncertainties
and assumes that the topographical power spectrum slope is strictly fractal over
the shortest wavelength, which might not always be the case. Therefore, it might
be valuable to investigate new methods for the collection of high-resolution
topography data (Passalacqua et al., 2015, Woodget et al., 2017) or other methods
for parameterization of the HEF. In Papers I and Paper 11, simple relationships
between the (W) and certain hydromophological independent variables were
derived and discussed. In Paper IV, a multivariate regression analysis was
performed to find more advanced, and statistically significant, relationships
between the (W) derived with the HM model and a large number of independent
reach and catchment characteristics. The most relevant relationships is presented
and discussed in this section.

From groundwater flow theory, (W) is linearly related to the pressure gradient and
the hydraulic conductivity of the streambed. In Paper I, an analytical solution was
detived, showing that (W) was also lineatly related to the standard deviation in
hydraulic head along the streambed interface, normalized with the maximum
wavelength of the hydraulic head PSD 7h

? Amax
was shown to depend on the distribution of the hydraulic head gradients along the
streambed, quantified by the slope of the hydraulic head PSD, by, where (W)
Amax
N
in the hydraulic head spectra, and the geological damping factor @; (Equation 3.18),

. In addition, the exchange velocity

increased with decreasing by,. Finally, the smallest included wavelength Ay =

also impacted the exchange velocity according to:

(W) = K -2 JZN _20n-D) _ 52 @.1)

Amax N =1 (2+1)(iPh %)

Equation 4.1 is a simpler version of the general form of the HM model (Equation
3.10), where the hydraulic head spectrum is not divided into static and dynamic
parts, and is assumed to be fractal over the whole range of wavelengths.

In Paper II, the Buckingham pi-theorem was used to generalize the more complex
form of the HM model by relating the dimensionless exchange velocity (W) /K to
seven independent dimensionless parameter groups. Four of the tested
relationships are presented in Figure 9, and the rest can be found in the appended
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Paper I1. The investigation indeed showed that (W)/K increased with the standard
deviation in both static and dynamic hydraulic heads, but uncertainties existed,
mainly related to the reaches where the HM model did not agree with the tracer
test assessments (Figure 9a). It is also relevant to note that the reaches where the
two approaches did not agree, had relatively high submergence of streambed
features (d/ay,) (Figure 9b). Thus, dynamic hydraulic head is theoretically an
important driver of HEF in these reaches and possibly underestimated in the HM
model because of the difficulty in measuring the small-scale features and
conceptual model uncertainties related to the use of the Fehlmans formula.
Furthermore, both the squared Froude number, Fr 2 and Reynold’s number, Re
(based on stream depth), were positively related to {W)/K (Figure 9c and 9d).
Note that the worst agreement between the two approaches was found in the
reaches with the highest Re (Figure 9c¢), indicating that turbulence, which was not
accounted for by the HM model, could be an important HEF driving mechanism
in those reaches. The relationship between HEF and Fr* (Figure 9d) has been
shown previously in e.g., W6rman et al. (2002) where it was explained by the linear
relationship between the HEF velocity and dynamic head fluctuations at the
streambed (accounted for here using Equations 2.8 and 2.9). In Paper II, it was
found that static hydraulic head-driven hyporheic exchange dominated dynamic
hydraulic head-driven HEF in most reaches. Thus, the relationship is most likely
mainly due to the existing relationship between gradients in the WSP over a short
distance and Fr, which is known from basic hydraulic theory and is discussed in,
e.g., Sawyer et al. (2011) and Mojarrad et al. (2019).

In the statistical investigation of Paper IV, several significant multivariate
regression models successfully linked (W) to different reach and catchment
hydromorphologic and geographic independent variables (Paper IV). The best
regression model was selected as the one in which the explorative and predictive
R? value did not decrease by more than 2% if one of the included variables were
removed. For variables averaged at the reach scales (average reach length of 1230
m), the best regression model is plotted in Figure 10a and is stated as follows:

(W) =117-10"2 aysp®3 bysp >°Kep Y’ 4.2)
where ayygp and bygp are the magnitude and slope of the water surface profile
PSD, respectively, and K¢y (m/s) is the average hydraulic conductivity of the

stream reach subcatchment topsoil. These three variables together explained 72%
of the observed variance in (W) between reaches.
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Figure 9. The hypotheic exchange flow velocity, (W), normalized with the hydraulic conductivity,
K, as a function of; a) the standard deviation in the water surface profile along the reach normalized
with the stream reach length 0y,5/X; b) the standard deviation in streambed topography normalized
with stream depth, 0, /d; ¢) the Reynold number calculated from streamdepth, Re = Ud/v; and
d) the squared Froude number F T2 =U?%/dg. Triangles and circles represents values estimated with
the multiscale hydromechanical (HM) model and the advective storage path (ASP) model,
respectively. Colors refer to the reaches investigated in Paper II, according to the legend. Lines
between markers indicate that the data is coming from the same reach; thus longer lines indicates a

higher disagreement between the models. (Modified from Paper II)

In Paper IV, the power law with variables aysp and by sp was only fitted to the
lower range of the WSP PSD with wavelengths < 20 m. Variables that represented
the hydraulic head variations at larger scales, such as the overall standard deviation

in hydraulic head, were thus not as important as the fractal properties of the lower
range of the hydraulic head spectrum. This indicated that the small scales are
essential to include when calculating the HEF at the reach scale. Note also that

none of Reynold’s number, Froude’s number, or Darcy Weisbach friction factor

increased the explanatory power considerably when included in the analysis. These

dimensionless numbers are closely related to the dynamic head variation along the

streambed but not necessarily to the static hydraulic head variation. The fact that
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they were not included in the best regression models might be due to the simple
way in which the stream velocity and depth were estimated in Paper IV, which
resulted in relatively small variations in these parameters within the catchments.
However, the exclusion of these variables could also be because the static head
gradients were more important than the dynamic as drivers of HEF, which was
already indicated in Paper II. Previous studies have also shown that the fractal
properties of the streambed topography (or the water surface profile) provide
important controls for the HEF (Marzadri et al. 2014, Lee et al. 2020). In more
general terms, it means that (W) usually is larger in reaches with large variation in
the streambed or WSP across small scales (high ayysp in this study). Furthermore,
the largest (W) are found in reaches where the variability is distributed equally over
all spatial scales and the streambed topography or WSP is rough also over the
shorter scales (low positive by gp in this study). In Paper IV, by sp ranged between
approximately 1 and 6, with most values between 2.5 and 4 and aysp ranged
between 10® and 107, If the fractal variables were excluded from the regression
analysis, then the Darcy Weisbach friction factor controlled a large part of the
exchange velocity, agreeing with previous research (e.g., Harvey et al. 2003,
Zarnetske et al. 2007).

This thesis also investigated how regression models for the average exchange
velocity changed when the averaging area increased, and that the changes were in
terms of both the included independent variables and the explanatory power. The
results showed that at the intermediate catchment scale (catchment area between
6.7 km2 and 37.8 km2), the best regression model included the independent
variable ayysp and the Darcy-Weisbach friction factot, fi¢, which explained 90%
of the observed variability between catchments (Figure 10b). At the regional
catchment scale, only single regression models were tested, and surprisingly, the
Darcy-Weisbash friction factot, fg¢, alone explained 96% of the variability in the
exchange velocity between the five regional catchments (Figure 10c). However,
due to the very small dataset (5 catchments), the results should be interpreted with
caution, and larger datasets are needed to confirm this relation. The general change
in regression models and their explanatory power, when set up for different scales,
is, however, interesting. This indicates the complexity of using average variables
when assessing the transport of solutes with groundwater and HEF.
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Figure 10. The best performing regression models, estimating the average hyporheic exchange flow
(HEF) velocity at a) the reach scale (t), b) the intermediate catchment (IC) scale and, c) the regional
catchment (RC) scale. Adjusted R?and predictive R?are shown in each graph. The different markers
indicates that data are derived from the different regional catchments Bodals Brook (BB), Siva Brook
(SB), Tullstorps Brook (TB), Forsmark Brook (FB) and Krycklan Catchment (KC) and the grey line

represents the I:I reference. (From Paper IV).

4.2 Impact of hyporheic exchange on stream nitrogen removal

After investigating methods to parameterize the reach average HEF velocity, this
thesis sought to improve the understanding of how the local HEF can impact
solute transport at the reach and catchment scales. In this section, analytical
solutions for the reach scale nitrogen removal is presented and discussed,
subsequently followed by results from using these solutions to evaluate the impact
of HEF on stream water quality before and after stream restoration, at the reach
scale as well as at the network scale.

421 Analytical solutions for nitrogen removal at the reach scale

A key result of this thesis is the analytical expression for the reach scale mass
removal, which was derived from the zeroth temporal moment of the in-stream
solute transport according to section 3.3.2. In Paper III, the longitudinal dispersion
of the initial transport equation (Equation 3.1) was neglected before the temporal
moment was derived, and it resulted in an expression of the relative nitrogen mass
removal, D (-) according to:

D=1--exp (—%(RMC + RHZ)) 43

Equation 4.3 shows that mass removal within a reach is controlled by the product
between the in-stream residence time, defined as X /U, and the sum of the mass
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removal rate in the main channel (Ry¢) and in the HZ (Ryy). This agrees with a
previous solution presented by Runkel (2007), which was based on the transient
storage model. When dispersion is included in the initial transport equation (Paper
I), the relative mass removal instead becomes:

2
D=1-exp [(L_J(L) +M>X] s
2Dy, 2Dy, Dy,

Thus, increased dispersion will lead to decreased mass removal. This is explained

by Runkel (2007) to be due to a faster downstream transport with dispersion
compared to conditions without dispersion, which results in shorter residence
times and thus lower D. However, the impact of dispersion is minor when the
velocity is low, and Equation 4.4 was assumed appropriate to estimate the mass
removal in all agricultural reaches of Sweden in Paper III. Furthermore, the
derivation of the zeroth temporal moment resulted in an expression for the
effective mass removal rate in the HZ, Ry, and its dependency on the HEF and
biogeochemical variables according to:

P (WXT) Taen exp[~Toxy/(T)]
A 2 (1+7gen(T))

RHZ = 4.5

Equation 4.5 shows that in addition to being linearly related to the hyporheic
denitrification rate, Tgen, Rpz is controlled by three dimensionless parameter

groups. The magnitude of Ry is linearly correlated to the size of the HZ relative
P (WXT)
A 2

removal rate, while a larger HZ depth allows more water to be transported into the

& . . .
to the stream depth, =2 Thus increasing stream depth will decrease the

HZ and leads to a higher Ry ;. Furthermore, Ry is dependent on two Damkhéler
numbers, which are known to be useful measures of the relative importance of
reaction and transport processes (e.g., Ocampo et al., 2006, Pinay et al., 2015). First,
Ry is negatively correlated to the hyporheic denitrification Damkhéler number
defined as Dagen = Tyen(T). If denitrification starts immediately after stream
water enters the HZ, that is Ty, = 0, Ry is limited only by how much nitrogen
that is transported to the HZ and is highest when (T') and D@ gy, is low. Moreovet,
Ry is exponentially related to the oxygen Damkhdler number, defined according
to Dagyy = (T)/ oxy- Increasing Da, .y, increase Ry z, since it leads to longer time
for the nitrogen within anoxic conditions. The diversified impact that the two
Damkhéler numbers have on Ryz means there exists an optimal residence time in
the HZ, (T)opb which leads to a maximal Ryz, given that the biogeochemical
conditions of the stream are constant. The optimal residence time is a function of
both characteristic timescales 1/7g¢p and T,y according to:

Tden

(Thope = <T"2"y + (T%)2 + ﬂ) .6)
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Subsequently there also exist an optimal Damkhéler number defined according to
Dagen opt = {T)optTaen- Comparing the current Ddgep in a specific reach with
Dagen,opt, provides valuable guidance when designing stream restorations. If
Dagen < Dagen opt, Ryz is teaction controlled and increases with increasing (T).
Contradictory, if DQgen > Dagen,opt; Ruz is transport controlled and decreases
with increasing (T), since the inverse relationship between (T) and (W) leads to
that less nitrogen is transported into the HZ and subjected to denitrification. In
reality, hyporheic denitrification is a much more complex process than what
equation 4.3 and 4.5 indicates and it varies e.g. with concentrations of nitrate and
labile dissolved organic carbon; microbial abundance; and temperature.
Nevertheless, previous works have indicated that HEF velocities and residence
times control the variability of Ry to a large extent (Zarnetske et al. 2011; Harvey
et al. 2013), which makes the equations derived here important tools when
evaluating the reach-scale mass removal.

4.2.2 Current hyporheic nitrogen removal at the national scale

In Paper III, the current hyporheic nitrogen removal rate, Ryz, and subsequently
the relative nitrogen mass removal, D, was estimated in all stream segments in
Sweden in agricultural areas with nitrogen leakage and with an annual mean
discharge smaller than 1 m*/s. These stream segments together represented 33.5%
of the full stream network in Sweden and equations 4.3 and 4.5 were parameterized
for all stream segments according to section 3.7.2.

The resulting wide pdfs of the hyporheic nitrogen removal rate, Ry, (Figure 11)
reflect the impact of the spatial variability in stream hydraulics between stream
segments. At mean discharge conditions (MQ), 75% of the segments had Ry,
between 0.053 and 0.551 day, and the median Ry over all segments was 0.2562
days™. A literature review, performed as part of Paper III, showed that stream
system denitrification rates, Ry, estimated from tracer tests in snowy and warm-
temperate climates, vary between approximately 0.05 and 0.52 day’, with an
interquartile range between 0.03 and 0.36 day . Thus, the results in Paper 111 are
in well agreement with existing estimations in previous studies, given that the main
channel nitrogen removal rate Ry ¢ is small enough to be neglected.
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Figure 11. Probability density functions of the system reaction rate, Ryz, in all small
local agricultural stream reaches in Sweden at yearly mean discharge (MQ), yearly mean
low discharge (MLQ) and yearly mean high discharge (MHQ) conditions. (Modified
from Paper I1I)

Furthermore, the estimated current Ry was largely dependent on the discharge
conditions (Figure 11). An increase in discharge in all reaches from MQ to high
mean discharge (HMQ) resulted in a decrease in the current Ry to a median of
0.008 (0.000-0.13) days™ (values in parentheses represent the inner quartile). In
contrast, a decrease in discharge from MQ to low mean discharge (LMQ) leads to
an increase in the current Ry to a median of 0.479 (0.053-1.575) days ™. This large
variability with discharge is due to the relationship between stream hydraulics and
HEF, and the fact that (T) was estimated for all reaches utilizing Equation 3.20.
High discharges generally lead to large Froude numbers and consequently high
(W) and low (T). It should be noted here that the relationship between in-stream
discharge and hyporheic flow is complex and widely discussed, since discharge
varies with both time and space (Ward et al., 2019) and impacts different types of
HEF drivers differently (Wondzell et al., 2019). Nevertheless, this study showed
that under MLLQ) conditions approximately 85% of all stream segments had a
current Ryz that was transport controlled, i.e., D@gen > Dagen opt- However,
under higher discharge conditions, the situation was shifted, with 28% and 9% of
transport controlled reaches in MQ and MHQ conditions respectively. This shift
is essential to account for in designing stream restoration measures, which will be
discussed later in this Section as well as in Section 4.2.3.
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Figure 12. The hyporheic removal rate, Ry, as a function of the Damkhéler number
Da at conditions of yearly mean discharge (MQ), yearly mean low discharge (MLQ)
and yearly mean high discharge (MHQ). The black vertical line denotes the optimal
Damkholer number Dagen,opt- Presented results are based on the assumption that
€=0.1, ryz=0.1 h'' and T,x,=1 h while stream hydraulics varies between stream
reaches (Modified from Paper III).

The calculated Ryz values were subsequently used to estimate the relative mass
removal (D) for all small agricultural stream segments in Sweden, assuming a main
channel nitrogen removal rate Ry ¢ = 0. It resulted in a median D of 4.9 % (0.5-
14.1 %), 0.1 % (0.0-1.0 %), and 30.2 % (3.3-63.7 %), for MQ, MHQ and MLQ,
respectively. Subsequently, the network effect on the mass removal was assessed
by aggregating D of all segments from the source of the nitrogen load to the
recipient, utilizing Equation 3.7, and multiplied by the yeatly nitrogen load to each
reach segment. This aggregation resulted in a total absolute mass removal in
agricultural reaches, MRy, of 4060.5, 11628 and 289 tons per year, in MQ, MLQ
and MHQ conditions respectively. Comparing these numbers with the total load
of nitrogen to all small agricultural reaches in Sweden resulted in an estimated total
HZ relative mass removal, Dyo¢, of 13%, 38% and 0.1% in MQ, MLQ and MHQ
discharge conditions respectively.

4.2.3 Potential hyporheic nitrogen removal at the national scale

The theoretical potential for nitrogen removal in the HZ through restoration
measures in local agricultural stream segments was also estimated in Paper III by
comparing the current Ry distribution (the variation between segments) with the
distribution of potential Ry, i.e. Ryz under optimal hyporheic conditions, when
(T) = (T)opt- Modelling results show that in MQ conditions, the pdf of the
potential Ryz in all stream segments had a median of 0.518 days™, with 75% of the
reaches between 0.184 days™ and 1.215 days™, which is a small increase compared
to the estimated current removal rates (Figure 13a). Similar patterns were found
when estimating the potential D, which during MQ conditions had a median value
of 9.4%, compared to the estimated current median value of 4.9% (Figure 13b).
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Aggregating this result over the full network resulted in a relative mass removal,
Dy¢yr, which was 15, 2 and 62%, in MQ, MHQ and MLQ respectively, which is an
increase in mass removal with 2, 1 and 24 percentage points. This large
spatiotemporal variability in the mass removal enhancement potential indicates that
stream restorations could be a useful strategy, but only if implemented in the right
streams and designed for the right discharge conditions. It is also possible that the
potential is slightly underestimated, since it relies on the assumption that
restoration measures only impact the residence time in the HZ and not the in-
stream residence time, which constitutes a major control for mass removal
according to equation 4.3. In reality many stream restoration designs, such as
embankments that cause steps in the WSP, likely increase both X /U and Ry.
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Figure 13. Variability in a) the current and potential hyporheic removal rate, Ryz and b) the current
and potential relative mass removal, D, in all local agricultural stream reaches during mean flow
conditions (MQ). Presented results are based on the assumption that €=0.1, e, =0.1 h't and Ty, =1
h in all reaches, while stream hydraulics varies between stream reaches.(Modified from Paper I1I)

Finally, it should be noted that this investigation does not provide any information
regarding which type of stream restoration measures can achieve the optimal
hyporheic conditions. However, it was recognized that to alter mass removal in
transport controlled reaches, the average hyporheic residence time should be
increased, while in reaction controlled reaches, residence times needs to be lower
is thus desired to increase mass removal in these reaches. The task of designing
remediation actions is further complicated since transition between transport- and
reaction-controlled conditions with time can be expected in some streams.

4.2.4 Impacts of stream restoration design on nitrogen mass removal

The estimated potential for enhancing nitrogen mass removal in the HZ through
stream restoration presented in Section 4.2.2 is merely theoretical. However, the
possibility of reaching the identified potential for nitrogen mass removal through
a few simple restoration measures was examined in Papers I and III by comparing
mass removal in current geomorphological conditions in Tullstorps Brook and
Malsta Brook, respectively, with a set of modelled restoration scenarios presented
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in Section 3.7.1. The current geomorphological conditions are from here on
referred to as the base-case conditions.

In general, the results from the scenatio analysis show that it is possible to increase
the nitrogen mass removal at the reach scale through changes in the stream
hydromorphology. However, the results also show that designing the stream
restoration measures is delicate and that there is a risk that a certain design has no
impact or even lowers the nitrogen mass removal compated to the current
hydromorphologic conditions. Furthermore, the effect of some designs may
depend on the discharge conditions, and thus may vary in time. To determine the
optimal stream restoration design for improved water quality, first, the local stream
must be assessed for its nitrogen removal status, and then the restoration design
must be chosen to optimize mass removal over time. Below, details from the
scenario analysis are presented and discussed, pointing out the different aspects
that are important to consider, including if the depth of the HZ is constrained by
the geology and if the system reaction rate is transport or reaction controlled at
different discharges.

In Paper I, mass removal was calculated from the observed hydraulic head
fluctuations along a specific stream reach in Tullstorps Brook (base-case
conditions) and compared with mass removal in a theoretical reach of the same
length and slope but with a step-shaped WSP (section 3.7.1). The steps were shown
to increase the HEF velocity, (W), and decrease the average residence time, (T'),
but the impact on the hyporheic nitrogen removal rate was largely dependent on
the assumed HZ depth and the length of the steps (Figure 14). If the HZ was
constrained to 1.9 cm, which was indicated by the tracer test, the natural streambed
resulted in the highest mass removal. This is because that depth, in combination
with the assumption of 7z, = 0.1 h' and Toxy = 1 h, indicated the nitrogen
removal in the HZ was reaction limited (D@gen < D@gen,ope) and that (T) and
Dagey needed to be altered in order for the mass removal to increase. Steps were
shown to increase (W) and decrease (T'), thus having an unwanted impact on mass
removal. However, when assuming a larger HZ depth, the increase in (W) caused
only a minor decrease in (T) (since (T) = 2¢/({W)) and the step-shaped WSP led
to substantially larger mass removal than the more natural hydraulic head
fluctuations. Consequently, larger steps (longer and higher) needed a deeper HZ to
be effective, compared to shorter steps. When the HZ was assumed to be infinitely
deep, the size of the step did have no impact on the HEF variables, and the stream
slope alone controlled the HEF. Note that the dynamic head at the streambed-
water interface was assumed not to change as a result of stream restoration. In
reality, the dynamic hydraulic head gradients might change but will likely not impact
the results considerably since the static head gradients dominated as drivers of HEF
in the streams investigated in this thesis.
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Figure 14. The nitrogen removal rate, Ryz, as a function of hyporheic zone depth,
&, derived assuming hydraulic head variations along the streambed estimated from
measurements in the Tullstorps Brook, and hydraulic head distributions shaped as a
generic horizontal step. Two different step sizes were tested, which differed in length
(L) and height (H), but had the same ratio height/length equal to the stream slope.
(Modified from Paper I).

In Paper III, restoration designs, including embankments (steps) and changes of
streambed hydraulic conductivity, were tested in Malsta Brook by combining
hydraulic modelling in HEC-RAS and the HM model (section 3.7.1). Furthermore,
three different in-stream discharge rates were tested in HEC-RAS to account for
the impact of discharge on the removal. As in the national scale investigation
(section 4.2.2) {T') and Da ey, was largely dependent on discharge. At the base-case
condition, the lowest discharge resulted in D@gep, > D@gen, opt, and the mean and
high discharge led to D@gen < D@gen,opt- Thus, for stream restoration measures
to be effective under a variety of conditions, they need to have a bidirectional
impact on (T), i.e., restoration measutes should increase the residence time under
high discharge conditions and decrease the hyporheic residence time under low
discharge conditions.

In fact, the scenario analysis in Malsta Brook showed that the implemented
embankments impacted (T) differently depending on discharge. At low flow
conditions, all designs incteased (W) due to altered hydraulic head gradients at the
stream bottom across the weirs. The increase in (W) resulted in lower (T) and
Dagey, than under the base-case condition (Figure 15a, blue citcles). The weir
height controlled the magnitude of the change in Dagey, and the lower weirs
heights of 0.2 m lead to a hyporheic nitrogen removal rate closer to the optimum
compared to the base-case.
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Figure 15. Effect of stream different stream restoration design scenarios (S1-S4) in
Malsta Brook compared to base-case (BC) conditions on a) the denitrification
Damkholer number and its impact on the nitrogen removal rate of the hyporheic zone,
Ryz, and b) the in stream residence time, and its impact on the relative mass removal,
D. The scenarios were tested in mean low discharge conditions (MLQ), mean discharge

conditions (MQ) and mean high discharge conditions (MHQ). The grey lines in the
. . P(WKT) P . .
upper panel represents different values of the ratio T, T and the gray lines in

the lower panel represents different values of Ryz in 1/day. In both the base-case
conditions and the different scenarios the hyporheic zone depth was assumed to be
¢=0.05, and the denitrification rate Tge,, = 0.1 h'! and the oxygen consumption time
Toxy= 1 h. (Modified from Paper III)
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In contrast, weir heights of 0.4 m transformed the system from being transport
limited to reaction limited and had a negative impact on the hyporheic nitrogen
removal rate compared to the base-case (Figure 15a, markers S2 and S4). In
addition to the decrease in (T), the weirs resulted in higher stream depth (A/P),
which exaggerated the negative impact on Ryz. During high flow conditions, the
implementation of weirs had a smoothening effect on the WSP across the smaller
scales, more than it increased the total variance of the WSP. The smoothening of
the WSP increased the slope of the WSP power spectrum, without increasing its
overall magnitude, which in turn led to a decrease in (W) and the wanted alteting
of (T) and Dayep. This smoothening effect was shown to increase with weir height
and decrease with distance between weirs.

Finally, at the MQ condition, large weir heights (designs S2 and S4) resulted in an
increase in Dagey, thus reflecting the impacts found in low flow conditions, while
low weir heights (designs S1 and S3) decreased Dagey, and thus had the same
effects as all structures under the high flow conditions. Since Ryz was reaction
controlled at mean flow conditions, designs S1 and S3 were effective for increasing
mass removal.

Increasing hydraulic conductivity effectively modified the average hyporheic
residence time, and the impact was relatively simple to predict since K is inversely
proportional to (T). An increase in K will increase the system denitrification rate
of mass removal if the HZ system is transport-limited and have the opposite effect
if the hyporheic system is reaction-limited. The challenge of this design lies instead
in finding K that optimize the hyporheic nitrogen removal rate over the full range
of discharges in a reach. Furthermore, it might be complicated to change the
streambed substrate without negative impacts on the established streambed
ecology. Because of these challenges, local actions at targeted places, such as the
in-stream structures tested here, might be a preferred restoration design

Although this thesis mainly focused on the nitrogen removal rate in the HZ, it was
noticed that in cases with low X /U, a change in Ry within the potential range will
have limited impact on D. In such cases, increases in the in-stream residence time
X /U by, for example, changing the course of the stream or installing flood-zones
alongside the stream will not only be more simple to design but possibly more
effective than using measures aiming to alter HEF. It should also be noticed that
the measures creating steps in the water surface profile probably often lowers the
in stream velocity and thus increases the in-stream residence time, although this
was not the case in most of the design scenarios tested in Malsta Brook (Figure
15b). There, the mass removal was controlled by the increased in-stream residence
time rather than the slight decrease in Ry only in one case, and that was the design
with the highest ratio H/L, tested under low flow conditions (Figure 15b, blue
markers).
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4.3  Surface water and deep groundwater interactions

The fate and transport of solutes that discharge into streams with groundwater can
be influenced by the HEF at the surface water interface. To investigate in which
geographic and hydromorphologic conditions this influence is most prevalent, the
spatial variability in the ratio between the deep ground water flow (dGWF) velocity
and the HEF velocity, noted 8y, was investigated in Paper IV. The results show
that both dGWF and HEF velocities generally varied largely between the different
stream segments but that the HEF velocities generally were larger than the dGWF
velocities and thus, that the ratio was much smaller than one in most reaches
(Figure 17). In reaches where the ratio is much smaller than 1, one can expect the
groundwater to discharge into small pinholes, with a relatively high velocity
compared to that estimated by the groundwater model alone (Mojarrad et al.,
2022). In reaches where the velocity ratio is larger than one, the impact of the HEF
on the dGWF discharge pattern is most likely minor or nonexisting. However, it
should be noted that the dGWTF discharge velocities presented in Paper IV result
from particles released at a 500 m depth. Higher discharge velocities, which are less
impacted by the HEF, ate expected for shallower groundwater discharge.
Contaminants that discharges into the stream with deep and old groundwater, and
for which this analysis is relevant, are e.g., radioactive compounds leaching from
high level radioactive waste depositories (Alexander et al. 2003, Kautsky et al.
2013), or legacy nitrogen (Tesoriero et al., 2013, Van Meter et al., 2016).
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Figure 16. The empirical cumulative distribution function of the ratio between the
average deep GWF discharge velocity and the average flow weighted HEF velocity at the
streambed-water interface, 8y ., in all stream segments in the five catchments modelled
in Paper IV. (From Paper 1V)

Subsequently, a multivariate regression analysis was performed to explain the
observed variability of Figure 16. One significant model (p-value <0.05) was found
at the reach scale, which explained approximately 50% of the observed variability
between the stream segments. The model showed that the velocity ratio decreased
with the magnitude of the WSP PSD, ay¢p, and increased with the slope of the
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WSP PSD, byspy, the catchment average hydraulic conductivity, K, and the
catchment average slope, Sy, according to:

8wy = 4651072 3% by K274 SH30 (4.7)

where the index r indicates that the vatiables were averaged at the reach scale.
Equation 4.7 shows that the impact of the HEF on the dGWF is most prevalent
in stream reaches with high variability in the WSP, where the variability mainly
occurs over relatively short spatial scales, which are not correlated with the
sutrounding landscape topographic vatiations. This type of variability is likely
highest in the low slope sub-catchment (low S;.) with low hydraulic conductivity
(low K.), thus in the most downstream parts of the regional catchments, where the
discharging dGWF velocity is low. When the same analysis was performed with
dependent and independent variables averaged at the intermediate catchment scale,
the variability in 8y ;¢ between catchments was relatively small and no significant
models were found at the 95% confidence level.

5 FUTURE PROSPECTS

Although the modelling framework presented here is based on current state-of-
the-art methods and theories, there are several sources of uncertainty, which could
be reduced or better understood by validation of parts of the model against
observations, more thorough sensitivity analysis or development of the conceptual
and mathematical model. In this section, I present a few ideas for improvement of
the specific methodology used in this thesis, as well as more general thoughts on
the future prospects of HEF research in relation to stream restoration.

A large part of the structural errors and parameter uncertainties of the HM model
are related to the assessment of the hydraulic head fluctuations at the streambed-
water interface. Although equation 2.9 has been used to estimate the multiscale
dynamic hydraulic head in several previous studies (Wérman et al., 2006, Stonedahl
et al., 2010, Mojarrad et al., 2019), it has not been validated against distributed
hydraulic head measurements along a streambed outside the lab. In future studies
a thorough validation of the generality of the equation and its empirical coefficients
would be valuable. It would also be interesting to assess how uncertainty in the
small scale hydraulic head data is reflected in the extrapolation of the PSDs, and in
the resulting HEF velocities. Furthermore, the parameter uncertainties could be
limited in future studies by utilizing evolving measurement techniques for the
assessment of both stream bottom variation and WSPs (Passalacqua et al., 2015,
Woodget et al., 2017).

There are also several uncertainties related to the biochemical part of the model

framework. Studies have e.g. shown that the biological activity needed for
denitrification is mostly abundant in the few top centimeters of the streambed
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sediments (Betner, 1980; Inwood et al., 2007) and, furthermore, in hot spots along
the streambed (Briggs et al., 2015). Also temporal variation in the reaction rate
probably exists due to temporal variation in controlling parameters such as
temperature, discharger or nutrient concentration. Thus, the model, which now
has biogeochemical coefficients that are constant in time as well as space, could be
improved by accounting for these controls on the biocemical variables or simply
by considering an arbitrary distribution of coefficients. Furthermore, more realistic
nitrogen transformation within the HZ can possibly be tepresented in the model
by using for example Mondo kinetics. However, more complex models would
require thorough calibration and validation against not only conservative tracer
tests as in this study but also against reactive tracer tests (Haggerty et al., 2009,
Mulholland et al., 2009, Riml et al, 2016) or direct observations of the
biogeochemistry of the streambed (Zarnetske et al., 2011, Schaper et al., 2018).
Non-conservative tracer tests would also be useful to parameterize or validate the
relatively simple model framework developed in this study.

This thesis provides equations for the integrated mass removal in stream reaches,
and shows that it depends on both the in-stream residence time and the system
mass removal rate. However, the focus when assessing the nationwide stream
restoration efficiency was mainly on the removal rate within the HZ. To be more
practically useful, future studies should assess the impact of stream restoration on
both the removal rate and the in-stream residence time. Other limitations for
stream restoration designs, such as risk for flooding due to the implementation of
steps, should also be accounted for. Furthermore, the dynamic aspects of HEF and
nitrogen removal is not accounted for in this study other than through a simple
test of three different discharges in Paper III, which shows that the mass removal
in streams probably is highly variable over time. To optimize restoration practices
over time an improved representation of the temporal variations in both stream
hydraulics, HEF, groundwater discharge and biogeochemical reactions is needed.
Furthermore, the largest impact on mass removal should be correlated with the
highest nitrogen load to the stream, and it is still debated how this load varies with
time as well as space (Minaudo et al., 2019; Liu et al, 2020; Royer et al., 2000).

The modelling framework developed here, as well as the large body of other
models that have been developed during the last decades, have greatly improved
our understanding of HEF and how it impacts solute transport. However, recent
review studies ask for a higher degree of conceptual consensus between different
approaches for studying HEF and points out that in order to be useful new models
needs to clearly specify the limits and conditions for which they are valid (Knapp
and Kelleher, 2020, Ward and Packman, 2019, Lewandowski et al., 2019). This
thesis takes a step towards a larger consensus between different theories by cross-
validating two common approaches for assessing vertical, pressure driven HEF in
small alluvial streams. However, there are deviations from the cross-validation that
are specifically evident in the three streams with high discharge, Froudes number,
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Reynolds number and relative submergence of bedforms, which indicates model
limitations that needs to be investigated further. Moreover, both approaches relies
on mathematical modelling for quantification of HEF. To describe reality, direct
measurements of the HEF is also needed and this thesis points out that
observations preferably should be done at a wide range of spatial scales. Monitoring
over long timescales are also essential in stream restoration projects to evaluate the
efficiency of specific stream restoration designs.

6 CONCLUSIONS

This thesis highlights the importance of the hyporheic zone as a biochemical and
mechanical filter for solutes transported through the stream network, which can
largely influence the quality of both discharging groundwater and the surface water
in local stream reaches and downstream recipients. By using mathematical
modelling and field measurements this thesis explains the close correlation between
streambed geomorphology and HEF, and shows that stream restoration measures
can enhance the HEF and the nitrogen mass removal in the HZ. Through the
cross-validation of HEF variables estimated with two different approaches, this
thesis has contributed to an increased physical understanding of how HEF is
driven in small alluvial streams with moderate slope, shallow depth and low
discharge. Furthermore, the consensus between the models connects theories that
previously were quite dis-joint and provides a physically based tool for
parameterizing network scale solute transport models, including the upscaling of
HEF from very small scales (<1m) to the scale of river-basin wide reaches.
Predictive tools for upscaling are essential to estimate the impact of specific stream
restoration measures on solute transport at the catchment scale, which is the scale

at which water managers commonly works and monitoring most often is done.

More explicitly, this thesis assess the differences in magnitude between static and
dynamic head driven HEF at different scales and hydraulic conditions, which is
important to understand when designing stream-specific restoration measures.
Section 5 discusses several ways that the established modelling framework and the
input data, can be improved, which would increase the certainty of the results of
this thesis. Nevertheless, based on the data collected in Paper II in mall alluvial
streams with moderate slopes, low discharges and shallow stream depths, hydraulic
head gradients across scales of approximately 10 centimeters to 5 meters
constituted the main drivers of the hyporheic flux across the streambed.
Furthermore, the static head fluctuations dominated over dynamic head
fluctuations as the main driving mechanism of HEF, even when gradients were
observed over scales less than a meter and in most cases when the HEF power
spectrum were extrapolated down to the scale of one centimeter. The finding that
static head gradients drives the dominating part of HEF makes DEMs developed
from Lidar measurements, if reliable and with high resolution, potentially useful as
input data in hydraulic models for estimating HEF in stream networks were
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measurements ate lacking. When the methodology was tested in Paper IV, it
resulted in reach scale average HEF velocities of between approximately 107 m/s
and 10 m/s, which varied both within and between five regional catchments of
Sweden. This variation is consistent with general tracer test results and was
statistically explained using regression analysis, which showed that the fractal
properties of the longitudinal hydraulic head variations at the stream bottom
provides an important control on the reach scale average HEF velocity. Increasing
hydraulic head power specral density (PSD) magnitude results in a proportional
increase in the hyporheic flux across the streambed, while increases in the hydraulic
head PSD slope decreases the average exchange velocity. In general, a smoother
water surface profile, often related to a highly submerged streambed topography,
will result in a lower HEF velocity. The thesis also showed that there is a linear
relationship between the reach average HEF velocity and the reach scale Froudes
number, which is valid both if the static ot dynamic head fluctuations is the main
driving mechanism of HEF.

The second part of this thesis considers the derivation of analytical solutions to the
solute transport equations with account taken to HEF and nitrogen mass removal
in the hyporheic zone. The results shows that the HZ nitrogen removal rate is
linearly related to the denitrification rate along streamlines but also is largely
controlled by the characteristic flow of water through the HZ. Specifically, there
exists an optimal hyporheic residence time, corresponding to a specific Damkdhler
number, that result in a maximum nitrogen removal rate within the hyporheic zone,
given constant denitrification and oxygen consumption timescales. If the average
residence time is lower than the optimal, mass removal in the hyporheic zone is
transport controlled, while it is reaction controlled if the average residence time is
higher than the optimal. By using the developed solutions to assess the reach-scale
relative nitrogen removal together with a thorough assessment of stream
hydraulics, the model estimated that during annual mean discharge conditions the
current nitrogen removal within the hyporheic zone of all small agricultural streams
in Sweden of approximately 13 % of the total nitrogen load to these streams. This
assessment is unique since the modelling approach accounts both for the
cumulative effects of HEF and mass removal in the dense network of small, low
order streams, which has been simplified or neglected in most previous studies.
Assuming optimal hyporheic conditions in all streams indicated a potential to
enhance nitrogen removal with 2, 1 and 25 percentage points through stream
restoration in mean, low and high discharge conditions respectively. Even though
the potential was relatively low at the two higher discharges, the large
spatiotemporal variation in the potential between reaches makes stream restoration
a promising strategy at some sites, given the restorations are designed for the
condition with highest enhancement potential.
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A scenario analysis of stream restoration efforts in Malsta Brook, which modified
the streambed hydraulic conductivity and created steps in the water surface profile,
indicates that these measures in theory can reach the estimated optimal nitrogen
removal at the stream reach scale. Interestingly, features that created steps in the
water surface, of the right size and length, did have both positive and negative
impact on the average exchange velocity through the hyporheic zone, depending
on the assumed discharge conditions. Thereby the measures could be effective in
both high and low flow conditions. Howevet, this means there is also a risk that
restoration actions decrease the nitrogen removal in some conditions. Thus, before
stream restoration can be applied in a specific stream there is a need to thoroughly
investigate the current site-specific biogeochemical as well as hydromorphological
conditions. One important aspect is to determine from data if the mass removal
within the hyporheic zone is transport or reaction controlled. Furthermore, it is
relevant to have a site-specific understanding of which processes that are driving
the current HEF, e.g., if the dynamic or static head is most important; or if there
exists head gradients at a specific scale that drives HEF and therefore should be
preserved. Thus, designing stream restoration for the removal of nitrogen in the
hyporheic zone is a delicate matter but if carefully done, and if implemented over
large areas, stream restorations could be useful for reducing the nitrogen load from
Swedish agriculture to downstream watercourses and the Baltic sea.
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