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Stream restoration needs to consider the hyporheic zone
just as much as the surface and benthic regions.

Hyporheic zones are aquifers beneath and adjacent to stream
and river channels through which surface water exchanges
and mixes with groundwater (Figure 1) (I). Hyporheic zones
are intimately connected to the water column and benthic
zones (Figure 2), and underpin stream ecosystem function
through important contributions to biogeochemical cycling
and biological habitat. Specifically, the movement of stream-
water into the subsurface provides a vector for dissolved
constituents (oxygen, nutrients, and pollutants) to come into
direct contact with entrained carbon sources, microbial
communities occupying the extensive surface area of sedi-
ment grains, and a unique array of biogeochemical conditions
(e.g., both oxidative and highly reducing zones). Additionally,
hyporheic exchange of water buffers surface water temper-
atures by facilitating heat exchange with relatively constant
temperature groundwater. Thus the hyporheic zone contains
gradients of physical, chemical, and thermal conditions; the
water column and deeper groundwater are end members
(Figure 2). The hyporheic zone therefore represents an
ecotone between surface (stream) and groundwater eco-
systems, is an important habitat for certain macroinverte-
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FIGURE 1. Idealized representations of hyporheic exchange in
(A) plan view (lateral exchange) and (B) vertical cross-section
(vertical exchange). In panel B, sections of channel that are
upwelling (water moving from the bed into the channel) are
noted by the gray bars and downwelling sections (water
moving from the channel into the bed) are noted by the white
bars.
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groundwater

FIGURE 2. Conceptual cross-section of a stream system, made
up of water column, benthic zone, and hyporheic zone.
Associated typical gradients of redox state, dissolved oxygen
(DO) concentration, and temperature variability are represented.

brates (2), and can be uniquely reactive relative to both surface
water and deeper groundwater (e.g., denitrification (I)).
Hyporheic zones are therefore important components of
stream systems, and, similar to other stream habitats, have
suffered degradation as a consequence of human activity.
Deleterious human actions are diverse, ranging from direct
channel and floodplain modifications to conversion of land
to urban and agricultural uses both in the riparian zone
(stream/riverbank) and in the larger watershed. Examples of
the former are dam construction and channelization, while
latter activities include deforestation and silt runoff from
construction (3).

With increased recognition of their degradation, restora-
tion of streams has become an increasingly popular activity
(4). Common restoration goals include in-channel habitat
recreation, riparian restoration, and in-stream species man-
agement (5). Coincidentally there is a desire to restore stream
ecosystems and their associated functions (6). However, we
currently lack restoration strategies that specifically address
these broader, synergistic functions of streams (i.e., nutrient
cycling and organic matter decomposition). Stream restora-
tion activities have largely focused on modifying the form of
the stream. For example, efforts like changing channel width
and/or planform manipulate the spatial distribution of
hydraulic energy on the bed and banks. Channel structures
modify the distribution of hydraulic conditions in three
dimensions, which may be important to reduce local erosion
and impact available habitat. Nevertheless, there has been
little study of how these structures might also influence
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hyporheic exchange and associated stream ecosystem func-
tion (but see 7, 8).

Despite its importance, the hyporheic zone heretofore
has generally been overlooked in stream restoration design.
We propose that one key step toward restoring stream
ecosystems and associated functions is to incorporate
channel elements that promote hyporheic exchange. We thus
outline the needs and potential ways forward for restoring
hyporheic zones in restoration projects. Nevertheless, while
we focus here on channel manipulation projects that have
become very common in recent decades, we also recognize
that long-term and sustainable correction of stream impair-
ment, including hyporheic impairment, requires altering the
impact of human activities on a watershed scale. We therefore
conclude with a discussion of watershed context.

Hyporheic Exchange and Associated Functions

Hyporheic exchange of water is controlled primarily by
hydraulic head gradients between surface and subsurface
water and the permeability of the sediments. Channel
morphology dictates the spatial patterns of hydraulic head
in the channel that drive local hyporheic exchange patterns
(9, 10) (Figure 1). In particular, features such as pools, riffles,
steps, debris dams, large wood, bars, meander bends, and
side channels drive hyporheic exchange by increasing the
local streambed gradient, creating obstacles in the flow which
induce backwater and form drag, and create channel
planform complexity (11— 13). However, high hydraulic head
in near-channel groundwater in highly gaining streams can
limit the overall volume of hyporheic exchange (14). Finally,
sediment permeability affects hyporheic exchange not only
by controlling the overall range of hydraulic conductivities
and therefore bulk flow rates through sediment (15), but
also via spatial heterogeneity of conductivity which can
drive exchange even in the absence of morphologic features
(16).

Habitat. Biologists have identified a variety of hyporheic
organisms (i.e., hyporheos) that spend either part or all of
their lives in the hyporheic zone. In fact, the hyporheic zone
was originally identified by biologists who found macroin-
vertebrates in the subsurface that were known to prefer
surface water conditions (e.g., 17), in some cases more than
1 km from the river (18). For other invertebrates, hyporheic
zones are refugia during high flow events (e.g., 19). Hyporheic
exchange is also a key determinant of fish egg and embryo
survival in benthic sediments. For example, bull trout (20)
and Chinook salmon (2I) spawning locations have been
found to be linked to hyporheic downwelling and upwelling
locations (i.e., where hyporheic water enters the subsurface
and re-enters the channel, respectively). The occurrence of
redds (fish spawning nests) inlocations oflocalized hyporheic
upwelling water is thought to take advantage of consistent
temperatures and potentially nutrient rich water (21); redds
in downwelling locations should experience conditions of
relatively high dissolved oxygen (20).

Nutrient Cycling. Movement of water and associated
dissolved nutrients into the hyporheic zone promotes the
growth of extensive microbial communities in streambed
and riparian sediments. These microbial communities fuel
rapid and extensive biogeochemical cycling of stream-borne
nutrients and also act to retard downstream pollutant
transport (22). The increased residence time of water and
solutes in the porous media of the hyporheic zone increases
the opportunity for microbially mediated biogeochemical
reactions relative to water in the channel. Hyporheic zones
are thus locations of intense cycling of nitrogen (N),
phosphorus (P), and carbon (C). Studies have identified
hyporheic zones to be locations of denitrification (23), N
mineralization (24), nitrification (25), and ammonification
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(26). As such, they also contribute to whole stream respiration
(27), influencing stream ecosystem oxygen (O,) and energy
cycles as well.

The hyporheic zone can act as both a source and a sink
of dissolved organic matter (DOM) (28). The hyporheic zone
has more often been found to be a sink for DOM, because
it is consumed and transformed by the extensive microbial
communities therein. For example, 29 found that injected
acetate fueled microbial respiration, denitrification, iron (Fe)
and sulfur (S) reduction, and methanogenesis in the hy-
porheic zone. Hyporheic processes have also been found to
encourage the rapid oxidation of reduced fulvic acids,
suggesting that hyporheic zones may play an important role
in watershed-scale energy flow (30). Microbes in hyporheic
zones are poised to take advantage of DOM that comes from
the degradation of particulate OM that is entrained on
streambeds, as well as OM that becomes buried during
sediment transport events.

Pollutant Buffering. Due to redox gradients and entrained
C, the hyporheic zone can attenuate dissolved metals through
retardation and precipitation (e.g., acid mine/rock drainage,
(31)) and hydrocarbons through retardation and mineraliza-
tion (32). Because hyporheic zones act as an intermediate
between surface water and groundwater, they can retard
pollutant transport from either source. The hyporheic zone
hasbeen identified as a sink for dissolved As from streamwater
(33), dissolved Mn, Zn, and Co from inflowing groundwater
(34), and dissolved chlorinated solvents (35). Nevertheless,
the proportion of pollutant loads from upstream surface water
subject to buffering—unlike those from groundwater—should
decrease as the proportion of surface flow moving through
the hyporheic zone decreases during storm events.

Temperature Regulation. Hyporheic exchange helps to
moderate surface water temperature over daily and annual
cycles primarily by removing exchanging water from exposure
to direct solar radiation—the largest natural contributor to
surface energy balances on clear days—and mixing with more
constant temperature groundwater (36, 37). The significance
of this effect can vary considerably depending on factors
such as sediment texture and position within the stream
system (e.g., benthic layer vs water column (38)). This
temperature dynamic is an important driver of habitat
heterogeneity in streams: it has direct influence on macro-
invertebrate and fish survival during low flow, and is an
important influence on the thermodynamic constraints of
biogeochemical reactions (I).

Restoration Process and Hyporheic Assessment

As hyporheic exchange contributes to many stream ecosys-
tem functions, and hyporheic exchange and function degrade
as channels degrade (3), hyporheic restoration is a critical
step toward restoration of stream ecosystems. Establishing
clear goals is important for project success. Potential design
goals include simply restoring hyporheic exchange of water
itselfand also any of the hyporheic functions discussed above.
If goals include restoring preimpairment hyporheic condi-
tions, it is necessary to quantify hyporheic deficiencies,
defined here as any human induced reductions in exchange
or function. It is important that this occurs in both degraded
and restored systems to properly set and check restoration
targets.

As there is no single established protocol, we list a range
of example assessment techniques. At the qualitative screen-
ing level, the complexity of existing streambed topography
(and hence hydraulic gradients) can be compared to historical
photographs or reference reaches to infer the magnitude of
lost hyporheic exchange. More quantitatively, shallow pits
or wells can be sampled for natural or introduced tracers to
determine whether sampled locations are connected to the



stream (39). Within such locations, dissolved conservative
tracers (e.g., NaCl) could be released to determine local
subsurface flow rates. A more sophisticated approach entails
reach-scale stream tracer experiments to determine the
changes in residence time distributions of streamwater
traveling along the reach: these are expected to shift toward
long time scales if hyporheic exchange is occurring. Tracer
analysis may or may not be accompanied by stream solute
transport modeling to estimate rates of exchange (40). Finally,
groundwater flow models of the hyporheic zone can be
developed and informed by channel topography, channel
hydraulics, and estimates of subsurface hydraulic conductiv-
ity (10). This approach could be directly integrated into the
restoration design process.

Hyporheic Restoration Techniques

Avariety of stream restoration design elements can promote
the goal of restoring hyporheic exchange, mainly by enhanc-
ing surface—groundwater hydraulic gradients, increasing
hydraulic conductivity of sediments, and/or providing
sources of C to hyporheic sediments. This section presents
some examples of these techniques. Other factors that control
hyporheic exchange or function such as the broader ground-
water setting or stream discharge are less amenable to
engineering control. Additionally, certain common stream
restoration strategies, such as floodplain reconnection, could
enhance hyporheic exchange by incorporating many of the
following elements.

Morphologic Features. Pools, riffles, log dams, steps, and
meander bends are commonly installed in stream restoration
projects to benefit geomorphic stability, aquatic habitat, and
aesthetics (5). These features may also promote hyporheic
exchange by creating slope breaks or backwater in the
channel, thereby setting up hydraulic gradients between
surface and groundwater. Some morphologic features may
alsoretain OM (e.g., trap leaves) that could provide C sources
and create the redox gradients necessary for certain functions.
While the hyporheic benefits of ongoing installation of
morphologic features may be considerable, to our knowledge
they are not currently included as project design goals.
Accordingly, we recommend adding the hyporheic benefits
of existing installations as an explicit design goal where
appropriate, modifying the design parameters of such
features to maximize benefit as possible, and considering
additional features explicitly for hyporheic benefit. Further
benefits may come from adjusting feature location within a
reach or even the larger stream network.

Large Wood. Large wood is often installed in stream
restoration projects for stabilizing the bed and banks, and
enhancing habitat for aquatic organisms. These benefits are
similar to many morphologic features described above, and
indeed, construction of many morphologic features utilizes
large wood. In some cases, large wood may also serve as a
C source.

Enhanced hyporheic exchange from morphologic features
and large wood—parameters such as flow and residence time
(41)—can be estimated using existing groundwater flow
modeling tools (42). Such models would also form the basis
for evaluating hyporheic functions. Furthermore, the hy-
porheic exchange of water induced by particular features
can be informed by many existing studies, some of which
include explicit “design curves” that relate restoration design
parameters (e.g., feature size) to induced hyporheic exchange
(e.g., 10, 12, 13, 43). Similarly, a few studies quantify the
impact of restoration features on hyporheic function (e.g.,
7, 44), including design curves (e.g., 38). Nevertheless, there
are large gaps in our knowledge about how morphologic
features impact hyporheic function, and studies with specific
design criteria are particularly rare.

Sediment Coarsening. Introduction of coarse sediment
is a common stream restoration practice that generally has
goals of increasing sediment stability, improving benthic
conditions for fish eggs (45), and even thermal buffering from
hyporheic exchange (46). This is typically accomplished by
placement of coarser sediment brought from outside the
stream system. Sediment coarsening has also been ac-
complished by removing fine sediment in place (47). The effort
enhances surficial sediment permeability with the potential to
enhance hyporheic exchange and possibly function. These
hyporheic benefits, particularly the hydrologic component, can
be estimated by modeling, by reference to design curves, or
from examples in the literature (e.g., 13, 48).

Riparian Planting. Floodplain reforestation is a common
stream restoration technique, used to stabilize banks, provide
shade to reduce peak stream temperatures, and improve
aesthetics. It also provides a source of particulate (and with
degradation, dissolved) OM, which can be entrained into
streambed sediments during bedload movement. This has
the potential to benefit hyporheic functions that require C
sources or redox gradients. However, while many studies
have demonstrated the link between C sources and hyporheic
function, we are not aware of studies that have either
quantified the applied value of riparian restoration for
benefiting such functions or how such benefits vary with
riparian planting techniques.

Spatial and Temporal Context

While typical stream restoration practice focuses on indi-
vidual stream reaches, sustainably reversing stream impair-
ment, including impairment of hyporheic function, requires
a three-tiered watershed perspective. First, channel ma-
nipulation projects with hyporheic restoration goals must
account for upstream watershed conditions that impact
hyporheic conditions. Fluxes of water, nutrients, pollutants,
and organisms from upstream may all impact restoration
success. However, the most important upstream flux for
hyporheic restoration is fine sediment which is often
significant in agricultural or urbanizing areas, with the
potential to eliminate hyporheic enhancement by filling
sediment interstices and cutting off flow (15). Second, stream
restoration projects, including those that target the hyporheic
zone, should be coordinated at the watershed scale. For
example, hyporheic restoration sites can be located within
the stream network for optimal benefit. Finally, the ultimate
solution to hyporheic impairment is recreating watershed
conditions that naturally sustain hyporheic zones. In par-
ticular, any of the elements presented above as hyporheic
restoration techniques could be promoted at the watershed
scale as well. For example, rather than directly installing in-
stream structures such as large wood or log dams to promote
hyporheic exchange, riparian corridors, or even whole
watersheds, could be reforested to create a source of large
wood to the channel.

Restoration efforts must also consider the temporal
context on at least two time scales. First, stream restoration
projects that entail direct intervention (e.g., remeandering),
represent short-term disturbances to aquatic, benthic, and
riparian ecosystems (49), even if they offer long-term benefit.
There will thus always be a recovery trajectory as organisms
and communities re-establish after construction ceases.
Second, and perhaps more importantly for hyporheic
restoration, constructed morphologic features will evolve over
time and/or fail due to sediment movement and rotting of
large wood. Explicit planning for the failure of constructed
features entails specifying a design life, which can be
somewhat controlled by structural configuration and the
materials used. In urbanized areas with little tolerance for
channel orlarge wood movement, “threshold” channels may
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be used where bedforms are designed to not move; eventual
structural failure might simply be acknowledged and designs
modified to minimize liability. In natural settings, where
channels are in dynamic equilibrium with their floodplains
and where riparian vegetation is intact, these natural failure
processes are balanced by natural creation of morphologic
features (e.g., by alarge log falling across a stream). Therefore,
in areas where broader stream corridor restoration can occur,
a more self-sustaining cycle of feature creation and destruc-
tion might be possible.

In summary, we propose that “hyporheic restoration” be
considered as a goal of stream ecosystem restoration projects.
Hyporheic restoration may not be appropriate or feasible in
all settings. The value of restoration hinges on the nature
and degree of hyporheic deficiencies as well as the watershed
context. Nevertheless, the importance of the hyporheic zone
underscores the need to at least evaluate hyporheic defi-
ciencies and estimate the effects of any restorative effort.
Many existing stream restoration techniques may have
hyporheic benefits such as increasing head gradients between
surface and groundwater, increasing hydraulic conductivity
of sediments, or addition of C sources. Thus incorporation
of hyporheic goals can potentially be a straightforward
modification of traditional stream restoration techniques.

However, a more holistic and sustainable approach that
couples direct intervention in stream channels with planning
and restoration at the watershed level is recommended to
realize maximal benefit. The multifaceted nature of the
hyporheic zone poses a challenge to developing successful
restoration strategies, and necessitates continued research
of an increasingly interdisciplinary nature. Particularly,
quantification of the effects of various restoration tech-
niques on hyporheic functions, such as C benefits of
riparian planting and the impact of morphologic features
on pollutant attenuation, is needed. Such a greater
understanding could further aid other efforts such as
pollution mitigation and ecosystem service provision at
the watershed level. Thus proper consideration of the
hyporheic zone can shore up an important pillar of holistic
environmental management.
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