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Abstract Hyporheic zones increase freshwater ecosystem resilience to hydrological extremes and

global environmental change. However, current conceptualizations of hyporheic exchange, residence time
distributions, and the associated biogeochemical cycling in streambed sediments do not always accurately
explain the hydrological and biogeochemical complexity observed in streams and rivers. Specifically, existing
conceptual models insufficiently represent the coupled transport and reactivity along groundwater and surface
water flow paths, the role of autochthonous organic matter in streambed biogeochemical functioning, and the
feedbacks between surface-subsurface ecological processes, both within and across spatial and temporal scales.
While simplified approaches to these issues are justifiable and necessary for transferability, the exclusion of
important hyporheic processes from our conceptualizations can lead to erroneous conclusions and inadequate
understanding and management of interconnected surface water and groundwater environments. This is
particularly true at the landscape scale, where the organizational principles of spatio-temporal dynamics of
hyporheic exchange flow (HEF) and biogeochemical processes remain largely uncharacterized. This article
seeks to identify the most important drivers and controls of HEF and biogeochemical cycling based on a
comprehensive synthesis of findings from a wide range of river systems. We use these observations to test
current paradigms and conceptual models, discussing the interactions of local-to-regional hydrological,
geomorphological, and ecological controls of hyporheic zone functioning. This improved conceptualization
of the landscape organizational principles of drivers of HEF and biogeochemical processes from reach to
catchment scales will inform future river research directions and watershed management strategies.

1. Introduction—The Need for Identifying Landscape Organizational Principles of
Hyporheic Zone Functioning

Over the past three decades, there has been a paradigm shift in groundwater-surface water research from defining
rivers and aquifers as discrete entities toward understanding them as an integral part of the stream-catchment
continuum (Bencala, 1993, 2000; Bencala et al., 2011; Boulton & Hancock, 2006; Brunke & Gonser, 1997,
Fleckenstein et al., 2010; Harvey & Gooseff, 2015; Jencso et al., 2009; Winter, 1998, 1999). This shift started with
the early works of hydrobiologists defining the hyporheos, or hyporheic zone as a new habitat (Angelier, 1953;
Karaman, 1935; Orghidan, 1959). From an interdisciplinary perspective, the hyporheic zone may be defined
as the interface between aquifers and streams where the flow of surface water into streambed sediments and
river banks promotes interactions with streambed porewater and potentially groundwater before re-emerging to
the stream (Bencala, 2000; Boano et al., 2014; Cardenas, 2015; Gooseff, 2010; Krause, Hannah, Fleckenstein,
et al., 2011; Ward, 2016).

Interdisciplinary research focused on the hydrological, biogeochemical, and ecological functioning of hyporheic
zones has aimed to understand the extent to which this ecohydrological interface (Krause et al., 2017) influences
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surface water and groundwater flows, water quality, and ecological status of freshwaters (Boano et al., 2014;
Boulton, 2007; Boulton et al., 1998, 2010; Brunke & Gonser, 1997; Buffington & Tonina, 2009; Graham
et al., 2019; Harvey & Gooseff, 2015). Hyporheic zones both structure and connect surface and subsurface
environments, providing key ecosystem services, including stream flow modulation (Costigan et al., 2016; Fleck-
enstein et al., 2006; Malzone et al., 2016; Villeneuve et al., 2015), moderation of thermal conditions in streams
and groundwater (e.g., Arrigoni et al., 2008; Burkholder et al., 2008; Folegot, Hannah, et al., 2018; Hannah
et al., 2009; Krause, Hannah, & Blume, 2011), enhanced metabolism and biogeochemical cycling (Bardini
et al., 2012; DelVecchia et al., 2016; Fellows et al., 2001; Gomez-Velez et al., 2015; Knapp et al., 2017; Krause
et al., 2009, 2013; Pinay et al., 2009; Schmadel, Ward, Kurz, et al., 2016; Trauth et al., 2015; Valett et al., 1997),
and contaminant transformation (Freitas et al., 2015; Gandy et al., 2007; Jaeger et al., 2019; Lawrence et al., 2013;
Liuetal., 2019; Packman & Brooks, 2001; Posselt et al., 2020; Schaper et al., 2019; Weatherill et al., 2014, 2018).
With their distinct physico-chemical conditions, hyporheic zones provide unique habitats that serve as a refugia
for a wide range of species (Boulton et al., 2010; Datry et al., 2008; Datry & Larned, 2008; Folegot, Krause,
et al., 2018; Hancock et al., 2005; Stanford & Ward, 1988). Clearly, hyporheic zones, and their hydrological inter-
actions with surface water and groundwater, are important for the resilience of freshwater ecosystems to hydro-
logical extremes, landscape development, and global environmental changes including hydrological and climate
modifications (Dole-Olivier, 2011; Dole-Olivier et al., 1997; Fisher et al., 1998; Lewandowski et al., 2019;
Nelson et al., 2020; Stubbington et al., 2009).

Several landscape-scale conceptualizations of river corridors highlight the relevance of connectivity between
groundwater and surface water (Bencala et al., 2011; Buffington & Tonina, 2009; Harvey & Gooseff, 2015;
Jencso et al., 2009; Malard et al., 2002; Pinay et al., 2015; Winter, 1998). Evidence from experimental and
modeling studies reveals the impact of stream flow velocity and bedform geometry on exchange flow (Carde-
nas et al., 2004; Cardenas & Wilson, 2007a; Harman et al., 2016; Marzadri et al., 2010; Trauth et al., 2013),
residence time distributions (Cardenas et al., 2008; Hester & Doyle, 2008) and biogeochemical cycling (Pinay
et al., 2009; Zarnetske et al., 2011a, 2011b) in the hyporheic zone. Previous research has demonstrated the func-
tional significance of hyporheic zone ecosystem services (Boulton et al., 1998; Brunke & Gonser, 1997; Stanford
& Ward, 1993) and has explored the drivers and controls of specific hyporheic zone processes and their relevance
at multiple scales and in different landscape contexts (Buffington & Tonina, 2009). However, the landscape-wide
organizational principles of the drivers and controls of key hyporheic functions in space and time remain elusive
(Harvey & Gooseff, 2015; Krause et al., 2014, 2017; Lee-Cullin et al., 2018; Pinay et al., 2015; Stonedahl
et al., 2010). The longstanding focus on conceptualizing the principles of hyporheic zone functioning primarily
at the local and reach-scale is understandable, given the difficulty investigating this environment. However, this
local focus constrains our understanding of the influence of the hyporheic zone on relevant hydrological, bioge-
ochemical, and ecological processes at larger spatial scales, particularly at the catchment scale. Additionally, as
studies of temporal dynamics in drivers of hyporheic exchange are now emerging (Hester et al., 2019; Kaufman
et al., 2017; Malzone et al., 2016; Singh et al., 2019; Trauth & Fleckenstein, 2017; Wu et al., 2018), we have a
new opportunity to describe and predict hyporheic zone functioning through space and time (Boano et al., 2014;
Cardenas, 2015; Gooseff, 2010; Harvey & Gooseff, 2015; Krause et al., 2017; Krause, Hannah, Fleckenstein,
et al., 2011; Lee-Cullin et al., 2018; Ward, 2016; Ward & Packman, 2019).

We propose that current limitations of upscaling conceptual models of hyporheic zone hydrological and biogeo-
chemical functioning toward a landscape perspective can be overcome by:

1. Better integration and synthesis of complexity from field observations across different scales (and beyond
small headwater streams) with systematic modeling and controlled laboratory studies and

2. Rigorous testing of assumptions of drivers and controls of hyporheic process dynamics at their specific scale
before extrapolating process knowledge from small-scale studies to the landscape context

Technological advances in sensor and tracer technologies have yielded very detailed data from field investigations,
enabling quantifications of hyporheic residence time distributions (Margais et al., 2018; Rinaldo et al., 2015) and
resulting influences on biogeochemical processes under site specific conditions and hydro-geomorphic settings
(Gonzalez-Pinzén et al., 2015; Harvey et al., 2013; Krause et al., 2013, 2014; Zarnetske et al., 2011a). The result-
ing mechanistic process knowledge helps to understand hyporheic zone functioning under those site-specific
conditions. However, the transferability of process understanding to other sites and conditions is still limited
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because the broader context of the drivers and controls of hyporheic exchange and biogeochemical reactivity are
complex and difficult to observe, and the dominant underlying mechanisms that interact in their situation-spe-
cific control of hyporheic exchange flow (HEF) processes have not been investigated in sufficient detail to
enable cross-site comparisons or upscale projections. Moreover, different field studies reveal that a wide range
of site-specific conditions control the relative importance of drivers and controls of hyporheic zone processes
at particular locations and scales (Endreny & Lautz, 2012; Jones & Holmes, 1996; Krause, Munz, et al., 2012;
Munz et al., 2011; Ward & Packman, 2019). These conditions complicate further generalizations, such as the
potential relevance of small-scale low-conductivity structures in streambed sediments for larger scale patterns
of hyporheic zone processes (Bardini et al., 2013; Gomez-Velez et al., 2014; Laube et al., 2018; Sawyer, 2015;
Sawyer & Cardenas, 2009). We suggest that these limitations can be overcome by accounting for the wider land-
scape controls of the broad range of encountered site-specific variability in streambed properties. Generalizing
and transferring process understanding and concepts across river systems and spatial scales beyond the specific
study area is difficult, but the focus to date on local understanding has limited the possibilities for advancing our
understanding of hyporheic zone functioning within the wider river network and landscape context.

A substantial amount of our existing theory and understanding of hyporheic zone processes has been based on
systematic studies designed to advance beyond limitations of individual system observations and to analyze the
dynamics of hyporheic zone processes across a range of conditions. In particular, systematic modeling (Bardini
et al., 2012; Boano, Camporeale, & Revelli, 2010; Boano, Revelli & Ridolfi, 2020; Cardenas et al., 2004;
Gomez-Velez et al., 2014) and controlled laboratory studies in flumes (Arnon et al., 2009; Fox et al., 2014, 2016;
Salehin et al., 2004; Thibodeaux & Boyle, 1987) have revealed key mechanisms controlling hyporheic exchange
fluxes and their associated residence time and ecological function. However, we frequently fail to relate core
principles identified in these controlled studies to observations of more complex dynamics and patterns at a river
network scale. This failure suggests multiple knowledge gaps that prevent us from effectively linking the design
and underlying assumptions of many of our systematic modeling studies to the actual governing mechanisms of
those process dynamics and their spatio-temporal variability that can be observed in situ. As an example, current
conceptual models propose that hyporheic residence times and the relationship between residence and reaction
times (as expressed by the non-dimensional Damkohler number; Marzadri et al., 2012; Pinay et al., 2015; Zarnet-
ske et al., 2012) act as a primary control on the fate of reactive solutes in the hyporheic zone. Longer residence
time in the hyporheic zone results in a shift from aerobic to anaerobic metabolic pathways, including denitrifi-
cation, sulfur reduction, and methanogenesis (Briggs et al., 2014; Pinay et al., 2009; Trauth et al., 2014, 2015;
Zarnetske et al., 2011a). However, despite promising advances in representing spatial variability in physical
sediment properties (Tonina et al., 2016) and improved in situ measurements (Bray & Dunne, 2017; Ryan &
Boufadel, 2007), field observations frequently reveal hyporheic carbon, nitrogen, and oxygen concentration
patterns that are inconsistent with the assumption that bulk hyporheic residence time controls biogeochemical
reactions and turnover rates. In this sense, considering the spatial variability in sediment biogeochemical reactiv-
ity resulting from the structural controls such as the patterns of deposited sediments and autochthonous reagents
(e.g., terrestrial organic carbon; Krause et al., 2013) and microbial community structure and activity may help
understanding the observed patterns.

There is a similar disconnection between empirical observations and conceptual models for the effects of stre-
ambed structural heterogeneity on hyporheic exchange, residence time distributions, and nutrient cycling (Bardini
et al., 2012, 2013; Cardenas et al., 2004; Laube et al., 2018; Sawyer & Cardenas, 2009; Tonina et al., 2016). This
divergence often occurs due to the significant spatial heterogeneity of hyporheic exchange (Genereux et al., 2008)
as well as biogeochemical properties, nutrient concentrations and turnover rates observed in hyporheic zone labo-
ratory and field studies across multiple scales (Hou et al., 2017; Krause et al., 2013; Marion et al., 2008; Packman
et al., 2006; Salehin et al., 2004). Consequently, the conceptual boundaries set for many model studies might be
based on assumptions which do not necessarily represent the most relevant processes governing the respective
real-world context.

We suggest intensifying our efforts on improving the transferability of findings required to overcome fragmen-
tation in process understanding and to increase our capacity to conduct, interpret, and conceptualize field obser-
vations across river network and landscape scales. Useful strategies include the development of standardized
methodologies for collecting comparable hyporheic zone data and understanding of the drivers of their landscape
organizing principles (Barthel & Banzhaf, 2016; Gonzéalez-Pinzén et al., 2015; Krause, Hannah, Fleckenstein,
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et al., 2011; Lee-Cullin et al., 2018), consistent descriptions of metadata to enable synthesis efforts, and organ-
ized synoptic field sampling to assess global patterns in exchange processes and the resultant ecosystem services.

There is a critical need for integrating and advancing existing conceptual approaches to identify landscape organ-
izational principles of HEF and biogeochemical processing in order to better contextualize and understand the
role of hyporheic zone functioning in river networks across both spatial and temporal scales. The principal aim
of this article is to provide a comprehensive analysis and synthesis of the interactions between important drivers
and controls of hyporheic exchange and biogeochemical cycling and how they vary across scales, integrating
results from a wide range of case studies that go beyond current conceptual model frameworks. In Section 2, we
therefore discuss the interactions of different local-to-regional controls and drivers of hyporheic zone processes,
such as hydrodynamic and hydrostatic drivers of hyporheic exchange, sediment hydraulic conductivity, the role
of autochthonous organic matter sources, and feedbacks between hydrological exchange and ecological processes
in the streambed. We explore the implications of these interactions for biogeochemical cycling in the landscape
context. Emerging from this discussion, we identify existing knowledge gaps and mismatches between empirical
observations and current concepts and theories. In Section 3, we integrate conceptualizations of organizational
principles of hyporheic exchange and biogeochemical cycling from reach to catchment scale. We expect that
increasing awareness and embracing the landscape organizing principles of hyporheic zones will advance the
future of research at groundwater-surface water interfaces.

2. Drivers and Controls of Hyporheic Exchange Flow: Unraveling Spatio-Temporal
Complexity and Their Implications for Biogeochemical Cycling

Mechanistic understanding of hyporheic exchange has advanced significantly in recent years with a large body of
field-based, laboratory (flumes), and numerical model investigations. These studies have revealed how hydrostatic
and hydrodynamic drivers of hyporheic exchange are controlled by regional flow acting on local head gradients
and patterns of stream flow velocity, channel morphology, and flow turbulence (Boano et al., 2006, 2007; Botta-
cin-Busolin & Marion, 2010; Buffington & Tonina, 2009; Cardenas et al., 2004; Cardenas & Wilson, 2007a; Fox
et al., 2014; Hester & Doyle, 2008). Despite this significant progress, the relative importance of different indi-
vidual drivers and controls of hyporheic exchange, their scale-specific and context-dependent relevance, and the
principles that explain their spatial organization in river networks and landscapes are still under debate (Boano
et al., 2014; Gomez-Velez et al., 2014; Krause, Klaar, et al., 2014; Stonedahl et al., 2010; Tonina & Buffing-
ton, 2011; Ward, 2016). This lack of consensus drives us to unravel the importance of both spatial variability
(e.g., sediment hydraulic conductivity and autochthonous organic matter) and temporal dynamics (e.g., in stream
flow and stage) as drivers and controls of hyporheic exchange. Moreover, we embrace the idea that this fluvial
structural variability strongly influences spatial patterns and temporal dynamics of biogeochemical cycling in
hyporheic zones, and ultimately in river networks. In the following sections we discuss—and at times chal-
lenge—accepted conceptualizations of drivers and controls of hyporheic exchange and biogeochemical cycling
by presenting evidence from field, laboratory, and modeling experiments that do not always fit or may even
contradict the application of current concepts and theory.

2.1. Interactive Effects of Hydrodynamic and Hydrostatic Drivers of Hyporheic Exchange Flow

Deconvolution of the combined effects of multiple geomorphic drivers is essential for quantifying scale-de-
pendencies of hyporheic exchange, residence time distributions, and subsequently, biogeochemical transforma-
tion rates. Hyporheic exchange and associated hyporheic residence time distributions vary and interact across
orders of magnitude in spatial and temporal scales (Figure 1). These exchanges range from relatively short-
term (seconds-minutes) and small spatial scale (mm) dynamics to long-term (weeks-years) and large-scale (km)
patterns, such as inter-meander flow of several hundreds of meters and beyond (Boano et al., 2014; Krause,
Hannah, Fleckenstein, et al., 2011; Stonedahl et al., 2010; Wondzell, 2011).

The drivers of hyporheic exchange, forcing surface water to down-well into the streambed and reside in the
hyporheic zone before re-emerging to the river (Figure 2a), include hydrodynamic and hydrostatic forcings.
Hydrodynamic drivers include stream flow turbulence (Boano et al., 2011; Cardenas & Wilson, 2007a; Roche
et al., 2018, 2019; Trauth et al., 2013) and advective pumping induced by bedforms, such as ripples, dunes,
steps, and pool-riffle sequences (Boano et al., 2007, 2014; Bottacin-Busolin & Marion, 2010; Buffington &
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Figure 1. Spatial and temporal scales, overlaps, and interactions of example physical and biological drivers and controls

of hyporheic exchange flow and hyporheic residence time distributions (adapted partly from Boano et al., 2014) with
consequences for streambed solute mixing and biogeochemical cycling (Depicted processes are selected to demonstrate scale
overlaps and are not claiming to be exhaustive; sediment ksat = sediment hydraulic conductivity).

Tonina, 2009; Cardenas et al., 2004; Elliott & Brooks, 1997a; Singh et al., 2019; Storey et al., 2003; Trauth
et al., 2014) or by flow obstacles such as weirs, boulders, woody debris, and streambed engineering or resto-
ration structures (Briggs et al., 2013; Kasahara & Hill, 2006; Krause, Klaar, et al., 2014; Wondzell, LaNier, &
Haggerty, 2009; Zhou & Endreny, 2013). Hydrodynamic drivers usually create small and intermediate scale
hyporheic exchange at scales ranging from 0.1 to 100 m (Figure 1). Concurrent hydrostatic forcing is induced
by elevation head gradients between surface water and groundwaters or between different surface waters such
as river branches or confluences. Hydrostatic gradients are primarily controlled by morphology of individual
features or larger river structures (e.g., multi-thread channels) and regional groundwater flows. Hydrostatic driv-
ers cause exchange via mechanisms including bank exchange, inter-meander flow, and large-scale groundwater
circulation cells ranging from tens of meters to several kilometres (Boano, Camporeale, & Revelli, 2010; Boano,
Demaria, Revelli, & Ridolfi, 2010; Boano et al., 2006; Gooseff et al., 2006; Munz et al., 2011; Pinay et al., 1998;
Figure 1).

The majority of hydrological studies on flow in the hyporheic zone have conceptualized hyporheic exchange
as a result of either small scale (streambed feature scale) or large scale (catchment-scale) drivers (Figure 1).
Few studies have so far attempted to quantify the impact of interactions, either potentially overlapping or coun-
ter-acting, between hydrodynamic and hydrostatic forces across spatial and temporal scales (Figure 1). Experi-
mental findings include suppression of local hyporheic exchange by regional groundwater up-welling (Anger-
mann et al., 2012; Krause et al., 2009, 2013; Krause, Hannah, & Blume, 2011), which has been systematically
investigated in a range of conceptual models of bedform-induced hyporheic exchange impacted by groundwater
up-welling and/or ambient lateral groundwater flow (Boano et al., 2008, 2009; Cardenas & Wilson, 2006, 2007b;
Storey et al., 2003; Trauth et al., 2013, 2015; Trauth & Fleckenstein, 2017; Wu et al., 2018; Figure 2b). However,
the impact of regionally losing conditions that potentially expand the hyporheic zone and enhance hyporheic
exchange and broaden residence time distributions (Figure 2c) has been less examined (De Falco et al., 2016; Fox
et al., 2014; Preziosi-Ribero et al., 2020). In particular, the combined influence of hydrodynamic and hydrostatic
forcings on hyporheic exchange and biogeochemical cycling under losing conditions still needs to be established
in detail (Trauth et al., 2015).

Systematic analyses of hyporheic exchange and hyporheic residence time distributions have predominantly inves-
tigated the impact of singular features and successions thereof (Bardini et al., 2013; Boano et al., 2007; Bottac-
in-Busolin & Marion, 2010; Cardenas et al., 2008; Cardenas & Wilson, 2006; Elliott & Brooks, 1997b; Herzog
et al., 2019). Previous research has provided increased evidence of the co-existence of the integrated, and often
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Figure 2. Drivers and controls of hyporheic exchange flow (HEF) through stream bedforms in different landscape contexts
with predominantly surface hydrology driven HEF and homogeneous streambed sediments (a), interacting surface water and
groundwater (GW) forcings on HEF and homogeneous streambed sediments under gaining (b) and losing (c) conditions,
dominant surface water forcing in spatially heterogeneous sediments without (d) and with (e¢) GW upwelling, under
consideration of highly heterogeneous sediment hydraulic conductivities with discrete sediment boundaries (f), under the
influence of variable streambed surface roughness through sediment properties and vegetation (g) sediment clogging (h), and
stream flow obstacles (i), such as large woody debris (LWD).

nested, impacts of different geomorphic structures on hyporheic exchange, such as the overlapping effects of
ripples along pool-riffle structures nested in an inter-meander flow system (Azizian et al., 2017; Kasahara &
Wondzell, 2003; Poole et al., 2008; Stonedahl et al., 2010, 2012). The complexity of overlapping geomorphic
drivers and controls of hyporheic exchange (Figure 1) requires advanced observation that explicitly focuses on
understanding and conceptualization of hierarchical, interacting geomorphological drivers, which are commonly
analyzed separately. Such an integrated approach allows systematically exploration of the conditions under which
either the impacts of small-scale processes are expressed at larger scales, or the conditions under which the
effects of small-scale processes are overwhelmed by larger-scale drivers (Herzog et al., 2019; Krause et al., 2017,
Stonedahl et al., 2010).

2.2. Potential Influence of Heterogeneous Substrate Hydraulic Conductivity on Hyporheic Exchange
Flow

The nested influence of hydrostatic and hydrodynamic forcings of hyporheic exchange is modified by the spatial
patterns and temporal dynamics of substrate hydraulic conductivity (Conant, 2004; Genereux et al., 2008; Hester
etal., 2017, 2019; Stewardson et al., 2016). Controlled flume experiments (Fox et al., 2014; Salehin et al., 2004)
and field studies (Genereux et al., 2008; Krause et al., 2013; Weatherill et al., 2014) confirm that even small-scale
spatial variability of sediment hydraulic conductivity can have the potential to substantially impact hyporheic
exchange and residence time distributions because of preferential flow through higher-conductivity pathways.
Only a limited number of numerical modeling studies consider spatial heterogeneity in streambed properties,
such as hydraulic conductivity (Bardini et al., 2013; Cardenas et al., 2004; Gomez-Velez et al., 2014; Irvine
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et al., 2012; Laube et al., 2018; Poole et al., 2006; Salehin et al., 2004; Sawyer & Cardenas, 2009; Figure 2d).
With few exceptions (Bray & Dunne, 2017; Cardenas et al., 2004; Tonina et al., 2016), hydraulic conductivity
in numerical modeling studies is conceptualized to be spatially homogeneous, despite abundant field evidence
of the importance of river bed heterogeneity in physical properties, such as hydraulic conductivity, particularly
in mid-stream or lowland sections of high order streams (Chen, 2004; Genereux et al., 2008; Krause, Blume, &
Cassidy, 2012; Krause et al., 2013; Leek et al., 2009; Mendoza-Lera & Datry, 2017; Mendoza-Lera et al., 2019;
Sebok et al., 2015; Stewardson et al., 2016; Wondzell, LaNier, Haggerty, Woodsmith, & Edwards, 2009). This
common assumption highlights a possible bias in model parameterization toward conditions that have been more
frequently observed in low-order headwater streams or in alluvial rivers with moderate to low hydraulic gradients
and not constrained vertically or laterally.

Initial modeling studies aimed to quantify streambed heterogeneity impacts on hyporheic exchange, residence
time distributions and biogeochemical cycling considered some limited spatial variability of streambed hydraulic
conductivity with patterns often characterized by assumed correlation lengths (Bardini et al., 2013; Cardenas
etal.,2004; Salehin et al., 2004; Sawyer & Cardenas, 2009). Such studies could be extended toward analysis of how
this structural variability affects the interactions of groundwater upwelling and hyporheic exchange (Figure 2e).
This variability has been observed and simulated independently, but not included together in integrated multi-
scale models. With a few exceptions (Gomez-Velez et al., 2014; Laube et al., 2018; Y. Zhou et al., 2014a), previ-
ous conceptual modeling studies do not consider the effects of many-orders of magnitude differences in channel
morphology and hydraulic conductivity found in situ (Chen, 2004; Conant, 2004; Fox et al., 2014; Genereux
et al., 2008; Krause et al., 2013; Nowinski et al., 2011; Weatherill et al., 2014; Figure 2f). These limitations prop-
agate to conclusions that have suggested only limited impacts of streambed structural heterogeneity on residence
time distributions and biogeochemical cycling in the hyporheic zone (Bardini et al., 2013; Laube et al., 2018).
In addition, it is crucial to determine how streambed sediment structures and hydraulic conductivity patterns
are controlled by ecological drivers, such as interactions between aquatic vegetation and streambed sediments
(Baranov et al., 2017; Jones et al., 2008, 2012; Ullah et al., 2014; Figure 2g) causing sediment clogging and by
particle deposition and biofilm growth (Brunke, 1999; Nogaro et al., 2010; Rode et al., 2015; Figure 2h), bioengi-
neers causing bioturbation (Baranov et al., 2016; Mendoza-Lera & Mutz, 2013) and the impact of flow obstacles,
such as large woody debris (Gippel, 1995; Krause, Klaar, et al., 2014; Sawyer et al., 2012; Shelley et al., 2017;
Figure 2i). These processes are critical to engineering streambeds for purposes, such as nutrient removal and river
restoration, which involves using spatial heterogeneity to control fluxes and residence times to achieve desired
outcomes (Herzog et al., 2018; Vaux, 1968; Ward et al., 2011).

2.3. Multi-Scale Interactions of Lateral and Vertical Drivers of Hyporheic Exchange in the River
Corridor

Similar principles to those identified for in-channel controls on hyporheic exchange also apply to interactions
between groundwater and surface water across multiple scales in river corridors (Figure 1; Boano, Demaria,
Revelli, & Ridolfi, 2010; Revelli et al., 2008; Stonedahl et al., 2010). For instance, stream sinuosity is a dominant
control of inter-meander subsurface flow (Figure 3a) in addition to stream flow velocity and sediment hydraulic
conductivity (Boano, Camporeale, & Revelli, 2010; Boano et al., 2006; Pescimoro et al., 2019). Regional ground-
water up-welling (Figure 3b) and down-welling (Figure 3c) interact with local channel morphology to control
patterns of surface-groundwater exchange (Balbarini et al., 2017). Resulting inter-meander flow has been shown
to control residence time distributions; and thus, redox zonation and nutrient turnover in sediments (Boano,
Demaria, Revelli, & Ridolfi, 2010; Dwivedi et al., 2017). However to date from field studies, we rarely consider
the vast spatial heterogeneity of hydraulic and hydrogeological properties of sediments between the river channel,
the meanders, and floodplains (Figure 3d; Bersezio et al., 2007; Bridge et al., 1995; Dara et al., 2019), such as
preferential flow through sub-surface paleo-channels (Lowell et al., 2009; Stanford & Ward, 1993; Stowik, 2014).

Hyporheic exchange is occurring across a range of scales being controlled by a variety of the processes discussed
above (Boano et al., 2014; Harvey & Gooseff, 2015; Krause et al., 2014, 2017; Magliozzi et al., 2018; Poole
et al., 2008; Stonedahl et al., 2010). However, increased efforts are required to integrate and compare the respec-
tive context specific importance of multi-scale interactions between groundwater and surface water. Recent
model-based attempts to quantify the relative importance of bedform-driven versus meander-driven exchange
between surface water and groundwater for nitrogen processing in river networks provide a promising path

KRAUSE ET AL.

7 of 25



A7t |

A\ Water Resources Research 10.1029/2021WR029771
Sinuosity driven inter-meander flow Inter-meander flow, GW gaining

Inter-meander-flow, GW losing Heterogeneous riparian sediments

(D)

Figure 3. Inter-meander flow of surface water through alluvial sediment driven by stream flow velocity and sinuosity
(a), under the influence of regional groundwater (GW) flow with gaining (b) and losing (c) conditions as well as spatial
heterogeneity in riparian sediment conditions including paleo-channels as fast conduits and preferential flow paths and
stagnation zones caused by spatially variable hydraulic conductivity patterns (d).

forward (Gomez-Velez et al., 2015). However, these results still require field validation and as yet, do not account
for spatial heterogeneity in sediment hydraulic conductivity, biogeochemical properties, nor landscape context,
known to control both small-scale hyporheic exchange and large-scale groundwater flow.

2.4. Dynamic Hydrological Forcing of Hyporheic Exchange Flow

Recent experimental and modeling based research has started to explore the impacts of transience (non-steady
conditions) in hydrostatic and hydrodynamic forcing on hyporheic exchange and residence time distributions
(Boano et al., 2007, 2013), with a particular focus on extreme flow conditions during freshets and flood scenarios
(Malzone et al., 2016; Schmadel, Ward, Kurz, et al., 2016, Schmadel, Ward, Lowry, & Malzone, 2016; Singh
et al., 2019; Trauth & Fleckenstein, 2017; Ward et al., 2018) and temporally variable groundwater flow (Trauth
et al., 2014; Wu et al., 2018).

An increasing number of field observations and controlled laboratory experiments provide evidence of the ecolog-
ical and biogeochemical implications of temporally dynamic hyporheic exchange and hyporheic residence time
distributions. However, a systematic analysis of the influence of stream flow dynamics on hyporheic exchange
and residence time distributions in different landscape contexts is long overdue (Datry & Larned, 2008; Dole-Ol-
ivier et al., 1997; Malcolm et al., 2009; Schmadel, Ward, Kurz, et al., 2016). Recent laboratory and numerical
modeling studies have started to more systematically explore the variable importance of different drivers on
the temporal dynamics of hyporheic exchange (Kaufman et al., 2017; Singh et al., 2019; Wu et al., 2018). Such
studies still need to be extended to explore the impact of episodic high-flow events that mobilize sediments,
yielding spatial and temporal erosion, and deposition dynamics and subsequent non-stationary patterns of bed
morphology, sediment structure, and hydraulic conductivity as seen in field and flume experiments (Ahmerkamp
et al., 2015; Kessler et al., 2015; Packman & Brooks, 2001). Despite small bedforms, such as ripples originating
directly from sediment movement and changing in time, most flume studies, conceptual models, and modeling
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exercises simplify reality and assume stationary bedforms. Some flume studies are now considering bedform
migration (Ahmerkamp et al., 2015; Kessler et al., 2015; Wolke et al., 2019) with far-reaching hydrological and
biogeochemical implications. Systematic analyses of the wide spectrum of flow transience across different river
types, combined with regional groundwater flow interactions, will reveal the degree to which short-term and
long-term changes in stream flow alter hyporheic exchange, hyporheic residence time distributions, and related
ecological and biogeochemical processes.

2.5. Spatio-Temporal Variability of Hydrological Opportunity and Biogeochemical Reactivity in the
Hyporheic Zone

The magnitude and array of hyporheic biogeochemical processes, associated with transitions between aerobic
and anaerobic respiration, are a function of the hydrological opportunity for metabolism, defined by the influx
and residence time of reactants, nutrients, and metabolic substrates in local environments with specific reac-
tivity. These processes are set by the concentrations of reactants and the frequency of their spatial coincidence
(Battin et al., 2008; Marcé et al., 2018; Reeder, Quick, Farrell, Benner, Feris, Marzadri, & Tonina, 2018), micro-
bial community dynamics (e.g., recruitment, growth, and activity) and the hyporheic biogeochemical reactivity
(Krause et al., 2017; McClain et al., 2003). The supply and mixing of reactants (including buried autochthonous
streambed organic matter), the residence time distributions, and the bulk average reaction rates, are controlled
directly by hyporheic exchange, which transports solutes and fine particles from the surface water into and
through the streambed sediments, and hence controls both distributions and rates of reactions within porewater.

Most current conceptual models of streambed biogeochemical cycling assume surface water solute concentra-
tions and HEF-driven residence times in streambed sediments to be the primary (and often only) controls of
biogeochemical reactions and rates in the hyporheic zone (Bardini et al., 2012; Boano et al., 2014; Hester &
Doyle, 2008; Marzadri et al., 2012; Zarnetske et al., 2011a, 2012). In this context, the hyporheic zone is conceptu-
alized as a single, homogeneous chemical reactor that receives reactants (e.g., dissolved organic carbon, nutrients,
and dissolved oxygen) exclusively via hyporheic exchange from the surface water (Figure 4a). Biogeochemical
reactions and rates are thus dependent on the turnover of solutes in the hyporheic zone (Bardini et al., 2013;
Boano et al., 2014; Briggs et al., 2014; Trauth et al., 2014; Zarnetske et al., 2011a). With the exception of recent
modeling work that allows for variation in reaction rates with sediment depth (Aubeneau et al., 2015; Caruso
et al., 2017; Li et al., 2017) and heterogeneities in the physical pore network structure of hyporheic sediments
(Briggs et al., 2015; Sawyer, 2015), biogeochemical reaction rates are typically considered independent from
the location of the chemical reaction taking place in the hyporheic zone. Consequently, the efficiency of biogeo-
chemical turnover in the hyporheic zone is often assumed to be limited by the availability of reactants transported
by hyporheic exchange from the surface into the streambed (Aubeneau et al., 2015; Bardini et al., 2013; Li
et al., 2017; Trauth et al., 2015; Zarnetske et al., 2011b). Such conditions, where types of reactions and rates are
solely a function of surface water concentrations of reactants and their HEF-controlled hyporheic residence time,
have been observed in the field. For example, carbon respiration in the hyporheic zone of oligotrophic headwater
streams has been found to depend on surface water inputs and hyporheic travel time, with respiration shifting
from aerobic to anaerobic conditions along hyporheic flow paths (Zarnetske et al., 2011b). As a result, denitri-
fication is reliant on both, sufficient residence time to consume sufficient dissolved oxygen from the infiltrating
surface water and bioavailable organic carbon remaining as an electron donor (Holmes et al., 1994; Jones &
Holmes, 1996; Ocampo et al., 2006; Zarnetske et al., 2011b). Hyporheic zones support nutrient retention in river
corridors, with hyporheic metabolism reducing concentrations of organic carbon, bioavailable inorganic nitrogen,
and dissolved oxygen in the hyporheic water before it subsequently returns to the stream (Figure 4a; Gomez-Velez
et al., 2015; Krause et al., 2014; Krause, Hannah, Fleckenstein, et al., 2011; Li et al., 2017; Pinay et al., 2009;
Poole et al., 2008; Wondzell, 2011).

Such conceptualizations of spatially homogeneous hyporheic reactivity are certainly useful to simplify estimates
of solute turnover in hyporheic zone as the ratio of residence time and biogeochemical reaction time, expressed by
the dimensionless Damkohler number (Marzadri et al., 2012; Zarnetske et al., 2011a). This approach represents a
potentially powerful methodology for spatial upscaling (Pinay et al., 2015; Reeder, Quick, Farrell, Benner, Feris,
Marzadri, & Tonina, 2018; Reeder, Quick, Farrell, Benner, Feris, & Tonina, 2018). However, if the goal is to nest
biogeochemical function of hyporheic zones at landscape scales, the Damkohler number approach has further
potential to be enhanced in its ability to upscale hyporheic biogeochemical function to river network scales
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Figure 4. Conceptual models of the hyporheic zone as a biogeochemical reactor: Variability in the mixing of different
reactive solute sources [carbon (C) and nitrogen (N) fractions, and free oxygen (O)], impacts on stream(bed) metabolism and
down-stream effects of hyporheic processing, for single water source (surface water) dominated systems (a + b) and systems
with reactive solute contributions from multiple water sources mixing in the hyporheic zone (c + d), with (b), (c), and (d) and
without (a) relevance of autochthonous streambed organic matter (OM). Clouds representing gaseous losses of metabolites
and symbol sizes indicating relative proportions of their concentrations with arrow sizes and directions indicating minor or
major increases or reductions in downstream concentrations.

(Marzadri et al., 2017, 2021). It currently does not capture the full range of coupling between biogeochemical
processes and hyporheic exchange, abiotic and biotic heterogeneities or the scale-dependency resulting from
decreasing HEF rates and concentrations of exchanged solutes with depth in the hyporheic zone.

Water residence time may be the main control of hyporheic biogeochemical cycling for many oligotrophic and
relatively homogeneous, low-order headwater streams with limited variability in sediment texture (e.g., Pinay
et al., 2009; Zarnetske et al., 2011a, 2011b). Howeyver, this concept is frequently contradicted by field observa-
tions in other small streams (Drummond et al., 2016; Marcé et al., 2018) as well as in more complex lowland
rivers, particularly in agricultural areas with enriched nutrient conditions (Abbott, Moatar, et al., 2018; Frei
et al., 2020; Krause et al., 2009, 2013; Sawyer, 2015). The assumption of an otherwise “empty” and inert, homo-
geneous streambed reactor charged by hyporheic exchange driven solute inputs from surface water (Bardini
et al., 2012; Boano et al., 2014; Trauth et al., 2014, 2015; Zarnetske et al., 2011a) is not applicable when stre-
ambed sediments also contain autochthonous reactants, as both the dissolved form and particulate organic matter
(Figures 4b and 4c). In this case, the encountered diversity of turnover rates and reaction types cannot be solely
explained by hyporheic exchange controls of reaction times and surface water solute inputs, as these processes
are strongly influenced by the concentrations of bioavailable dissolved organic matter and mineralization rates
of particulate organic matter in the sediment (Corson-Rikert et al., 2016; Krause et al., 2009, 2013; Reeder,
Quick, Farrell, Benner, Feris, Marzadri, & Tonina, 2018; Reeder, Quick, Farrell, Benner, Feris, & Tonina, 2018;
Trimmer et al., 2012). Dissolved and particulate organic matter concentrations have significant spatial varia-
bility within the sediment (Datry et al., 2017; Drummond et al., 2017, 2018; Krause et al., 2009, 2013; Shel-
ley et al., 2017). The spatial patterns of organic matter distributions in the streambed often coincide with the
spatial organization of physical sediment properties that result from the fluvial depositional history of the river
(Drummond et al., 2017, 2018; Larsen et al., 2015; Larsen & Harvey, 2017). High organic matter content is
generally associated with low hydraulic conductivity strata of organic sediments, while highly permeable mineral
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sediments are often characterized by low organic matter content (Pinay et al., 1995, 2000). The relationship
between physical and biogeochemical sediment controls provide additional and perhaps underutilized predictive
capacity to explain observed heterogeneity in hyporheic zone biogeochemical reactivity, as a function of interact-
ing sediment conductivity, residence time, and reactivity patterns. Concordantly, field studies using hydrometa-
bolic tracers have indicated that the entire hyporheic zone is not metabolically active contributing to ecosystem
respiration and biogeochemical cycling (Argerich et al., 2011), though the locations and timescales associated
with transformation are only beginning to be understood (Ward, Wondzell, et al., 2019). This finding has been
corroborated by particle-tracking and pore-network models showing that hyporheic zone biogeochemical turno-
ver can be largely driven by the residence time of water in hyporheic bioactive layers or redox microzones (Briggs
etal., 2015; Li et al., 2021).

As a consequence of the heterogenous distributions of residence times (and related hydrological opportuni-
ties) and sediment biogeochemical reactivities, reactions of the interlinked carbon and nitrogen cycle are often
more complex. For example, contrasting concentrations of dissolved oxygen have resulted in comparable rates
of microbial carbon processing due to compensation by the composition of the microbial community (Risse-
Buhl et al., 2017). Previous conceptualizations of residence time control of biogeochemical turnover in hypor-
heic zones also widely ignore other nitrogen transformation processes evidenced in the field, such as dissimi-
latory nitrate reduction to ammonium (DNRA) and anaerobic oxidation of ammonium (Anammox; Lansdown
et al., 2015, 2016; Trimmer et al., 2012, 2015; S. Zhou et al., 2014). Depending on the relative importance
of the contribution from buried streambed autochthonous organic matter to hyporheic biogeochemical cycling,
hyporheic exchange might result in either a reduction or an increase of in-stream loading of carbon and nitrogen
(Figure 4b). Furthermore, hyporheic exchange could decrease in-stream carbon and nitrogen loading due to trans-
port toward the aquifer in the case of losing conditions (Figure 4c).

In many cases, up-welling groundwater may contribute reactive solutes to the streambed (Figure 4d), which is
particularly relevant for legacy pollutants, such as nitrate contamination in groundwater, which in many lowland
agricultural catchments represent the main nitrogen source (Basu et al., 2010; Bochet et al., 2020; Frei et al., 2020;
Withers et al., 2014) and industrial contaminants, such as chlorinated solvents in urban areas (Rivett et al., 2012;
Weatherill et al., 2018). The concurrence of spatially variable up-welling of solutes from groundwater and tempo-
rally dynamic down-welling of surface water pollutants has frequently been observed to create complex patterns
of reactions in the hyporheic zone (Liu et al., 2019; Shelley et al., 2017; Weatherill et al., 2014) that go far
beyond the current concepts of hyporheic exchange and residence time controls on streambed biogeochemical
cycling. In fact, the observed impacts of groundwater solute contributions and autochthonous sediment organic
matter have been shown to produce a hot spot of biogeochemical transformation in the hyporheic zone (Krause
et al., 2009, 2013), which does not match current conceptualizations. In particular, the net-effect of hyporheic
zone biogeochemical cycling on nitrate removal might be underestimated given that model-based quantifications
do not consider the interactions of multiple solute pathways into the streambed sediments which may already
contain standing stocks of bioavailable organic matter.

To capture these effects, process conceptualizations currently used in numerical models should be extended to
improve identification and representation of the dominant process dynamics across multiple scales, considering
solute mixing from different sources, including buried autochthonous streambed organic matter (Figures 4b—4d).
This approach will require a dialog to incorporate the frequently observed behaviours that have been identified as
being relevant in the field into existing numerical models in parsimonious approaches where parameters remain
tractable and identifiable within acceptable confidence bounds. Many of the existing models should have the
capability to account for these additional processes if parameterized adequately. However, new numerical frame-
works are also needed to better capture multiscale interactions, process interactions, and feedbacks that change
system conditions.

2.6. The Missing Link? Ecological Controls on Hyporheic Exchange Flow and Biogeochemical Cycling

Previous interdisciplinary research has mainly focused on the analysis and quantification of hyporheic exchange
and biogeochemical cycling impacts on aquatic ecosystem functioning (Figure 5) (Boulton et al., 1998, 2010;
Boulton & Hancock, 2006; Hancock et al., 2005). This research highlights that hyporheic exchange and streambed
biogeochemical processes create a unique ecological niche (Brunke & Gonser, 1997; Stanford & Ward, 1993;
Stubbington et al., 2009) that potentially acts as a refuge during extreme conditions (Folegot, Krause, et al., 2018)
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Figure 5. Multi-directional interactions between physical controls of hyporheic exchange flow, streambed biogeochemical
cycling, and biological community structure and ecological (metabolic) functioning (red arrows), including ecological
feedbacks on streambed biogeochemistry biogeochemistry [e.g., microbial demand for substrate shifting porewater from oxic
to anoxic (aerobic to anaerobic metabolic pathways)] as well as hyporheic exchange (e.g., bioturbation, bioclogging, and
ecosystem engineering).

enhancing biodiversity and ecosystem resilience to environmental change (Kurz et al., 2017). However, our
understanding of the impacts in the reverse direction, where ecological processes can influence hyporheic
exchange and biogeochemical cycling is in its infancy (Figure 5; Buxton et al., 2015). Initial work on the func-
tioning of microbial biofilms established how dynamic growth of benthic and hyporheic biofilms affects turbu-
lent flow in the stream channel and consequently modifies turbulence-driven hyporheic exchange (Nikora, 2010;
Roche et al., 2017). Biofilms also cause bio-clogging of streambed sediments (Caruso et al., 2017; Newcomer
et al., 2016; Chowdhury et al., 2020; Figure 2h), where complex biofilm communities on the streambed surface
and within sediment pores reduce the effective porosity of the streambed substrate and subsequently hyporheic
exchange (Battin & Sengschmitt, 1999; Mendoza-Lera & Mutz, 2013; Newcomer et al., 2016; Roche et al., 2017;
Figure 2h). At larger scales, the dynamic growth of submerged macrophytes has been shown to strongly modify
turbulent flow patterns in the channel and enhance the trapping of fine sediment (Drummond et al., 2014; Liu
et al., 2018; Liu & Nepf, 2016; Sand-jensen, 1998; Figure 2g), directly impacting hyporheic exchange and hypor-
heic biogeochemical processes (Salehin et al., 2003; Ullah et al., 2014). The presence of macrophytes alters
flow paths and residence time distributions, providing additional substrate and input of organic carbon as well
as enhancing nutrient uptake during the growth phase (Baranov et al., 2017; Nikolakopoulou et al., 2018; Ribot
etal., 2019).

In addition to these microbial- and plant-induced influences on the hyporheic hydrology and biogeochemis-
try, there is increasing evidence that some invertebrate bioturbator species and ecosystem engineers modify
hyporheic hydrological and biogeochemical conditions. These ecosystem engineers alter the conditions of their
habitat to augment their ecological needs, with direct and indirect influences on the dynamics of both hyporheic
exchange and hyporheic biogeochemical process (Holker et al., 2015). For example, burrowing chironomid larvae
pump significant amounts of surface water through their U-shaped sediment burrows, directly affecting hyporheic
exchange by actively transporting greater volumes of water and solute mass to deeper sediments. This process
influences sediment metabolism and biogeochemical cycles (Mermillod-Blondin, 2011; Mermillod-Blondin
et al., 2004; Nogaro et al., 2009) with potentially significant impacts on greenhouse gas production and seques-
tration (Baranov et al., 2016). These findings highlight the urgent need to extend analyses toward frequently
observed behavior of other species, such as the burrowing of crayfish in streambeds during hydrological extremes
or the active movement of Gammarus pulex (freshwater shrimp) and other hyporheic invertebrates triggered by
thermal and hydrological stress (DiStefano et al., 2009; Statzner et al., 2000; Vander Vorste et al., 2016, 2017).
The activities of these invertebrates are likely to alter sediment structure and thus, hydraulic conductivity and
hyporheic exchange. Many vertebrates, such as fish or freshwater mammals (Janzen & Westbrook, 2011; Shurin
et al., 2020) also directly affect hyporheic exchange and streambed biogeochemical conditions. For instance, when
fish select gravel spawning habitat with their preferred hyporheic exchange and biogeochemical conditions, these
conditions may be affected also by their spawning activities (Baxter & Hauer, 2000; Buxton et al., 2015; Harrison
etal., 2019; Malcolm et al., 2004, 2009; Moir & Pasternack, 2010; Tonina & Buffington, 2009). In Columbia, one
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of the world’s largest mammals, the non-native hippopotamus (Hippopotamus amphibious), acts as an ecosystem
engineer affecting hyporheic exchange and impacting hydrological habitats (Shurin et al., 2020). This activity is
considered valuable to fill an important ecosystem function as megaherbivores amphibious ecosystem engineers
became extinct in South America at the end of the Pleistocene (MacPhee & Schouten, 2019).

Given the observed ecological impacts on hyporheic exchange and biogeochemical processes in the hyporheic
zone (Figure 5), future research requires in-depth attempts to integrate the advancing knowledge of ecological
controls into conceptual and quantitative models of hyporheic hydrological and biogeochemical process dynam-
ics (Hannah et al., 2007; Krause et al., 2017; Krause, Hannah, Fleckenstein, et al., 2011). We are only beginning
to understand the magnitude of ecological controls and their impact on non-stationarity and temporal dynamics of
hyporheic processes, caused, for instance, by time-variable biological processes. Hence, a fully coupled approach
is required that considers ecosystem process response to changes of both hydrological and biogeochemical habitat
conditions, as well as the impact of biological activity on physical and chemical properties of the hyporheic zone
(Figure 5).

3. A Landscape Perspective of Organizational Principles of Hyporheic Exchange
Fluxes and Biogeochemical Cycling Along the Catchment Continuum

Our synthesis of field observations and modeling studies highlights complex interactions among a broad diversity
of drivers and controls of hyporheic exchange, biogeochemical cycling, and biological activity. This synthe-
sis furthermore provides evidence that hyporheic exchange, hyporheic biogeochemical cycling, and hyporheic
ecosystems are highly organized and spatially structured in fluvial landscapes. Understanding the underlying
organizational principles of these systems is key for enabling transferability and generalization of knowledge to
predict the landscape-wide significance of hyporheic exchange and hyporheic biogeochemical cycling on water
balance, nutrient dynamics, reactive contaminant transport, and ecosystem functioning at catchment scale.

The majority of experimental or modeling studies to date have focused on individual stream reaches and then
scaled up observations, with only a few experimental studies attempting to quantify hyporheic exchange along
a river continuum using a river network approach (Gootman et al., 2020; Lee-Cullin et al., 2018; Ward, Kurz,
et al., 2019; Wondzell, 2011). Here, we build on previous conceptual models of landscape organizational princi-
ples (Boulton et al., 1998; Boulton & Hancock, 2006; Buffington & Tonina, 2009; Frissell et al., 1986; Helton
etal., 2011; Malard et al., 2002) to synthesize and conceptualize the spatial and temporal organization of different
drivers and controls of hyporheic exchange and hyporheic biogeochemical cycling along a river network contin-
uum from first order headwaters to lowland streams (Figure 6a). We propose advances to existing landscape
scale conceptualizations of hyporheic exchange that account not only for interactions among different drivers
and controls of hyporheic flow, biogeochemical cycling, and ecology, but also their spatially nested co-existence
(Figure 1).

Integrating the drivers of hyporheic exchange and hyporheic biogeochemical cycling into a catchment context
requires using landscape organizational principles developed in hydrology, geomorphology, and ecology to
explain hyporheic exchange patterns (Boano et al., 2014; Magliozzi et al., 2018, 2019). For example, basic prin-
ciples of sediment transport and storage along river networks indicate a general down-stream reduction in channel
slope, lateral channel confinement, sediment grain size, and channel roughness coupled with an increase in stre-
ambed organic matter from headwater to lowland streams (Figure 6). This longitudinal change in the characteris-
tics of the streambed sediments results in a downstream shift in hyporheic exchange and often coincides with an
increase in groundwater contributions (Figure 3). Decreasing hydraulic gradients cause a downstream reduction
in driving forces for vertical hyporheic exchange, coinciding with deeper fluvial and alluvial deposits, leading
to longer and deeper hyporheic flow paths and slower hyporheic flow velocities in finer grained sediments with
lower permeability, which results in increased hyporheic residence times (Figure 6a). At the same time, river
meandering in low-gradient mid-stream sections results in enhanced river corridor connectivity, longer lateral
HEF path, and increased hyporheic and riparian residence times and flow permanence (Figure 6b). Depending
on the dominant geomorphodynamic processes, these changes and flow path transitions can be highly nonlinear,
yielding sharp thresholds at regions of known geomorphic transitions, such as between mountain ranges, foot-
hills, valleys, and lowlands (Marzadri et al., 2017; Wondzell, 2011). Abrupt changes in multiple factors, such as
the transition from steep coarse-bedded and constrained mountain rivers into finer-grained and less-constrained
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Figure 6. Landscape scale organizational principles of vertical hyporheic exchange flow (HEF) from headwater streams

to lowland rivers (a—vertical profile) and of lateral inter-meander and parafluvial flow (b—plane view) as a function of
surface hydrological drivers and multi-scale groundwater flow controls, and distribution of physical and chemical sediment
properties, such as spatial variability in sediment hydraulic conductivity, hyporheic residence time (RT), or streambed organic
matter (OM) content as drivers of biogeochemical processing (visualization of downstream tendencies are indicating general
trends only and do not imply linear changes).

lowland rivers is expected to yield sharp transitions in hyporheic exchange (Figures 6a and 6b), but these patterns
have not been systematically investigated for a range of fluvial system conditions.

The wider application of fluvial sedimentology principles (Dara et al., 2019) and understanding of alluvial depo-
sitional history (Stowik, 2014) provides further and perhaps underutilized predictive capacity for the spatial
distributions of sediment properties in river valleys and their impact on hydrologic connectivity between streams
and groundwaters, including, hyporheic exchange, residence time distributions, and biogeochemical reactivity in
river channel and riparian sediments (Figure 6b). The potential for combining model-based information of fluvial
sediment transport to predict river valley and streambed sediment stratigraphy as controls of hyporheic exchange
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and hyporheic biogeochemical processes is currently untapped, leaving a great underutilized potential for achiev-
ing step changes in understanding of hyporheic zone processes across large catchments.

This landscape perspective emphasizes that local hyporheic exchange dynamics are strongly modulated by larg-
er-scale patterns of topography, biogeography, and groundwater circulation (Figure 6). In this context, hyporheic
interactions can be considered a local, near-surface manifestation of larger spatial scale and longer temporal scale
surface-groundwater circulation patterns. Similarly, landscape patterns of terrestrial ecosystems, primary produc-
tion, and organic matter inputs both drive and condition hyporheic microbial activity and biogeochemistry. Look-
ing forward, the accumulated advances in knowledge of surface-groundwater systems outlined above, together
with new capability in sensing, simulation, and data science, provide the potential to unify understanding of local
drivers of ecological processes and their interactions with larger aquatic and terrestrial ecosystems.

The intensity and distribution of groundwater upwelling and the associated delivery of legacy pollutants, such as
nitrate or chlorinated solvents, into hyporheic zones are likely to increase from headwaters (often with less agri-
culture and urbanization) to more intensively managed and impacted downstream lowland ecosystems (Figure 6).
Similarly, the flow permanence of river channels increases in downstream direction, with many headwater
streams being prone to drying and flow cessation (Benstead & Leigh, 2012; Boulton et al., 2017) and largely
unknown impacts of dry phases on hyporheic zone functioning (Boulton et al., 2017; Datry et al., 2017; Datry &
Larned, 2008). An overall downstream increase is assumed in the complexity of interactions of different hydrody-
namic, sedimentological, and biogeochemical drivers, including distributions of sediment structure and proper-
ties, groundwater upwelling, and solute contributions as well as patterns of autochthonous organic matter content
in streambed sediments. On the other hand, spatial variability in stream chemistry, including pollutants, typically
decreases moving downstream in river networks, suggesting a homogenization arising from averaging of different
signals and attenuation of discrete sources (Abbott, Gruau, et al., 2018; Creed et al., 2015; Dupas et al., 2019).

We advocate for hyporheic research to embrace a wider landscape perspective when interpreting local obser-
vations, and to avoid applying principles derived predominantly from small headwater streams throughout the
river network continuum. Furthermore, the current fragmentary approaches can lead to inaccuracies in system-
level understanding and management of the hyporheic zone at catchment scale. Therefore, studies considering
a greater diversity in the ecological conditions of hyporheic zone are needed. Arid and semi-arid systems have
fundamentally different hydrology and biogeochemistry (Fisher et al., 1998; Harms & Grimm, 2008). Still, many
of the conceptualizations considered in this article predominantly reflect patterns under hydrologically gaining
conditions with net groundwater to surface water flux, typical of temperate regions.

Acknowledging interactions between different drivers and controls of hyporheic exchange and hyporheic bioge-
ochemical cycling in a landscape context provides a pathway toward more accurate representations of governing
processes in conceptual hyporheic zone models. This does not necessarily need to lead to an increase in complex-
ity for site specific models but supports the development of parsimonious approaches where the selection of
representative processes is justified by understanding the most important hyporheic exchange controls at each
location in a wider landscape context. We emphasize here that the general patterns illustrated in Figure 6 repre-
sent an overall expectation based on current understanding of watershed structure, both geophysical and ecologi-
cal. Hyporheic hydrology and biogeochemistry at any site in the landscape can vary substantially from the general
expectation, necessitating careful consideration of both local- and landscape-scale drivers. New observational
approaches are needed that are capable of capturing a wider range of environmental conditions in hyporheic
zones across river networks (Krause, Hannah, Fleckenstein, et al., 2011; Lee-Cullin et al., 2018; Ward & Pack-
man, 2019). To ensure the contribution of hyporheic zone research to efficiently manage the interface between
aquifers and rivers (Krause et al., 2014, 2017; Lewandowski et al., 2019), future research will need to test how
those landscape principles either hold or need to be adapted across catchments, including heavily anthropo-
genically modified and polluted urban streams that are currently underrepresented in hyporheic investigations
(Lawrence et al., 2013; Schaper et al., 2018, 2019).

The proposed advancements of process conceptualizations across scales also highlight the need for intensifying
efforts to improve mechanistic process understanding through interdisciplinary research and knowledge exchange
in emerging areas of hyporheic research. This includes providing evidence of the biological, physical, and bioge-
ochemical process interactions (i.e., how the physical environment controls habitat functioning), and also of how
biological behavior is a feedback to hyporheic physical and biogeochemical conditions. Therefore, it will be
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critical to establish landscape organizational principles of the abundance and activity of hyporheic and benthic
fauna, including bioturbators, along the river continuum and as a consequence of changes in the type of sediments
and accumulation of organic matter in streambeds.

To improve promising recent attempts into predictions of larger scale implications of hyporheic exchange and
hyporheic biogeochemical processing, as well as to quantify the resilience of hyporheic functioning to global
environmental change, future research also needs to specifically address the flow-dependent mobility of stre-
ambed sediments, and its impact on hyporheic zone processes and ecological functioning. With climate change
projections suggesting that many rivers are likely to experience an increase in extreme hydrological events, it will
be important to advance the understanding of hyporheic processes in particular under conditions of increased
flow intermittence and sediment mobilizing flow events. The key for success in both hyporheic science and
river ecosystem management lies in understanding the interactions of physical, biogeochemical, and ecological
processes and how they vary across scales, as well as integrating knowledge between (field and lab) experimental
and modeling approaches. We hope that the framework we propose here will stimulate discussions and open
opportunities for further integrating existing and new process knowledge across scales within the landscape
context.

Data Availability Statement

Data were not used nor created for this research.

References

Abbott, B. W., Gruau, G., Zarnetske, J. P., Moatar, F., Barbe, L., Thomas, Z., et al. (2018). Unexpected spatial stability of water chemistry in
headwater stream networks. Ecology Letters, 21, 296-308. https://doi.org/10.1111/ele.12897

Abbott, B. W., Moatar, F., Gauthier, O., Fovet, O., Antoine, V., & Ragueneau, O. (2018). Trends and seasonality of river nutrients in agricultural
catchments: 18 years of weekly citizen science in France. The Science of the Total Environment, 624, 845-858. https://doi.org/10.1016/j.
scitotenv.2017.12.176

Ahmerkamp, S., Winter, C., Janssen, F., Kuypers, M. M. M., & Holtappels, M. (2015). The impact of bedform migration on benthic
oxygen fluxes: Bedform migration and benthic fluxes. Journal of Geophysical Research: Biogeosciences, 120, 2229-2242. https://doi.
org/10.1002/20151G003106

Angelier, E. (1953). Recherches écologiques et biogéographiques sur la faune des sabeles sumergés. Archives de Zoologie Experimentale et
Generale, 37-161, 37-161.

Angermann, L., Krause, S., & Lewandowski, J. (2012). Application of heat pulse injections for investigating shallow hyporheic flow in a lowland
river: Heat pulse injections for investigating hyporheic flow. Water Resources Research, 48. https://doi.org/10.1029/2012WR012564

Argerich, A., Haggerty, R., Marti, E., Sabater, F., & Zarnetske, J. (2011). Quantification of metabolically active transient storage (MATS)
in two reaches with contrasting transient storage and ecosystem respiration. Journal of Geophysical Research, 116, G03034. https://doi.
0rg/10.1029/2010JG001379

Arnon, S., Marx, L. P., Searcy, K. E., & Packman, A. I. (2009). Effects of overlying velocity, particle size, and biofilm growth on stream-subsur-
face exchange of particles. Hydrological Processes, 24, 108—114. https://doi.org/10.1002/hyp.7490

Arrigoni, A. S., Poole, G. C., Mertes, L. A. K., O’Daniel, S. J., Woessner, W. W., & Thomas, S. A. (2008). Buffered, lagged, or cooled? Disentan-
gling hyporheic influences on temperature cycles in stream channels: Hyporheic influence on stream temperature. Water Resources Research,
44. https://doi.org/10.1029/2007WR006480

Aubeneau, A. F., Drummond, J. D., Schumer, R., Bolster, D., Tank, J. L., & Packman, A. 1. (2015). Effects of benthic and hyporheic reactive
transport on breakthrough curves. Freshwater Science, 34, 301-315. https://doi.org/10.1086/680037

Azizian, M., Boano, F., Cook, P. L. M., Detwiler, R. L., Rippy, M. A., & Grant, S. B. (2017). Ambient groundwater flow diminishes nitrate
processing in the hyporheic zone of streams: Ambient groundwater and stream N-cycling. Water Resources Research, 53, 3941-3967. https://
doi.org/10.1002/2016WR020048

Balbarini, N., Boon, W. M., Nicolajsen, E., Nordbotten, J. M., Bjerg, P. L., & Binning, P. J. (2017). A 3-D numerical model of the influence
of meanders on groundwater discharge to a gaining stream in an unconfined sandy aquifer. Journal of Hydrology, 552, 168-181. https://doi.
org/10.1016/j.jhydrol.2017.06.042

Baranov, V., Lewandowski, J., Romeijn, P., Singer, G., & Krause, S. (2016). Effects of bioirrigation of non-biting midges (Diptera: Chironomidae)
on lake sediment respiration. Scientific Reports, 6. https://doi.org/10.1038/srep27329

Baranov, V., Milosevié, D., Kurz, M. J., Zarnetske, J. P., Sabater, F., Marti, E., et al. (2017). Helophyte impacts on the response of hyporheic
invertebrate communities to inundation events in intermittent streams. Ecohydrology, 10, €1857. https://doi.org/10.1002/eco.1857

Bardini, L., Boano, F., Cardenas, M. B., Revelli, R., & Ridolfi, L. (2012). Nutrient cycling in bedform induced hyporheic zones. Geochimica et
Cosmochimica Acta, 84, 47-61. https://doi.org/10.1016/j.gca.2012.01.025

Bardini, L., Boano, F., Cardenas, M. B., Sawyer, A. H., Revelli, R., & Ridolfi, L. (2013). Small-scale permeability heterogeneity has negligible
effects on nutrient cycling in streambeds: Effect of small-scale heterogeneity. Geophysical Research Letters, 40, 1118-1122. https://doi.
org/10.1002/gr1.50224

Barthel, R., & Banzhaf, S. (2016). Groundwater and surface water interaction at the regional-scale—A review with focus on regional integrated
models. Water Resources Management, 30, 1-32. https://doi.org/10.1007/s11269-015-1163-z

Basu, N. B., Destouni, G., Jawitz, J. W., Thompson, S. E., Loukinova, N. V., Darracq, A., et al. (2010). Nutrient loads exported from managed
catchments reveal emergent biogeochemical stationarity: Biogeochemical stationarity. Geophysical Research Letters, 37, 123404.
https://doi.org/10.1029/2010GL045168

KRAUSE ET AL.

16 of 25


https://doi.org/10.1111/ele.12897
https://doi.org/10.1016/j.scitotenv.2017.12.176
https://doi.org/10.1016/j.scitotenv.2017.12.176
https://doi.org/10.1002/2015JG003106
https://doi.org/10.1002/2015JG003106
https://doi.org/10.1029/2012WR012564
https://doi.org/10.1029/2010JG001379
https://doi.org/10.1029/2010JG001379
https://doi.org/10.1002/hyp.7490
https://doi.org/10.1029/2007WR006480
https://doi.org/10.1086/680037
https://doi.org/10.1002/2016WR020048
https://doi.org/10.1002/2016WR020048
https://doi.org/10.1016/j.jhydrol.2017.06.042
https://doi.org/10.1016/j.jhydrol.2017.06.042
https://doi.org/10.1038/srep27329
https://doi.org/10.1002/eco.1857
https://doi.org/10.1016/j.gca.2012.01.025
https://doi.org/10.1002/grl.50224
https://doi.org/10.1002/grl.50224
https://doi.org/10.1007/s11269-015-1163-z
https://doi.org/10.1029/2010GL045168

A7t |
NI
ADVANCING EARTH
AND SPACE SCIENCE

Water Resources Research 10.1029/2021WR029771

Battin, T. J., Kaplan, L. A., Findlay, S., Hopkinson, C. S., Marti, E., Packman, A. L., et al. (2008). Biophysical controls on organic carbon fluxes
in fluvial networks. Nature Geoscience, 1, 95-100. https://doi.org/10.1038/ngeo101

Battin, T. J., & Sengschmitt, D. (1999). Linking sediment biofilms, hydrodynamics, and river bed clogging: Evidence from a large river. Micro-
bial Ecology, 37, 185-196. https://doi.org/10.1007/s002489900142

Baxter, C. V., & Hauer, F. R. (2000). Geomorphology, hyporheic exchange, and selection of spawning habitat by bull trout (Salvelinus confluen-
tus). Canadian Journal of Fisheries and Aquatic Sciences, 57, 1470-1481. https://doi.org/10.1139/f00-056

Bencala, K. E. (1993). A perspective on stream-catchment connections. Journal of the North American Benthological Society, 12, 44—47. https://
doi.org/10.2307/1467684

Bencala, K. E. (2000). Hyporheic zone hydrological processes. Hydrological —Processes, 14, 2797-2798. https://doi.
0rg/10.1002/1099-1085(20001030)14:15<2797:: AID-HYP402>3.0.CO;2-6

Bencala, K. E., Gooseff, M. N., & Kimball, B. A. (2011). Rethinking hyporheic flow and transient storage to advance understanding of
stream-catchment connections. Water Resources Research, 47. https://doi.org/10.1029/2010WR010066

Benstead, J. P., & Leigh, D. S. (2012). An expanded role for river networks. Nature Geoscience, 5, 678-679. https://doi.org/10.1038/ngeo1593

Bersezio, R., Giudici, M., & Mele, M. (2007). Combining sedimentological and geophysical data for high-resolution 3-D mapping of fluvial
architectural elements in the Quaternary Po Plain (Italy). Sedimentary Geology, 202, 230-248. https://doi.org/10.1016/j.sedge0.2007.05.002

Boano, F., Camporeale, C., & Revelli, R. (2010). A linear model for the coupled surface-subsurface flow in a meandering stream: Surface-subsur-
face flow in a meandering stream. Water Resources Research, 46, W07535. https://doi.org/10.1029/2009WR008317

Boano, F., Camporeale, C., Revelli, R., & Ridolfi, L. (2006). Sinuosity-driven hyporheic exchange in meandering rivers: Hyporheic exchange in
meandering rivers. Geophysical Research Letters, 33, L18406. https://doi.org/10.1029/2006GL027630

Boano, F., Demaria, A., Revelli, R., & Ridolfi, L. (2010). Biogeochemical zonation due to intrameander hyporheic flow. Water Resources
Research, 46. https://doi.org/10.1029/2008 WR007583

Boano, F., Harvey, J. W., Marion, A., Packman, A. I, Revelli, R., Ridolfi, L., & Worman, A. (2014). Hyporheic flow and transport processes:
Mechanisms, models, and biogeochemical implications: Hyporheic flow and transport processes. Reviews of Geophysics, 52, 603—-679. https://
doi.org/10.1002/2012RG000417

Boano, F., Revelli, R., & Ridolfi, L. (2007). Bedform-induced hyporheic exchange with unsteady flows. Advances in Water Resources, 30,
148-156. https://doi.org/10.1016/j.advwatres.2006.03.004

Boano, F., Revelli, R., & Ridolfi, L. (2008). Reduction of the hyporheic zone volume due to the stream-aquifer interaction. Geophysical Research
Letters, 35. https://doi.org/10.1029/2008GL033554

Boano, F., Revelli, R., & Ridolfi, L. (2009). Quantifying the impact of groundwater discharge on the surface-subsurface exchange. Hydrological
Processes, 23,2108-2116. https://doi.org/10.1002/hyp.7278

Boano, F., Revelli, R., & Ridolfi, L. (2010). Effect of streamflow stochasticity on bedform-driven hyporheic exchange. Advances in Water
Resources, 33, 1367-1374. https://doi.org/10.1016/j.advwatres.2010.03.005

Boano, F., Revelli, R., & Ridolfi, L. (2011). Water and solute exchange through flat streambeds induced by large turbulent eddies. Journal of
Hydrology, 402, 290-296. https://doi.org/10.1016/j.jhydrol.2011.03.023

Boano, F., Revelli, R., & Ridolfi, L. (2013). Modeling hyporheic exchange with unsteady stream discharge and bedform dynamics: Unsteady
hyporheic exchange with moving bed forms. Water Resources Research, 49, 4089—-4099. https://doi.org/10.1002/wrcr.20322

Bochet, O., Bethencourt, L., Dufresne, A., Farasin, J., Pédrot, M., Labasque, T., et al. (2020). Iron-oxidizer hotspots formed by intermittent oxic—
anoxic fluid mixing in fractured rocks. Nature Geoscience, 13, 149-155. https://doi.org/10.1038/s41561-019-0509-1

Bottacin-Busolin, A., & Marion, A. (2010). Combined role of advective pumping and mechanical dispersion on time scales of bed form-induced
hyporheic exchange: Bed form-induced hyporheic exchange. Water Resources Research, 46. https://doi.org/10.1029/2009WR008892

Boulton, A. J. (2007). Hyporheic rehabilitation in rivers: Restoring vertical connectivity. Freshwater Biology, 52, 632-650. https://doi.
org/10.1111/5.1365-2427.2006.01710.x

Boulton, A. J., Datry, T., Kasahara, T., Mutz, M., & Stanford, J. A. (2010). Ecology and management of the hyporheic zone: Stream—ground-
water interactions of running waters and their floodplains. Journal of the North American Benthological Society, 29, 26-40. https://doi.
org/10.1899/08-017.1

Boulton, A. J., Findlay, S., Marmonier, P., Stanley, E. H., & Valett, H. M. (1998). The functional significance OF the hyporheic zone IN streams
and rivers. Annual Review of Ecology, Evolution, and Systematics, 29, 59-81. https://doi.org/10.1146/annurev.ecolsys.29.1.59

Boulton, A. J., & Hancock, P. J. (2006). Rivers as groundwater-dependent ecosystems: A review of degrees of dependency, riverine processes and
management implications. Australian Journal of Botany, 54, 133. https://doi.org/10.1071/BT05074

Boulton, A.J., Rolls, R. J., Jaeger, K. L., & Datry, T. (2017). Hydrological connectivity in intermittent rivers and ephemeral streams. In Intermit-
tent rivers and Ephemeral streams (pp. 79-108). Elsevier. https://doi.org/10.1016/B978-0-12-803835-2.00004-8

Bray, E. N., & Dunne, T. (2017). Subsurface flow in lowland river gravel bars. Water Resources Research, 53, 7773=7797. https://doi.
org/10.1002/2016WR019514

Bridge, J. S., Alexander, J., Collier, R. E. L., Gawthorpe, R. L., & Jarvis, J. (1995). Ground-penetrating radar and coring used to study the large-
scale structure of point-bar deposits in three dimensions. Sedimentology, 42, 839-852. https://doi.org/10.1111/j.1365-3091.1995.tb00413.x

Briggs, M. A., Day-Lewis, F. D., Zarnetske, J. P., & Harvey, J. W. (2015). A physical explanation for the development of redox microzones in
hyporheic flow. Geophysical Research Letters, 42, 4402-4410. https://doi.org/10.1002/2015GL064200

Briggs, M. A, Lautz, L. K., & Hare, D. K. (2014). Residence time control on hot moments of net nitrate production and uptake in the hypor-
heic zone: Residence time control ON temporal hyporheic nitrate cycling. Hydrological Processes, 28, 3741-3751. https://doi.org/10.1002/
hyp.9921

Briggs, M. A, Lautz, L. K., Hare, D. K., & Gonzalez-Pinz6n, R. (2013). Relating hyporheic fluxes, residence times, and redox-sensitive biogeo-
chemical processes upstream of beaver dams. Freshwater Science, 32, 622—-641. https://doi.org/10.1899/12-110.1

Brunke, M. (1999). Colmation and depth filtration within streambeds: Retention of particles in hyporheic interstices. International Review of
Hydrobiology, 84, 99-117. https://doi.org/10.1002/iroh.199900014

Brunke, M., & Gonser, T. (1997). The ecological significance of exchange processes between rivers and groundwater. Freshwater Biology, 37,
1-33. https://doi.org/10.1046/j.1365-2427.1997.00143.x

Buffington, J. M., & Tonina, D. (2009). Hyporheic exchange in mountain rivers II: Effects of channel morphology on mechanics, scales, and rates
of exchange. Geography Compass, 3, 1038-1062. https://doi.org/10.1111/j.1749-8198.2009.00225.x

Burkholder, B. K., Grant, G. E., Haggerty, R., Khangaonkar, T., & Wampler, P. J. (2008). Influence of hyporheic flow and geomorphology on
temperature of a large, gravel-bed river, Clackamas River, Oregon, USA. Hydrological Processes, 22,941-953. https://doi.org/10.1002/hyp.6984

KRAUSE ET AL.

17 of 25


https://doi.org/10.1038/ngeo101
https://doi.org/10.1007/s002489900142
https://doi.org/10.1139/f00-056
https://doi.org/10.2307/1467684
https://doi.org/10.2307/1467684
https://doi.org/10.1002/1099-1085(20001030)14:15%3C2797::AID-HYP402%3E3.0.CO;2-6
https://doi.org/10.1002/1099-1085(20001030)14:15%3C2797::AID-HYP402%3E3.0.CO;2-6
https://doi.org/10.1029/2010WR010066
https://doi.org/10.1038/ngeo1593
https://doi.org/10.1016/j.sedgeo.2007.05.002
https://doi.org/10.1029/2009WR008317
https://doi.org/10.1029/2006GL027630
https://doi.org/10.1029/2008WR007583
https://doi.org/10.1002/2012RG000417
https://doi.org/10.1002/2012RG000417
https://doi.org/10.1016/j.advwatres.2006.03.004
https://doi.org/10.1029/2008GL033554
https://doi.org/10.1002/hyp.7278
https://doi.org/10.1016/j.advwatres.2010.03.005
https://doi.org/10.1016/j.jhydrol.2011.03.023
https://doi.org/10.1002/wrcr.20322
https://doi.org/10.1038/s41561-019-0509-1
https://doi.org/10.1029/2009WR008892
https://doi.org/10.1111/j.1365-2427.2006.01710.x
https://doi.org/10.1111/j.1365-2427.2006.01710.x
https://doi.org/10.1899/08-017.1
https://doi.org/10.1899/08-017.1
https://doi.org/10.1146/annurev.ecolsys.29.1.59
https://doi.org/10.1071/BT05074
https://doi.org/10.1016/B978-0-12-803835-2.00004-8
https://doi.org/10.1002/2016WR019514
https://doi.org/10.1002/2016WR019514
https://doi.org/10.1111/j.1365-3091.1995.tb00413.x
https://doi.org/10.1002/2015GL064200
https://doi.org/10.1002/hyp.9921
https://doi.org/10.1002/hyp.9921
https://doi.org/10.1899/12-110.1
https://doi.org/10.1002/iroh.199900014
https://doi.org/10.1046/j.1365-2427.1997.00143.x
https://doi.org/10.1111/j.1749-8198.2009.00225.x
https://doi.org/10.1002/hyp.6984

A7t |
NI
ADVANCING EARTH
AND SPACE SCIENCE

Water Resources Research 10.1029/2021WR029771

Buxton, T. H., Buffington, J. M., Tonina, D., Fremier, A. K., Yager, E. M., & Post, J. (2015). Modeling the influence of salmon spawning on
hyporheic exchange of marine-derived nutrients in gravel stream beds. Canadian Journal of Fisheries and Aquatic Sciences, 72, 1146-1158.
https://doi.org/10.1139/cjfas-2014-0413

Cardenas, M. B. (2015). Hyporheic zone hydrologic science: A historical account of its emergence and a prospectus. Water Resources Research,
51,3601-3616. https://doi.org/10.1002/2015WR017028

Cardenas, M. B., & Wilson, J. L. (2006). The influence of ambient groundwater discharge on exchange zones induced by current-bedform inter-
actions. Journal of Hydrology, 331, 103—109. https://doi.org/10.1016/j.jhydrol.2006.05.012

Cardenas, M. B., & Wilson, J. L. (2007a). Dunes, turbulent eddies, and interfacial exchange with permeable sediments. Water Resources
Research, 43. https://doi.org/10.1029/2006WR005787

Cardenas, M. B., & Wilson, J. L. (2007b). Exchange across a sediment—water interface with ambient groundwater discharge. Journal of Hydrol-
ogy, 346, 69-80. https://doi.org/10.1016/j.jhydrol.2007.08.019

Cardenas, M. B., Wilson, J. L., & Haggerty, R. (2008). Residence time of bedform-driven hyporheic exchange. Advances in Water Resources, 31,
1382-1386. https://doi.org/10.1016/j.advwatres.2008.07.006

Cardenas, M. B., Wilson, J. L., & Zlotnik, V. A. (2004). Impact of heterogeneity, bed forms, and stream curvature on subchannel hyporheic
exchange. Water Resources Research, 40. https://doi.org/10.1029/2004WR003008

Caruso, A., Boano, F., Ridolfi, L., Chopp, D. L., & Packman, A. (2017). Biofilm-induced bioclogging produces sharp interfaces in hyporheic flow,
redox conditions, and microbial community structure. Geophysical Research Letters, 44, 4917-4925. https://doi.org/10.1002/2017GL073651

Chen, X. (2004). Streambed hydraulic conductivity for rivers IN south-central Nebraska. Journal of the American Water Resources Association,
40, 561-573. https://doi.org/10.1111/j.1752-1688.2004.tb04443.x

Chowdhury, S. R., Zarnetske, J. P., Phanikumar, M. S., Briggs, M. A., Day-Lewis, F. D., & Singha, K. (2020). Formation criteria for
hyporheic anoxic microzones: Assessing interactions of hydraulics, nutrients, and biofilms. Water Resources Research, 56. https://doi.
org/10.1029/2019WR025971

Conant, B. (2004). Delineating and quantifying ground water discharge zones using streambed temperatures. Ground Water, 42, 243-257. https://
doi.org/10.1111/j.1745-6584.2004.tb02671.x

Corson-Rikert, H. A., Wondzell, S. M., Haggerty, R., & Santelmann, M. V. (2016). Carbon dynamics in the hyporheic zone of a headwater
mountain stream in the Cascade Mountains, Oregon. Water Resources Research, 52, 7556-7576. https://doi.org/10.1002/2016 WR019303

Costigan, K. H., Jaeger, K. L., Goss, C. W., Fritz, K. M., & Goebel, P. C. (2016). Understanding controls on flow permanence in intermittent rivers
to aid ecological research: Integrating meteorology, geology and land cover. Ecohydrology, 9, 1141-1153. https://doi.org/10.1002/eco.1712

Creed, I. F., McKnight, D. M., Pellerin, B. A., Green, M. B., Bergamaschi, B. A., Aiken, G. R., et al. (2015). The river as a chemostat: Fresh
perspectives on dissolved organic matter flowing down the river continuum. Canadian Journal of Fisheries and Aquatic Sciences, 72, 1272—
1285. https://doi.org/10.1139/cjfas-2014-0400

Dara, R., Kettridge, N., Rivett, M. O., Krause, S., & Gomez-Ortiz, D. (2019). Identification of floodplain and riverbed sediment heterogeneity
in a meandering UK lowland stream by ground penetrating radar. Journal of Applied Geophysics, 171, 103863. https://doi.org/10.1016/j.
jappgeo.2019.103863

Datry, T., Bonada, N., & Boulton, A. J. (Eds.). (2017). Intermittent rivers and ephemeral streams: ecology and management. Academic Press.

Datry, T., & Larned, S. T. (2008). River flow controls ecological processes and invertebrate assemblages in subsurface flowpaths of an ephemeral
river reach. Canadian Journal of Fisheries and Aquatic Sciences, 65, 1532-1544. https://doi.org/10.1139/F08-075

Datry, T., Scarsbrook, M., Larned, S., & Fenwick, G. (2008). Lateral and longitudinal patterns within the stygoscape of an alluvial river corridor.
Fundamental and Applied Limnology, 171, 335-347. https://doi.org/10.1127/1863-9135/2008/0171-0335

De Falco, N., Boano, F., & Arnon, S. (2016). Biodegradation of labile dissolved organic carbon under losing and gaining streamflow condi-
tions simulated in a laboratory flume: DOC uptake in losing and gaining streams. Limnology & Oceanography, 61, 1839—1852. https://doi.
org/10.1002/Ino.10344

DelVecchia, A. G., Stanford, J. A., & Xu, X. (2016). Ancient and methane-derived carbon subsidizes contemporary food webs. Nature Commu-
nications, 7, 13163. https://doi.org/10.1038/ncomms 13163

DiStefano, R. J., Magoulick, D. D., Imhoff, E. M., & Larson, E. R. (2009). Imperiled crayfishes use hyporheic zone during seasonal drying of an
intermittent stream. Journal of the North American Benthological Society, 28, 142—-152. https://doi.org/10.1899/08-072.1

Dole-Olivier, M.-J. (2011). The hyporheic refuge hypothesis reconsidered: A review of hydrological aspects. Marine and Freshwater Research,
62, 1281. https://doi.org/10.1071/MF11084

Dole-Olivier, M.-J., Marmonier, P., & Befty, J.-L. (1997). Response of invertebrates to lotic disturbance: Is the hyporheic zone a patchy refugium?
Freshwater Biology, 37, 257-276. https://doi.org/10.1046/j.1365-2427.1997.00140.x

Drummond, J. D., Bernal, S., von Schiller, D., & Marti, E. (2016). Linking in-stream nutrient uptake to hydrologic retention in two headwater
streams. Freshwater Science, 35, 1176—1188. https://doi.org/10.1086/688599

Drummond, J. D., Davies-Colley, R. J., Stott, R., Sukias, J. P., Nagels, J. W., Sharp, A., & Packman, A. I. (2014). Retention and remobilization
dynamics of fine particles and microorganisms in pastoral streams. Water Research, 66, 459-472. https://doi.org/10.1016/j.watres.2014.08.025

Drummond, J. D., Larsen, L. G., Gonzdlez-Pinzon, R., Packman, A. I., & Harvey, J. W. (2017). Fine particle retention within stream storage areas
at base flow and in response to a storm event: Particle retention stream storage areas. Water Resources Research, 53, 5690-5705. https://doi.
org/10.1002/2016WR020202

Drummond, J. D., Larsen, L. G., Gonzélez-Pinzén, R., Packman, A. I., & Harvey, J. W. (2018). Less fine particle retention in a restored versus
unrestored urban stream: Balance between hyporheic exchange, resuspension, and immobilization. Journal of Geophysical Research: Biogeo-
sciences, 123, 1425-1439. https://doi.org/10.1029/20171G004212

Dupas, R., Minaudo, C., & Abbott, B. W. (2019). Stability of spatial patterns in water chemistry across temperate ecoregions. Environmental
Research Letters, 14, 074015. https://doi.org/10.1088/1748-9326/ab24f4

Dwivedi, D., Steefel, I. C., Arora, B., & Bisht, G. (2017). Impact of intra-meander hyporheic flow on nitrogen cycling. Procedia Earth and Plan-
etary Science, 17, 404-407. https://doi.org/10.1016/j.proeps.2016.12.102

Elliott, A. H., & Brooks, N. H. (1997a). Transfer of nonsorbing solutes to a streambed with bed forms: Laboratory experiments. Water Resources
Research, 33, 137-151. https://doi.org/10.1029/96WR02783

Elliott, A. H., & Brooks, N. H. (1997b). Transfer of nonsorbing solutes to a streambed with bed forms: Theory. Water Resources Research, 33,
123-136. https://doi.org/10.1029/96WR02784

Endreny, T. A., & Lautz, L. K. (2012). Comment on ‘Munz M, Krause S, Tecklenburg C, Binley A. Reducing monitoring gaps at the aqui-
fer-river interface by modelling groundwater-surfacewater exchange flow patterns. Hydrological processes. 10.1002/hyp.8080°. Hydrological
Processes, 26, 1586—1588. https://doi.org/10.1002/hyp.8410

KRAUSE ET AL.

18 of 25


https://doi.org/10.1139/cjfas-2014-0413
https://doi.org/10.1002/2015WR017028
https://doi.org/10.1016/j.jhydrol.2006.05.012
https://doi.org/10.1029/2006WR005787
https://doi.org/10.1016/j.jhydrol.2007.08.019
https://doi.org/10.1016/j.advwatres.2008.07.006
https://doi.org/10.1029/2004WR003008
https://doi.org/10.1002/2017GL073651
https://doi.org/10.1111/j.1752-1688.2004.tb04443.x
https://doi.org/10.1029/2019WR025971
https://doi.org/10.1029/2019WR025971
https://doi.org/10.1111/j.1745-6584.2004.tb02671.x
https://doi.org/10.1111/j.1745-6584.2004.tb02671.x
https://doi.org/10.1002/2016WR019303
https://doi.org/10.1002/eco.1712
https://doi.org/10.1139/cjfas-2014-0400
https://doi.org/10.1016/j.jappgeo.2019.103863
https://doi.org/10.1016/j.jappgeo.2019.103863
https://doi.org/10.1139/F08-075
https://doi.org/10.1127/1863-9135/2008/0171-0335
https://doi.org/10.1002/lno.10344
https://doi.org/10.1002/lno.10344
https://doi.org/10.1038/ncomms13163
https://doi.org/10.1899/08-072.1
https://doi.org/10.1071/MF11084
https://doi.org/10.1046/j.1365-2427.1997.00140.x
https://doi.org/10.1086/688599
https://doi.org/10.1016/j.watres.2014.08.025
https://doi.org/10.1002/2016WR020202
https://doi.org/10.1002/2016WR020202
https://doi.org/10.1029/2017JG004212
https://doi.org/10.1088/1748-9326/ab24f4
https://doi.org/10.1016/j.proeps.2016.12.102
https://doi.org/10.1029/96WR02783
https://doi.org/10.1029/96WR02784
https://doi.org/10.1002/hyp.8410

A7t |
NI
ADVANCING EARTH
AND SPACE SCIENCE

Water Resources Research 10.1029/2021WR029771

Fellows, C. S., Valett, M. H., & Dahm, C. N. (2001). Whole-stream metabolism in two montane streams: Contribution of the hyporheic zone.
Limnology & Oceanography, 46, 523-531. https://doi.org/10.4319/10.2001.46.3.0523

Fisher, S. G., Grimm, N. B., Marti, E., Holmes, R.M., & Jones, J. B., Jr. (1998). Material spiraling in stream corridors: A telescoping ecosystem
model. Ecosystems, 1, 19-34. https://doi.org/10.1007/s100219900003

Fleckenstein, J. H., Krause, S., Hannah, D. M., & Boano, F. (2010). Groundwater-surface water interactions: New methods and models to improve
understanding of processes and dynamics. Advances in Water Resources, 33, 1291-1295. https://doi.org/10.1016/j.advwatres.2010.09.011

Fleckenstein, J. H., Niswonger, R. G., & Fogg, G. E. (2006). River-aquifer interactions, geologic heterogeneity, and low-flow management.
Ground Water, 44, 837-852. https://doi.org/10.1111/j.1745-6584.2006.00190.x

Folegot, S., Hannah, D. M., Dugdale, S. J., Kurz, M. J., Drummond, J. D., Klaar, M. J., et al. (2018). Low flow controls on stream thermal dynam-
ics. Limnologica, 68, 157-167. https://doi.org/10.1016/j.1imno.2017.08.003

Folegot, S., Krause, S., Mons, R., Hannah, D. M., & Datry, T. (2018). Mesocosm experiments reveal the direction of groundwater-surface water
exchange alters the hyporheic refuge capacity under warming scenarios. Freshwater Biology, 63, 165-177. https://doi.org/10.1111/fwb.13049

Fox, A., Boano, F., & Arnon, S. (2014). Impact of losing and gaining streamflow conditions on hyporheic exchange fluxes induced by dune-
shaped bed forms. Water Resources Research, 50, 1895-1907. https://doi.org/10.1002/2013WR014668

Fox, A., Laube, G., Schmidt, C., Fleckenstein, J. H., & Arnon, S. (2016). The effect of losing and gaining flow conditions on hyporheic exchange
in heterogeneous streambeds: Hyporheic exchange in heterogeneous streambeds. Water Resources Research, 52, 7460-7477. https://doi.
org/10.1002/2016WR018677

Frei, R.J., Abbott, B. W., Dupas, R., Gu, S., Gruau, G., Thomas, Z., et al. (2020). Predicting nutrient incontinence in the Anthropocene at water-
shed scales. Frontiers in Environmental Science, 7, 200. https://doi.org/10.3389/fenvs.2019.00200

Freitas, J. G., Rivett, M. O., Roche, R. S., Durrant (neé Cleverly), M., Walker, C., & Tellam, J. H. (2015). Heterogeneous hyporheic zone dechlo-
rination of a TCE groundwater plume discharging to an urban river reach. The Science of the Total Environment, 505, 236-252. https://doi.
org/10.1016/j.scitotenv.2014.09.083

Frissell, C. A., Liss, W. J., Warren, C. E., & Hurley, M. D. (1986). A hierarchical framework for stream habitat classification: Viewing streams in
a watershed context. Environmental Management, 10, 199-214. https://doi.org/10.1007/BF01867358

Gandy, C. J., Smith, J. W. N., & Jarvis, A. P. (2007). Attenuation of mining-derived pollutants in the hyporheic zone: A review. The Science of
the Total Environment, 373, 435-446. https://doi.org/10.1016/j.scitotenv.2006.11.004

Genereux, D. P., Leahy, S., Mitasova, H., Kennedy, C. D., & Corbett, D. R. (2008). Spatial and temporal variability of streambed hydraulic
conductivity in West Bear Creek, North Carolina, USA. Journal of Hydrology, 358, 332-353. https://doi.org/10.1016/j.jhydrol.2008.06.017

Gippel, C.J. (1995). Environmental hydraulics of large woody debris in streams and rivers. Journal of Environmental Engineering, 121, 388-395.
https://doi.org/10.1061/(ASCE)0733-9372

Gomez-Velez, J. D., Harvey, J. W., Cardenas, M. B., & Kiel, B. (2015). Denitrification in the Mississippi River network controlled by flow
through river bedforms. Nature Geoscience, 8, 941-945. https://doi.org/10.1038/nge02567

Gomez-Velez, J. D., Krause, S., & Wilson, J. L. (2014). Effect of low-permeability layers on spatial patterns of hyporheic exchange and ground-
water upwelling. Water Resources Research, 50, 5196-5215. https://doi.org/10.1002/2013WR015054

Gonzélez-Pinzon, R., Ward, A. S., Hatch, C. E., Wlostowski, A. N., Singha, K., Gooseff, M. N., et al. (2015). A field comparison of multiple
techniques to quantify groundwater—surface-water interactions. Freshwater Science, 34, 139-160. https://doi.org/10.1086/679738

Gooseff, M. N. (2010). Defining hyporheic zones — Advancing our conceptual and operational definitions of where stream water and groundwater
meet. Geography Compass, 4, 945-955. https://doi.org/10.1111/1.1749-8198.2010.00364.x

Gooseff, M. N., Anderson, J. K., Wondzell, S. M., LaNier, J., & Haggerty, R. (2006). A modelling study of hyporheic exchange pattern and the
sequence, size, and spacing of stream bedforms in mountain stream networks, Oregon, USA. Hydrological Processes, 20, 2443-2457. https://
doi.org/10.1002/hyp.6349

Gootman, K. S., Gonzalez-Pinzén, R., Knapp, J. L. A., Garayburu-Caruso, V., & Cable, J. E. (2020). Spatiotemporal variability in trans-
port and reactive processes across a first- to fifth-order fluvial network. Water Resources Research, 56, €2019WR026303. https://doi.
org/10.1029/2019WR026303

Graham, E. B., Stegen, J. C., Huang, M., Chen, X., & Scheibe, T. D. (2019). Subsurface biogeochemistry is a missing link between ecol-
ogy and hydrology in dam-impacted river corridors. The Science of the Total Environment, 657, 435-445. https://doi.org/10.1016/j.
scitotenv.2018.11.414

Hancock, P. J., Boulton, A. J., & Humphreys, W. F. (2005). Aquifers and hyporheic zones: Towards an ecological understanding of groundwater.
Hydrogeology Journal, 13, 98-111. https://doi.org/10.1007/s10040-004-0421-6

Hannah, D. M., Malcolm, I. A., & Bradley, C. (2009). Seasonal hyporheic temperature dynamics over riffle bedforms. Hydrological Processes,
23, 2178-2194. https://doi.org/10.1002/hyp.7256

Hannah, D. M., Sadler, J. P., & Wood, P. J. (2007). Hydroecology and ecohydrology: A potential route forward? Hydrological Processes, 21,
3385-3390. https://doi.org/10.1002/hyp.6888

Harman, C. J.,, Ward, A. S., & Ball, A. (2016). How does reach-scale stream-hyporheic transport vary with discharge? Insights from
rSAS analysis of sequential tracer injections in a headwater mountain stream. Water Resources Research, 52, 7130-7150. https://doi.
org/10.1002/2016WR018832

Harms, T. K., & Grimm, N. B. (2008). Hot spots and hot moments of carbon and nitrogen dynamics in a semiarid riparian zone: Riparian hot spots
and hot moments. Journal of Geophysical Research: Biogeosciences, 113. https://doi.org/10.1029/2007JG000588

Harrison, L. R., Bray, E., Overstreet, B., Legleiter, C. J., Brown, R. A., Merz, J. E., et al. (2019). Physical controls on salmon redd site selection in
restored reaches of a regulated, gravel-bed river. Water Resources Research, 55, 8942—-8966. https://doi.org/10.1029/2018WR024428

Harvey, J., & Gooseff, M. (2015). River corridor science: Hydrologic exchange and ecological consequences from bedforms to basins. Water
Resources Research, 51, 6893—6922. https://doi.org/10.1002/2015WR017617

Harvey, J. W., Béhlke, J. K., Voytek, M. A., Scott, D., & Tobias, C. R. (2013). Hyporheic zone denitrification: Controls on effective reaction depth
and contribution to whole-stream mass balance. Water Resources Research, 49, 6298—6316. https://doi.org/10.1002/wrcr.20492

Helton, A. M., Poole, G. C., Meyer, J. L., Wollheim, W. M., Peterson, B. J., Mulholland, P. J., et al. (2011). Thinking outside the channel: Mode-
ling nitrogen cycling in networked river ecosystems. Frontiers in Ecology and the Environment, 9, 229-238. https://doi.org/10.1890/080211

Herzog, S. P., Higgins, C. P., Singha, K., & McCray, J. E. (2018). Performance of engineered streambeds for inducing hyporheic transient storage
and attenuation of Resazurin. Environmental Science & Technology, 52, 10627—-10636. https://doi.org/10.1021/acs.est.8b01145

Herzog, S. P, Ward, A. S., & Wondzell, S. M. (2019). Multiscale feature-feature interactions control patterns of hyporheic exchange in a simulated
headwater mountain stream. Water Resources Research, 55, 10976—10992. https://doi.org/10.1029/2019WR025763

Hester, E. T., Cardenas, M. B., Haggerty, R., & Apte, S. V. (2017). The importance and challenge of hyporheic mixing: Hyporheic mixing. Water
Resources Research, 53, 3565-3575. https://doi.org/10.1002/2016 WR020005

KRAUSE ET AL.

19 of 25


https://doi.org/10.4319/lo.2001.46.3.0523
https://doi.org/10.1007/s100219900003
https://doi.org/10.1016/j.advwatres.2010.09.011
https://doi.org/10.1111/j.1745-6584.2006.00190.x
https://doi.org/10.1016/j.limno.2017.08.003
https://doi.org/10.1111/fwb.13049
https://doi.org/10.1002/2013WR014668
https://doi.org/10.1002/2016WR018677
https://doi.org/10.1002/2016WR018677
https://doi.org/10.3389/fenvs.2019.00200
https://doi.org/10.1016/j.scitotenv.2014.09.083
https://doi.org/10.1016/j.scitotenv.2014.09.083
https://doi.org/10.1007/BF01867358
https://doi.org/10.1016/j.scitotenv.2006.11.004
https://doi.org/10.1016/j.jhydrol.2008.06.017
https://doi.org/10.1061/(ASCE)0733-9372
https://doi.org/10.1038/ngeo2567
https://doi.org/10.1002/2013WR015054
https://doi.org/10.1086/679738
https://doi.org/10.1111/j.1749-8198.2010.00364.x
https://doi.org/10.1002/hyp.6349
https://doi.org/10.1002/hyp.6349
https://doi.org/10.1029/2019WR026303
https://doi.org/10.1029/2019WR026303
https://doi.org/10.1016/j.scitotenv.2018.11.414
https://doi.org/10.1016/j.scitotenv.2018.11.414
https://doi.org/10.1007/s10040-004-0421-6
https://doi.org/10.1002/hyp.7256
https://doi.org/10.1002/hyp.6888
https://doi.org/10.1002/2016WR018832
https://doi.org/10.1002/2016WR018832
https://doi.org/10.1029/2007JG000588
https://doi.org/10.1029/2018WR024428
https://doi.org/10.1002/2015WR017617
https://doi.org/10.1002/wrcr.20492
https://doi.org/10.1890/080211
https://doi.org/10.1021/acs.est.8b01145
https://doi.org/10.1029/2019WR025763
https://doi.org/10.1002/2016WR020005

A7t |
NI
ADVANCING EARTH
AND SPACE SCIENCE

Water Resources Research 10.1029/2021WR029771

Hester, E. T., & Doyle, M. W. (2008). In-stream geomorphic structures as drivers of hyporheic exchange. Water Resources Research, 44. https://
doi.org/10.1029/2006 WR005810

Hester, E. T., Eastes, L. A., & Widdowson, M. A. (2019). Effect of surface water stage fluctuation on mixing-dependent hyporheic denitrification
in riverbed dunes. Water Resources Research, 55. https://doi.org/10.1029/2018WR024198

Holker, F., Vanni, M. J., Kuiper, J. J., Meile, C., Grossart, H.-P., Stief, P., et al. (2015). Tube-dwelling invertebrates: Tiny ecosystem engineers
have large effects in lake ecosystems. Ecological Monographs, 85, 333-351. https://doi.org/10.1890/14-1160.1

Holmes, R. M., Fisher, S. G., & Grimm, N. B. (1994). Parafluvial nitrogen dynamics in a desert stream ecosystem. Journal of the North American
Benthological Society, 13, 468—478. https://doi.org/10.2307/1467844

Hou, Z., Nelson, W. C., Stegen, J. C., Murray, C. J., Arntzen, E., Crump, A. R., et al. (2017). Geochemical and microbial community attributes in
relation to hyporheic zone geological facies. Scientific Reports, 7, 12006. https://doi.org/10.1038/s41598-017-12275-w

Irvine, D. J., Brunner, P., Franssen, H.-J. H., & Simmons, C. T. (2012). Heterogeneous or homogeneous? Implications of simplifying heterogene-
ous streambeds in models of losing streams. Journal of Hydrology, 424-425, 16-23. https://doi.org/10.1016/j.jhydrol.2011.11.051

Jaeger, A., Posselt, M., Betterle, A., Schaper, J., Mechelke, J., Coll, C., & Lewandowski, J. (2019). Spatial and temporal variability in attenuation
of polar organic micropollutants in an urban lowland stream. Environmental Science & Technology, 53, 2383-2395. https://doi.org/10.1021/
acs.est.8b05488

Janzen, K., & Westbrook, C. J. (2011). Hyporheic flows along a channelled peatland: Influence of beaver dams. Canadian Water Resources
Journal/Revue Canadienne des Ressources Hydriques, 36, 331-347. https://doi.org/10.4296/cwrj3604846

Jencso, K. G., McGlynn, B. L., Gooseff, M. N., Wondzell, S. M., Bencala, K. E., & Marshall, L. A. (2009). Hydrologic connectivity between
landscapes and streams: Transferring reach- and plot-scale understanding to the catchment scale. Water Resources Research, 45. https://doi.
org/10.1029/2008 WR007225

Jones, J. B., & Holmes, R. M. (1996). Surface-subsurface interactions in stream ecosystems. Trends in Ecology & Evolution, 11,239-242. https://
doi.org/10.1016/0169-5347(96)10013-6

Jones, J. L., Collins, A. L., Naden, P. S., & Sear, D. A. (2012). The relationship between fine sediment and macrophytes in rivers: Fine sediment
and macrophytes. River Research and Applications, 28, 1006-1018. https://doi.org/10.1002/rra.1486

Jones, K. L., Poole, G. C., Woessner, W. W., Vitale, M. V., Boer, B. R., O’Daniel, S. J., et al. (2008). Geomorphology, hydrology, and aquatic
vegetation drive seasonal hyporheic flow patterns across a gravel-dominated floodplain. Hydrological Processes, 22, 2105-2113. https://doi.
org/10.1002/hyp.6810

Karaman, S. (1935). Die Fauna der unterirdischen Gewdsser Jugoslaviens: Mit 5 Abbildungen. SIL Proceedings, 1922-2010, 7, 46-73. https://
doi.org/10.1080/03680770.1935.11902405

Kasahara, T., & Hill, A. R. (2006). Hyporheic exchange flows induced by constructed riffles and steps in lowland streams in Southern Ontario,
Canada. Hydrological Processes, 20, 4287-4305. https://doi.org/10.1002/hyp.6174

Kasahara, T., & Wondzell, S. M. (2003). Geomorphic controls on hyporheic exchange flow in mountain streams. Water Resources Research, 39.
https://doi.org/10.1029/2002WR001386

Kaufman, M. H., Cardenas, M. B., Buttles, J., Kessler, A.J., & Cook, P. L. M. (2017). Hyporheic hot moments: Dissolved oxygen dynamics in the
hyporheic zone in response to surface flow perturbations. Water Resources Research, 53, 6642—-6662. https://doi.org/10.1002/2016 WR020296

Kessler, A. J., Cardenas, M. B., & Cook, P. L. M. (2015). The negligible effect of bed form migration on denitrification in hyporheic zones of
permeable sediments: Denitrification under moving bedforms. Journal of Geophysical Research: Biogeosciences, 120, 538-548. https://doi.
0rg/10.1002/2014JG002852

Knapp, J. L. A., Gonzélez-Pinzén, R., Drummond, J. D., Larsen, L. G., Cirpka, O. A., & Harvey, J. W. (2017). Tracer-based characterization of
hyporheic exchange and benthic biolayers in streams. Water Resources Research, 53, 1575-1594. https://doi.org/10.1002/2016WR019393

Krause, S., Blume, T., & Cassidy, N. J. (2012). Investigating patterns and controls of groundwater up-welling in a lowland river by combin-
ing fibre-optic distributed temperature sensing with observations of vertical hydraulic gradients. Hydrology and Earth System Sciences, 16,
1775-1792. https://doi.org/10.5194/hess-16-1775-2012

Krause, S., Boano, F., Cuthbert, M. O., Fleckenstein, J. H., & Lewandowski, J. (2014). Understanding process dynamics at aquifer-surface
water interfaces: An introduction to the special section on new modeling approaches and novel experimental technologies. Water Resources
Research, 50, 1847-1855. https://doi.org/10.1002/2013WR014755

Krause, S., Hannah, D. M., & Blume, T. (2011). Interstitial pore-water temperature dynamics across a pool-riffle-pool sequence. Ecohydrology,
4, 549-563. https://doi.org/10.1002/eco.199

Krause, S., Hannah, D. M., Fleckenstein, J. H., Heppell, C. M., Kaeser, D., Pickup, R., et al. (2011). Inter-disciplinary perspectives on processes
in the hyporheic zone. Ecohydrology, 4, 481-499. https://doi.org/10.1002/eco.176

Krause, S., Heathwaite, L., Binley, A., & Keenan, P. (2009). Nitrate concentration changes at the groundwater-surface water interface of a small
Cumbrian river. Hydrological Processes, 23, 2195-2211. https://doi.org/10.1002/hyp.7213

Krause, S., Klaar, M. J., Hannah, D. M., Mant, J., Bridgeman, J., Trimmer, M., & Manning-Jones, S. (2014). The potential of large woody debris
to alter biogeochemical processes and ecosystem services in lowland rivers. WIREs Water, 1, 263-275. https://doi.org/10.1002/wat2.1019

Krause, S., Lewandowski, J., Grimm, N. B., Hannah, D. M., Pinay, G., McDonald, K., etal. (2017). Ecohydrological interfaces as hot spots of ecosys-
tem processes: Ecohydrological interfaces as hot spots. Water Resources Research, 53, 6359-6376. https://doi.org/10.1002/2016 WR019516

Krause, S., Munz, M., Tecklenburg, C., & Binley, A. (2012). The effect of groundwater forcing on hyporheic exchange: Reply to comment on
‘Munz M, Krause S, Tecklenburg C, Binley A. Reducing monitoring gaps at the aquifer-river interface by modelling groundwater-surface-
water exchange flow patterns. Hydrological processes. 10.1002/hyp.8080°. Hydrological Processes, 26, 1589-1592. https://doi.org/10.1002/
hyp.9271

Krause, S., Tecklenburg, C., Munz, M., & Naden, E. (2013). Streambed nitrogen cycling beyond the hyporheic zone: Flow controls on horizon-
tal patterns and depth distribution of nitrate and dissolved oxygen in the upwelling groundwater of a lowland river. Journal of Geophysical
Research: Biogeosciences, 118, 54—67. https://doi.org/10.1029/2012JG002122

Kurz, M. J., Drummond, J. D., Marti, E., Zarnetske, J. P., Lee-Cullin, J., Klaar, M. J., et al. (2017). Impacts of water level on metabolism and tran-
sient storage in vegetated lowland rivers: Insights from a mesocosm study. Journal of Geophysical Research: Biogeosciences, 122, 628-644.
https://doi.org/10.1002/2016JG003695

Lansdown, K., Heppell, C. M., Trimmer, M., Binley, A., Heathwaite, A. L., Byrne, P., & Zhang, H. (2015). The interplay between transport
and reaction rates as controls on nitrate attenuation in permeable, streambed sediments: Nitrate removal in permeable sediments. Journal of
Geophysical Research: Biogeosciences, 120, 1093-1109. https://doi.org/10.1002/20141G002874

Lansdown, K., McKew, B. A., Whitby, C., Heppell, C. M., Dumbrell, A. J., Binley, A., et al. (2016). Importance and controls of anaerobic ammo-
nium oxidation influenced by riverbed geology. Nature Geoscience, 9, 357-360. https://doi.org/10.1038/nge02684

KRAUSE ET AL.

20 of 25


https://doi.org/10.1029/2006WR005810
https://doi.org/10.1029/2006WR005810
https://doi.org/10.1029/2018WR024198
https://doi.org/10.1890/14-1160.1
https://doi.org/10.2307/1467844
https://doi.org/10.1038/s41598-017-12275-w
https://doi.org/10.1016/j.jhydrol.2011.11.051
https://doi.org/10.1021/acs.est.8b05488
https://doi.org/10.1021/acs.est.8b05488
https://doi.org/10.4296/cwrj3604846
https://doi.org/10.1029/2008WR007225
https://doi.org/10.1029/2008WR007225
https://doi.org/10.1016/0169-5347(96)10013-6
https://doi.org/10.1016/0169-5347(96)10013-6
https://doi.org/10.1002/rra.1486
https://doi.org/10.1002/hyp.6810
https://doi.org/10.1002/hyp.6810
https://doi.org/10.1080/03680770.1935.11902405
https://doi.org/10.1080/03680770.1935.11902405
https://doi.org/10.1002/hyp.6174
https://doi.org/10.1029/2002WR001386
https://doi.org/10.1002/2016WR020296
https://doi.org/10.1002/2014JG002852
https://doi.org/10.1002/2014JG002852
https://doi.org/10.1002/2016WR019393
https://doi.org/10.5194/hess-16-1775-2012
https://doi.org/10.1002/2013WR014755
https://doi.org/10.1002/eco.199
https://doi.org/10.1002/eco.176
https://doi.org/10.1002/hyp.7213
https://doi.org/10.1002/wat2.1019
https://doi.org/10.1002/2016WR019516
https://doi.org/10.1002/hyp.9271
https://doi.org/10.1002/hyp.9271
https://doi.org/10.1029/2012JG002122
https://doi.org/10.1002/2016JG003695
https://doi.org/10.1002/2014JG002874
https://doi.org/10.1038/ngeo2684

A7t |
NI
ADVANCING EARTH
AND SPACE SCIENCE

Water Resources Research 10.1029/2021WR029771

Larsen, L. G., Harvey, J., Skalak, K., & Goodman, M. (2015). Fluorescence-based source tracking of organic sediment in restored and unrestored
urban streams: Organic sediment source tracking. Limnology & Oceanography, 60, 1439-1461. https://doi.org/10.1002/In0.10108

Larsen, L. G., & Harvey, J. W. (2017). Disrupted carbon cycling in restored and unrestored urban streams: Critical timescales and controls.
Limnology & Oceanography, 62, S160-S182. https://doi.org/10.1002/In0.10613

Laube, G., Schmidt, C., & Fleckenstein, J. H. (2018). The systematic effect of streambed conductivity heterogeneity on hyporheic flux and resi-
dence time. Advances in Water Resources, 122, 60-69. https://doi.org/10.1016/j.advwatres.2018.10.003

Lawrence, J. E., Skold, M. E., Hussain, F. A., Silverman, D. R., Resh, V. H., Sedlak, D. L., et al. (2013). Hyporheic zone in urban streams:
A review and opportunities for enhancing water quality and improving aquatic habitat by active management. Environmental Engineering
Science, 30, 480-501. https://doi.org/10.1089/ees.2012.0235

Lee-Cullin, J. A., Zarnetske, J. P, Ruhala, S. S., & Plont, S. (2018). Toward measuring biogeochemistry within the stream-groundwater interface
at the network scale: An initial assessment of two spatial sampling strategies. Limnology and Oceanography: Methods, 16, 722-733. https://
doi.org/10.1002/1lom3.10277

Leek, R., Wu, J. Q., Wang, L., Hanrahan, T. P., Barber, M. E., & Qiu, H. (2009). Heterogeneous characteristics of streambed saturated hydraulic
conductivity of the Touchet River, south eastern Washington, USA. Hydrological Processes, 23, 1236-1246. https://doi.org/10.1002/hyp.7258

Lewandowski, J., Arnon, S., Banks, E., Batelaan, O., Betterle, A., Broecker, T., et al. (2019). Is the hyporheic zone relevant beyond the scientific
community? Water, 11,2230. https://doi.org/10.3390/w11112230

Li, A., Aubeneau, A. F., Bolster, D., Tank, J. L., & Packman, A. I. (2017). Covariation in patterns of turbulence-driven hyporheic flow and
denitrification enhances reach-scale nitrogen removal. Water Resources Research, 53, 6927-6944. https://doi.org/10.1002/2016WR019949

Li, A., Bernal, S., Kohler, B., Thomas, S. A., Marti, E., & Packman, A. I. (2021). Residence time in hyporheic bioactive layers explains nitrate
uptake in streams. Water Resources Research, 57, €2020WR027646. https://doi.org/10.1029/2020WR027646

Liu, C., Hu, Z., Lei, J., & Nepf, H. (2018). Vortex structure and sediment deposition in the wake behind a finite patch of model submerged vege-
tation. Journal of Hydraulic Engineering, 144, 04017065. https://doi.org/10.1061/(ASCE)HY.1943-7900.0001408

Liu, C., & Nepf, H. (2016). Sediment deposition within and around a finite patch of model vegetation over a range of channel velocity. Water
Resources Research, 52, 600-612. https://doi.org/10.1002/2015WR018249

Liu, Y., Zarfl, C., Basu, N. B., & Cirpka, O. A. (2019). Turnover and legacy of sediment-associated PAH in a baseflow-dominated river. The
Science of the Total Environment, 671, 754-764. https://doi.org/10.1016/j.scitotenv.2019.03.236

Lowell, J. L., Gordon, N., Engstrom, D., Stanford, J. A., Holben, W. E., & Gannon, J. E. (2009). Habitat heterogeneity and associated micro-
bial community structure in a small-scale floodplain hyporheic flow path. Microbial Ecology, 58, 611-620. https://doi.org/10.1007/
$00248-009-9525-9

MacPhee, R. D. E., & Schouten, P. (2019). End of the megafauna: The fate of the world’s hugest, fiercest, and strangest animals (1st ed.). W.W.
Norton & Company.

Magliozzi, C., Coro, G., Grabowski, R. C., Packman, A. I., & Krause, S. (2019). A multiscale statistical method to identify potential areas
of hyporheic exchange for river restoration planning. Environmental Modelling & Software, 111, 311-323. https://doi.org/10.1016/j.
envsoft.2018.09.006

Magliozzi, C., Grabowski, R., Packman, A. I., & Krause, S. (2018). Toward a conceptual framework of hyporheic exchange across spatial scales.
Hydrology and Earth System Sciences, 22, 6163—-6185. https://doi.org/10.5194/hess-22-6163-2018

Malard, F., Tockner, K., Dole-Olivier, M.-J., & Ward, J. V. (2002). A landscape perspective of surface subsurface hydrological exchanges in river
corridors. Freshwater Biology, 47, 621-640. https://doi.org/10.1046/j.1365-2427.2002.00906.x

Malcolm, I. A., Soulsby, C., Youngson, A. F., Hannah, D. M., McLaren, L. S., & Thorne, A. (2004). Hydrological influences on hyporheic water
quality: Implications for salmon egg survival. Hydrological Processes, 18, 1543—1560. https://doi.org/10.1002/hyp.1405

Malcolm, I. A., Soulsby, C., Youngson, A. F., & Tetzlaff, D. (2009). Fine scale variability of hyporheic hydrochemistry in salmon spawning grav-
els with contrasting groundwater-surface water interactions. Hydrogeology Journal, 17, 161-174. https://doi.org/10.1007/s10040-008-0339-5

Malzone, J. M., Anseeuw, S. K., Lowry, C. S., & Allen-King, R. (2016). Temporal hyporheic zone response to water table fluctuations. Ground
Water, 54, 274-285. https://doi.org/10.1111/gwat.12352

Margais, J., Gauvain, A., Labasque, T., Abbott, B. W., Pinay, G., Aquilina, L., et al. (2018). Dating groundwater with dissolved silica and CFC
concentrations in crystalline aquifers. The Science of the Total Environment, 636, 260-272. https://doi.org/10.1016/j.scitotenv.2018.04.196

Marcé, R., von Schiller, D., Aguilera, R., Marti, E., & Bernal, S. (2018). Contribution of hydrologic opportunity and biogeochemical reactivity
to the variability of nutrient retention in river networks. Global Biogeochemical Cycles, 32, 376-388. https://doi.org/10.1002/2017GB005677

Marion, A., Packman, A. 1., Zaramella, M., & Bottacin-Busolin, A. (2008). Hyporheic flows in stratified beds: Hyporheic flow in stratified beds.
Water Resources Research, 44. https://doi.org/10.1029/2007WR006079

Marzadri, A., Amatulli, G., Tonina, D., Bellin, A., Shen, L. Q., Allen, G. H., & Raymond, P. A. (2021). Global riverine nitrous oxide emissions:
The role of small streams and large rivers. The Science of the Total Environment, 776, 145148. https://doi.org/10.1016/j.scitotenv.2021.145148

Marzadri, A., Dee, M. M., Tonina, D., Bellin, A., & Tank, J. L. (2017). Role of surface and subsurface processes in scaling N , O emissions along
riverine networks. Proceedings of the National Academy of Sciences of the United States of America, 114, 4330-4335. https://doi.org/10.1073/
pnas.1617454114

Marzadri, A., Tonina, D., & Bellin, A. (2012). Morphodynamic controls on redox conditions and on nitrogen dynamics within the hyporheic
zone: Application to gravel bed rivers with alternate-bar morphology. Journal of Geophysical Research: Biogeosciences, 117. https://doi.
org/10.1029/2012JG001966

Marzadri, A., Tonina, D., Bellin, A., Vignoli, G., & Tubino, M. (2010). Semianalytical analysis of hyporheic flow induced by alternate bars.
Water Resources Research, 46. https://doi.org/10.1029/2009WR008285

McClain, E. M., Boyer, W. E., Dent, L. C., Gergel, E. S., Grimm, B. N., Groffman, M. P., et al. (2003). Biogeochemical hot spots and hot moments
at the interface of terrestrial and aquatic ecosystems. Ecosystems, 6, 301-312. https://doi.org/10.1007/s10021-003-0161-9

Mendoza-Lera, C., & Datry, T. (2017). Relating hydraulic conductivity and hyporheic zone biogeochemical processing to conserve and restore
river ecosystem services. The Science of the Total Environment, 579, 1815-1821. https://doi.org/10.1016/j.scitotenv.2016.11.166

Mendoza-Lera, C., & Mutz, M. (2013). Microbial activity and sediment disturbance modulate the vertical water flux in sandy sediments. Fresh-
water Science, 32, 26-38. https://doi.org/10.1899/11-165.1

Mendoza-Lera, C., Ribot, M., Foulquier, A., Marti, E., Bonnineau, C., Breil, P., & Datry, T. (2019). Exploring the role of hydraulic conductivity
on the contribution of the hyporheic zone to in-stream nitrogen uptake. Ecohydrology, 12. https://doi.org/10.1002/ec0.2139

Mermillod-Blondin, F. (2011). The functional significance of bioturbation and biodeposition on biogeochemical processes at the
water—sediment interface in freshwater and marine ecosystems. Journal of the North American Benthological Society, 30, 770-778.
https://doi.org/10.1899/10-121.1

KRAUSE ET AL.

21 of 25


https://doi.org/10.1002/lno.10108
https://doi.org/10.1002/lno.10613
https://doi.org/10.1016/j.advwatres.2018.10.003
https://doi.org/10.1089/ees.2012.0235
https://doi.org/10.1002/lom3.10277
https://doi.org/10.1002/lom3.10277
https://doi.org/10.1002/hyp.7258
https://doi.org/10.3390/w11112230
https://doi.org/10.1002/2016WR019949
https://doi.org/10.1029/2020WR027646
https://doi.org/10.1061/(ASCE)HY.1943-7900.0001408
https://doi.org/10.1002/2015WR018249
https://doi.org/10.1016/j.scitotenv.2019.03.236
https://doi.org/10.1007/s00248-009-9525-9
https://doi.org/10.1007/s00248-009-9525-9
https://doi.org/10.1016/j.envsoft.2018.09.006
https://doi.org/10.1016/j.envsoft.2018.09.006
https://doi.org/10.5194/hess-22-6163-2018
https://doi.org/10.1046/j.1365-2427.2002.00906.x
https://doi.org/10.1002/hyp.1405
https://doi.org/10.1007/s10040-008-0339-5
https://doi.org/10.1111/gwat.12352
https://doi.org/10.1016/j.scitotenv.2018.04.196
https://doi.org/10.1002/2017GB005677
https://doi.org/10.1029/2007WR006079
https://doi.org/10.1016/j.scitotenv.2021.145148
https://doi.org/10.1073/pnas.1617454114
https://doi.org/10.1073/pnas.1617454114
https://doi.org/10.1029/2012JG001966
https://doi.org/10.1029/2012JG001966
https://doi.org/10.1029/2009WR008285
https://doi.org/10.1007/s10021-003-0161-9
https://doi.org/10.1016/j.scitotenv.2016.11.166
https://doi.org/10.1899/11-165.1
https://doi.org/10.1002/eco.2139
https://doi.org/10.1899/10-121.1

A7t |
NI
ADVANCING EARTH
AND SPACE SCIENCE

Water Resources Research 10.1029/2021WR029771

Mermillod-Blondin, F., Gaudet, J.-P., Gerino, M., Desrosiers, G., Jose, J., & des Chatelliers, M. C. (2004). Relative influence of bioturba-
tion and predation on organic matter processing in river sediments: A microcosm experiment. Freshwater Biology, 49, 895-912. https://doi.
org/10.1111/j.1365-2427.2004.01233.x

Moir, H. J., & Pasternack, G. B. (2010). Substrate requirements of spawning Chinook salmon (Oncorhynchus tshawytscha) are dependent on local
channel hydraulics. River Research and Applications, 26, 456—468. https://doi.org/10.1002/rra.1292

Munz, M., Krause, S., Tecklenburg, C., & Binley, A. (2011). Reducing monitoring gaps at the aquifer-river interface by modelling groundwa-
ter-surface water exchange flow patterns. Hydrological Processes, 25, 3547-3562. https://doi.org/10.1002/hyp.8080

Nelson, W. C., Graham, E. B., Crump, A. R., Fansler, S. J., Arntzen, E. V., Kennedy, D. W., & Stegen, J. C. (2020). Distinct temporal diversity
profiles for nitrogen cycling genes in a hyporheic microbiome. PLoS One, 15, €0228165. https://doi.org/10.1371/journal.pone.0228165

Newcomer, M. E., Hubbard, S. S., Fleckenstein, J. H., Maier, U., Schmidt, C., Thullner, M., et al. (2016). Simulating bioclogging effects on
dynamic riverbed permeability and infiltration. Water Resources Research, 52, 2883-2900. https://doi.org/10.1002/2015WR018351

Nikolakopoulou, M., Argerich, A., Drummond, J. D., Gacia, E., Marti, E., Sorolla, A., & Sabater, F. (2018). Emergent macrophyte root architec-
ture controls subsurface solute transport. Water Resources Research, 54, 5958-5972. https://doi.org/10.1029/2017WR022381

Nikora, V. (2010). Hydrodynamics of aquatic ecosystems: An interface between ecology, biomechanics and environmental fluid mechanics. River
Research and Applications, 26, 367-384. https://doi.org/10.1002/rra.1291

Nogaro, G., Datry, T., Mermillod-Blondin, F., Descloux, S., & Montuelle, B. (2010). Influence of streambed sediment clogging on micro-
bial processes in the hyporheic zone: Influence of clogging on microbial processes. Freshwater Biology, 55, 1288-1302. https://doi.
org/10.1111/j.1365-2427.2009.02352.x

Nogaro, G., Mermillod-Blondin, F., Valett, M. H., Francois-Carcaillet, F., Gaudet, J.-P., Lafont, M., & Gibert, J. (2009). Ecosystem engineer-
ing at the sediment-water interface: Bioturbation and consumer-substrate interaction. Oecologia, 161, 125-138. https://doi.org/10.1007/
$00442-009-1365-2

Nowinski, J. D., Cardenas, M. B., & Lightbody, A. F. (2011). Evolution of hydraulic conductivity in the floodplain of a meandering river due to
hyporheic transport of fine materials. Geophysical Research Letters, 38. https://doi.org/10.1029/2010GL045819

Ocampo, C. J., Oldham, C. E., & Sivapalan, M. (2006). Nitrate attenuation in agricultural catchments: Shifting balances between transport and
reaction. Water Resources Research, 42. https://doi.org/10.1029/2004WR003773

Orghidan, T. (1959). Ein neuer Lebensraum des unterirdischen Wassers: Der hyporheische biotop. Archiv fiir Hydrobiologie, 55, 392-414.

Packman, A. L., & Brooks, N. H. (2001). Hyporheic exchange of solutes and colloids with moving bed forms. Water Resources Research, 37,
2591-2605. https://doi.org/10.1029/2001 WR000477

Packman, A. L., Marion, A., Zaramella, M., Chen, C., Gaillard, J.-F., & Keane, D. T. (2006). Development of layered sediment structure
and its effects on pore water transport and hyporheic exchange. Water, Air, & Soil Pollution: Focus, 6, 433—442. https://doi.org/10.1007/
$11267-006-9057-y

Pescimoro, E., Boano, F., Sawyer, A. H., & Soltanian, M. R. (2019). Modeling influence of sediment heterogeneity on nutrient cycling in stre-
ambeds. Water Resources Research, 55, 4082-4095. https://doi.org/10.1029/2018WR024221

Pinay, G., Black, V. J., Planty-Tabacchi, A. M., Gumiero, B., & Décamps, H. (2000). Geomorphic control of denitrification in large river flood-
plain soils. Biogeochemistry, 50, 163—-182. https://doi.org/10.1023/A:1006317004639

Pinay, G., O’Keefe, T. C., Edwards, R. T., & Naiman, R. J. (2009). Nitrate removal in the hyporheic zone of a salmon river in Alaska. River
Research and Applications, 25, 367-375. https://doi.org/10.1002/rra.1164

Pinay, G., Peiffer, S., De Dreuzy, J.-R., Krause, S., Hannah, D. M., Fleckenstein, J. H., et al. (2015). Upscaling nitrogen removal capacity from
local hotspots to low stream orders’ drainage basins. Ecosystems, 18, 1101-1120. https://doi.org/10.1007/s10021-015-9878-5

Pinay, G., Ruffinoni, C., & Fabre, A. (1995). Nitrogen cycling in two riparian forest soils under different geomorphic conditions. Biogeochemis-
try, 30, 9-29. https://doi.org/10.1007/BF02181038

Pinay, G., Ruffinoni, C., Wondzell, S., & Gazelle, F. (1998). Change in groundwater nitrate concentration in a large river floodplain: Denitrifica-
tion, uptake, or mixing? Journal of the North American Benthological Society, 17, 179-189. https://doi.org/10.2307/1467961

Poole, G. C., O’Daniel, S. J., Jones, K. L., Woessner, W. W., Bernhardt, E. S., Helton, A. M., et al. (2008). Hydrologic spiralling: The role of
multiple interactive flow paths in stream ecosystems. River Research and Applications, 24, 1018-1031. https://doi.org/10.1002/rra.1099

Poole, G. C., Stanford, J. A., Running, S. W., & Frissell, C. A. (2006). Multiscale geomorphic drivers of groundwater flow paths: Subsurface
hydrologic dynamics and hyporheic habitat diversity. Journal of the North American Benthological Society, 25, 288-303. http://doi.org/10.18
99/0887-3593(2006)25%5b288:MGDOGF%5d2.0.CO;2

Posselt, M., Mechelke, J., Rutere, C., Coll, C., Jaeger, A., Raza, M., et al. (2020). Bacterial diversity controls transformation of wastewater-de-
rived organic contaminants in river-simulating flumes. Environmental Science & Technology, 54, 5467-5479. https://doi.org/10.1021/acs.
est.9b06928

Preziosi-Ribero, A., Packman, A. I., Escobar-Vargas, J. A., Phillips, C. B., Donado, L. D., & Arnon, S. (2020). Fine sediment deposition and
filtration under losing and gaining flow conditions: A particle tracking model approach. Water Resources Research, 56, e2019WR026057.
https://doi.org/10.1029/2019WR026057

Reeder, W. J., Quick, A. M., Farrell, T. B., Benner, S. G., Feris, K. P., Marzadri, A., & Tonina, D. (2018). Hyporheic source and sink of nitrous
oxide. Water Resources Research, 54, 5001-5016. https://doi.org/10.1029/2018WR022564

Reeder, W. J., Quick, A. M., Farrell, T. B., Benner, S. G., Feris, K. P., & Tonina, D. (2018). Spatial and temporal dynamics of dissolved oxygen
concentrations and bioactivity in the hyporheic zone. Water Resources Research, 54, 2112-2128. https://doi.org/10.1002/2017WR021388

Revelli, R., Boano, F., Camporeale, C., & Ridolfi, L. (2008). Intra-meander hyporheic flow in alluvial rivers: Hyporheic exchange in meandering
rivers. Water Resources Research, 44. https://doi.org/10.1029/2008 WR00708 1

Ribot, M., Cochero, J., Vaessen, T. N., Bernal, S., Bastias, E., Gacia, E., et al. (2019). Leachates from helophyte leaf-litter enhance nitro-
gen removal from wastewater treatment plant effluents. Environmental Science & Technology, 53, 7613-7620. https://doi.org/10.1021/acs.
est.8b07218

Rinaldo, A., Benettin, P., Harman, C. J., Hrachowitz, M., McGuire, K. J., vander Velde, Y., et al. (2015). Storage selection functions: A coher-
ent framework for quantifying how catchments store and release water and solutes. Water Resources Research, 51, 4840-4847. https://doi.
org/10.1002/2015WR017273

Risse-Buhl, U., Mendoza-Lera, C., Norf, H., Pérez, J., Pozo, J., & Schlief, J. (2017). Contrasting habitats but comparable microbial decomposition
in the benthic and hyporheic zone. The Science of the Total Environment, 605-606, 683—691. https://doi.org/10.1016/j.scitotenv.2017.06.203

Rivett, M. O., Turner, R. J., Glibbery (née Murcott), P., & Cuthbert, M. O. (2012). The legacy of chlorinated solvents in the Birmingham aquifer,
UK: Observations spanning three decades and the challenge of future urban groundwater development. Journal of Contaminant Hydrology,
140-141, 107-123. https://doi.org/10.1016/j.jconhyd.2012.08.006

KRAUSE ET AL.

22 of 25


https://doi.org/10.1111/j.1365-2427.2004.01233.x
https://doi.org/10.1111/j.1365-2427.2004.01233.x
https://doi.org/10.1002/rra.1292
https://doi.org/10.1002/hyp.8080
https://doi.org/10.1371/journal.pone.0228165
https://doi.org/10.1002/2015WR018351
https://doi.org/10.1029/2017WR022381
https://doi.org/10.1002/rra.1291
https://doi.org/10.1111/j.1365-2427.2009.02352.x
https://doi.org/10.1111/j.1365-2427.2009.02352.x
https://doi.org/10.1007/s00442-009-1365-2
https://doi.org/10.1007/s00442-009-1365-2
https://doi.org/10.1029/2010GL045819
https://doi.org/10.1029/2004WR003773
https://doi.org/10.1029/2001WR000477
https://doi.org/10.1007/s11267-006-9057-y
https://doi.org/10.1007/s11267-006-9057-y
https://doi.org/10.1029/2018WR024221
https://doi.org/10.1023/A:1006317004639
https://doi.org/10.1002/rra.1164
https://doi.org/10.1007/s10021-015-9878-5
https://doi.org/10.1007/BF02181038
https://doi.org/10.2307/1467961
https://doi.org/10.1002/rra.1099
http://doi.org/10.1899/0887-3593(2006)25%5b288:MGDOGF%5d2.0.CO;2
http://doi.org/10.1899/0887-3593(2006)25%5b288:MGDOGF%5d2.0.CO;2
https://doi.org/10.1021/acs.est.9b06928
https://doi.org/10.1021/acs.est.9b06928
https://doi.org/10.1029/2019WR026057
https://doi.org/10.1029/2018WR022564
https://doi.org/10.1002/2017WR021388
https://doi.org/10.1029/2008WR007081
https://doi.org/10.1021/acs.est.8b07218
https://doi.org/10.1021/acs.est.8b07218
https://doi.org/10.1002/2015WR017273
https://doi.org/10.1002/2015WR017273
https://doi.org/10.1016/j.scitotenv.2017.06.203
https://doi.org/10.1016/j.jconhyd.2012.08.006

A7t |
NI
ADVANCING EARTH
AND SPACE SCIENCE

Water Resources Research 10.1029/2021WR029771

Roche, K. R., Blois, G., Best, J. L., Christensen, K. T., Aubeneau, A. F., & Packman, A. I. (2018). Turbulence links momentum and solute
exchange in coarse-grained streambeds. Water Resources Research, 54, 3225-3242. https://doi.org/10.1029/2017WR021992

Roche, K. R., Drummond, J. D., Boano, F., Packman, A. I., Battin, T. J., & Hunter, W. R. (2017). Benthic biofilm controls on fine particle dynam-
ics in streams: Biofilm-particle dynamics. Water Resources Research, 53, 222-236. https://doi.org/10.1002/2016 WR019041

Roche, K. R., Li, A., Bolster, D., Wagner, G. J., & Packman, A. I. (2019). Effects of turbulent hyporheic mixing on reach-scale transport. Water
Resources Research, 55. https://doi.org/10.1029/2018WR023421

Rode, M., Hartwig, M., Wagenschein, D., Kebede, T., & Borchardt, D. (2015). The importance of hyporheic zone processes on ecological func-
tioning and solute transport of streams and rivers. In L.Chicharo, F.Miiller, & N.Fohrer (Eds.), Ecosystem services and river basin ecohydrol-
ogy (pp. 57-82). Springer. https://doi.org/10.1007/978-94-017-9846-4_4

Ryan, R. J., & Boufadel, M. C. (2007). Evaluation of streambed hydraulic conductivity heterogeneity in an urban watershed. Stochastic Environ-
mental Research and Risk Assessment, 21, 309-316. https://doi.org/10.1007/s00477-006-0066-1

Salehin, M., Packman, A. I., & Paradis, M. (2004). Hyporheic exchange with heterogeneous streambeds: Laboratory experiments and modeling.
Water Resources Research, 40. https://doi.org/10.1029/2003WR002567

Salehin, M., Packman, A. I., & Worman, A. (2003). Comparison of transient storage in vegetated and unvegetated reaches of a small agricultural
stream in Sweden: Seasonal variation and anthropogenic manipulation. Advances in Water Resources, 26, 951-964. https://doi.org/10.1016/
S0309-1708(03)00084-8

Sand-Jensen, K. (1998). Influence of submerged macrophytes on sediment composition and near-bed flow in lowland streams. Freshwater Biol-
0gy, 39, 663-679. https://doi.org/10.1046/j.1365-2427.1998.00316.x

Sawyer, A. H. (2015). Enhanced removal of groundwater-borne nitrate in heterogeneous aquatic sediments. Geophysical Research Letters, 42,
403-410. https://doi.org/10.1002/2014GL062234

Sawyer, A. H., & Cardenas, M. B. (2009). Hyporheic flow and residence time distributions in heterogeneous cross-bedded sediment. Water
Resources Research, 45. https://doi.org/10.1029/2008 WR007632

Sawyer, A. H., Cardenas, M. B., & Buttles, J. (2012). Hyporheic temperature dynamics and heat exchange near channel-spanning logs. Water
Resources Research, 48, 1529. https://doi.org/10.1029/2011WR011200

Schaper, J. L., Posselt, M., Bouchez, C., Jaeger, A., Nuetzmann, G., Putschew, A., et al. (2019). Fate of trace organic compounds in the hyporheic
zone: Influence of retardation, the benthic biolayer, and organic carbon. Environmental Science & Technology, 53, 4224-4234. https://doi.
org/10.1021/acs.est.8b06231

Schaper, J. L., Seher, W., Niitzmann, G., Putschew, A., Jekel, M., & Lewandowski, J. (2018). The fate of polar trace organic compounds in the
hyporheic zone. Water Research, 140, 158-166. https://doi.org/10.1016/j.watres.2018.04.040

Schmadel, N. M., Ward, A. S., Kurz, M. J., Fleckenstein, J. H., Zarnetske, J. P., Hannah, D. M., et al. (2016). Stream solute tracer times-
cales changing with discharge and reach length confound process interpretation. Water Resources Research, 52, 3227-3245. https://doi.
org/10.1002/2015WR018062

Schmadel, N. M., Ward, A. S., Lowry, C. S., & Malzone, J. M. (2016). Hyporheic exchange controlled by dynamic hydrologic boundary condi-
tions. Geophysical Research Letters, 43, 4408—4417. https://doi.org/10.1002/2016GL068286

Sebok, E., Duque, C., Engesgaard, P., & Boegh, E. (2015). Spatial variability in streambed hydraulic conductivity of contrasting stream morphol-
ogies: Channel bend and straight channel. Hydrological Processes, 29, 458—472. https://doi.org/10.1002/hyp.10170

Shelley, F., Klaar, M., Krause, S., & Trimmer, M. (2017). Enhanced hyporheic exchange flow around woody debris does not increase nitrate
reduction in a sandy streambed. Biogeochemistry, 136, 353-372. https://doi.org/10.1007/s10533-017-0401-2

Shurin, J. B., Aranguren-Riafio, N., Duque Negro, D., Echeverri Lopez, D., Jones, N. T., Laverde-R, O., et al. (2020). Ecosystem effects of the
world’s largest invasive animal. Ecology, 101, €02991. https://doi.org/10.1002/ecy.2991

Singh, T., Wu, L., Gomez-Velez, J. D., Lewandowski, J., Hannah, D. M., & Krause, S. (2019). Dynamic hyporheic zones: Exploring the role of
peak flow events on bedform-induced hyporheic exchange. Water Resources Research, 55, 218-235. https://doi.org/10.1029/2018WR022993

Stowik, M. (2014). Holocene evolution of meander bends in lowland river valley formed in complex geological conditions (the Obra river,
Poland). Geografiska Annaler: Series A, Physical Geography, 96, 61-81. https://doi.org/10.1111/geoa.12029

Stanford, J. A., & Ward, J. V. (1988). The hyporheic habitat of river ecosystems. Nature, 335, 64—66. https://doi.org/10.1038/335064a0

Stanford, J. A., & Ward, J. V. (1993). An ecosystem perspective of alluvial rivers: Connectivity and the hyporheic corridor. Journal of the North
American Benthological Society, 12, 48—60. https://doi.org/10.2307/1467685

Statzner, B., Fievet, E., Champagne, J.-Y., Morel, R., & Herouin, E. (2000). Crayfish as geomorphic agents and ecosystem engineers: Biologi-
cal behavior affects sand and gravel erosion in experimental streams. Limnology & Oceanography, 45, 1030-1040. https://doi.org/10.4319/
10.2000.45.5.1030

Stewardson, M. J., Datry, T., Lamouroux, N., Pella, H., Thommeret, N., Valette, L., & Grant, S. B. (2016). Variation in reach-scale hydraulic
conductivity of streambeds. Geomorphology, 259, 70-80. https://doi.org/10.1016/j.geomorph.2016.02.001

Stonedahl, S. H., Harvey, J. W., Detty, J., Aubeneau, A., & Packman, A. I. (2012). Physical controls and predictability of stream hyporheic flow
evaluated with a multiscale model. Water Resources Research, 48. https://doi.org/10.1029/201 1WR011582

Stonedahl, S. H., Harvey, J. W., Worman, A., Salehin, M., & Packman, A. I. (2010). A multiscale model for integrating hyporheic exchange from
ripples to meanders. Water Resources Research, 46. https://doi.org/10.1029/2009WRO008865

Storey, R. G., Howard, K. W. F., & Williams, D. D. (2003). Factors controlling riffle-scale hyporheic exchange flows and their seasonal changes
in a gaining stream: A three-dimensional groundwater flow model. Water Resources Research, 39. https://doi.org/10.1029/2002WR001367

Stubbington, R., Wood, P. J., & Boulton, A. J. (2009). Low flow controls on benthic and hyporheic macroinvertebrate assemblages during
supra-seasonal drought. Hydrological Processes, 23, 2252-2263. https://doi.org/10.1002/hyp.7290

Thibodeaux, L. J., & Boyle, J. D. (1987). Bedform-generated convective transport in bottom sediment. Nature, 325, 341-343. https://doi.
org/10.1038/325341a0

Tonina, D., & Buffington, J. M. (2009). A three-dimensional model for analyzing the effects of salmon redds on hyporheic exchange and egg
pocket habitat. Canadian Journal of Fisheries and Aquatic Sciences, 66, 2157-2173. https://doi.org/10.1139/F09-146

Tonina, D., & Buffington, J. M. (2011). Effects of stream discharge, alluvial depth and bar amplitude on hyporheic flow in pool-riffle channels.
Water Resources Research, 47. https://doi.org/10.1029/2010WR009140

Tonina, D., de Barros, F. P. J., Marzadri, A., & Bellin, A. (2016). Does streambed heterogeneity matter for hyporheic residence time distribution
in sand-bedded streams? Advances in Water Resources, 96, 120-126. https://doi.org/10.1016/j.advwatres.2016.07.009

Trauth, N., & Fleckenstein, J. H. (2017). Single discharge events increase reactive efficiency of the hyporheic zone: Discharge events increase
reactivity. Water Resources Research, 53, 779-798. https://doi.org/10.1002/2016 WR019488

KRAUSE ET AL.

23 of 25


https://doi.org/10.1029/2017WR021992
https://doi.org/10.1002/2016WR019041
https://doi.org/10.1029/2018WR023421
https://doi.org/10.1007/978-94-017-9846-4_4
https://doi.org/10.1007/s00477-006-0066-1
https://doi.org/10.1029/2003WR002567
https://doi.org/10.1016/S0309-1708(03)00084-8
https://doi.org/10.1016/S0309-1708(03)00084-8
https://doi.org/10.1046/j.1365-2427.1998.00316.x
https://doi.org/10.1002/2014GL062234
https://doi.org/10.1029/2008WR007632
https://doi.org/10.1029/2011WR011200
https://doi.org/10.1021/acs.est.8b06231
https://doi.org/10.1021/acs.est.8b06231
https://doi.org/10.1016/j.watres.2018.04.040
https://doi.org/10.1002/2015WR018062
https://doi.org/10.1002/2015WR018062
https://doi.org/10.1002/2016GL068286
https://doi.org/10.1002/hyp.10170
https://doi.org/10.1007/s10533-017-0401-2
https://doi.org/10.1002/ecy.2991
https://doi.org/10.1029/2018WR022993
https://doi.org/10.1111/geoa.12029
https://doi.org/10.1038/335064a0
https://doi.org/10.2307/1467685
https://doi.org/10.4319/lo.2000.45.5.1030
https://doi.org/10.4319/lo.2000.45.5.1030
https://doi.org/10.1016/j.geomorph.2016.02.001
https://doi.org/10.1029/2011WR011582
https://doi.org/10.1029/2009WR008865
https://doi.org/10.1029/2002WR001367
https://doi.org/10.1002/hyp.7290
https://doi.org/10.1038/325341a0
https://doi.org/10.1038/325341a0
https://doi.org/10.1139/F09-146
https://doi.org/10.1029/2010WR009140
https://doi.org/10.1016/j.advwatres.2016.07.009
https://doi.org/10.1002/2016WR019488

A7t |
NI
ADVANCING EARTH
AND SPACE SCIENCE

Water Resources Research 10.1029/2021WR029771

Trauth, N., Schmidt, C., Maier, U., Vieweg, M., & Fleckenstein, J. H. (2013). Coupled 3-D stream flow and hyporheic flow model under varying
stream and ambient groundwater flow conditions in a pool-riffle system. Water Resources Research, 49, 5834-5850. https://doi.org/10.1002/
wrer.20442

Trauth, N., Schmidt, C., Vieweg, M., Maier, U., & Fleckenstein, J. H. (2014). Hyporheic transport and biogeochemical reactions in pool-riffle
systems under varying ambient groundwater flow conditions. Journal of Geophysical Research: Biogeosciences, 119, 910-928. https://doi.
org/10.1002/2013JG002586

Trauth, N., Schmidt, C., Vieweg, M., Oswald, S. E., & Fleckenstein, J. H. (2015). Hydraulic controls of in-stream gravel bar hyporheic exchange
and reactions. Water Resources Research, 51, 2243-2263. https://doi.org/10.1002/2014WR015857

Trimmer, M., Grey, J., Heppell, C. M., Hildrew, A. G., Lansdown, K., Stahl, H., & Yvon-Durocher, G. (2012). River bed carbon and nitro-
gen cycling: State of play and some new directions. The Science of the Total Environment, 434, 143—158. https://doi.org/10.1016/j.
scitotenv.2011.10.074

Trimmer, M., Shelley, F. C., Purdy, K. J., Maanoja, S. T., Chronopoulou, P.-M., & Grey, J. (2015). Riverbed methanotrophy sustained by high
carbon conversion efficiency. The ISME Journal, 9, 2304-2314. https://doi.org/10.1038/ismej.2015.98

Ullah, S., Zhang, H., Heathwaite, A. L., Heppell, C., Lansdown, K., Binley, A., & Trimmer, M. (2014). Influence of emergent vegetation on
nitrate cycling in sediments of a groundwater-fed river. Biogeochemistry, 118, 121-134. https://doi.org/10.1007/s10533-013-9909-2

Valett, H. M., Dahm, C. N., Campana, M. E., Morrice, J. A., Baker, M. A., & Fellows, C. S. (1997). Hydrologic influences on groundwater-sur-
face water ecotones: Heterogeneity in nutrient composition and retention. Journal of the North American Benthological Society, 16, 239-247.
https://doi.org/10.2307/1468254

Vander Vorste, R., Mermillod-Blondin, F., Hervant, F., Mons, R., & Datry, T. (2017). Gammarus pulex (Crustacea: Amphipoda) avoids increas-
ing water temperature and intraspecific competition through vertical migration into the hyporheic zone: A mesocosm experiment. Aquatic
Sciences, 79, 45-55. https://doi.org/10.1007/s00027-016-0478-z

Vander Vorste, R., Mermillod-Blondin, F., Hervant, F., Mons, R., Forcellini, M., & Datry, T. (2016). Increased depth to the water table during
river drying decreases the resilience of Gammarus pulex and alters ecosystem function. Ecohydrology, 9, 1177-1186. https://doi.org/10.1002/
eco.1716

Vaux, W. G. (1968). Intragravel flow and interchange of water in a streambed. United States Fish and Wildlife Service Bulletin, 66, 479-489.

Villeneuve, S., Cook, P. G., Shanafield, M., Wood, C., & White, N. (2015). Groundwater recharge via infiltration through an ephemeral riverbed,
central Australia. Journal of Arid Environments, 117, 47-58. https://doi.org/10.1016/j.jaridenv.2015.02.009

Ward, A. S. (2016). The evolution and state of interdisciplinary hyporheic research: The evolution and state of interdisciplinary hyporheic
research. WIREs Water, 3, 83-103. https://doi.org/10.1002/wat2.1120

Ward, A. S., Gooseff, M. N., & Johnson, P. A. (2011). How can subsurface modifications to hydraulic conductivity be designed as stream
restoration structures? Analysis of Vaux’s conceptual models to enhance hyporheic exchange. Water Resources Research, 47. https://doi.
org/10.1029/2010WR010028

Ward, A. S., Kurz, M. J., Schmadel, N. M., Knapp, J. L. A., Blaen, P. J., Harman, C. J., et al. (2019). Solute transport and transformation in an
intermittent, headwater mountain stream with diurnal discharge fluctuations. Water, 11, 2208. https://doi.org/10.3390/w11112208

Ward, A. S., & Packman, A. I. (2019). Advancing our predictive understanding of river corridor exchange. WIREs Water, 6, €1327. https://doi.
org/10.1002/wat2.1327

Ward, A. S., Schmadel, N. M., & Wondzell, S. M. (2018). Time-variable transit time distributions in the hyporheic zone of a headwater mountain
stream. Water Resources Research, 54. https://doi.org/10.1002/2017WR021502

Ward, A. S., Wondzell, S. M., Schmadel, N. M., Herzog, S., Zarnetske, J. P., Baranov, V., et al. (2019). Spatial and temporal variation in river
corridor exchange across a Sth-order mountain stream network. Hydrology and Earth System Sciences, 23, 5199-5225. https://doi.org/10.5194/
hess-23-5199-2019

Weatherill, J., Krause, S., Voyce, K., Drijthout, F., Levy, A., & Cassidy, N. (2014). Nested monitoring approaches to delineate groundwater
trichloroethene discharge to a UK lowland stream at multiple spatial scales. Journal of Contaminant Hydrology, 158, 38-54. https://doi.
org/10.1016/j.jconhyd.2013.12.001

Weatherill, J. J., Atashgahi, S., Schneidewind, U., Krause, S., Ullah, S., Cassidy, N., & Rivett, M. O. (2018). Natural attenuation of chlorinated
ethenes in hyporheic zones: A review of key biogeochemical processes and in-situ transformation potential. Water Research, 128, 362-382.
https://doi.org/10.1016/j.watres.2017.10.059

Winter, T. C. (Ed.). (1998). Ground water and surface water: A single resource (U.S. Geological Survey Circular). U.S. Geological Survey.

Winter, T. C. (1999). Relation of streams, lakes, and wetlands to groundwater flow systems. Hydrogeology Journal, 7, 28—45. https://doi.
org/10.1007/s100400050178

Withers, P., Neal, C., Jarvie, H., & Doody, D. (2014). Agriculture and eutrophication: Where do we go from here? Sustainability, 6, 5853-5875.
https://doi.org/10.3390/su6095853

Wolke, P., Teitelbaum, Y., Deng, C., Lewandowski, J., & Arnon, S. (2019). Impact of bed form celerity on oxygen dynamics in the hyporheic
zone. Water, 12, 62. https://doi.org/10.3390/w12010062

Wondzell, S. M. (2011). The role of the hyporheic zone across stream networks. Hydrological Processes, 25, 3525-3532. https://doi.org/10.1002/
hyp.8119

Wondzell, S. M., LaNier, J., & Haggerty, R. (2009). Evaluation of alternative groundwater flow models for simulating hyporheic exchange in a
small mountain stream. Journal of Hydrology, 364, 142—151. https://doi.org/10.1016/j.jhydrol.2008.10.011

Wondzell, S. M., LaNier, J., Haggerty, R., Woodsmith, R. D., & Edwards, R. T. (2009). Changes in hyporheic exchange flow following experi-
mental wood removal in a small, low-gradient stream. Water Resources Research, 45. https://doi.org/10.1029/2008 WR007214

Wu, L., Singh, T., Gomez-Velez, J., Niitzmann, G., Worman, A., Krause, S., & Lewandowski, J. (2018). Impact of dynamically changing
discharge on hyporheic exchange processes under gaining and losing groundwater conditions. Water Resources Research, 54. https://doi.
org/10.1029/2018WR023185

Zarnetske, J. P., Haggerty, R., Wondzell, S. M., & Baker, M. A. (2011a). Dynamics of nitrate production and removal as a function of residence
time in the hyporheic zone. Journal of Geophysical Research, 116. https://doi.org/10.1029/2010JG001356

Zarnetske, J. P., Haggerty, R., Wondzell, S. M., & Baker, M. A. (2011b). Labile dissolved organic carbon supply limits hyporheic denitrification.
Journal of Geophysical Research, 116. https://doi.org/10.1029/2011JG001730

Zarnetske, J. P, Haggerty, R., Wondzell, S. M., Bokil, V. A., & Gonzilez-Pinzén, R. (2012). Coupled transport and reaction kinetics
control the nitrate source-sink function of hyporheic zones: Hyporheic N source-sink controls. Water Resources Research, 48. https://doi.
org/10.1029/2012WR011894

Zhou, S., Borjigin, S., Riya, S., Terada, A., & Hosomi, M. (2014). The relationship between anammox and denitrification in the sediment of an
inland river. The Science of the Total Environment, 490, 1029-1036. https://doi.org/10.1016/j.scitotenv.2014.05.096

KRAUSE ET AL.

24 of 25


https://doi.org/10.1002/wrcr.20442
https://doi.org/10.1002/wrcr.20442
https://doi.org/10.1002/2013JG002586
https://doi.org/10.1002/2013JG002586
https://doi.org/10.1002/2014WR015857
https://doi.org/10.1016/j.scitotenv.2011.10.074
https://doi.org/10.1016/j.scitotenv.2011.10.074
https://doi.org/10.1038/ismej.2015.98
https://doi.org/10.1007/s10533-013-9909-2
https://doi.org/10.2307/1468254
https://doi.org/10.1007/s00027-016-0478-z
https://doi.org/10.1002/eco.1716
https://doi.org/10.1002/eco.1716
https://doi.org/10.1016/j.jaridenv.2015.02.009
https://doi.org/10.1002/wat2.1120
https://doi.org/10.1029/2010WR010028
https://doi.org/10.1029/2010WR010028
https://doi.org/10.3390/w11112208
https://doi.org/10.1002/wat2.1327
https://doi.org/10.1002/wat2.1327
https://doi.org/10.1002/2017WR021502
https://doi.org/10.5194/hess-23-5199-2019
https://doi.org/10.5194/hess-23-5199-2019
https://doi.org/10.1016/j.jconhyd.2013.12.001
https://doi.org/10.1016/j.jconhyd.2013.12.001
https://doi.org/10.1016/j.watres.2017.10.059
https://doi.org/10.1007/s100400050178
https://doi.org/10.1007/s100400050178
https://doi.org/10.3390/su6095853
https://doi.org/10.3390/w12010062
https://doi.org/10.1002/hyp.8119
https://doi.org/10.1002/hyp.8119
https://doi.org/10.1016/j.jhydrol.2008.10.011
https://doi.org/10.1029/2008WR007214
https://doi.org/10.1029/2018WR023185
https://doi.org/10.1029/2018WR023185
https://doi.org/10.1029/2010JG001356
https://doi.org/10.1029/2011JG001730
https://doi.org/10.1029/2012WR011894
https://doi.org/10.1029/2012WR011894
https://doi.org/10.1016/j.scitotenv.2014.05.096

. Yed N |
Fa\C [0 Water Resources Research 10.1029/2021WR029771

ADVANCING EARTH
AND SPACE SCIENCE

Zhou, T., & Endreny, T. A. (2013). Reshaping of the hyporheic zone beneath river restoration structures: Flume and hydrodynamic experiments.
Water Resources Research, 49, 5009-5020. https://doi.org/10.1002/wrcr.20384

Zhou, Y., Ritzi, R. W., Soltanian, M. R., & Dominic, D. F. (2014). The influence of streambed heterogeneity on hyporheic flow in gravelly rivers.
Ground Water, 52, 206-216. https://doi.org/10.1111/gwat.12048

KRAUSE ET AL. 25 of 25


https://doi.org/10.1002/wrcr.20384
https://doi.org/10.1111/gwat.12048

	Organizational Principles of Hyporheic Exchange Flow and Biogeochemical Cycling in River Networks Across Scales
	Abstract
	1. Introduction—The Need for Identifying Landscape Organizational Principles of Hyporheic Zone Functioning
	2. Drivers and Controls of Hyporheic Exchange Flow: Unraveling Spatio-Temporal Complexity and Their Implications for Biogeochemical Cycling
	2.1. Interactive Effects of Hydrodynamic and Hydrostatic Drivers of Hyporheic Exchange Flow
	2.2. Potential Influence of Heterogeneous Substrate Hydraulic Conductivity on Hyporheic Exchange Flow
	2.3. Multi-Scale Interactions of Lateral and Vertical Drivers of Hyporheic Exchange in the River Corridor
	2.4. Dynamic Hydrological Forcing of Hyporheic Exchange Flow
	2.5. Spatio-Temporal Variability of Hydrological Opportunity and Biogeochemical Reactivity in the Hyporheic Zone
	2.6. The Missing Link? Ecological Controls on Hyporheic Exchange Flow and Biogeochemical Cycling

	3. A Landscape Perspective of Organizational Principles of Hyporheic Exchange Fluxes and Biogeochemical Cycling Along the Catchment Continuum
	Data Availability Statement
	References


