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ABSTRACT: Beaver-mimicry stream restoration (BMR) involves the alteration of a stream channel to approxi-
mate the effects of beaver activity. Project objectives often include increasing groundwater storage and dry-
season streamflow, but limited data are available to understand the nature of its effects on groundwater dynam-
ics. We developed generic groundwater models of mountain headwater streams to investigate the effects of
installing a single beaver-mimicry structure (BMS) using different restoration designs in varied hydrogeologic
settings. The magnitude of changes in dry-season net stream gains from a single BMS was always a minor com-
ponent of the channel water balance, and would be too small to measure in the field; however, the modeled pat-
terns of change caused by a single BMS help to understand the underlying mechanisms. All tested scenarios
caused increases in groundwater recharge from the stream, which resulted in increased groundwater levels, and
groundwater outflow from the model domain. For scenarios that did not include evapotranspiration, most treat-
ments in gaining and losing settings caused slight increases in dry-season net stream gains, but in strongly los-
ing settings net stream gains were reduced. The addition of simulated evapotranspiration often resulted in
decreased dry-season net stream gains, since evapotranspiration increased with groundwater elevations. BMR
design and siting influence the types of hydrologic effects that should be anticipated.

(KEYWORDS: hydrology; streamflow; groundwater hydrology; surface water/groundwater interactions;
drought.)

INTRODUCTION

Evident shifts in the climate at higher elevations
suggest that consideration of changes in seasonal to
interannual water storage should be a high priority
for water planning in mountainous watersheds. Field
observations and climate change predictions from
extensive literature regarding mountainous areas
indicate that snowpack accumulation is likely to

decline and that accumulated snow is likely to melt
earlier in the year, which will result in lower dry-
season streamflows (Cayan et al. 2001; Barnett
et al. 2005; Clow 2010; Naz et al. 2018). Shifts in pre-
cipitation from snow to rain are major driver of
reduced snowpack (Knowles et al. 2006; Berghuijs
et al. 2014), which is expected to diminish seasonal
hydrologic storage even where total annual precipita-
tion increases. Stream restoration projects that
increase seasonal (or longer) hydrologic storage can
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be used to mitigate this loss of snowpack storage in
an attempt to sustain fluvial corridor ecosystems and
human infrastructure.

With a common objective to increase water storage,
beaver-mimicry stream restoration (BMR) is becom-
ing an increasingly common practice (Pollock
et al. 2014, 2018; Bouwes et al. 2016; Weber
et al. 2017; Lautz et al. 2019). These projects typi-
cally include the installation of multiple instream
beaver-mimicry structures (BMSs; a.k.a. beaver dam
analogs) that are designed to have an ecohydrological
function similar to beaver dam complexes (Pilliod
et al. 2018; Pollock et al. 2018; Lautz et al. 2019;
Nash et al. 2021). BMSs include an on-channel struc-
ture and an associated upstream pool, which causes
the stage of the stream and adjacent groundwater
levels to increase upstream of the structure. The
treatments may also include activation of side chan-
nels at high flows, inundation of the floodplain during
high flows, or seasonal filling of off-channel ponds.
The additional seasonal inundation caused by BMSs
often enhances groundwater recharge, and they are
often advertised to increase dry-season streamflows.

Numerous studies have provided observational evi-
dence that natural beaver activity and BMR increase
groundwater levels in the alluvial aquifer, typically
by less than 1 m (Westbrook et al. 2006; Janzen and
Westbrook 2011; Majerova et al. 2015; Bouwes
et al. 2016; Pollock et al. 2018). Some investigations
have observed little change in groundwater levels fol-
lowing the implementation of BMR or wet meadow
restoration projects (Klein et al. 2007; Scamardo and
Wohl 2020), suggesting that the observed changes in
groundwater elevations are dependent on the type of
treatment used, the hydrogeologic setting, and the
monitoring design. Dry-season streamflows are often
suggested to increase following BMR; however, quan-
tifications of these increases have been limited, likely
due to the difficultly in quantifying small changes in
streamflow with confidence (Burns and McDon-
nell 1998; Gurnell 1998; Westbrook et al. 2006; Pol-
lock et al. 2007, 2018; Janzen and Westbrook 2011;
Nyssen et al. 2011; Majerova et al. 2015; Bouwes
et al. 2016; Wegener et al. 2017; Hunt et al. 2018).
Some researchers have suggested that increases in
streamflow due to wet-meadow restoration will be too
small to measure and the higher groundwater eleva-
tions would also cause higher groundwater evapo-
transpiration (ETgw) (Nash et al. 2018, 2020). This
increase in ETgw may more than offset the increased
net stream gains that would be otherwise be
expected. While the changes in surface-water storage
due to the creation of on-channel ponds behind BMSs
are evident, the changes in groundwater flow pat-
terns relevant to driving seasonal subsurface storage
are not well understood, especially in the context of

project designs that are most likely to meet hydro-
logic objectives.

When groundwater recharge increases along a
restored stream reach, the additional water will ulti-
mately be partitioned between different potential out-
puts from the reach, such as groundwater discharge
to the stream, down-valley groundwater outflow, or
evapotranspiration. Aquifer properties and the prox-
imity of seasonal groundwater mounds to surface
waters will determine the time needed for higher
hydraulic heads to propagate through the aquifer and
increase groundwater discharge to streams
(Theis 1940; Bredehoeft et al. 1982; Bredehoeft 2002;
Kendy and Bredehoeft 2006). The concept of mound-
ing helps to aggregate perspectives on the timing of
both water and energy movement through the allu-
vial aquifer.

Past research has demonstrated that streams with
more sinuosity or more complex bed topography (e.g.,
pool-riffle sequences, beaver dams, or BMSs) exhibit
more hyporheic exchange between the stream and
the underlying aquifer under steady-state conditions
(Harvey and Bencala 1993; Kasahara and Wond-
zell 2003; Cardenas et al. 2004; Kasahara and
Hill 2006; Cardenas 2008, 2009; Gomez-Velez
et al. 2017). Work in the steady-state perspective has
been critical to understanding the fundamental dri-
vers of stream subsurface exchange, but the need for
more dynamic and scalable conceptualizations of
hyporheic flow has become clear as the attention of
land managers is shifting toward seasonal water stor-
age for ecosystem or human demands (Gomez-Velez
et al. 2017). For example, modeling of transient
hyporheic exchange or lateral contributions from hill-
slopes has shown that variations in alluvial ground-
water levels over time play an important role in
determining the exchange of water between streams
and their associated alluvial aquifers (Wroblicky
et al. 1998; Woessner 2000; Chen and Chen 2003;
Boutt and Fleming 2009; Malzone et al. 2016; Sch-
madel et al. 2016; Gomez-Velez et al. 2017; Ward
et al. 2017). Short-term variations in stream stage
due to diel cycles or storm events have also been
shown to cause substantial lateral water exchange
between surface waters and the banks, resulting in
bank storage (Sawyer et al. 2009; Gomez-Velez
et al. 2017). Studies of changes in storage dynamics
due to wet-meadow restoration on gaining streams
suggest that groundwater levels rise in response to
the treatment, but these increases do not result in
meaningful changes in groundwater discharge to the
stream during the dry season (Nash et al. 2018).
Dynamic models of hyporheic water exchange that
include periodic off-channel inundation have only
rarely been developed to understand the influence of
changing groundwater recharge (Helton et al. 2014),
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and to our knowledge have not been developed to
understand the related hydrologic effects of BMR
activities. From this perspective, stream restorations
that are intended to increase seasonally dynamic
hydrologic storage may be treated as manipulative
experiments with potential to advance the evolving
science of fluvial corridor hydrology (Harvey
et al. 2019).

The potential for stream restoration to influence
seasonal water storage in local alluvial aquifers
partly depends on the hydrogeologic setting that
determines the overall gaining or losing nature of the
stream (Larkin and Sharp 1992; Winter et al. 1998;
Woessner 2000). Stream reaches where alluvial
groundwater elevations are substantially lower than
the streambed are unlikely to experience local
increases in dry-season net stream gains since the
resulting groundwater mounds would be unlikely to
be of sufficient magnitude to reverse or reduce stream
loss during the dry season. In contrast, where
groundwater levels are substantially higher than the
stream stage, only mounds created by substantial
recharge farther from the channel are likely to per-
sist long enough to create seasonal time scale storage
that results in meaningful local increases in dry-
season net stream gain (Cardenas 2009; Nash
et al. 2018).

In this study, we explore the simulated influence
of different BMR treatment designs in various hydro-
geologic settings. We used simulations of dynamic
stream/aquifer systems in MODFLOW to explore the
general nature of effects to the groundwater system.
The modeled scenarios were inspired by the choices
in BMR design frequently considered in the inter-
mountain western United States (U.S.) and were
implemented in the context of the different hydrogeo-
logic settings of stream corridors common in these
systems. We focus on the influence of BMR on allu-
vial aquifers in less constrained reaches of the fluvial
corridor, where the effects of seasonal variation in
groundwater recharge from the stream or connected
surface waters dominates over the effects of variation
in lateral recharge from hillslopes. In these systems,
recharge from surface waters at higher flows creates
higher water tables and seasonally transient ground-
water mounds in the regions surrounding seasonal
sources of recharge. This conceptualization comple-
ments studies that have focused on the changes in
lateral groundwater inflow due to changes in stream
stage for gaining streams (Nash et al. 2018) to extend
understanding of the effect of BMR treatments to set-
tings where alluvial recharge originates predomi-
nantly from stream-derived surface waters
(Westbrook et al. 2006) and to systems where streams
are generally losing.

METHODS

We developed MODFLOW groundwater models of
hypothetical stream corridors to evaluate the general
nature of hydrologic effects from varied BMR treat-
ment designs in different hydrogeologic settings (Fig-
ure 1; Table 1). These models included the addition of
a single BMS and various off-channel inundation sce-
narios. We recognize that most BMR treatments
include the installation of several BMSs, but chose to
focus on the mechanics of a single structure to aid in
the fundamental scientific understanding necessary
for effective management decisions involved with
selecting BMR locations and designs. The potential
for interactions between a sequence of structures to
cause emergent, nonadditive hydrologic behavior may
be a useful direction for future research. Sensitivity
analysis was used to evaluate how variations in site-
specific hydrogeologic characteristics change the
hydrologic effects of BMR treatments.

Numerical models were developed based on a sim-
plified conceptual model of the effects of BMR instal-
lations on an incised stream with a snowmelt-
dominated hydrograph, focusing on settings where
variation in groundwater recharge from the channel
or channel-connected surface waters is the dominant
influence on storage in the alluvial aquifer. This set-
ting is common for stream restoration activities in
the intermountain west of the Unites States, and
modeling scenarios in this setting were inspired by
discussions with stream restoration practitioners in
the headwaters of the Missouri River in southwest
Montana, USA. These simple models are not intended
to represent the absolute behavior or complexities of
any single system or design, but are intended to pro-
vide an understanding of the types of changes in
groundwater dynamics that might be expected.

The modeled scenarios were designed to evaluate
how the addition of a single BMS to a stream affects
groundwater-mediated hydrologic connections
through the fluvial corridor. Three versions of each
modeling scenario (Figure 1; Table 1) were developed
to simulate differing hydrogeologic settings, where
the boundary conditions were defined to simulate a
stream reach that was generally gaining (G), losing
(L), or strongly losing (SL) within the model domain.

Conceptual Model

Simulated fluvial corridors were based on streams
with alluvial aquifers assumed to be 5–20 m thick.
Alluvial aquifers of this size are consistent with sec-
ond to fourth-order streams in the intermountain
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west, which also tend to be areas where natural bea-
ver dams persist through high flows (Macfarlane
et al. 2017). Floodplain soils that develop from over-
bank deposition are often dominated by fine-grained
deposits. However, the alluvial sediments that make
up the aquifer are typically composed of courser-
grained sands and gravels, due to the higher preser-
vation potential of coarse-grained sediments in a flu-
vial corridor (Aslan 2013). Sand aquifers have
saturated hydraulic conductivities (K) ranging from
about 10 to 100 m/day (Heath 1983). Bedrock

underlies the alluvium (Figure 2), and bedrock with
limited secondary permeability normally has a K
value less than 1 m/day (Heath 1983).

For a given reach of the stream corridor, ground-
water enters an alluvial aquifer from upstream allu-
vium, and from uplands and bedrock along the
lateral edges (Shaw et al. 2014). Our conceptual
model focuses on areas where inflow from the
upstream alluvium is typically substantially higher
than the lateral inputs. Groundwater can leave a
reach of the corridor via subsurface flow paths
through the downstream alluvium. For the purpose
of this study, we assume alluvial groundwater loss to,
or gain from, deeper regional aquifers are negligible.

Analysis of the seasonal storage generated by BMR
requires a detailed understanding of the dynamics of
surface-subsurface exchange of water between the
alluvial aquifer and surface waters driven by differ-
ences in head. Streams often vary between gaining
and losing over a range of scales in both space and
time (Prudic 1989; Winter et al. 1998; Woess-
ner 2000; Niswonger and Prudic 2005). We are con-
sidering streamflows and stream stages in settings
with a snowmelt-driven hydrologic regime. In areas
with relatively low lateral contributions like inter-
mountain basins, the associated seasonal changes in
stream stage and the resulting potential for off-
channel floodplain inundation at higher flows are a
primary control on groundwater recharge and the for-
mation of groundwater mounds.

FIGURE 1. Plan views of conceptual schematics for scenarios selected to explore common beaver-mimicry stream restoration (BMR) treat-
ment designs (also see Table 1).

TABLE 1. Summary of models used to explore various BMR
designs in different hydrogeologic settings.

Design scenario

Hydrogeologic setting

Gaining
stream (G)

Losing
stream (L)

Strongly
losing

Stream (SL)

Baseline (B) G-B L-B SL-B
On-Channel

Structure (S)
G-S L-S SL-S

Near Channel
Activation (NC)

G-NC L-NC SL-NC

Far Channel
Activation (FC)

G-FC L-FC SL-FC

Floodplain
Inundation (FI)

G-FI L-FI SL-FI

Off-Channel Pond
(OC)

G-OC L-OC SL-OC
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The movement of water between the aquifer and
atmosphere via precipitation and ETgw may also be
important to understand the influence of BMR, par-
ticularly considering the potential for increased water
availability to plants. A common goal of BMR is to
reestablish or expand the riparian zone (Pilliod
et al. 2018). Where the water table is close to the
land surface ETgw can supply much of the water used
by wetland plants, and ETgw can be a substantial
portion of the groundwater budget (Leake and Gun-
gle 2012). Local precipitation and snowmelt can pro-
vide groundwater recharge when water is able to
infiltrate through the vadose zone. Groundwater
recharge from this infiltration likely occurs during
large precipitation events or snowmelt, but under
normal circumstances, this contribution is small com-
pared to other inputs to a reach control volume.

Based upon this conceptual model, a finite volu-
metric groundwater budget for a control volume of
the alluvial aquifer (Figure 2) during a given period
of time can be expressed as:

Gin�al þGin�lat þ Sin þR ¼ Gout�al þ Sout þ ETgw þ ΔS,
(1)

where Gin-al and Gout-al are alluvial groundwater
inflow and outflow; Gin-lat is lateral groundwater
inflow; Sin, and Sout are groundwater recharge and
discharge from/to surface waters; R is groundwater
recharge from local precipitation; ETgw is groundwa-
ter evapotranspiration; and ΔS is the change in the
volume of water stored in the aquifer.

Net changes in storage (ΔS) at the same time of
year over multi-year time scales are expected to be
near zero if there are no major alterations to the sys-
tem (i.e., long-term dynamic equilibrium). However,
the potential to increase local storage of water that
could then contribute to dry-season streamflow within
a given reach would necessarily arise from increasing
the seasonal amplitude of ΔS around zero. When ΔS

is positive groundwater mounds form, and when ΔS
is negative these mounds dissipate. As the mounds
dissipate water is partitioned among various outputs,
such as water flowing to the stream (Sout), flowing
out of the control volume as groundwater (Gout-al), or
being used for ETgw.

Baseline Numerical Models

We used MODFLOW 2000 (Harbaugh et al. 2000;
Aquaveo 2013) to construct simple, yet spatially and
temporally explicit, numerical groundwater flow mod-
els of alluvial aquifers influenced by overlying surface
waters. MODFLOW was developed by the USGS and
is a broadly applied numerical solution for groundwa-
ter head distributions. Modeling details, including a
discussion of model limitations and assumptions,
such as how MODFLOW addresses the nonlinear
groundwater flow equation, are provided in Support-
ing Information.

The models were constructed to represent a reach
of an alluvial aquifer 1000 m long, 100 m wide, and
10 m thick (Figures 2 and 3). Aquifer properties were
homogeneous and isotropic throughout the model
domain and were based on literature values for an
unconfined coarse sand aquifer (K = 25 m/day; speci-
fic yield (Sy) = 0.2; Freeze and Cherry 1979;
Heath 1983; Fetter 1994).

The models simulated transient hydrologic condi-
tions over time and were run for 5 years (1,826 days)
using 261 weekly stress periods and daily computa-
tional time steps. In MODFLOW, “stress periods” are
the feature that allows for nonsteady-state modeling,
such that boundary conditions can vary among stress
periods but are constant within a stress period.

Specified flux boundary conditions were used to
simulate groundwater inflow through the upstream
alluvium, and along the lateral edges of the model
domain to simulate hillslope contributions (Figure 3).

FIGURE 2. Conceptual block model of the stream/aquifer system used to design the simplified groundwater modeling domains for the BMR
model scenarios (see Equation 1 for term definitions).
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Alluvial inflow was at a constant 95 m3/day and lat-
eral inflow was held constant at 5 m3/day (Figure 4).
These inflows were selected because they are reason-
able given the permeability of the aquifer, and they
provided a slightly gaining stream in the gaining set-
ting, and a slightly losing stream for the losing set-
ting. The rates were held constant because effects
due to changes in aquifer saturated thickness (and
therefore transmissivity) and hydraulic gradients at
the edges of the model domain are anticipated to be
slight relative to the effects from the restoration.
Constant external boundaries also allow an uncon-
founded perspective on storage phenomena driven
only by dynamic changes in stream stage and ground-
water recharge from surface waters within the model
domain.

At the downstream end of the model domain,
groundwater outflow was simulated using the drain
package (Figures 3 and 4) (Banta 2000). Drains only
remove water from the model domain, and that only
occurs when the groundwater elevation is higher than
the drain elevation. The amount of water that drains
remove is determined by the difference between the
groundwater elevation and the drain elevation, and by
a conductance term. We adjusted the drain elevation
to create models of stream reaches that were generally
gaining, losing, or strongly losing (Winter et al. 1998)
(Table S1.1). The drain conductance was set to
10 m2/day, which provided for adequate groundwater
outflow, and did not create flooding. For these models,
the drain conductance can be viewed as proportional to
the alluvium’s cross-sectional transmissivity (i.e., the
saturated cross-sectional area of the alluvial aquifer
times K; Käser and Hunkeler 2016), so it represents
the ease with which water can move down-valley
through the alluvial aquifer.

The STR stream package (Prudic 1989) was used to
simulate the bidirectional exchange of water between

FIGURE 3. Plan view of the numerical models for each of the
treatment types. The models had specified flux boundaries (yellow)
along the upstream and lateral edges, drains (green) along the
downstream edge, and stream boundaries on the cells adjacent to
surface flow (dark blue). For the OC scenario, the pond was simu-
lated by adding a river boundary (bright blue) at the same location
as the FC channel. The red boxes show the beaver-mimicry struc-
ture (BMS) locations. The main channel always had flow and side
channels which were active only during high flows in the NC, FC,
and FI scenarios.

FIGURE 4. Flux values for the boundaries in the baseline models over the last year of simulations (model year 4) for gaining (a), losing (b)
and strongly losing (c) hydrogeologic settings. Positive values are inputs to the aquifer, and negative values are outputs from the aquifer.
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stream channels and the alluvial aquifer (Figure 3).
The STR package allows the stream to be gaining water
from or losing water to the aquifer depending on the rel-
ative elevation of the stream surface (stage) and the
groundwater elevation in each associated underlying
cell. The STR package includes simple channel hydrau-
lic simulation that calculates the stream stage based on
the amount of stream discharge (e.g., m3/s), the channel
geometry, and Manning’s roughness coefficient (Bar-
nes 1967; Prudic 1989). The annual streamflow hydro-
graph (Figure 5) at the upstream end of the reach was
identical for each modeled year, and was based on a
simplified symmetrical snowmelt-driven stream hydro-
graph, with an average streamflow of 100 L/s, peak
flows of 420 L/s, and baseflows of 37 L/s. The top of the
streambed was set 1 m below the floodplain surface.
The amount of water moving between the stream and
the aquifer depends on the difference in head between
them, the streambed conductance, and the permeabil-
ity of the aquifer. We used streambed conductance val-
ues of 0.5 m2/day/m based on a vertical hydraulic
conductivity of a silt bottom (Kbed = 0.5 m/day) because
pools with fine-textured beds typically cover a much
greater proportion of the streambed than riffles in our
study streams (see Supporting Information S1.1). The
STR package does not simulate unsaturated flow, but
we considered this to be an appropriate simplification
given that recharge occurs over several months (Fig-
ure 5), and the depth to groundwater is only a few
meters (Niswonger and Prudic 2005).

Effects of ETgw were not included in the modeling
scenarios to allow for unconfounded comparisons of
the fundamental behavior of groundwater storage
among simulations. However, ETgw was included in
the sensitivity analysis to evaluate potential effects

to the dynamic water balance. More thorough explo-
ration of the effects of evapotranspiration on the
water balance deserves its own effort, and is under-
way in parallel research. Groundwater recharge from
local precipitation was assumed to be negligible at
the reach scale (Chen and Chen 2003), as is typical
for semi-arid areas in southwest Montana, USA.

Analysis across BMR Scenarios

The simulated influence of BMSs was added to the
baseline MODFLOW models to evaluate changes in
model outputs. The model outputs of interest included
groundwater recharge from surface waters (gross
stream loss), groundwater discharge to surface waters
(gross stream gains), net stream gains (gross stream
gains minus gross stream loss), and down-valley
groundwater outflow. Groundwater level dynamics
were also evaluated. Five BMR treatment configura-
tions were simulated in the gaining, losing, and
strongly losing hydrogeological settings to evaluate the
implications of different BMR designs (Table 1; Fig-
ures 1 and 3). These treatments were inspired by
designs used for BMR projects that we have monitored
in southwest Montana, USA. The treatments included
installation of a BMS that creates: (1) an on-channel
pond (S), (2) an on-channel pond with seasonal reacti-
vation of a side channel near the stream (NC), (3) an
on-channel pond with seasonal reactivation of a side
channel further from the stream (FC), (4) an on-
channel pond with seasonal inundation of the flood-
plain (FI), and (5) an on-channel pond with seasonal
filling of an off-channel pond (OC).

The creation of an on-channel pond was a part of
all treatment scenarios, and was simulated by intro-
ducing a step in the slope of the streambed relative
to the baseline configuration. The upstream portion
of the step had a relatively shallow slope to represent
the pool behind the BMS. At the bottom of the pool,
the streambed dropped 1 m from one cell to the next,
to the level of the baseline, to represent the change
in stream stage created at the location of the BMS.
While this approach simulates the change in stream
stage (the boundary condition for the groundwater
model), it does not simulate the additional storage
added to the surface-water system due to the on-
channel pond. For this study this approach is
intended to simulate a BMS; however, the effect
would be similar for other topographic elements on
the streambed, such as natural or constructed riffles.

Streamflow was routed into side channels for the
NC, FC, and FI scenarios (Figures 1 and 3). Ten per-
cent of streamflow was routed into the side channels
when stream discharge was greater than 40 L/s. This
configuration resulted in side-channel activation for

FIGURE 5. The simplified snowmelt-driven stream hydrograph
used for model boundary conditions based on the stream package.
The duration of diversion is shown in gray, as defined by the period
when 10% of the streamflow was diverted in the NC, FC, and FI
scenarios. The model output times shown with circles on this figure
reflect the outputs shown for model year 4 in Figure 8a. Note that
values are provided in both L/s and m3/day to provide perspective
for results from both the groundwater and surface-water perspec-
tives.
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19 weeks each year, from mid-April to early-August
(Figure 5). The conductance of the streambed sedi-
ments for the side channels was simulated as being
the same as the main channel. Since various concep-
tualizations could be used to justify both higher and
lower values, we believe that this is an appropriate
simplification.

The influence of an off-channel pond for the OC
scenario (Figures 1 and 3) was simulated using the
head-dependent boundary condition implemented in
MODFLOW’s river package (Harbaugh et al. 2000).
The river package simulates groundwater/surface-
water exchange almost identically to the stream
package (Brunner et al. 2009), except channel
hydraulics are not simulated and the stage is explic-
itly defined in the river package. We conceptualized
the pond as a floodplain depression that is filled when
a side channel is activated during high flows in the
spring. After filling, the stage in the pond decreased
until mid-September, at which point the pond went
dry and thus ceased to provide recharge. The change
in pond stage over the summer was based on the sim-
ulated loss to infiltration (recharge to the aquifer)
and reasonable rates of open-water evaporation,
given a pond approximately 30 m wide by 200 m
long, and with 600 mm/year of evaporation. Off-
channel ponds, or groups of ponds, of this size are
common features of natural beaver complexes (e.g.,
see Wegener et al. 2017). To maintain conservation of
mass in the water budget, calculated streamflows
were reduced at the start of snowmelt by the amount
of water that is needed to account for the total
annual infiltration and evaporation from the pond.
Filling the pond required between 8.5% and 12.6% of
streamflow for 1 week in the early spring, depending
on the setting.

Assessing Independent Parameter Sensitivity for the
Far Channel Scenario

The influence of different hydrologic parameters on
the inferred effects of BMR on groundwater storage
dynamics was evaluated by independently perturbing
parameter values for aquifer K, aquifer Sy, streambed
conductance, and drain conductance in the baseline
and far channel (FC) scenarios in each of the hydro-
geologic settings. The FC scenario was used since pro-
vided the largest influence of the non-off-channel
pond scenarios, and therefore was reasonably repre-
sentative of most BMR treatments. ETgw was also
added to the model to provide a cursory evaluation of
its potential importance to the water balance.

Each of the tested parameters was varied within
realistic values for the northern Rocky Mountains of
the U.S. The tested K and Sy values were appropriate

for unconsolidated sediments from silt to gravel
(Heath 1983). In most unconsolidated sediments Sy

and K are related by the pore structure of the sedi-
ment (Heath 1983); however, we treated Sy and K as
independent parameters in this sensitivity analysis to
assess their unique influences. The streambed con-
ductance values represent streams with the same
geometry, but with bed sediments ranging from clay
to sandy gravel. The drain conductance value influ-
ences the rate at which water discharges from the
downgradient model boundary, and so represent set-
tings ranging from a downstream constriction (e.g., a
bedrock notch) to a downstream reach with a thicker
and wider accumulation of high permeability sedi-
ments. Tested maximum ETgw rates (ETmax) were
based on literature values for bare soil to dense wil-
low stands, and the evapotranspiration extinction
depth (ETXD) was based on values from grass to trees
in soils ranging from silty-clay loam to sand
(Johns 1989; Lautz 2008; Leenhouts et al. 2006; Pers-
son 1995; Scott et al. 2004; Shah et al. 2007).

The primary criterion used to compare the sensitivi-
ties of simulated storage dynamics to variation in
parameter values was the difference in net stream gain
between the baseline and FC model in mid-August of
the 4th model year (stress period 240). Changes in
groundwater recharge from surface waters and
groundwater discharge to surface waters were also
evaluated for stress period 240, and are included in the
Supporting Information (Sections S2.3 and S2.4). This
first-order approach only provides information about
the independent influence of the parameter values
tested, and does not include interactions between
parameters. Sensitivity analysis is discussed in
greater detail in Supporting Information (Section S2).

RESULTS

Simulation results provide a heuristic illustration
of how general patterns in the groundwater budget
components and the head distribution in the aquifer
respond to different BMS strategies. To evaluate the
effects of BMR on the annual groundwater budget,
we focused on summary statistics for model year 4
(the last year modeled), and effects during the dry
season were evaluated over a week in mid-August of
year 4 (stress period 240). Comparisons of differences
in summary statistics relative to the baseline model
provide perspective on the influence of BMR on
hydrologic patterns driven by design choices, and
how these patterns differ in systems where the
stream is gaining, losing, or strongly losing. The sen-
sitivity analysis provides perspective on the relative
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influence of site-specific hydrologic properties on the
nature of the alluvial aquifer’s response to restora-
tion.

BMR Scenarios

While this exercise was hypothetical in nature and
does not reflect the complexity of a real stream, the
use of deterministic models under controlled condi-
tions generates data that allow the calculation of
metrics that directly reflect how a restored stream
might be expected to differ from its unrestored condi-
tion in terms of its interactions with the alluvial

aquifer, even when the effects of a single BMS are
more subtle than could be measured in the field.
Hence, these modeling results represent general pat-
terns in the hydrologic response that would be
expected from common decisions regarding BMR
design in differing hydrogeologic settings.

Recharge from Gross Stream Loss. All BMS
treatment types in all settings caused groundwater
recharge from gross stream loss within the model
domain to increase, both on an annual basis and dur-
ing the dry season (Tables 2 and 3; Figure 6a and
6b). In general, the results showed that the change in
recharge from surface waters was lowest in the

TABLE 2. Summary of annual water budget results for model year 4.

Scenario

Change in gross
stream loss

change in gross
stream gain

Change in net
stream gain

Change in ground
water outflow

Average change in
annual head amplitude

Change in
dynamic storage

(m3/year) (m3/year) (m3/year) (m3/year) (m3/year) (m3/year)

G-S 20,285 19,122 −1,163 1,408 0.04 782
G-NC 19,923 18,551 −1,371 1,381 0.04 782
G-FC 20,396 18,851 −1,545 1,367 0.04 857
G-FI 20,168 18,834 −1,333 1,411 0.05 920
G-OC 8,869 4,714 −4,155 4,289 0.07 1,344
L-S 15,686 14,363 −1,324 1,357 −0.15 −3,070
L-NC 15,053 14,013 −1,040 1,386 −0.06 −1,159
L-FC 15,523 14,329 −1,194 1,375 −0.05 −1,096
L-FI 15,426 14,125 −1,301 1,385 −0.05 −998
L-OC 3,468 17 −3,451 3,711 0.14 2,713
SL-S 12,282 7,402 −4,880 3,711 0.00 −1
SL-NC 11,566 6,781 −4,785 3,659 0.00 −22
SL-FC 12,200 7,301 −4,899 3,714 0.00 45
SL-FI 12,042 7,112 −4,930 3,755 0.01 136
SL-OC 5,355 −135 −5,491 5,220 0.12 2,367

TABLE 3. Summary of results for mid-August of model year 4 (Stress Period 240).

Scenario

Change in gross
stream loss

Change in gross
stream gain

Change in net
stream gain

Change in
groundwater

outflow
Minimum

head change
Maximum

head change
Average

head change
(m3/day) (m3/day) (m3/day) (m3/day) (m) (m) (m)

G-S 55.2 60.7 5.5 4.9 0.01 0.18 0.08
G-NC 54.2 59.9 5.7 4.8 0.01 0.19 0.08
G-FC 54.9 60.8 5.8 4.9 0.01 0.18 0.08
G-FI 54.4 60.8 6.4 5.1 0.01 0.19 0.08
G-OC 19.3 31.3 11.9 16.0 0.10 0.78 0.55
L-S 42.2 48.0 5.9 4.8 0.01 0.18 0.07
L-NC 41.3 47.4 6.0 4.7 0.01 0.18 0.08
L-FC 41.8 48.0 6.2 4.8 0.01 0.18 0.08
L-FI 41.1 48.0 6.8 5.0 0.01 0.19 0.08
L-OC 5.7 18.3 12.6 14.8 0.03 0.50 0.25
SL-S 27.9 26.3 −1.6 9.5 0.02 0.19 0.09
SL-NC 21.4 20.1 −1.3 5.9 0.02 0.19 0.09
SL-FC 27.4 26.2 −1.2 9.6 0.02 0.19 0.09
SL-FI 26.6 25.8 −0.8 9.9 0.02 0.20 0.09
SL-OC 1.8 8.4 6.6 20.5 0.03 0.38 0.20
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strongly losing stream setting and greatest in the
gaining stream setting. This pattern reflects how
treatments cause portions of the stream to become
more strongly losing, and that shift is most pro-
nounced when that portion of the stream was gaining
prior to treatment. For all settings, the OC treatment
resulted in the smallest change in gross stream loss
(Figure 6a and 6b).

Discharge to Gross Stream Gain. Similar to
the effects on gross stream loss, gross stream gain
from groundwater within the model domain increased
for most treatments in all settings, both on an annual
basis and during the dry season (Tables 2 and 3; Fig-
ure 6). These increases were largely proportional to
the increases in gross stream loss (Figures 6a and
6b). The OC treatment resulted in the smallest

FIGURE 6. Top panels represent simulated gross stream gains (i.e., groundwater discharge to the stream) plotted vs. gross stream loss (i.e.,
groundwater recharge from the stream) within the model domain, based on (a) annual totals during model year 4 and (b) average values for
a week in mid-August. Off-channel pond scenario results are highlighted. The bottom panels represent change in net stream gain resulting
from restoration for all model scenarios and groundwater settings, based on (c) annual totals during model year 4 and (d) average values for
a week in mid-August.
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change in gross stream gain for all settings (Fig-
ure 6).

Net Stream Gain. All BMR treatments in all set-
tings caused a reduction in the average annual net
stream gain (Figure 6c). While the increased gross
stream losses were partly offset by increased gross
stream gains after treatment, the net effect on an
annual basis was for the stream to lose more water to
the aquifer (Figures 6c and 7), which was balanced in
the water budget primarily by increases in subsurface
down-valley flow, as discussed below.

Model results during the dry season were markedly
different from the annual average results (Figures 6c,
6d, and 7). All BMR treatments in the gaining and los-
ing settings resulted in increases in dry-season net
stream gains (Table 3), with the OC treatment causing
the largest increase. In the strongly losing setting, all
treatments other than OC resulted in decreased net
stream gains (Table 3). The largest of these simulated
increases represented a 0.4% increase in mid-August
streamflow, which would be immeasurably small from
a field perspective.

Down-Valley Groundwater Outflow. All treat-
ment types in all settings resulted in an increase in
groundwater outflow from the downstream end of the
model domain (Tables 2 and 3), balancing the
decreases in net stream gain. These increases were
similar in the gaining and losing stream settings. In
the strongly losing stream setting, groundwater out-
flow increases were greater. The OC treatments in all
settings resulted in groundwater outflow increases
1.4 to 3.1 times greater than the other treatments
(Tables 2 and 3).

Groundwater Levels. For all BMR scenarios
groundwater mounds formed in recharge zones during

high flows and then dissipated as they drained to vari-
ous outputs during lower flows. The groundwater
mound created by the instream structure persisted
throughout the year, but expanded and contracted with
flow (e.g., Figure 8a). The additional groundwater
mounding created by seasonal off-channel inundation
(NC, FC, and FI) dissipated rapidly once baseflow was
reached. This rapid dissipation caused the S, NC, FC,
and FI scenarios to all result in similar changes to dry-
season groundwater levels (e.g., Figure 8b). Mid-
August groundwater levels near the upstream and
downstream ends of the model domain showed slight
changes while groundwater levels near and immedi-
ately upstream of the BMS and off-channel pond
showed more pronounced increases (Table 3 and Fig-
ure 8b).

The simulated changes in groundwater levels rela-
tive to baseline ranged up to 78 cm. These values are
similar to those reported in other studies (Westbrook
et al. 2006; Janzen and Westbrook 2011; Majerova
et al. 2015; Bouwes et al. 2016; Pollock et al. 2018).
Monitoring results from BMR projects associated
with our field studies in southwestern Montana also
demonstrate a similar response, with maximum
observed changes in groundwater levels after BMS
installations of about 60 cm (Figure S3.1).

Change in Annual Head Amplitude. The
amount of water stored within the unconfined allu-
vial aquifer and then released on an annual basis will
be related by specific yield (Sy) to the spatially aggre-
gated amplitude of annual mounding. To measure
this model output, we compared the volume of stor-
age between minimum and maximum heads for each
cell during model year 4. For all scenarios other than
OC, the simulated changes in average amplitude of
groundwater hydrographs due to the addition of
BMSs were similar within each hydrogeologic setting

FIGURE 7. The change in net stream gains over model year 4 relative to the unrestored baseline simulation for gaining (a), losing (b) and
strongly losing (c) hydrogeologic settings.
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(Table 2). In the gaining models, the amplitude
increased, indicating that more water was stored and
then released from the aquifer within the model
domain each year. The losing models showed a
decrease in amplitude due to a less variable stream
stage near the BMS (Figure 8c). The strongly losing
models showed only modest increases or decreases in
the amplitude. In all hydrologic settings, the OC sce-
nario resulted larger changes in storage amplitudes
than the other scenarios.

Sensitivity Analysis

The sensitivity analysis of the FC treatment sce-
nario allows comparisons of the relative influence of
reasonable variation in different model parameters
on local alluvial groundwater storage behavior. Even
though changes in dry-season net stream gains were
negligible compared to streamflows, we explore varia-
tion in this response variable as a useful comparative
summary metric of local seasonal storage behavior.

FIGURE 8. Examples of the changes in plan-view spatial head distribution created by BMS structures. (a) Seasonal dynamics in the amount
head increased due to a BMS creating an on-channel pond in a losing hydrogeological context (S-L scenario). (b) Comparison of the amount
that head was increased in mid-August across all BMS scenarios in the losing hydrogeological context. (c) The change in the seasonal ampli-
tude of mounding compared across all BMS scenarios in the losing hydrogeological context. Red squares denote the location of the BMS and
contour labels are in units of cm.
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Changes in gross stream loss and gross stream gain
which results from the sensitivity analysis are also
included in Supporting Information (Tables S2.2 and
S2.3).

With respect to the range of parameter values
selected for the sensitivity analysis, dry-season net
stream gains were most sensitive to the changes in
the K of the aquifer, Sy of the aquifer, and ETmax val-
ues (Table 4). Variation in streambed conductance
and drain conductance had the least influence
(Table 4). The greatest simulated increase in dry-
season net stream gain due to a single BMS during
the sensitivity analysis was 10.7 m3/day (0.12 L/s),
while the greatest decrease was −31.5 m3/day
(−0.36 L/s) (Table 4).

In all settings, the greatest increase in late-
summer net stream gains due to the FC treatment
occurred at the intermediate K value of 2.5 m/day,
which would be representative of a silty sand
(Heath 1983). K values less than 2.5 m/day caused
net stream gains to be lower and caused the models
to be less sensitive to the hydrogeologic setting
(Table 4), while K values greater than 2.5 m/day
caused the net stream gains to be lower and caused
the models to be more sensitive to the hydrogeologic
setting (Table 4).

In all hydrogeologic settings, the change in net
stream gains was larger with higher Sy, and smaller
with lower Sy (Table 4). When Sy was 0.02 (the low-
est value tested) the FC treatment resulted in
decreased dry-season net stream gains in all hydroge-
ologic settings. When Sy values were 0.3 or 0.4 the
FC treatment resulted in increased dry-season net
stream gains in all hydrogeologic settings.

The model results were least sensitive to
streambed conductance and drain conductance. How-
ever, the differences in the influence of BMR among
hydrologic settings were less pronounced when low
conductance terms were used (Table 4).

When ETgw was added to the gaining and losing
stream models, a direct and linear decrease in dry-
season net stream gain emerged as the maximum ET
rate (ETmax) increased (ETXD was held at 2 m;
Table 4). The strongly losing stream model responded
similarly up to 600 mm/year, but at 1200 mm/year,
the effect was lower than would result from a linear
relationship since the groundwater level was held
near the extinction depth. The simulation where
ETmax was 600 mm/year and ETXD was 1 m resulted
in little effect on model predictions compared to mod-
els without ET simulation since that extinction depth
is near the typical depth to groundwater. Increasing
ETXD to 2 m resulted in a noticeable decrease in sim-
ulated dry-season net stream gains; however, further
increases in extinction depth resulted in little addi-
tional influence. Regardless of setting, when ETmax

was 300 mm/year or greater (with an ETXD of 2 m),
or when ETXD was 2 m or greater (with ETmax at
600 mm/year), the effect of the treatment was a
decrease in dry-season net stream gains.

DISCUSSION

Results from modeling the effects of different BMR
design choices provide a basis for understanding the
general types of groundwater-mediated influences
that should be expected from common restoration
activities. These effects are modified depending on

TABLE 4. Summary of sensitivity analysis (FC models). Response
values are differences in weekly averages during mid-August of

year 4.a

Hydrogeologic
setting Change in net stream gain (m3/day)

Hydraulic
conductivity
(K; m/day)

0.025 0.25 2.5 25b 250

G 2.6 6.8 8.5 5.8 −14.8
L 2.6 6.8 8.8 6.2 −20.7
SL 2.6 7.0 8.7 −1.2 −31.5

Specific yield
(Sy; unitless)

0.02 0.1 0.2b 0.3 0.4

G −3.5 0.8 5.8 8.7 10.1
L −3.7 0.9 6.2 9.1 10.7
SL −8.4 −7.6 −1.2 3.5 6.8

Streambed
conductance
(m2/day/m)

0.005 0.05 0.5b 5 50

G −0.7 −1.6 5.8 1.7 0.1
L −0.3 −1.6 6.2 1.6 −0.8
SL −0.3 −3.2 −1.2 1.0 −1.1

Drain conductance
(m2/day)

0.1 1 10b 100 1,000

G 10.3 8.7 5.8 5.0 4.8
L 10.3 8.9 6.2 5.1 5.1
SL 10.3 9.0 −1.2 −3.3 −3.4

Maximum ET rate
(ETmax; mm/year)c

0b 150 300 600 1,200

G 5.8 2.2 −1.4 −7.6 −25.0
L 6.2 2.4 −1.1 −10.1 −26.3
SL −1.2 −6.6 −11.2 −17.1 −22.0

ET extinction depth
(ETXD; m)c

0b 1 2 3 5

G 5.8 5.4 −7.6 −11.9 −10.1
L 6.2 6.2 −10.1 −14.0 −5.8
SL −1.2 −1.2 −17.1 −9.2 −4.4

aThe change in net stream gain is calculated as the difference
between a baseline model with the parameter of interest at the
value indicated, and the FC scenario with the parameter at the
same value.

bValues used for scenario testing.
cFor testing the effects of ETmax ETXD was set to 2 m, and for test-
ing ETXD ETmax was set to 600 mm/year.
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site-specific hydrologic characteristics. Together, this
information is useful for developing site-selection
strategies and restoration designs that are likely to
meet project objectives.

While this study focused on BMR, the hydrologic
patterns illustrated by these modeling exercises also
provide insight into the effects of streambed topogra-
phy and intermittent off-channel streamflows on
hydrologic storage in the fluvial corridor. Increased
access to the floodplain is an objective in many types
of stream restoration, and the potential effects from
floodplain inundation are important in many stream
corridors.

Influences of Different BMR Designs

Changes in the bidirectional movement of water
between the stream and the aquifer are the predomi-
nant driver of groundwater-mediated influences from
BMR. Installing a BMS directly causes a higher
stream stage above the structure, and adjacent
groundwater levels rise until a new dynamic equilib-
rium is established. When BMR treatment designs
include intermittent flow through side channels, or
floodplain inundation, the geographic pattern of
groundwater recharge is also altered. Our modeling
(using 1 m tall BMSs) showed increases in groundwa-
ter levels by up to 78 cm, which is similar to values
reported in other studies (Westbrook et al. 2006; Jan-
zen and Westbrook 2011; Majerova et al. 2015;
Bouwes et al. 2016; Pollock et al. 2018), and to values
we have observed during our field studies in south-
western Montana.

The response time of seasonal dynamic storage is
determined by the response of the hydrologic system
to an excitation in hydraulic head (i.e., mechanical
energy) in areas of recharge, and the subsequent dis-
sipation of the resulting groundwater mound. Inter-
preting seasonal dynamics of groundwater mounding
provides perspective on how the spatiotemporal dis-
tribution of groundwater discharge to a stream
responds to the alteration of hydraulic gradients cra-
ted by increased groundwater recharge during high
streamflows. The time that it takes for a groundwater
mound to dissipate explains the magnitude of dry-
season effects from different BMR treatments. The
rate of mound dissipation is directly related to the
transmissivity of the aquifer. Rapid dissipation of
mounds for our scenario testing (with aquifer K val-
ues of 25 m/day) explains why all treatment scenarios
in our models without off-channel ponding had simi-
lar effects on dry-season net stream gains and sug-
gests that in many settings the persistence of
groundwater mounds may be more important than
the spatial distribution of recharge.

Regardless of the BMS type, the ubiquitous conse-
quences of simulated restoration included increased
recharge to groundwater (gross stream loss) and
increased down-valley groundwater outflow. This sug-
gests the potential for BMR treatments to create stor-
age that extends beyond the treatment reach, which
may represent influence beyond seasonal time scales.
Depending on the geometry of the downstream aqui-
fer, the increase in groundwater outflow may lead to
larger spatial scale, and longer time scale, flow paths
that discharge to outputs such as stream gains and
evapotranspiration.

Simulated enhancement of seasonal groundwater
mounding created by periodic off-channel inundation
illustrates the need for conceptual models of fluvial
corridors that incorporate a wider array of variably
saturated flow paths. For example, the “gill-lung”
analogy (Sawyer et al. 2009) provides for unidirec-
tional movement of water from groundwater to the
stream (gill), or variably saturated bidirectional
movement of water between the stream and its banks
(lung); however, intermittently active subsurface flow
paths sourced from periodic inundation by surface
waters are both variably saturated and unidirec-
tional. This may also represent a hot spot of biogeo-
chemical influence on water quality driven by
episodic transport and alternation between aerobic
and anaerobic processes (McClain et al. 2003; Boano
et al. 2014). This work supports building evidence
that the evolution of hyporheic conceptual models to
a more holistic fluvial corridor science needs to
include transient hyporheic flow paths that are dri-
ven by recharge from periodic inundation, which may
borrow traits from both gills and lungs (Sawyer
et al. 2009; Ward and Packman 2019). Holistic mod-
els will also need to account for the associated
dynamics of both water and energy movement on
stream subsurface exchange along fluvial corridors
(e.g., dynamic storage age selection models, Harman
et al. 2016).

Influences of Site Characteristics

The results of the sensitivity analysis aid in select-
ing sites with the appropriate hydrogeologic proper-
ties for achieving restoration objectives. The
sensitivity analysis suggested that variation in
hydraulic conductivity (K), specific yield (Sy), and
groundwater evapotranspiration (ETgw) are important
considerations in restoration design, because indepen-
dent variation in these characteristics drove more
variation in groundwater storage dynamics than
streambed or drain conductance.

Intermediate K values (as for a silty sand) pro-
vided the greatest increase in late-summer
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streamflows due to striking a balance between allow-
ing more recharge and providing longer storage
times. Models with lower K values had groundwater
mounds that dissipated more slowly, but the magni-
tude of the flow was less. For models with higher K
values, the groundwater mounds dissipated too
rapidly to maintain seasonal time scale storage. At
sites with relatively high K values increasing the dis-
tance between the area of off-channel inundation and
the stream could be used to maintain seasonal time
scale storage, but in most stream restoration projects,
the distance that water can be diverted using gravity
will limit the location of recharge to the floodplain.

Larger Sy values allow a larger volume of water to
be stored in the aquifer for a given change in head,
and the change in head is strongly influenced by the
change in stream stage created by the BMS. In gen-
eral, Sy increases with grain size due to increased
drainage capacity of the courser substrates, so values
for clays are quite low while values for gravel and
cobbles are high. Since Sy and K are typically related,
a balance is needed between maximizing storage vol-
ume (course sediments) and providing the intermedi-
ate K values discussed above.

The tradeoff between dry-season net stream gains
and ETgw showed that ETgw may cause the influence
of aquifer storage to be reduced when higher ground-
water levels allow for higher ETgw. These effects
would be less pronounced if pretreatment depth to
groundwater was shallow since the plants would not
be water limited prior to treatment. Similarly, higher
ETgw would be negligible if posttreatment groundwa-
ter levels and capillary zones were below the root
depth. Sensitivity analyses of evapotranspiration
rates provide a general demonstration of how evapo-
transpiration and net stream gains are in direct com-
petition for stored groundwater (Chen and
Chen 2003). In many cases, this competition caused
simulated treatments that would have otherwise
increased net stream gains to show a decrease
instead, similar to the results of Nash et al. (2018).

The sensitivity analysis also demonstrated how the
hydrogeologic setting (net gaining, losing, or strongly
losing) may not always be a critical influence on the
changes in groundwater recharge regimes resulting
from BMR. Differences in the gaining or losing nat-
ure of the stream had little influence on simulated
dry-season net stream gain when K was low, when
drain conductance was low, or when streambed con-
ductance was either high or low (Table 4). The lack of
an effect with lower K, lower drain conductance, and
higher streambed conductance all suggest that when
water can flow to the stream much more easily than
it can flow through the aquifer, the water will flow to
the stream regardless of setting. The results with low
streambed conductance values showed that the

opposite is also true; when it is difficult for water to
flow to the stream, it will flow out through the aqui-
fer instead. Thus, while the overall gaining or losing
nature of a stream is an important characteristic of
the fluvial corridor, it cannot be used in isolation to
anticipate how the system will respond to restoration
activities. Instead, the character of the fluvial corri-
dor needs to be evaluated holistically (Ward and
Packman 2019).

Considerations for Achieving Restoration Objectives

The restoration objectives and the site conditions
should guide the restoration design. Objectives for a
BMR project may include increasing the extent and
vigor of riparian vegetation (increased ETgw in the
treatment area), increasing dry-season net stream
gains in the treatment area, or increasing groundwa-
ter outflow through the subsurface of the fluvial cor-
ridor (Pilliod et al. 2018). All of these objectives will
require an increase in groundwater recharge, but it
is the partitioning of that water among these differ-
ent outputs that will determine if project objectives
are met. While each of these objectives is individually
worthwhile, their achievement is inherently mutually
limited because they are competing for the enhanced
recharge (Equation 1).

To increase the extent and vigor of the riparian
vegetation, the priority should be to increase ground-
water elevation in the root zone over as large an area
as possible. An aquifer with a relatively low K, such
as a silt, is more likely to meet this objective since
groundwater mounds would dissipate slowly. These
areas may require several years to become saturated
due to the movement of water being limited by the
low K, but once they are saturated, they will hold the
water for longer following high streamflows. A fine
substrate, such as would exist in historical wetlands,
would also likely be more suitable for the viability of
planted riparian vegetation (e.g., willows, Castro-
Morales et al. 2014).

To increase dry-season net stream gains in the
area near the treatment, BMR design should promote
increased recharge during high streamflows that
increase the extent, magnitude, and duration of
groundwater mounds that can drive discharge to the
stream through the dry season. The persistence of
groundwater mounds will depend on the distance
between groundwater recharge and the stream, the
transmissivity of the aquifer, and the duration of
recharge. For our models, treatments that included
off-channel ponds provided the greatest influence
since the groundwater mounds associated with them
remained fully formed through the dry season. Sites
with a substrate composed of silty sand also provided
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the greatest increase in dry-season net stream gains.
Treatment reaches upstream of bedrock notches (low
drain conductance), where down-valley groundwater
flow would be limited, would also promote increases
in net stream gain within the treatment reach. Even
in ideal settings, a single BMS is unlikely to mean-
ingfully influence local streamflow.

When the objective of the BMR treatment is to
increase long-term average streamflows over areas
larger than the treatment reach the design should
focus on increasing groundwater outflow to con-
tribute to higher heads over a more extensive aqui-
fer area. The most groundwater outflow will occur at
sites where the most gross stream loss occurs and
where that water can easily flow through the aquifer
at a depth where it is less accessible to plants. That
is, sites with strongly losing streams, high perme-
ability aquifer materials, and an unrestricted
groundwater flow path down gradient (e.g., an open
valley without bedrock notches).

CONCLUSIONS

The groundwater-mediated effects of BMR will
vary based on the hydrogeologic characteristics of
the treated site and the treatment design. The
results of this modeling exercise illustrate important
considerations for site selection and BMR design rel-
ative to project objectives. The simulated
groundwater-mediated changes in net stream gain
within the treatment reach due to a single BMS
were immeasurably small compared to streamflow,
and higher evapotranspiration of groundwater
caused decreases in simulated dry-season net stream
gains in many settings. However, all simulated BMR
treatments caused increases in groundwater
recharge that elevated groundwater levels near the
BMS and increased down-valley groundwater outflow
from the treated reach. Increased down-valley
groundwater outflow may ultimately increase larger-
scale groundwater storage that results in increased
flows downstream of the restoration site.

DATA AVAILABILITY STATEMENT

The three baseline models and the 15 models for
the treatment scenarios (Table 1 of the main text) are
publicly available through the HydroShare database:
http://www.hydroshare.org/resource/d3b23a5e59cb
408c8953b6eff2ee7b73.

SUPPORTING INFORMATION

Additional supporting information may be found
online under the Supporting Information tab for this
article: Details of the numerical groundwater mod-
eling, sensitivity analysis, and monitoring examples.
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