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ABSTRACT

Anthropogenic deterioration of streams and rivers has affected their surface-subsurface linkages. This has led to the degradation of hypor-

heic zones, a sensitive interface between a stream channel and its surrounding sediments, responsible for transforming pollutants, natural

solutes and supporting benthic communities. Several authors have reported the influence of stream restoration measures on hyporheic

exchanges and have called for the inclusion of hyporheic zone restorations in stream management. Engineered Hyporheic Zones (EHZ)

are the creation of artificial transition areas due to induced hyporheic flows, brought about by some feature modifications done to the

stream channel or its subsurface. These feature modifications and their implications have been investigated through lab experiments, out-

door flumes, modelling and field studies for several years. This paper attempts to summarize the endeavours made in the study of EHZ and its

applications in water quality improvement and habitat restoration. A comprehensive review of up-to-date literature with specific focus on the

influence of engineered structures on hyporheic exchanges is presented, followed by the comparison of preferences opted for different

studies and their limitations. The paper ends with suggestive future scope in EHZ studies and its potential as a low cost alternative treatment

technology for river restoration.
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HIGHLIGHTS

• Active management of Hyporheic Zones can improve river health.

• Surface and subsurface feature modifications influence hyporheic flux.

• Hyporheic Zones can be engineered for target pollutant removal.

• Engineered HZ can be a viable, low-cost, alternative treatment technology in developing countries.
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GRAPHICAL ABSTRACT
INTRODUCTION

Intense anthropogenic activities due to rapid growth in population and urbanization have destroyed the natural self-purifi-
cation capacity of urban rivers (Baca et al. 2005; Komínková 2012). Such unplanned increase in urban population have
not only caused high demand for potable water but also severely polluted the available water resources (Karn & Harada

2001) and as the rate of land use and climate change escalates, the competition for ecological services of rivers further inten-
sifies (Boano et al. 2014). These effects are much more prominent in developing countries, where the average rate of
urbanization is much higher (Karn & Harada 2001), topped with unplanned growth and amplified population densities

due to human migration (McMichael 2000; Capps et al. 2016). About 90% of sewage was directly discharged into rivers
in developing countries (UN-Water 2008) and due to its economic, political and social conditions, it would take at least
20 years to build all necessary infrastructure to control river pollution (Baca et al. 2005) and yet, even today, it seems a distant

reality. Thus, keeping in view the economic reality of developing countries, there is an urgent requirement for alternative low
cost treatment technologies to address this growing problem of urban river degradation.

The Hyporheic Zone (HZ) has been at the heart of discussion while talking about stream restorations for several years now

(Boulton 2007; Hester & Doyle 2008; Robertson & Merkley 2009; Boulton et al. 2010; Hester & Gooseff 2010; Ward et al.
2011; Lawrence et al. 2013; Herzog et al. 2016, 2018). It can be attributed to the established contributions offered by the zone
to an assortment of ecosystem services and downstream water quality (Findlay 1995; Brunke & Gonser 1997; Krause et al.
2011). Orghidan (1959) was the first to recognise this transition area between ground and surface water as a distinct zone of

invertebrate assemblage and called it the ‘Hyporheische Biotop’, which meant ‘underþ flow’ biotope (Boulton et al. 2010).
The distinct invertebrates found there came to be widely known as ‘hyporheos’ (Brunke & Gonser 1997) and the space as the
hyporheic zone. Boulton et al. (2010) discussed the initial attempts to delineate HZ was based on distribution of surface and

subsurface invertebrates, followed by delineation based on temperature as tracer (White & Sully 1987) and solute as tracer
(Triska et al. 1989). Harvey et al. (1996) defined hyporheic exchange as movement of water between channel and subsurface
at small scales of centimetre to meter. Triska et al. (1989) suggested that at least 10% constituent of surface water, with a
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maximum of 98%, defined the hydrological boundary of the zone and this holds true even for modern day modelling studies

(Lautz & Siegel 2006). Boano et al. (2014) quoted that Vaux (1968) may have been the first to develop a physically based
model to study hyporheic flows. The authors account that individual works of Bencala & Walters (1983) and Thibodeaux
& Boyle (1987) shed new information on bidirectional exchange flows and its subsequent modelling by Harvey & Bencala

(1993) and Elliott & Brooks (1997a, 1997b) laid the groundwork for appreciating hyporheic flows and their interactions with
stream and sediments.

Although HZ studies have been ongoing for over seven decades (Lewandowski et al. 2019), there is still no clear single
definition available to cover all aspects of this zone. The multi-disciplinary nature and the spatiotemporal dynamism of

the zone (Gooseff 2010; Ward 2016) make it difficult to give it a static definition (Brunke & Gonser 1997) and a
discipline-specific definition would not convey the same concise meaning across disciplines (White 1993). In addition, the
definitions varied not only among different disciplines but also within the same discipline (Gooseff 2010; Ward 2016; Lewan-

dowski et al. 2019). Gooseff (2010) and Ward (2016) did a comprehensive discussion and comparison of HZ definitions from
different disciplines. Gooseff (2010) purposed a concept of residence time to define HZ, for example, a ‘24-hour HZ’ meant
that it took 24 hours for a parcel of water to travel from surface to subsurface, mix and return back. Ward (2016) defined it as

a location in streambeds and banks meeting certain criteria. Gooseff (2010) definition would promote unification among
interdisciplinary studies by allowing an organized approach, linking different scales of studies and timescales of exchange
to timescales of processes. Ward (2016) and Lewandowski et al. (2019) defined HZ as any location in the subsurface satu-

rated with flows originating and ending in the surface, whose residence time was in scale of relevance to the processes
and the phenomenon occurred repeatedly. Lewandowski et al. (2019) believed that such criteria would not only be flexible
and encompass all the existing definitions, but also enable other researchers to define HZ at different scales.

The anthropogenic deterioration of streams and rivers has resulted in degradation of the HZ (Boulton 2007; Lawrence et al.
2013). Hancock (2002) reviewed the effect of human activities on ecosystem functions of the HZ and listed its potential direct or
indirect involvement on HZ processes impairment. Active HZ management could provide an excellent and rather unexplored
opportunity to improve water quality and support the biodiversity of urban rivers (Lawrence et al. 2013). Bischel et al. (2013)
states that in order to restore the ecology and aesthetics of urban streams, municipal wastewater effluents and urban runoff need
to be envisioned as resources. Engineering of such zones has been paralleled to constructed wetlands on the basis of enhance-
ments provided to the water quality and habitat (Lawrence et al. 2013); additionally it negates requirements like space, skilled

personnel and infrastructure (Peter et al. 2019), which would have been a major limitation in any low-income developing
country. Moreover, low-income countries have a wide range of climatic conditions, creating a broad range of scenarios
(Capps et al. 2016), some of which may be favourable for hyporheic reactions, as the microbial activity and dissolved
oxygen in water is controlled by water temperatures (Zarnetske et al. 2011) which subsequently depend upon the ambient

air temperature (Lawrence et al. 2013). Hence, engineered HZ explorations could be the answer to the growing problem of
urban river pollution in developing countries, which until now has been limited to developed countries.

Stream restoration measures adopted to protect streams from further deterioration have also had an influence on the hypor-

heic exchanges underneath the structures (Kasahara & Wondzell 2003). Several key review papers have been published on
HZ processes, functions and significance (refer Lewandowski et al. 2019) but as per our knowledge, no review has been done
on the induced hyporheic exchanges due to engineered systems. This paper attempts to assimilate literature pertaining to

applications of engineered HZ formations in inducing Hyporheic Exchange Flows (HEF) in stream channels, to bring
about water quality and ecological changes. The main objective of this paper is (1) to summarize the developments in Engin-
eered Hyporheic Zone (EHZ) studies over the years; (2) to investigate the effectiveness of different structures and setups

adopted in inducing HEF; (3) to identify the limitations and research gaps; and (4) to suggest future scope of EHZ appli-
cations. The literature examined are in the form of EHZ divided into sub headings surface and subsurface feature
modifications followed by its discussion, limitations, future scope and conclusion.
ENGINEERED HYPORHEIC ZONE

Several authors have previously suggested inclusion of engineered elements into stream restoration projects (Hancock 2002;

Boulton et al. 2010; Lawrence et al. 2013) and it is gradually gaining importance in the research field with a sharp rise in the
number of papers published in the last fifteen years. (Cardenas 2015; Ward 2016). Although feature modification for hypor-
heic profits was being researched under different names like engineered elements, engineered flows, and hyporheic
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engineering (Gooseff 2010; Lawrence et al. 2013), the exact term ‘Engineered Hyporheic Zone’ (EHZ) was only recently

mentioned (Herzog et al. 2018; Lewandowski et al. 2019; Peter et al. 2019). For the purpose of this review, this paper defines
an Engineered Hyporheic Zone (EHZ) as any space where hyporheic processes occur due to modification of the HZ itself or
the channel (surface or subsurface) or floodplains, intentionally or unintentionally, similar to the definition of hyporheic pro-

cesses given by Ward (2016).
Bedform features like dunes, riffle-pools and gravel bars, in-stream geomorphic structures like cross vanes, dams, log jams

and meanders and sudden change in streambed permeability due to buried structures (Figure 1) all influence hyporheic
exchanges in stream channels (Kasahara & Hill 2006, 2007; Lautz & Siegel 2006; Hester & Doyle 2008; Ward et al.
2011). Broadly, these exchanges can be categorized as lateral or longitudinal, depending upon the direction of HEF induced
by the structure (Kasahara & Hill 2007), while the structures can be labeled as surface or subsurface feature modifications
based on their placement on the streambed (Ward et al. 2011). In this paper, the literature is reviewed under the surface

and subsurface feature modification. Although numerous literature is available on induced hyporheic exchanges due to engin-
eered elements, this review is focused on specific papers where the main objective of the engineered elements was enhanced
hyporheic exchanges and pollutant removal.
Surface feature modification

In-stream geomorphic features like riffle-steps, gravel bars, meanders, debris/log dams and partially spanning structures like
rock vanes or J-hooks, which are commonly used in channel protection and restoration (Kasahara & Hill 2006; Hester &
Figure 1 | Diagrammatic illustration of induced Hyporheic Exchange Flows (HEF) due to surface (riffles, weirs/logs) and subsurface {high and
low hydraulic conductivity (K) blocks} feature modifications, modified from (Kasahara & Hill 2006; Boulton 2007; Ward et al. 2011; Cardenas
2015).
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Doyle 2008; Hester et al. 2018) are all categorized under surface feature modifications (Ward et al. 2011). These restoration

features have been considered as the primary physical drivers of hyporheic exchanges (Brunke & Gonser 1997; Elliott &
Brooks 1997a) and numerous studies have documented their influences on HEF and its ecological aspects (Harvey &
Bencala 1993; Kasahara & Wondzell 2003; Storey et al. 2003; Gooseff et al. 2006; Tonina & Buffington 2007). Crispell

& Endreny (2009) reported that Kasahara & Hill (2006) was the first to explore the effect of in-channel restoration on hypor-
heic exchanges. Surface feature modifications can be considered as an indirect method of inducing HEF, as they are usually
not induced directly due to the structures, but often by the secondary bedforms created by them (Gordon et al. 2013).

Tracers have been commonly used in field studies of hyporheic exchanges (HE). Kasahara & Hill (2006, 2007) studied the

effect of longitudinal-constructed riffle, step, and lateral- gravel bar and re-meandered stream restoration measures on HEF
and hyporheic zone chemistry, in a lowland stream near Toronto, Ontario, Canada. Using conservative and non-conservative
tracers, nitrate removal rate of over 90% was observed in the restored reaches, but it was not even one percent of the daily

stream load. Longitudinal HEF were larger than lateral HEF for the same length of stretch and problem of progressive clog-
ging reduced its performance. The authors suggested that while such streambed elements were successful in inducing
hyporheic flux and biogeochemical reactions, it would require large stretches of engineered interventions to bring about

noticeable changes in surface water chemistry. Zarnetske et al. (2011) conducted similar stream tracer studies on a third-
order stream in western Oregon, USA, to investigate the HZ induced denitrification dynamics in gravel bars. Aerobic meta-
bolic processes dominated short residence times, while longer timescales were required for denitrification to occur. The daily

and seasonal changes in hydraulic, temperature, and chemical composition of water influenced the residence time threshold
between processes. The authors state that sampling procedures might affect results due to mixing of oxic water while drawing
samples. Gordon et al. (2013) used thermal tracers and chemical data to characterize the effect of cross-vane restoration
structures on HEF and biogeochemistry of three lowland degraded streams in and around central New York, USA. They

reported that low magnitude flux and biogeochemical cycling developed around the structures, which did not contribute
to whole-stream system chemistry. The authors reported that secondary pools and riffles created due to cross-vane structures
was more effective in inducing HEF and emphasized the importance of generating such secondary bedforms for more effi-

cient exchanges. Doughty et al. (2020) explored the effect of channel spanning logjams on HEF in Little Beaver Creek, a
third order tributary of Cache la Poudre River, northern Colorado, USA. The study was first to present the use of electrical
resistivity in characterizing the increased HEF and complex pathways in the system. The extent and magnitude of HEF

increased with the increase in discharge rates. Lack of field data and a suitable control channel limited appropriate interpret-
ation of results.

Flume studies have been useful in explorations of feature-based influences on hyporheic exchanges (HE). Studies con-
ducted by Mutz et al. (2007), Tonina & Buffington (2007), Zhou & Endreny (2013) and Dudunake et al. (2020) have

investigated the effect of engineered elements like a log jam, gravel pool-riffle, boulders and cobble vanes bedform sequence
on induced HEF. While Mutz et al. (2007) reported that introduction of wood tripled flow resistance and increased the ver-
tical water flux, mixing depth and sediment pore water volume, Tonina & Buffington (2007) observed that the exchanges

induced by bedforms was controlled by discharge and topographic submergence of the structures. Mutz et al. (2007)
stated that the study was nontransferable to real streams, whereas 2D modelling gave poor performance in a gravel bed setting
for Tonina & Buffington (2007). Zhou & Endreny (2013) investigated the impact of pool riffle bedform with and without

channel spanning cobbles and observed that cobble structures created relatively higher vertical flux, but with reduced
mixing depths. The authors attributed that the low bed pressure created downstream of the structure counter-balanced the
downwelling forces, thus reducing the penetration depth. Dudunake et al. (2020) tried to comprehend the effect of morpho-

logical changes induced by boulders on HE and observed increased hyporheic residence time and downwelling flux rate at
local and reach scales. The authors reported that the induced morphological changes had greater effect on hyporheic flows
than boulders alone, concreting the influence of secondary bedform presented by Gordon et al. (2013). Model limitations and
simplification were reported in both Zhou & Endreny (2013) and Dudunake et al. (2020) studies.

Few studies have attempted to provide a process-based understanding of in-channel restoration structures on HEF (Hester
& Doyle 2008; Crispell & Endreny 2009; Wade et al. 2020). Crispell & Endreny (2009) conducted field experiments on a
third order stream, Greene County, NY, USA, using thermal sensors to study the influence of J-hook and cross-vane struc-

tures. They observed that with increase in discharge, HEF changed around the structure and streambed slope was the
controlling factor. Hester & Doyle (2008) chose a simplified hypothetical stream to comprehend the impact of weirs,
steps and lateral structures and concluded that structure size, background groundwater discharge and hydraulic conductivity
://iwaponline.com/ws/article-pdf/22/2/2179/1009638/ws022022179.pdf
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(HC) were the primary factors controlling HEF, while channel slope and baseflow discharge was relatively less important.

Among the structures, weirs were most effective followed by steps and then lateral structures in inducing HEF. Both the
studies were influenced by the work of Rosgen (2001), who had assessed different structures in case of stream stabilization
and river restoration and both the studies were limited in rigorous evaluation of features due to 1D modelling. Wade et al.
(2020) researched Beaver Dam Analogues (BDA), an artificially constructed permeable structure to promote hydraulic
head differentials to induce exchanges, in a third order Red Canyon Creek near Lander, Wyoming, USA. The authors
observed higher vertical fluxes, zones of spatially varying nitrate production and anaerobic reduction. The authors also
reported that exchanges were enhanced only after a certain structure height was crossed and that it had little influence on

surface water chemistry.
Modelling studies were valuable to deduce the complex hyporheic processes induced by streambed features. Boano et al.

(2010) applied numerical simulations to investigate the influence of river sinuosity in spatial distribution of chemicals

involved in redox reactions and their temporal variation due to meander evolution. A steady state supply of single dissolved
organic compound was assumed to be supplied from stream to HZ. The authors reported that the neck and apex region of
the meander had slowest and quickest hyporheic flowpaths, which also determined the limits of reaction timescale.

Azinheira et al. (2014) and Hester et al. (2016) modelled a restored stream stretch of Blacksburg, Virginia, USA to analyze
the performance of in-stream structures and inset floodplains in solute retention and nitrate removal under different flow
conditions. Azinheira et al. (2014) observed that in-stream structure retained solutes during the summer baseflow scenario

while the floodplains retained it during stormflow conditions. Hyporheic residence time in an in-stream structure was three
to five times larger than in the floodplain and performed better in the case of nitrate removal, but was not enough to influ-
ence water quality via biochemical reactions. The reaction was transport limited as the rate of induced HEF was low,
whereas nitrate removal in floodplains was reaction limited; that is, nitrogen uptake limited (Hester et al. 2016). Neither

of the structures was engaged throughout the year nor could they be engaged simultaneously, resulting in limited solute
retention and nitrate removal. Yang et al. (2018) used a reactive transport model to quantify the effects of dam-induced
hydrodynamics on biogeochemical transformations of chromate (Cr) in Columbia River in Washington State, USA. The

authors reported that flow direction reversals caused by the dam influenced the rate and extent of pollutant transformation
depending upon dissolved and particulate organic carbon supplied by the stream. Monofy & Boano (2021) prepared a syn-
thetic coupled surface-ground water model of Maruia River, New Zealand, to quantify the influences of streamflow,

groundwater and sediment anisotropy on HZ characteristics due to fully developed alternate bars. They observed the exist-
ence of two HZs, shallow and deep, influenced by surface water and groundwater variations respectively, and sediment
anisotropy further enhanced it. The authors also proposed a predictive model to predict HZ flux, residence time and
depths based on bar submergence, surrounding groundwater and anisotropy of sediments. Summary of the literature on

surface modification features is presented in Table 1.

Subsurface feature modification

While surface features were more intended for stream restoration than creating hyporheic flux (Herzog et al. 2016), subsur-
face features were typically engineered to enhance hyporheic exchanges (Ward et al. 2011). These modifications are related to
the applied changes in the streambed subsurface like alteration of HC of streambed sediments, or introduction of subsurface

structures or direct modifications of the HZ (Ward et al. 2011; Herzog et al. 2018; Peter et al. 2019) resulting in HEF
enhancements. Vaux (1968) was first to purpose introduction of engineered structures with varying HC in the shallow subsur-
face to enhance hyporheic exchanges (Ward et al. 2011). Robertson & Merkley (2009) reported few reviews of initial studies

on streambed modification for nitrate removal from agricultural drainages; it included use of tiled drains, constructed wet-
lands, end-to-pipe bioreactors and denitrification walls.

Ward et al. (2011) revisited the original proposals made by Vaux (1968) and prepared numerical models of the conceptual
structures to study hyporheic flux and residence time induced by it. The results exhibited that structures with high HC con-

verged flowpaths towards and through the structures while low HC structures deflected them. The authors also suggested
suitable structure type, material, length and height to implement based on the restoration, design and residence time objec-
tives. They further quoted that the structural design results were applicable to natural features and the results could be used

for design of subsurface component of traditional restoration structures. The study was conducted in 2D space with homo-
geneous and isotropic sediment condition, which resulted in simplified flowpaths. While Ward et al. (2011) evaluated the
structural performance keeping the field conditions like slope and insitu HC constant, Herzog et al. (2016) explored more
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Table 1 | Summary of surface feature modification studies

Author Modification feature Type of study Objective Methodology

Kasahara & Hill (2006) Riffle and step Field Nitrate removal Tracer studies

Kasahara & Hill (2007) Gravel bar and re-
meandered stream

Field Nitrate removal Tracer studies

Mutz et al. (2007) Instream wood Flume Evaluate vertical
exchanges

Tracer studies

Tonina & Buffington
(2007)

Gravel pool-riffle
channel

Flume Extent of hyporheic
exchanges

Tracers and modelling

Hester & Doyle (2008) Weirs, steps and lateral
structure

Conceptual model Evaluation of structural
influence on HEF

Modelling using field data

Crispell & Endreny
(2009)

Cross vane and J-hook
rock structure

Conceptual model Evaluation of structural
influence on HEF

Modelling using temperature
data

Boano et al. (2010) Evolving meanders Numerical
modelling

Spatial distribution of
chemical species

Morphodynamic model,
Hyporheic Flow model
and Biogeochemical model

Zarnetske et al. (2011) Gravel bar Field Nitrification and
denitrification in HZ

Tracer studies

Gordon et al. (2013) Rock cross-vane
structure

Field Magnitude of HEF and its
effect on stream
ecosystem

Thermal and chemical data
and modelling

Zhou & Endreny (2013) Channel spanning
cobbles over pool
riffle bedform

Flume To quantify exchange
rates and its variation
with channel discharge

Tracer, thermal data and
modelling

Azinheira et al. (2014) Cross-vane and inset
floodplain

Conceptual Model To evaluate induced
exchanges during
different seasons

Modelling using Field Data

Hester et al. (2016) Weirs and inset
floodplain

Conceptual Model Nitrate removal in
different seasons

Modelling using Field Data

Yang et al. (2018) Dams Model Chromate {Cr(VI)}
transformation

Modelling using Field Data

Doughty et al. (2020) Channel-spanning
logjam

Field Quantify HEF response Tracers, electrical resistivity
(ER) imaging

Dudunake et al. (2020) Boulders Flume Quantify Hyporheic
Exchanges

Modelling

Wade et al. (2020) Beaver dam analogues Field Monitor HE flux and
biogeochemistry

Temperature profiles, field
sampling

Monofy & Boano (2021) Alternate bars Modelling Quantify variations in HZ
characteristics

Coupled surface water-
groundwater model
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complex model and its sensitivity to varying insitu HC and slope condition, as they believed that these variables could also be
manipulated in case of large restoration projects. A conceptual model of a constructed stream facility was prepared to analyze
the modified streambed structures, termed as Biohydrochemical Enhancement Structures for Stormwater Treatment (BEST)
for their suitability in varying insitu HC and slope settings, concerning removal of metals, E.coli, nitrogen and phosphorus.

The authors observed that combination of high and low HC structures placed together were best suited for pollutant removal
and recommended that incorporation of geomedia into restoration structures would further enhance the reaction rates and
make the structures more efficient. They reported that the modules were most appropriate for urban streams, which received

inputs from stormwater runoff and recycled water, but would not be feasible in streams with high silt loads.
Lab-scale flume experiments have been successfully used to study the bedform influence and sediment characteristics on

HEF, bacterial diversity and pollutant transformations (Kunkel & Radke 2008, 2011; Nodler et al. 2014; Li et al. 2015; Jaeger
://iwaponline.com/ws/article-pdf/22/2/2179/1009638/ws022022179.pdf
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et al. 2019). Flume mesocosms are best suited for investigating micropollutant degradation process due to its small-scale

exchanges and short flow paths (Zarnetske et al. 2011; Jaeger et al. 2019; Schaper et al. 2019) and it also bridges the gap
between field and batch experiments (Jaeger et al. 2019). Recirculating flumes have been used (Kunkel & Radke 2008; Li
et al. 2015) more than one at a time (Jaeger et al. 2019, 2021; Cook et al. 2020) to investigate HC and transformation

relations, bacterial diversity and flow influence on degradation half-lives and bedform feature modulations, sediment size
influence on biofilm communities. Results showed that bacterial diversity in the sediment and their size had paramount
effect on micropollutant degradation (Jaeger et al. 2019; Cook et al. 2020; Betterle et al. 2021) and risk of secondary contami-
nation due to transformed products was high (Li et al. 2015). Higher bacterial diversity was inversely related to hyporheic flux

(Betterle et al. 2021) due to biofilm clogging, but could be resolved by larger bedform structures (Cook et al. 2020). Although
direct extrapolation of results to real systems is complicated due to simplification in laboratory experiment, flume studies
delivered important insights into micropollutant transformation processes and their product formation in the HZ (Li et al.
2015; Jaeger et al. 2019).

Field studies on application of constructed HZ was reported by Robertson & Merkley (2009), Herzog et al. (2018), Peter
et al. (2019) and Bakke et al. (2020). Each individual study varied in all aspects from construction to its objective of appli-

cation. While Robertson & Merkley (2009) constructed an instream bioreactor in a first order agricultural stream in
southern Ontario, Canada, for nitrate removal, Herzog et al. (2018) performed outdoor flume studies using smart tracers
(resazurin) in a constructed stream facility in Colorado, USA to test BEST structures for induced hyporheic exchange and

reactive solute attenuation. Both the studies used woodchips as geomedia for increasing reaction rates and are the only
known field experimentation of engineered HZ incorporated with geomedia. The coarse media of woodchips provided
high permeability in subsurface allowing for higher flow through rates, even for small hydraulic head drop (Robertson &
Merkley 2009). The bioreactor was constructed in an agricultural ditch with variable height outlet pipe to control flow

rate. Nitrate removal rates were greater than in constructed wetland and depended directly on flow rate and atmospheric
temperature. The BEST structure achieved 54% more hyporheic transient storage and required 55% less length than the con-
trol structure to remove 1-log of the reactive tracer, resazurin. Herzog et al. (2018) suggested that the BEST structure was best

suited for low-discharge streams in urban catchments and stormwater channels with flow modulation. Although both designs
offered definite advantage in induced hyporheic exchanges and the use of geomedia for pollutant removal was an added
benefit, problems like colmation reduced the efficiency of the bioreactor over time and would also have affected the perform-

ance of BEST structures, if tested.
Peter et al. (2019) designed and implemented the first direct HZ manipulations in an urban stream channel in Seattle,

Washington, USA. The authors determined the fate of commonly found urban water contaminants in the EHZ, which
they defined as Hyporheic Design Element (HDE). A year later, Bakke et al. (2020) published a similar streambed engineer-

ing study in the same channel, focused on the design and performance of the constructed HZ in inducing hyporheic
exchanges. The design features incorporated for both studies were use of channel-spanning logs to create a plunge pool,
barrier, excavation of HZ and backfill with clean gravel. While the logs and barriers forced the water parcel lower, which

increased flowpath lengths/residence times, the backfill increased the hyporheic exchange capacity. Peter et al. (2019)
used dye and tracers to determine hyporheic flowpaths and achieved greater than 50% removal of pollutants in flow paths
with more than three hours of residence time. Bakke et al. (2020) relied on temperature mapping, tracer studies to determine

flux and reported that the vertical flux had increased by 89%, hyporheic volume by three fold and that the engineered element
maintained the natural scour and fill during the duration of the study. Summary of the subsurface feature modification studies
is given in Table 2.
DISCUSSION

Feature modifications

The reviewed literatures explored various vertical (riffle-step, channel-spanning logjams, boulders, dams, BDAs, weirs and
partially channel spanning cross-vanes and J-hook) and lateral (gravel bars, alternate bars and meanders) flux inducing fea-
tures in the case of EHZ exchanges. Kasahara & Hill (2007) reported that exchange rates induced were similar for both types

of features, but vertical flux inducing structures were more efficient in nitrate removal based on their smaller size. Full chan-
nel spanning structures induced larger vertical flux and promoted exchanges than partially spanning structures (Hester &
Doyle 2008) while partial structures could serve an important role in benthic life sustenance and help in ecosystem
om http://iwaponline.com/ws/article-pdf/22/2/2179/1009638/ws022022179.pdf
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Table 2 | Summary of subsurface feature modification studies

Author Modification feature Type of study Objective Methodology

Robertson &
Merkley (2009)

Instream bioreactor Field Nitrate removal Field sampling

Ward et al. (2011) Varying HC
structures

Modelling Evaluation of structural influence on HEF Numerical modelling

Herzog et al.
(2016)

BEST structure Conceptual
modelling

Induced exchanges and pollutant removal Data from constructed
stream facility

Herzog et al.
(2018)

BEST module with
geomedia

Outdoor flume Induced exchanges and solute removal Tracers, field data and
modelling

Jaeger et al. (2019) Bedform undulations Flume Influence of HEF and bacterial diversity
in micropollutant degradation

Salt tracers and sampling

Peter et al. (2019) Direct HZ
modification- HDE

Field Removal of pharmaceuticals Tracers and field sampling

Bakke et al. (2020) Direct HZ
modification

Field Maximize induced HZ and residence time Tracers, temperature
sensors and field data

Cook et al. (2020) Undulating bedform Flume Influence of biofilm growth and bedform
interaction on HE

Tracers and sampling

Betterle et al.
(2021)

Undulating bedform Flume Influence of bacterial diversity and
sediment morphology on HE

Salt tracers, hydrodynamic
model
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management (Crispell & Endreny 2009; Gordon et al. 2013). Although subsurface modifications were not explored as much

as its counterpart (Tables 1 and 2) (Hester et al. 2018), yet they held definitive advantages over surface features which
included control over residence timescales, minimal effect on geomorphology, aquatic life and surface water temperatures
(Ward et al. 2011; Herzog et al. 2016; Hester et al. 2018).

Most of the studies reviewed focused on exploration of HEF induced by individual structures. While such individual feature

studies were important for general understanding of hyporheic processes at local scale, it did not reflect their ability on overall
water quality improvements (Morén et al. 2017). Moreover, restoration practitioners usually assessed water quality targets at
reach or catchment scale (Hester & Gooseff 2011; Morén et al. 2017; Hester et al. 2018), highlighting the need for reach

scale multiple feature studies (Morén et al. 2017; Hester et al. 2018). Few studies compared the engineered interventions to natu-
ral morphological features (Smidt et al. 2015; Morén et al. 2017; Hester et al. 2018) and reported higher overall flux induced due
to engineered structures. Recent studies at bedform scale have highlighted the importance of streambed heterogeneity, bed and

width undulations in case of hyporheic response to modification studies (Liu et al. 2020; Movahedi et al. 2021) where the sedi-
ment architecture was often more influential than channel morphology in case of highly heterogeneous streambeds (Liu et al.
2020). Advancement in computing capabilities enabled numerical simulation and optimization studies of design structures

(rock-vanes, weirs) for stream restoration and enhanced nitrogen removal (Khosronejad et al. 2018; Liu & Chui 2020).
Few authors have addressed the need for long-term assessment of restoration structures (Lewandowski et al. 2019).

Drummond et al. (2018) assessed hyporheic exchanges in restored and unrestored reach nine years post restoration. The
authors observed restored reaches had greater exchanges of fine particles and was not affected by clogging, rather scouring

of fine particles was taking place. Mayer et al. (2021) presented a detailed long-term assessment from 2002-2012 of geo-
morphic stream restoration features on nitrogen(N) transport and transformation and observed progressive reductions in
N content in restored reaches over the years. The authors reported that some engineered structures fared better at regulating

N levels while other eroded post restoration. Morley et al. (2021) assessed EHZ aided floodplain restoration on microbial
response at three paired stream reaches from 2014 to 2017. The authors observed fall of water temperatures, increased par-
ticulate organic matter (POM) and dissolved organic carbon (DOC) concentrations, shifts in microbial compositions and

increased hyporheic invertebrate densities and richness.

Methodology selection

The selection of appropriate methodology was governed by the attributes being evaluated, type of outcome desired, its spatio-
temporal extent and the cost and effort available (Bakke et al. 2020). Numerous approaches (Tables 1 and 2) has been
://iwaponline.com/ws/article-pdf/22/2/2179/1009638/ws022022179.pdf
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adopted to quantify the effects of modified features on complex physical and biochemical processes (Betterle et al. 2021).
Kalbus et al. (2006) and Brunner et al. (2017) provided an overview of different measuring and modelling techniques in deter-
mination of HEF. Lewandowski et al. (2019) reported that each methodology adopted had its own advantages and limitations.
While field investigation provided the best realistic conditions, it lacked in control of environmental factors. Flume studies could

control environmental factors, but efforts required was higher. Numerical models could achieve in-depth assessment of hypor-
heic processes, isolate environmental factors and predict future outcomes, but were limited by assumptions, accuracy of
measured data and system feedback to applied changes (Dudunake et al. 2020). Jaeger et al. (2019) suggested adoption of a
multi-feature, multidisciplinary approach of study to reduce inadequacies and maximize research outputs.

Lewandowski et al. (2019) reported availability of numerous in-stream tracers in flume and field studies of HZs (salt tracers,
heat tracer, which includes an active heat pulse and fiber optics-based sensors, radioactive gas tracers and smart tracers). Of
these, only a few have been explored in EHZ studies such as salt traces (Kasahara & Hill 2006, 2007), heat sensors (Crispell

& Endreny 2009; Gordon et al. 2013; Bakke et al. 2020), smart tracers like resazurin-resorufin for microbial activity determi-
nation (Herzog et al. 2018) and fluorescence tracer (Mutz et al. 2007; Drummond et al. 2018). It was reported that temperature-
based studies were the most suitable methodology in HZ studies as it was a robust, quick, easy and inexpensive parameter to

measure (Kalbus et al. 2006; Lewandowski et al. 2019). High spatiotemporal measurements of temperature using emerging tech-
nologies such as advance heat pulse sensors and fiber optics (Lawrence et al. 2013; Lewandowski et al. 2019), further added to its
benefits. Although extensively used, tracers could only capture the net solute transport, provide empirical rather than process

based estimates and could not indicate exact locations of flux change or the factors influencing it (Lautz & Siegel 2006).
Numerical modelling of groundwater flows addresses the shortcomings of tracer-based studies and could bridge the gap

between filed observations and characterization of hyporheic processes (Lautz & Siegel 2006). The extensive improvements
in computational capabilities coupled with advancement in fluid dynamics algorithms have broadened the path for refined

study of complex hyporheic processes and have proven to be powerful tools in groundwater flow studies (Betterle et al.
2021). Groundwater flow models allow for simulation and quantification of gross effects of hyporheic processes, including
area of flux change, residence times, and flux rates (Lautz & Siegel 2006) and recently, the role of microbial diversity (Betterle

et al. 2021). A wide range of numerical models is available for study of groundwater flows and their selection processes have
been thoroughly reviewed by Kumar (2019). While numerical models have been successful in studying induced exchanges,
they neglect the effect of structural heterogeneity, downstream variability and streambed dynamics, known to influence

flux rates, residence time and flowpaths. (Cardenas et al. 2004; Ward & Packman 2018; Liu et al. 2020). Limitations like
assumption of constant model parameters, spatial homogeneity and stationary bedform dynamics prevent upscaling of model-
ling results into predictions at larger scale (Ward 2016; Liu & Chui 2018). Further, numerical studies lacked accountability of
feedback from engineered structures on streambed morphological changes due to sediment transport (Dudunake et al. 2020).

Laboratory and outdoor flumes have been useful for investigating drivers of hyporheic processes as they enable control over
environmental factors, thus reducing variability in the system (Betterle et al. 2021). Flume mesocosms are a valuable tool in
linking control of lab experiments to originality of field experiments (Jaeger et al. 2019). However, research in flume studies

have rarely considered bed movements (Lewandowski et al. 2019) although their relevance has been long mentioned (Elliott
& Brooks 1997a, 1997b). Recent literatures have been trying to address such limits, as Liu & Chui (2018) quantified the effect
of streambed heterogeneity and anisotropy on residence time (RT) and observed that it reduced the mean RT. Marttila et al.
(2019) reported that the addition of sand (fine sediments) in gravel beds had a negative effect on hyporheic flux. Liu et al.
(2020) observed that heterogeneous sediments with high sorptive capacity compressed the mixing zones and Betterle et al.
(2021) reported that high bacterial diversity in sediments also reduced the hyporheic flux.
Limitations

For the hyporheic processes to occur in the HZ, physical, microbial, and biochemical parts are equally important (Ward et al.
2011; Ward 2016). However, the necessary environment to drive the microbial and biochemical processes is provided by the
hydrodynamic conditions created by the features (Battin 1999, 2000; Ward et al. 2011) and is the focus area of this review.
Although the multidisciplinary understanding of the complex and dynamic surface and subsurface water interactions have

improved in recent decades (Conant et al. 2019) but it still lacked, the framework to predict complex interactions, manage
and transfer knowledge at reach or larger scale (Ward 2016; Magliozzi et al. 2018; Reeder et al. 2018; Ward & Packman
2018; Conant et al. 2019). Further, the detailed understanding of role of biodiversity (Marmonier et al. 2012), multi-instream
om http://iwaponline.com/ws/article-pdf/22/2/2179/1009638/ws022022179.pdf
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structural influence (Hester et al. 2018) and long-term effects of stream restorations (Mayer et al. 2021) on HEF and trans-

formations were limited. Below are some of the major limitations observed in EHZ studies:

• All the studies undertaken were at local, sub-reach or reach scale.

• Most of the studies were concentrated on individual structural influence on HEF.

• Simplification like spatial homogeneity, steady hydrologic conditions and stationary bedforms in the case of flume and mod-
elling studies.

• Studies on the influence of induced exchanges on biological and chemical processes is limited.

• EHZ applications are limited to agricultural and urban streams.

Research gaps

• EHZ studies have been limited to local and reach scales, their explorations at channel and catchment scales is still missing
(Magliozzi et al. 2018).

• Influence of integrated surface subsurface features and multi structural features on hyporheic exchanges were not explored

(Ward et al. 2011; Hester et al. 2018).

• Nitrate removal rates, microbial activity and dissolved oxygen (DO) in water are regulated by stream temperatures, which
depend upon ambient air temperatures (Robertson & Merkley 2009; Zarnetske et al. 2011; Lawrence et al. 2013). Thus,
atmospheric temperature is an important variable to be considered in flume and field studies.

• Many authors have suggested use of geomedia to enhance reaction rates such as biochar woodchips, recycled industrial
materials (Robertson & Merkley 2009; Herzog et al. 2016, 2018; Peter et al. 2019), of which only woodchips has been

tested in EHZ studies (Robertson & Merkley 2009; Herzog et al. 2018).

• Accounting for feedbacks, streambed heterogeneity and dynamics inmodelling studies (Liu&Chui 2018;Dudunake et al. 2020).

• Exploration of EHZ management practices on aquatic life (Marmonier et al. 2012).

Future scope of EHZ studies for stream restoration

The field of EHZ applications in water quality and habitat improvement is still young (Lawrence et al. 2013) with all the
treatment processes in the experimental stage (Bakke et al. 2020). There is still a large gap between the current stage of knowl-

edge and management activities in the case of EHZ applications (Morén et al. 2017; Ward & Packman 2018). Although
methodological advances and use of innovative technologies (Lewandowski et al. 2019) in recent decades have vastly
reduced this gap, it is still far from being significant to restoration managers (Morén et al. 2017). Limitations like lack of

proper design guidelines to quantify hyporheic processes, which reflect water quality improvements at decision-making
scales (Morén et al. 2017), hinders its adaptation. Some immediate future scope in EHZ studies can be listed as:

• Studies need to correlate the extent of restoration requiredwith significantwater quality benefits desired at reach andhigher scales.

• A holistic study of hyporheic processes and impacts which integrates multi-disciplinary knowledge at channel and catchment
scales.

• Investigations of integrated design approach of surface and subsurface structures to maximize HEF.

• Standardization of frameworks for conceptualization of surface water and groundwater interactions at each of local, reach,
and catchment scales.

• Scope of EHZs can be explored in artificial channels, as low-cost post-effluent treatment units for water reclamation can be

a valuable addition to water conservation and management practices.

CONCLUSION

This review assembled a comprehensive overview of the design and applications of EHZ in stream health improvement. Each
individual research reviewed, unique and specific to some predefined objectives, not only imparted some valuable insights on
EHZ processes and controls but also underlined some major limitations in its applications. Though subsurface structures had

potential benefits with little effect on stream temperature, geomorphology and aquatic life, it was not explored as much as
surface features nor was any literature on integrated structures available. Numerous approaches were undertaken to quantify
the effects of engineered features, field, laboratory, and modelling, which all had their pros and cons, with thermal monitoring
://iwaponline.com/ws/article-pdf/22/2/2179/1009638/ws022022179.pdf
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based field studies being most suitable with quick, robust and inexpensive heat sensors. Flumes provided convenience of con-

trolling environmental parameters to isolate controlling factors and numerical models allowed for conceptualization,
simulation, optimization and prediction of exchanges at different scales.

Rivers are not isolated systems but interact continuously with surrounding floodplains and underlying aquifers (Magliozzi

et al. 2018). Developing an understanding of these interactions and their influences on water quality, quantity, and ecosystem
health can provide the basis for land and water management and conservation of the environment (Conant et al. 2019).
Under the stress of accelerated climate change and anthropogenic activities (Boano et al. 2014), it becomes imperative to
consider integrated approaches for sustainable management of water resources (Wu et al. 2020). HZ research provides

such opportunity by drawing researchers from various backgrounds to exchange ideas, knowledge and technologies to main-
tain and conserve land, water and related resources (Krause et al. 2011). Although there is potential in EHZ applications to
make its way to standard restorations practices, yet it is important to note that EHZ is just one part of a comprehensive man-

agement strategy for river restoration and its application alone cannot improve the stream health (Lewandowski et al. 2019).
DATA AVAILABILITY STATEMENT

All relevant data are included in the paper or its Supplementary Information.
REFERENCES

Azinheira, D. L., Scott, D. T., Hession, W. & Hester, E. T. 2014 Comparison of effects of inset floodplains and hyporheic exchange induced by
in-stream structures on solute retention. Water Resources Research 50, 6168–6190.

Baca, N. R., Teran, R. S., Papayanopoulos, L. M., Palafox, J. C. & Moorillon, G. N. 2005 Treatment for small polluted rivers: design and
performance of an experimental structure. Water SA 31 (1), 101–106.

Bakke, P. D., Hrachovec, M. & Lynch, K. D. 2020 Hyporheic process restoration: design and performance of an engineered streambed.Water
12, 37.

Battin, T. 1999 Hydrologic flow paths control dissolved organic carbon fluxes and metabolism in an alpine stream hyporheic zone. Water
Resource Research 35 (10), 3159–3169. doi:10.1029/1999WR900144.

Battin, T. 2000 Hydrodynamics is a major determinant of streambed bio-film activity: from the sediment to the reach scale. Limnology and
Oceanography 45, 1308–1319. doi:10.4319/lo.2000.45.6.1308.

Bencala, K. E. & Walters, R. 1983 Simulation of solute transport in a mountain pool-and-riffle stream: a transient storage model. Water
Resource Research 19, 718–724. doi:10.1029/WR019i003p00718.

Betterle, A., Jaeger, A., Posselt,M., Coll, C., Benskin, J. P.&Schirmer,M. 2021Hyporheic exchange in recirculatingflumes under heterogeneous
bacterial and morphological conditions. Environmental Earth Sciences 80, 234. https://doi.org/10.1007/s12665-021-09472-2.

Bischel, H. N., Lawrence, J. E., Halaburka, B. J., Plumlee, M. H., Bawazir, S., King, J. P., McCray, J. E., Resh, V. H. & Luthy, R. G. 2013
Renewing urban streams with recycled water for streamflow augmentation: hydrologic, water quality, and ecosystem services
management. Environmental Engineering Science 30, 455.

Boano, F., Demaria, A., Revelli, R. & Ridolfi, L. 2010 Biogeochemical zonation due to intrameander hyporheic flow. Water Resources
Research 46 (2), 1–13. https://doi.org/10.1029/2008WR007583.

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. American Geophysical Union Publication 43, 603–679. https://doi.org/10.
1002/2012RG000417.

Boulton, A. J. 2007 Hyporheic rehabilitation in rivers: restoring vertical connectivity. Freshwater Biology 52, 632–650. doi:10.1111/j.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-groundwater
interactions of running waters and their floodplains. Freshwater Science 29, 26–40.

Brunke,M.&Gonser, T. 1997 The ecological significance of exchange processes between rivers and groundwater. Freshwater Biology 37, 1–33.
Brunner, P., Therrien, R., Renard, P., Simmons, C. T. & Franssen, H. J. H. 2017 Advances in understanding river-groundwater interactions.

Reviews of Geophysics 55, 818–854. https://doi.org/10.1002/2017RG000556.
Capps, K. A., Bentsen, C. N. & Ramírez, A. 2016 Poverty, urbanization, and environmental degradation: urban streams in the developing

world. Freshwater Science 35 (1), 429–435. https://doi.org/10.1086/684945.
Cardenas, M. B. 2015 Hyporheic zone hydrologic science: a historical account of its emergence and a prospectus. Water Resources Research

51 (5), 5974–5997. https://doi.org/10.1002/2014WR015608.
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 (8). https://doi.org/10.1029/2004WR003008.
Conant Jr, B., Robinson, C. E., Hinton, M. J. & Russell, H. A. J. 2019 A framework for conceptualizing groundwater-surface water interactions

and identifying potential impacts on water quality, water quantity, and ecosystems. Journal of Hydrology 574, 609–627.
om http://iwaponline.com/ws/article-pdf/22/2/2179/1009638/ws022022179.pdf

3

http://dx.doi.org/10.1002/2013WR014400
http://dx.doi.org/10.1002/2013WR014400
http://dx.doi.org/10.3390/w12020425
http://dx.doi.org/10.1029/1999WR900144
http://dx.doi.org/10.4319/lo.2000.45.6.1308
http://dx.doi.org/10.1029/WR019i003p00718
http://dx.doi.org/10.1007/s12665-021-09472-2
http://dx.doi.org/10.1007/s12665-021-09472-2
http://dx.doi.org/10.1089/ees.2012.0201
http://dx.doi.org/10.1089/ees.2012.0201
http://dx.doi.org/10.1029/2008WR007583
http://dx.doi.org/10.1002/2012RG000417
http://dx.doi.org/10.1002/2012RG000417
http://dx.doi.org/10.1111/j.1365-2427.2006.01710.x
http://dx.doi.org/10.1046/j.1365-2427.1997.00143.x
http://dx.doi.org/10.1002/2017RG000556
http://dx.doi.org/10.1086/684945
http://dx.doi.org/10.1086/684945
http://dx.doi.org/10.1002/2015WR017028
http://dx.doi.org/10.1029/2004WR003008
http://dx.doi.org/10.1029/2004WR003008
http://dx.doi.org/10.1016/j.jhydrol.2019.04.050
http://dx.doi.org/10.1016/j.jhydrol.2019.04.050


Water Supply Vol 22 No 2, 2191

Downloaded from http
by guest
on 24 April 2023
Cook, S., Price, O., King, A., Finnegan, C., Egmond, R., Schäfer, H., Pearson, J. M., Abolfathi, S. & Bending, G. D. 2020 Bedform
characteristics and biofilm community development interact to modify hyporheic exchange. Science of the Total Environment 749,
141397. https://doi.org/10.1016/j.scitotenv.2020.141397.

Crispell, J. K. & Endreny, T. A. 2009 Hyporheic exchange flow around constructed in-channel structures and implications for restoration
design. Hydrological Processes 23 (8), 1158–1168.

Doughty, M., Sawyer, A. H., Wohl, E. & Singha, K. 2020 Mapping increases in hyporheic exchange from channel-spanning logjams. Journal
of Hydrology 587, 124931. https://doi.org/10.1016/j.jhydrol.2020.124931.

Drummond, J. D., Larsen, L. G., González-Pinzón, 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:
Biogeosciences 123, 1425–1439. https:// doi.org/10.1029/2017JG004212.

Dudunake, T., Tonina, D., Reeder, W. J. & Monsalve, A. 2020 Local and reach-scale hyporheic flow response from boulder-induced
geomorphic changes. Water Resources Research 56, e2020WR027719. https://doi.org/10.1029/2020WR027719.

Elliott, A. H. & Brooks, N. H. 1997a Transfer of nonsorbing solutes to a streambed with bed forms: theory. Water Resources Research 33,
123–136. doi:10.1029/96WR02784.

Elliott, A. H. & Brooks, N. H. 1997b Transfer of nonsorbing solutes to a streambed with bed forms: laboratory experiments. Water Resources
Research 33 (1), 137–151. doi:10.1029/96WR02783.

Findlay, S. 1995 Importance of surface-subsurface exchange in stream ecosystems: the hyporheic zone. Limnology and Oceanography 40,
159–164.

Gooseff, M. N. 2010 Defining hyporheic zones – advancing our conceptual and operational definitions of where stream water and
groundwater meet. Geography Compass 4 (8), 945–955. https://doi.org/10.1111/j.1749-8198.2010.00364.

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 bed forms in mountain stream networks, Oregon, USA. Hydrological Processes 20, 2443–2457.

Gordon,R. P., Lautz, L.K.&Daniluk, T. L. 2013Spatial patternsof hyporheic exchange andbiogeochemical cycling aroundcross-vane restoration
structures: implications for stream restoration design. Water Resources Research 49 (4), 2040–2055. https://doi.org/10.1002/wrcr.20185.

Hancock, P. J. 2002 Human impacts on the stream-groundwater exchange zone. Environmental Management 29 (6), 763–781. https://doi.
org/10.1007/s00267-001-0064-5.

Harvey, J. W. & Bencala, K. E. 1993 The effect of streambed topography on surface subsurface water exchange in mountain catchments.
Water Resource Research 29 (1), 89–98.

Harvey, J. W., Wagner, B. J. & Bencala, K. E. 1996 Evaluating the reliability of the stream tracer approach to characterize stream–subsurface
water exchange. Water Resource Research 32, 2441.

Herzog, S. P., Higgins, C. P. & McCray, J. E. 2016 Engineered streambeds for induced hyporheic flow: enhanced removal of nutrients,
pathogens, and metals from urban streams. Journal of Environmental Engineering (United States) 142 (1), 1–10. https://doi.org/10.1061/
(ASCE)EE.1943-7870.0001012.

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 and Technology 52 (18), 10627–10636. https://doi.org/10.1021/acs.est.8b01145.

Hester, E. T. & Doyle, M. W. 2008 In-stream geomorphic structures as drivers of hyporheic exchange. Water Resource Research 44 (3),
W03417. doi: 10.1029/2006WR005810.

Hester, E. T. & Gooseff, M. N. 2010 Moving beyond the banks: hyporheic restoration is fundamental to restoring ecological services and
functions of streams. Environmental Science and Technology 44 (5), 1521–1525.

Hester, E. T. & Gooseff, M. N. 2011 Hyporheic Restoration in Streams and Rivers. In: Stream Restoration in Dynamic Fluvial Systems:
Scientific Approaches, Analyses, and Tools (Simon, A., Bennett, S. J. & Castro, J. M. (eds)). AGU, Washington, DC, pp. 167–187.

Hester, E. T., Hammond, B. & Scott, D. T. 2016 Effects of inset floodplains and hyporheic exchange induced by in-stream structures on nitrate
removal in a headwater stream. Ecological Engineering 97, 452–464. https://doi.org/10.1016/j.ecoleng.2016.10.036.

Hester, E. T., Brooks, K. E. & Scott, D. T. 2018 Comparing reach scale hyporheic exchange and denitrification induced by instream
restoration structures and natural streambed morphology. Ecological Engineering 115, 105–121.

Jaeger, A., Coll, C., Posselt, M., Mechelke, J., Rutere, C., Betterle, A., Raza, M., Mehrtens, A., Meinikmann, K., Portmann, A., Singh, T., Blaen,
P. J., Krause, S., Horn, M. A., Hollender, J., Benskin, J. P. & Sobek, A. 2019 Using recirculating flumes and a response surface model to
investigate the role of hyporheic exchange and bacterial diversity on micropollutant half-lives. Environmental Science: Processes &
Impacts 21 (12), 2093–2108. https://doi.org/10.1039/c9em00327d.

Jaeger, A., Posselt, M., Schaper, J. L., Betterle, A., Rutere, C., Coll, C., Mechelke, J., Raza, M., Meinikmann, K., Portmann, A. & Blaen, P. J.
2021 Transformation of organic micropollutants along hyporheic flow in bedforms of river-simulating flumes. Scientific Reports, 11 (1),
1–18. https://doi.org/10.1038/s41598-021-91519-2.

Kalbus, E., Reinstorf, F. & Schirmer, M. 2006 Measuring methods for groundwater–surface water interactions: a review. Hydrology and Earth
System Science 10, 873–887.

Karn, S. & Harada, H. 2001 Surface water pollution in three urban territories of Nepal, India, and Bangladesh. Environmental Management
28, 483–496. https://doi.org/10.1007/s002670010238.

Kasahara, T. & Hill, A. R. 2006 Effects of riffle–step restoration on hyporheic zone chemistry in N-rich lowland streams. Canadian Journal of
Fisheries and Aquatic Sciences 63 (1), 120–133. https://doi.org/10.1139/f05-199.
://iwaponline.com/ws/article-pdf/22/2/2179/1009638/ws022022179.pdf

http://dx.doi.org/10.1016/j.scitotenv.2020.141397
http://dx.doi.org/10.1016/j.scitotenv.2020.141397
http://dx.doi.org/10.1002/hyp.7230
http://dx.doi.org/10.1002/hyp.7230
http://dx.doi.org/10.1016/j.jhydrol.2020.124931
http://dx.doi.org/10.1029/2017JG004212
http://dx.doi.org/10.1029/2017JG004212
http://dx.doi.org/10.1029/2020WR027719
http://dx.doi.org/10.1029/2020WR027719
http://dx.doi.org/10.1029/96WR02784
http://dx.doi.org/10.1029/96WR02783
http://dx.doi.org/10.4319/lo.1995.40.1.0159
http://dx.doi.org/10.1111/j.1749-8198.2010.00364.x
http://dx.doi.org/10.1111/j.1749-8198.2010.00364.x
http://dx.doi.org/10.1002/hyp.6349
http://dx.doi.org/10.1002/hyp.6349
http://dx.doi.org/10.1002/wrcr.20185
http://dx.doi.org/10.1002/wrcr.20185
http://dx.doi.org/10.1007/s00267-001-0064-5
http://dx.doi.org/10.1029/92WR01960
http://dx.doi.org/10.1029/96WR01268
http://dx.doi.org/10.1029/96WR01268
http://dx.doi.org/10.1061/(ASCE)EE.1943-7870.0001012
http://dx.doi.org/10.1061/(ASCE)EE.1943-7870.0001012
http://dx.doi.org/10.1021/acs.est.8b01145
http://dx.doi.org/10.1021/acs.est.8b01145
http://dx.doi.org/10.1029/2006WR005810
http://dx.doi.org/10.1021/es902988n
http://dx.doi.org/10.1021/es902988n
http://dx.doi.org/10.1016/j.ecoleng.2016.10.036
http://dx.doi.org/10.1016/j.ecoleng.2016.10.036
http://dx.doi.org/10.1016/j.ecoleng.2018.01.011
http://dx.doi.org/10.1016/j.ecoleng.2018.01.011
http://dx.doi.org/10.1039/c9em00327d
http://dx.doi.org/10.1039/c9em00327d
http://dx.doi.org/10.1038/s41598-021-91519-2
http://dx.doi.org/10.5194/hess-10-873-2006
http://dx.doi.org/10.1007/s002670010238
http://dx.doi.org/10.1139/f05-199


Water Supply Vol 22 No 2, 2192

Downloaded fr
by guest
on 24 April 202
Kasahara, T. & Hill, A. R. 2007 Lateral hyporheic zone chemistry in an artificially constructed gravel bar and a re-meandered stream channel,
Southern Ontario, Canada. Journal of the American Water Resources Association 43 (5), 1257–1269.

Kasahara, T. & Wondzell, S. M. 2003 Geomorphic controls on hyporheic exchange flow in mountains streams. Water Resource Research
39 (1), 1005. doi:10.1029/2002WR001386.

Khosronejad, A., Kozarek, J. L., Diplas, P., Hill, C., Jha, R., Chatanantavet, P., Heydari, N. & Sotiropoulos, F. 2018 Simulation-based
optimization of in-stream structures design: rock vanes. Environmental Fluid Mechanics 18 (3), 695–738. https://doi.org/10.1007/
s10652-018-9579-7.

Komínková, D. 2012 The urban stream syndrome – a mini-review. The Open Environmental & Biological Monitoring Journal 5 (1), 24–29.
https://doi.org/10.2174/1875040001205010024.

Krause, S., Hannah, D. M. & Blume, T. 2011 Interstitial pore water temperature dynamics across a pool-riffle-pool sequence. Ecohydrology 4,
549–563.

Kumar, C. P. 2019 An overview of commonly used groundwater modelling software. International Journal of Advanced Research in Science,
Engineering and Technology 6 (1), 7854–7865.

Kunkel, U. & Radke, M. 2008 Biodegradation of acidic pharmaceuticals in bed sediments: insight from a laboratory experiment.
Environmental Science and Technology 42, 7273.

Kunkel,U.&Radke,M. 2011Reactive tracer test to evaluate the fate of pharmaceuticals in rivers.Environmental Science andTechnology 45, 6296.
Lautz, L. K. & Siegel, D. I. 2006 Modelling surface and ground water mixing in the hyporheic zone using MODFLOW and MT3D. Advances

in Water Resources 29, 1618–1633 https://doi.org/10.1016/j.advwatres.2005.12.003.
Lawrence, J. E., Skold, M. E., Hussain, F. A., Silverman, D. R., Resh, V. H., Sedlak, D. L., Luthy, R. G. & McCray, J. E. 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 (8), 480–501.

Lewandowski, J., Arnon, S., Banks, E., Batelaan, O., Betterle, A., Broecker, T., Coll, C., Drummond, J. D., Garcia, J. G., Galloway, J., Gomez-
Velez, J., Grabowski, R. C., Herzog, S. P., Hinkelmann, R., Höhne, A., Hollender, J., Horn, M. A., Jaeger, A., Krause, S., Prats, A. L.,
Magliozzi, C., Meinikmann, K., Mojarrad, B. B., Mueller, B. M., Peralta-Maraver, I., Popp, A. L., Posselt, M., Putschew, A., Radke, M.,
Raza, M., Riml, J., Robertson, A., Rutere, C., Schaper, J. L., Schirmer, M., Schulz, H., Shanafield, M., Singh, T., Ward, A. S., Wolke, P.,
Wörman, A. & Wu, L. 2019 Is the hyporheic zone relevant beyond the scientific community? Water 11 (11), 2230.

Li, Z., Sobek, A. & Radke, M. 2015 Flume experiments to investigate the environmental fate of pharmaceuticals and their transformation
products in streams. Environmental Science and Technology 49 (10), 6009–6017. https://doi.org/10.1021/acs.est.5b00273.

Liu, S. & Chui, T. M. F. 2018 Impacts of streambed heterogeneity and anisotropy on residence time of hyporheic zone. Groundwater 56 (3),
425–436. https://doi.org/10.1111/gwat.12589.

Liu, S. & Chui, T. M. F. 2020 Optimal In-Stream structure design through considering nitrogen removal in hyporheic zone. Water 12 (5),
1399. https://doi.org/10.3390/w12051399.

Liu, Y., Wallace, C. D., Zhou, Y., Ershadnia, R., Behzadi, F., Dwivedi, D., Xue, L. & Soltanian, M. R. 2020 Influence of streambed
heterogeneity on hyporheic flow and sorptive solute transport. Water 12 (6), 1547. https://doi.org/10.3390/w12061547.

Magliozzi, C., Grabowski, R. C., 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.

Marmonier, P., Archambaud, G., Belaidi, N., Bougon, N., Breil, P., Chauvet, E., Claret, C., Cornut, J., Datry, J., Dole-Olivier, M. J., Dumont, B.,
Flipo, N., Foulquier, A., Gérino, A., Guilpart, A., Julien, F., Maazouzi, C., Martin, D., Mermillod-Blondin, F., Montuelle, B., Namour, P.,
Navel, S., Ombredane, D., Pelte, T., Piscart, C., Pusch, M., Stroffe, S., Robertson, A., Sanchez-Pérez, J. M., Sauvage, S., Taleb, A.,
Wantzen, M. & Vervier, P. 2012 The role of organisms in hyporheic processes: gaps in current knowledge, needs for future research and
applications. Annales de Limnologie-International Journal of Limnology 48 (3), 253–266. https://doi.org/10.1051/limn/2012009.

Marttila, H., Tammela, S., Mustonen, K. R., Louhi, P., Muotka, T., Mykrä, H. & Kløve, B. 2019 Contribution of flow conditions and sand
addition on hyporheic zone exchange in gravel beds. Hydrology Research 50 (3), 878–885. https://doi.org/10.2166/nh.2019.099.

Mayer, P., Pennino, M. & Johnson, T. N. 2021 Long-term assessment of floodplain reconnection as a stream restoration approach for
managing nitrogen in groundwater and surface water. Urban Ecosystems. (Under Review). https://doi.org/10.21203/rs.3.rs-334865/v1.

McMichael, A. J. 2000 The urban environment and health in a world of increasing globalization: issues for developing countries. Bulletin of
the World Health Organization 78, 1117–1126.

Monofy, A. & Boano, F. 2021 The effect of streamflow, ambient groundwater, and sediment anisotropy on hyporheic zone characteristics in
alternate bars. Water Resources Research 57 (1), e2019WR025069. https://doi.org/10.1029/2019WR025069.

Morén, I., Wörman, A. & Rimi, J. 2017 Design of remediation actions for nutrient mitigation in the hyporheic zone. Water Resources
Research 53 (11), 8872–8899. https://doi.org/10.1002/2016WR020127.

Morley, S. A., Rhodes, L. D., Baxter, A. E., Goetz, G. W., Wells, A. H. & Lynch, K. D. 2021 Invertebrate and microbial response to hyporheic
restoration of an urban stream. Water 13, 481. https:// doi.org/10.3390/w13040481.

Movahedi, N., Dehghani, A. A., Schmidt, C., Trauth, N., Pasternack, B. G., Stewardson, M. J. & Halghi, M. M. 2021 Hyporheic exchanges due
to channel bed and width undulations. Advances in Water Resources 149, 103857. https://doi.org/10.1016/j.advwatres.2021.103857.

Mutz, M., Kalbus, E. & Meinecke, S. 2007 Effect of instream wood on vertical water flux in low-energy sand bed flume experiments. Water
Resources Research 43, W10424. doi:10.1029/2006WR005676.
om http://iwaponline.com/ws/article-pdf/22/2/2179/1009638/ws022022179.pdf

3

http://dx.doi.org/10.1111/j.1752-1688.2007.00108.x
http://dx.doi.org/10.1111/j.1752-1688.2007.00108.x
http://dx.doi.org/10.1029/2002WR001386
http://dx.doi.org/10.1007/s10652-018-9579-7
http://dx.doi.org/10.1007/s10652-018-9579-7
http://dx.doi.org/10.2174/1875040001205010024
http://dx.doi.org/10.1002/eco.199
http://dx.doi.org/10.1021/es801562j
http://dx.doi.org/10.1021/es104320n
http://dx.doi.org/10.1016/j.advwatres.2005.12.003
https://doi.org/10.1016/j.advwatres.2005.12.003 
http://dx.doi.org/10.1089/ees.2012.0235
http://dx.doi.org/10.1089/ees.2012.0235
http://dx.doi.org/10.3390/w11112230
http://dx.doi.org/10.1021/acs.est.5b00273
http://dx.doi.org/10.1021/acs.est.5b00273
http://dx.doi.org/10.1111/gwat.12589
http://dx.doi.org/10.3390/w12051399
http://dx.doi.org/10.3390/w12061547
http://dx.doi.org/10.3390/w12061547
http://dx.doi.org/10.5194/hess-22-6163-2018
http://dx.doi.org/10.5194/hess-22-6163-2018
http://dx.doi.org/10.1051/limn/2012009
http://dx.doi.org/10.1051/limn/2012009
http://dx.doi.org/10.2166/nh.2019.099
http://dx.doi.org/10.2166/nh.2019.099
http://dx.doi.org/10.21203/rs.3.rs-334865/v1
http://dx.doi.org/10.21203/rs.3.rs-334865/v1
http://dx.doi.org/10.1029/2019WR025069
http://dx.doi.org/10.1029/2019WR025069
http://dx.doi.org/10.1002/2016WR020127
http://dx.doi.org/10.3390/w13040481
http://dx.doi.org/10.3390/w13040481
http://dx.doi.org/10.1016/j.advwatres.2021.103857
http://dx.doi.org/10.1016/j.advwatres.2021.103857
http://dx.doi.org/10.1029/2006WR005676


Water Supply Vol 22 No 2, 2193

Downloaded from http
by guest
on 24 April 2023
Nodler, K., Tsakiri, M. & Licha, T. 2014 The impact of different proportions of a treated effluent on the biotransformation of selected micro-
contaminants in river water microcosms. International Journal of Environmental Research and Public Health 11 (10), 10390–10405.

Orghidan, T. 1959 Ein neuer Lebensraum des unterirdischen Wassers, der hyporheische Biotop (A new habitat for underground water, the
hyporheic biotope). Archiv für Hydrobiologie 55, 392–414.

Peter, K. T., Herzog, S., Tian, Z., Wu, C., McCray, J. E., Lynch, K. & Kolodziej, E. P. 2019 Evaluating emerging organic contaminant removal
in an engineered hyporheic zone using high resolution mass spectrometry. Water Research 150, 140–152. https://doi.org/10.1016/j.
watres.2018.11.050.

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.

Robertson, W. D. & Merkley, L. C. 2009 In-stream bioreactor for agricultural nitrate treatment. Journal of Environmental Quality 38 (1),
230–237. https://doi.org/10.2134/jeq2008.0100.

Rosgen, D. L. 2001 The cross-vane, W-weir, and J-hook vane structures: their description, design and application for stream stabilization and
river restoration. In: Proceedings of Wetlands Engineering and River Restoration 2001”, 27-31 August, Reno, NV, 1–22. https://doi.org/
10.1061/40581(2001)72.

Schaper, J., Posselt, M., Bouchez, C., Jaeger, A., Nützmann, G., Putschew, A., Singer, G. & Lewandowski, J. 2019 Fate of trace organic
compounds in the hyporheic zone: influence of retardation, the benthic bio-layer and organic carbon. Environmental Science and
Technology 53 (8), 4224–4234.

Smidt, S. J., Cullin, J. A., Ward, A. S., Robinson, J., Zimmer, A., Lautz, L. K. & Endreny, T. A. 2015 A comparison of hyporheic transport at a
cross-vane structure and natural riffle. Groundwater 53 (6), 859–871. https://doi.org/10.1111/gwat.12288.

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 Resource Research 39 (2), 1034. doi:10.1029/2002WR001367.

Thibodeaux, L. J. & Boyle, J. D. 1987 Bedform-generated convective transport in bottom sediment. Nature 325, 341–343.
Tonina, D. & Buffington, J. M. 2007 Hyporheic exchange in gravel bed rivers with pool-riffle morphology: laboratory experiments and three-

dimensional modelling. Water Resource Research 43, W01421. doi:10.1029/2005WR004328.
Triska, F. J., Kennedy, V. C. & Avanzino, R. J. 1989 Retention and transport of nutrients in a third-order stream in northwestern California:

hyporheic processes. Ecology 70, 1893–1905.
UN-Water 2008 Tackling A Global Crisis: International Year of Sanitation 2008. United Nations, New York. Available from: http://esa.un.

org/iys/docs/IYS_flagship_web_small.pdf.
Vaux, W. G. 1968 Intragravel flow and interchange of water in a streambed. Fish. Bull. NOAA 66, 479–489.
Wade, J., Lautz, L., Kelleher, C., Vidon, P., Davis, J., Beltran, J. & Pearce, C. 2020 Beaver dam analogues drive heterogeneous groundwater-

surface water interactions. Hydrological Processes 34 (26), 5340–5353. https://doi.org/10.1002/hyp.13947.
Ward, A. S. 2016 The evolution and state of interdisciplinary hyporheic research. Wiley Interdisciplinary Reviews: Water 3 (1), 83–100.

https://doi.org/10.1002/wat2.1120.
Ward, A. S. & Packman, A. I. 2018 Advancing our predictive understanding of river corridor exchange. Wiley Interdisciplinary Reviews

Water 6, e1327. https://doi.org/10.1002/wat2.1327.
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 (8), 1–13.
White, D. S. 1993 Perspectives on defining and delineating hyporheic zones. Journal of the North American Benthological Society 12, 61–69.
White, I. & Sully, M. J. 1987 Macroscopic and microscopic capillary length and time scales from field infiltration. Water Resources Research

23 (8), 1514–1522.
Wu, X., Ma, T. &Wang, Y. 2020 Surface water and groundwater interactions in wetlands. Journal of Earth Science 31 (5), 1016–1028. https://

doi.org/10.1007/s12583-020-1333-7.
Yang, C., Zhang, Y. K., Liu, Y., Yang, X. & Liu, C. 2018 Model-based analysis of the effects of dam-induced river water and groundwater

interactions on hydro-biogeochemical transformation of redox sensitive contaminants in a hyporheic zone. Water Resources Research
54, 5973–5985. https://doi.org/10.1029/2018WR023286.

Zarnetske, J., Haggerty, R., Wondzell, S. M. & Baker, M. A. 2011 Dynamics of nitrate production and removal as a function of residence time
in the hyporheic zone. Journal of Geophysical Research 116, G01025. doi:10.1029/ 2010JG001356.

Zhou, T. & Endreny, T. A. 2013 Reshaping of the hyporheic zone beneath river restoration structures: flume and hydrodynamic experiments.
Water Resources Research 49 (8), 5009–5020. https://doi.org/10.1002/wrcr.20384.

First received 21 April 2021; accepted in revised form 12 October 2021. Available online 27 October 2021
://iwaponline.com/ws/article-pdf/22/2/2179/1009638/ws022022179.pdf

http://dx.doi.org/10.3390/ijerph111010390
http://dx.doi.org/10.3390/ijerph111010390
http://dx.doi.org/10.1016/j.watres.2018.11.050
http://dx.doi.org/10.1016/j.watres.2018.11.050
http://dx.doi.org/10.1002/2017WR021388
http://dx.doi.org/10.1002/2017WR021388
http://dx.doi.org/10.2134/jeq2008.0100
http://dx.doi.org/10.1061/40581(2001)72
http://dx.doi.org/10.1061/40581(2001)72
http://dx.doi.org/10.1021/acs.est.8b06231
http://dx.doi.org/10.1021/acs.est.8b06231
http://dx.doi.org/10.1111/gwat.12288
http://dx.doi.org/10.1111/gwat.12288
http://dx.doi.org/10.1029/2002WR001367
http://dx.doi.org/10.1029/2002WR001367
http://dx.doi.org/10.1038/325341a0
http://dx.doi.org/10.1029/2005WR004328
http://dx.doi.org/10.1029/2005WR004328
http://dx.doi.org/10.2307/1938120
http://dx.doi.org/10.2307/1938120
http://esa.un.org/iys/docs/IYS_flagship_web_small.pdf
http://esa.un.org/iys/docs/IYS_flagship_web_small.pdf
http://esa.un.org/iys/docs/IYS_flagship_web_small.pdf
http://dx.doi.org/10.1002/hyp.13947
http://dx.doi.org/10.1002/hyp.13947
http://dx.doi.org/10.1002/wat2.1120
http://dx.doi.org/10.1002/wat2.1327
http://dx.doi.org/10.1029/2010WR010028
http://dx.doi.org/10.1029/2010WR010028
http://dx.doi.org/10.2307/1467686
http://dx.doi.org/10.1029/WR023i008p01514
http://dx.doi.org/10.1007/s12583-020-1333-7
http://dx.doi.org/10.1029/2018WR023286
http://dx.doi.org/10.1029/2018WR023286
http://dx.doi.org/10.1002/wrcr.20384

	Engineered hyporheic zones: design and applications in stream health  restoration - a review
	INTRODUCTION
	ENGINEERED HYPORHEIC ZONE
	Surface feature modification
	Subsurface feature modification

	DISCUSSION
	Feature modifications
	Methodology selection
	Limitations
	Research gaps
	Future scope of EHZ studies for stream restoration

	CONCLUSION
	DATA AVAILABILITY STATEMENT
	REFERENCES


