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Abstract The spatial and temporal scales of hyporheic exchange within the stream corridor are
controlled by stream discharge and groundwater inflow interacting with streambed morphology. While
decades of study have resulted in a clear understanding of how morphologic form controls hyporheic
exchange at the feature scale, we lack comparable predictive power related to stream discharge and the
spatial structure of groundwater inflows at the reach scale, where spatial heterogeneity in both geomorphic
setting and hydrologic forcing are present. In this study, we simulated vertical hyporheic exchange along a
600 m mountain stream reach under high, medium, and low stream discharge while considering
groundwater inflow as negligible, spatially uniform, or proportional to upslope accumulated area. Most
changes to hyporheic flow path residence time or length in response to stream discharge were small
(<5%), suggesting that discharge is a secondary control relative to morphologically driven hyporheic
exchange. Groundwater inflow was a primary control and mostly caused decreases in hyporheic flow path
residence time and length. This finding generally agrees with expectations from the literature; however,
flow path response was not consistent across the study reach. Instead, we found that flow paths driven by
large hydraulic gradients coinciding with large morphologic features were less sensitive to changes in
groundwater inflow than those driven by hydraulic gradients similar to the valley gradient. Our results
indicate that consideration of heterogeneous arrangement of morphologic features is necessary to
differentiate between hyporheic flow paths that persist in time and those that are sensitive to changing
hydrologic conditions.

1. Introduction

Accurate prediction of downstream transport of water, solutes, energy, and materials requires a holistic rep-
resentation of exchange between the stream, riparian aquifer, hillslope, and groundwater—collectively
termed the ‘‘river or stream corridor’’ [Harvey and Gooseff, 2015]. Within the stream corridor, the exchange
of water between streams and their valleys through hyporheic flow paths underpins a host of water quality
benefits and other ecosystem services [e.g., Boano et al., 2014; Buffington and Tonina, 2009]. The extent and
distribution of hyporheic flow paths are primarily controlled by interactions between hydrologic forcing
(e.g., stream discharge and groundwater inflow) and geomorphic setting (e.g., streambed form and plan-
form morphology) [e.g., Boano et al., 2007; Ward et al., 2012]. At the morphologic-feature scale (or channel-
unit scale), interactions between the flowing stream and individual features (e.g., a bed form, meander, or
step-pool sequence) create pressure gradients that induce hyporheic flow paths [e.g., Tonina and Buffington,
2009, 2011]. While these interactions often drive hyporheic exchange both laterally [e.g., Francis et al., 2010;
Gerecht et al., 2011; Stonedahl et al., 2010] and vertically [e.g., Precht and Huettel, 2003; Sawyer et al., 2013],
streambed morphologic features are typically recognized as the dominant control on vertical hyporheic
exchange [Gomez-Velez and Harvey, 2014; Gomez-Velez et al., 2015]. Yet we lack comparable predictive
power across changing hydrologic conditions.

In response to seasonal (e.g., snow-melt periods) or individual hydrologic events (e.g., storms), increases
in stream discharge and stage are commonly attributed in part to corresponding increases in groundwa-
ter inflows to the stream corridor. An increase in stream discharge has been reported to decrease the role
of individual features by causing the down-valley hydraulic gradient to become more uniform [Church
and Zimmermann, 2007; Dunne and Leopold, 1978; Ward et al., 2016], but the increase in stage may force
additional exchange across the streambed [Boano et al., 2013; Hassan et al., 2015; Trauth et al., 2015].
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While this contradiction indicates that the influence of stream discharge may not be consistent across val-
ley settings, an increase in groundwater inflow has been shown to almost exclusively decrease the extent
of hyporheic exchange driven by streambed features [Boano et al., 2008; Cardenas and Wilson, 2007a;
Gomez-Velez et al., 2015]. Altogether, decades of study have yielded predictive relationships at the scale
of individual morphologic features. However, these individual features are recognized to represent one
spatial scale of a nested system; interactions at both smaller and larger scales are expected to complicate
exchange processes [e.g., Stonedahl et al., 2013, 2010; W€orman et al., 2007]. It remains unknown if the
expected relationships between stream discharge and groundwater inflow that influence hyporheic
exchange hold at the scale of stream reaches, where the heterogeneous arrangement of channel-unit
scale morphologic features and hydrologic controls interact at larger scales, potentially causing nonuni-
form effects on hyporheic exchange.

Predictive relationships between steady hydrologic and morphologic interactions have enabled upscaling
physical and biogeochemical processes to entire basins [Gomez-Velez and Harvey, 2014; Gomez-Velez et al.,
2015; Kiel and Cardenas, 2014]. An implicit assumption about these relationships is that feature-scale pro-
cesses are additive to form reaches, and these reaches are additive to form networks (i.e., aggregated fea-
tures adequately represent the heterogeneity of a network), which is appropriate if there is a single scale
and type of feature that is the dominant driver of hyporheic exchange. However, the robustness of this
assumption is uncertain across hydrologic conditions and valley settings because local hyporheic flow path
distributions are nested within larger reach-scale down-valley flow and catchment-scale groundwater flow
[e.g., Boano et al., 2007; Ward et al., 2013b], and the interactions within these nested scales remain unstud-
ied. For example, when the arrangement of morphologic features is heterogeneous and the down-valley
and groundwater flow field is continuous, each feature may impact its neighbor differently under changing
stream discharge conditions, potentially causing spatially variable responses to the hyporheic flow field
[e.g., Dudley-Southern and Binley, 2015; Zimmer and Lautz, 2014]. Furthermore, these upscaling relationships
are modeled after large, low-gradient alluvial river corridors less confined by their valleys where bed forms
and high sinuosity are common [e.g., Gomez-Velez et al., 2015]. In contrast, stream networks in mountainous
catchments are characterized by network expansion and contraction due to different hydrologic periods
(e.g., seasonal changes) [e.g., Godsey and Kirchner, 2014; Jencso et al., 2010, 2009]. In such confined moun-
tainous valley settings, subsurface down-valley flow can represent a large portion of persistent flow paths
[Castro and Hornberger, 1991; Jackman et al., 1984; Ward et al., 2013b], possibly explaining why order-of-
magnitude changes in stream discharge have been shown to have inconsequential impact on hyporheic
exchange [e.g., Ward et al., 2014, 2016, 2017]. Groundwater inflow driven by mountainous catchment topol-
ogy (e.g., hillslope inputs as a function of lateral area), however, can cause spatial fragmentation of the
hyporheic flow field [Caruso et al., 2016]. Given that mountainous stream networks are so different than
their lower-gradient counterparts, we sought to improve understanding of the hydrologic factors that con-
trol hyporheic exchange in headwater mountain streams to provide a basis to upscale from features to
networks.

Whereas past studies have focused on simplified morphology (e.g., individual meander bends or bed
forms) and hydrology (e.g., uniform groundwater inflows), the findings of these studies have not been
extended to the reach scale where heterogeneity in both morphologic and hydrologic controls generate
a complex mosaic of exchange pathways. Thus, we address the following question: how do spatially het-
erogeneous hydrologic forcing (stream stage and groundwater inflow) interact with spatially heteroge-
neous morphology to control reach-scale hyporheic exchange in confined mountainous stream corridors?
We hypothesize that all hyporheic flow paths will respond uniformly to different stream discharge and
groundwater inflow conditions, as is assumed by emerging upscaling models. To answer our research
question, we focus on a mountainous stream corridor that is bedrock constrained, confined by steep hill-
slopes, and predominantly step-pool morphology. To test our hypothesis, we simulated vertical ground-
water flow through the stream corridor at the thalweg during three different steady discharge conditions.
For each stream discharge, we considered groundwater inflow as negligible, as spatially uniform, and as a
function of upslope accumulated area. We compared distributions of hyporheic exchange flux, flow path
residence time, and flow path length across the three stream discharge conditions for each groundwater
inflow case. Through these comparisons, we determined how hyporheic flow paths across a reach
respond to these different hydrologic conditions.
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2. Methods

2.1. Site Description and Data Collection
The stream corridor study reach encompasses approximately 600 m of the valley of Watershed 1 (WS01), a
headwater catchment in the H. J. Andrews Experimental Forest (HJA) in the western Cascades, Oregon, USA
(Figure 1a). This study reach is bound by distinct bedrock outcrops at the upstream and downstream
extents, and at one intermediate location, allowing explicit model boundaries to be set [after Ward et al.,
2013a]. The streambed is primarily step-pool morphology. The catchment is gaged for stream discharge
with a flume and weir calibrated and maintained by the U.S. Forest Service. The catchment is highly dis-
sected and characterized by steep hillslopes (>50%) and a confined, steep valley bottom (�12%). The collu-
vium in the valley bottom consists of a poorly sorted mix of boulders, logs, cobbles, gravels, sands, and
finer sediments (see Wondzell [2006] and Voltz et al. [2013] for more details regarding site characteristics).
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(L) Low (interpolated 
water surface)
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(H) High (interpolated water surface)

Water level sensor
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Figure 1. (a) Upslope accumulated area (UAA) and approximate first-order and second-order valley bottoms of Watershed 1 (WS01) in the
H. J. Andrews Experimental Forest in the western Cascades, Oregon. The 96 ha catchment is gaged for stream discharge. The study reach
includes a topographically surveyed stream thalweg and water surface, and 15 sensors recording continuous water level. (b) Model setup
(not to scale) and boundary conditions of steady, two-dimensional, vertical groundwater flow. The top boundary (streambed interface)
was set as three conditions: high (H), medium (M), and low (L) stream discharge. The bottom boundary was also set as three different con-
ditions: no flow boundary, uniform groundwater inflow (U), and spatially variable groundwater inflow (V) as a function of UAA, resulting in
nine possible hydrologic cases (see Table 1). Mass less particles were released at the streambed boundary and tracked to estimate hypo-
rheic flow path residence time and length. (c) Stream discharge at the gaging station and local precipitation. The high, medium, and low
stream discharge periods in 2015 coincide with no precipitation.
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Using a 1 m digital terrain model dated August 2008 [Spies, 2016], upslope accumulated area (UAA) of hill-
slopes within the catchment were estimated [after Schwanghart and Kuhn, 2010; Seibert and McGlynn,
2007]. The catchment is relatively small with a total area of about 96 ha. The valley bottom width was mea-
sured at 30 locations throughout the study reach, providing a mean valley bottom width of 10.6 m (range
2.6–16.8 m).

A detailed topographic survey of the streambed along the thalweg and water surface profile in the study
reach was conducted using a Trimble S6 Robotic Total Station 26–29 May 2015. The upstream-most 70 m,
completed 26 May 2016, during similar stream discharge conditions, was added to extend the detailed sur-
vey upstream to the next distinct bedrock outcrop that serves as an upper boundary condition in our
model. There were no visible changes in morphology between the two surveys. Water level sensors (HOBO
Water Level Data Logger U20L-04 and U20–001-04, Onset, Bourne, MA) were placed at the bottom of stilling
wells installed in the stream at 15 locations (Figure 1a). These sensors measured continuous absolute pres-
sure, which were corrected to barometric pressure measured near the downstream end of the study reach.
A linear elevation correction was applied to the barometric pressure to estimate stream stage relative to the
streambed at every stilling well location. Stream stage was manually measured three times (26–29 May dur-
ing the time of installation, 21 November 2015, and 23 May 2016) to corroborate the elevation corrected
stage. The sensors were installed below the underlying bedrock surface (5 sensors) or deep into the collu-
vium (10 sensors) to ensure that they remained submerged during low stream discharge conditions.
Although each sensor remained submerged, the stream did become spatially intermittent during the low
discharge period based on visual inspection of the site and recorded stages relative to the streambed.

2.2. Stream Discharge and Groundwater Inflow as Controls on Hyporheic Exchange
2.2.1. Model Setup and Data-Driven Boundary Conditions
We constructed a two-dimensional, finite element model of steady groundwater flow through the valley
bottom in the vertical profile (Figure 1b). While the model setup is based on site-specific information and
observations, it is not calibrated to the site. Rather, the model is heuristic; simulations were constructed to
identify patterns in hyporheic flow path response due to different hydrologic boundary conditions and to
test our hypothesis, which is consistent with common practice [e.g., Cardenas and Wilson, 2007b; Gooseff
et al., 2006; Irvine and Lautz, 2015; Malzone et al., 2016; Schmadel et al., 2016; Trauth et al., 2013]. Richards’
equation was used to allow for groundwater flow simulations through the valley bottom for all possible
hydrologic conditions ranging from a fully saturated subsurface to some locations of unsaturated subsur-
face [Richards, 1931],

@
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where h(x,z) is the hydraulic head (m), x is the stream-wise (down-valley) direction (m), z is the vertical direc-
tion (m), and K(h) is the unsaturated hydraulic conductivity when h is less than the streambed elevation
(m s21). During spatially variable unsaturated groundwater flow, we used the Mualem [1976] and van
Genuchten [1980] retention model,
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where Ks is the saturated homogeneous, isotropic hydraulic conductivity (m s21), Se is the effective water
saturation (0� Se� 1), hs is the saturated water content (equivalent to the effective porosity), hr is the resid-
ual water content, a is related to mean pore size (m21), n is an empirical constant dependent on soil type,
m 5 1 – 1/n, and l is the tortuosity coefficient. Specific discharges were estimated using Darcy’s law,

qx52KðhÞ @h
@x
; qz52KðhÞ @h

@z
(4)

For fully saturated groundwater flow, K 5 Ks and equation (1) simplifies to the Laplace equation. COMSOL
Multiphysics was used to solve equation (1) and implement particle tracking (described below). The model
domain is made up of 17,971 triangular elements with an average area of 0.08 m2.
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A Ks of 7 3 1025 m s21 and effective porosity of 0.2 for poorly sorted colluvium were used after Wondzell
et al. [2009]. This Ks is the geometric mean of falling-head tests performed in WS01 and a neighboring head-
water catchment [Kasahara and Wondzell, 2003]. Although application of Richards’ equation is more typical
for silts, clays, and sands [Richards, 1931], it has been successfully applied at regional scales [Botros et al.,
2009; Downer and Ogden, 2004] and found valid for some coarser sediments of poorly sorted sands and
gravels [El-Kadi, 2005]. We use Richards’ equation for our study reach because it is the simplest and most
broadly used method for simulating unsaturated groundwater flow conditions. Higher a and lower hr values
are consistent with coarser material, which results in more rapid responses in Se and K due to varying h. To
generally represent the characteristics of the study reach, we set a 5 5 m21, hr 5 0.05, n 5 2.5 [similar to
El-Kadi, 2005], and l 5 0.5 based on the observed Ks [after Carey et al., 2016]. While we assume that Richards’
equation is appropriate for our study reach where spaces between cobbles, boulders, and logs are filled
with fine sediment, we note that it may be less suitable in media with large pore spaces such as coarse
gravels, which could limit the ability for a numerical solution to converge [Niswonger and Prudic, 2004].

The depth of the colluvium was set to an average 3 m for a second-order stream based on similar modeling
studies conducted on different stream orders at the HJA [Gooseff et al., 2006]. Underlying bedrock was
treated as a planar surface after Wondzell et al. [2009] who found little influence of incorporating bedrock
topography on groundwater flow simulations in WS01.

In steep headwater mountain streams with step-pool morphology, hydrostatic gradients are expected to be
the dominant driver of hyporheic exchange, in contrast to low-gradient rivers where bed form pumping or
turbulent momentum diffusion into the streambed (hydrodynamic contribution) are more influential mech-
anisms [e.g., Boano et al., 2014; Wondzell and Gooseff, 2013]. Momentum diffusion has been found to influ-
ence only the first �5 cm of the hyporheic zone depth [Packman et al., 2004]. Although an increase in the
stream Reynolds number can increase the diffusion depth and possibly warrant a coupled Navier-Stokes
and Brinkman-Darcy approach, most of the momentum still dissipates within a shallow depth, even during
conditions of high stream turbulence [Malzone et al., 2016]. Therefore, the streambed boundary was set to
hydrostatic head due to the water level relative to the streambed, and we ignore hydrodynamic contribu-
tions. The streambed boundary condition was set during three different stream discharge conditions: high
(25 L s21, 21 November 2015), medium (7 L s21, mean discharge of the 26–29 May 2015, topographic sur-
vey period), and low (0.6 L s21, 3 August 2015) (Figure 1c). The selected discharge periods were free from
precipitation (Figure 1c). We assume inputs to the valley bottom were only subsurface discharge from the
hillslopes, as the site is known to seldom generate overland flow contributions to the stream channel
[Amatya et al., 2016]. The study reach was visually observed during these time periods to corroborate either
no overland surface flows or spatial intermittency in the stream. We developed continuous water surface
profiles for the high and low stream discharge conditions using the water level sensors and the water sur-
face profile surveyed during the medium stream discharge period. We calculated deviations from the sur-
veyed profile according to the water level sensors at each stilling well, linearly interpolating deviations
between the water level sensors, and adjusting the surveyed profile based on these interpolated deviations.

We assume that the stream corridor study reach has no losses to deeper aquifers given the known underlying
bedrock and visual bedrock outcrops. Groundwater inflow to the valley bottom was estimated based on UAA
and stream discharge. We first estimated the ratio, R, of stream discharge to UAA assuming a linear relationship,

RðtÞ5 QðtÞ
UAAmax

; (5)

where Q(t) is the stream discharge reported at the gaging station (m3 s21), t is the time of the selected dis-
charge period (Figure 1c), and UAAmax is the UAA of the entire catchment with the gaging station as the
outlet (96 ha). Next, we estimated the total upstream, Qup (m3 s21), and downstream, Qdown (m3 s21), dis-
charge through the stream corridor at the study reach limits,

QdownðtÞ5RðtÞUAAdown; (6)

QupðtÞ5RðtÞUAAup; (7)

where UAAdown is the UAA at the downstream reach limit (m2) and UAAup is the UAA at the upstream reach
limit (m2). A single-direction flow routing algorithm was used to estimate UAAdown and UAAup [Schwanghart
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and Kuhn, 2010; Tarboton, 1997]. The total discharge contribution from the hillslope, Qhs (m3 s21), was
estimated,

QhsðtÞ5QdownðtÞ2QupðtÞ: (8)

Finally, we estimated the upward velocity of groundwater inflow, ugw (m s21),

ugwðtÞ5
QhsðtÞ
�Bvalley L

; (9)

where �Bvalley is the mean valley bottom width (m) and L is the length of the study reach (m). Equation (9)
provides an estimate of the upward groundwater velocity uniformly distributed across the study reach (uni-
form groundwater inflow). To estimate spatially variable groundwater inflow velocity, vgw (m s21)—that
more closely reflects catchment topology—we estimated Qdown and Qup every 1 m, which are based on cor-
responding 1 m estimates of UAAdown and UAAup (see equations (6) and (7)),

vgwðx; tÞ5 Qhsðx; tÞ
�BvalleyDL

; (10)

where DL is the length between Qup and Qdown (�1 m in this case). See Table 1 and supporting information
Figure S1 for uniform and spatially variable groundwater inflow velocities during the high, medium, and
low stream discharge conditions. Stream discharge and UAA estimates are consistent with recent work
done in the catchment [Corson-Rikert et al., 2016].

For each hydrologic case (section 2.2.2 and Table 1), mass less particles were released at the streambed
boundary every 10 cm and tracked through the subsurface model domain. Particle tracking was imple-
mented in COMSOL where each particle release produced a unique track. Particles that infiltrated the sub-
surface in downwelling (negative vertical flux) zones and returned to the stream were considered
hyporheic flow paths (Figure 1b). All flow paths that downwelled returned to the stream because the study
reach is constrained by bedrock outcrops that span the full width of the valley floor, which were set as no
flow boundaries. To focus only on hyporheic flow paths, groundwater flow paths originating at the bottom
boundary were simulated but not tracked. For the low stream discharge condition, we did not release nor
track particles at any location where the streambed was dry (i.e., all down-valley flow was subsurface). Parti-
cle velocities (pore water velocities) were estimated by dividing the specific discharges (equation (4)) by the
effective porosity [e.g., Sawyer et al., 2009; Schmadel et al., 2016; Stonedahl et al., 2013]. The time elapsed
from particle release to return to the stream was tabulated and represents the hyporheic flow path resi-
dence time. Flow path lengths and vertical downwelling fluxes at the particle release locations were also
tabulated. We did not weight the flow path residence times by flux because we are not constructing reach-
scale stream residence time probability density functions. Instead, our distributions represent the subsur-
face flow paths themselves [after Ward et al., 2011]. Flux-weighting residence times would be important if
objectives of the research were centered on the impact of hyporheic exchange on in stream processes or
across different spatial scales such as by Gomez-Velez et al. [2015]. However, our focus in this study is on the
spatial and temporal scales of the hyporheic flow paths themselves, not on their aggregate impact on the
stream. Thus, we use non-weighted flow path distributions to isolate those flow paths that are most likely

Table 1. Summary of Model Runs for Each Hydrologic Case and Associated Conditions

Stream
Discharge
Condition

Spatial
Groundwater

Inflow
Condition

Model
Run
and
Case

Stream Discharge
at Upstream
Reach Limit

(L s21)

Stream Discharge
at Downstream

Reach Limit
(L s21)

Total Hillslope
Contribution

to Study
Reach (L s21)

Mean Upward
Groundwater
Flux (m s21)

Stream
Discharge

at Gage
(L s21)

Stream
Water

Surface
Profile

High None H 25.0 25.0 0 0 25.0 Interpolated
between
15 sensors

Uniform HU 19.2 24.8 5.6 9.1E-07
Variable HV 19.2 24.8 5.6 9.5E-07

Medium None M 7.0 7.0 0 0 7.0 Topographic
surveyUniform MU 5.4 6.9 1.5 2.6E-07

Variable MV 5.4 6.9 1.5 2.7E-07
Low None L 0.6 0.6 0 0 0.6 Interpolated

between
15 sensors

Uniform LU 0.46 0.59 0.13 2.2E-08
Variable LV 0.46 0.59 0.13 2.3E-08
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to change in response to changing hydrologic conditions [e.g., Kasahara and Wondzell, 2003; Schmadel
et al., 2016; Ward et al., 2011; Wondzell et al., 2009]. Therefore, changes to the stream corridor due to differ-
ent hydrologic conditions are described by the downwelling flux and by the hyporheic flow path residence
time and length.
2.2.2. Comparisons of Hydrologic Cases
All comparisons of hydrologic cases were performed to isolate stream discharge and groundwater inflow as
controls on hyporheic flow path residence times, lengths, and downwelling fluxes. We simulated nine possi-
ble combinations of high, medium, and low stream discharge (H, M, L) each with no, spatially uniform, and
spatially variable groundwater inflows (no, U, V; Table 1).

We calculated summary statistics including the median, mean, maximum, variance, coefficient of variation,
and skewness of the reach-scale distributions of downwelling flux (m d21), hyporheic flow path residence
time (h), and hyporheic flow path length (m) for each of the nine hydrologic cases. We compared case-
specific, reach-scale distributions with a Kruskal-Wallis one-way analysis of variance (ANOVA) to investigate
the integrated, reach-scale response to the different hydrologic conditions. We selected this test to prevent
introducing bias because the test does not assume normally distributed error or constant variance as is the
case with a standard one-way ANOVA. A resulting p value< 0.05 specifies medians between two distribu-
tions are significantly different. To isolate stream discharge as a control, we compared H to M (H:M), H to L
(H:L), and M to L (M:L). To isolate groundwater inflow as a control, we compared H:HU, H:HV, M:MU, M:MV,
L:LU, and L:LV. We also compared HU:HV, MU:MV, and LU:LV to determine if the representation of ground-
water inflow as uniform or spatially variable had an impact on the reach-scale response of hyporheic flow
paths. Significant differences between uniform and spatially variable distributions would indicate that
larger, catchment-scale topology is an important control on groundwater inflow and, in turn, an important
control on hyporheic flow paths.

In addition to analyzing the integrated, reach-scale response, we calculated changes in the residence time,
length, and downwelling flux associated with each individual flow path in response to different stream dis-
charge and groundwater inflow conditions. These changes were quantified as a percent increase or
decrease from the associated baseline case. We estimate change in each individual flow path to better
examine hydrologic controls on hyporheic exchange across a reach with realistic arrangement of morpho-
logic features rather than focus on the response across any single feature. To isolate stream discharge as a
control, we treated M as the baseline case and examined the change as discharge increased (H-M) and
decreased (L-M). To isolate groundwater inflow as a control, we examined the change relative to H as the
baseline (HU-H and HV-H), M as the baseline (MU-M and MV-M), and L as the baseline (LU-L and LV-L). We
assume that a flow path change must result from one (or a combination) of the following three options: (1)
the flow path is deactivated (switches from downwelling to upwelling or the stream becomes spatially inter-
mittent); (2) the flow path is truncated or extended with the particle exiting the model domain at a different
location; or (3) the flow path has no change in shape or exiting location but the velocity changes, thereby
changing the residence time. Therefore, of the flow paths that changed, we tabulated the residence times,
lengths, and downwelling fluxes corresponding to the baseline case to provide an indication as to which
flow paths were most sensitive to a change in stream discharge or groundwater inflow. A Kruskal-Wallis
one-way ANOVA was performed to determine if some suites of baseline flow paths were more prone to
increases or decreases in response to the different hydrologic conditions. Following these comparisons, we
further examined which baseline flow paths may be more sensitive to stream discharge or groundwater
inflow by defining major changes as those that increased or decreased more than 5%. We applied a
Kruskal-Wallis one-way ANOVA to determine if baseline flow paths that persisted (change <5%), increased,
or decreased were significantly different.

3. Results

3.1. Reach-Scale Responses to Different Stream Discharges and Groundwater Inflows
3.1.1. Stream Discharge as a Control
Stream discharge was not a primary control on reach-scale distributions of hyporheic flow path residence
times during periods of spatially continuous stream discharge conditions (Figure 2). There was no significant
difference in flow path residence time distributions between high (H) and medium (M) stream discharge
conditions with no groundwater inflow (H:M p 5 0.989; Table 2). When the stream discharge was low
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enough to cause spatial intermittency in surface flow (i.e., during the low stream discharge with no ground-
water inflow (L) case), there was a significant change in the reach-scale hyporheic flow path residence time
distribution (H:L p 5 0.013 and M:L p 5 0.013; Table 2). During the L case, some hyporheic flow paths were
deactivated due to spatial intermittency (from H to L, 33% of the flow paths were deactivated, Table 3).
Summary statistics (median, mean, maximum, variance, coefficient of variation, and skewness) for H and M
were similar, while L had longer reach-average residence times than H and M (Table 3). However, L had a
similar coefficient of variation and lower skewness compared to H and M. A similar pattern was found for
reach-average lengths (supporting information Table S1), but there was little change in summary statistics
of downwelling fluxes across different stream discharges (supporting information Table S2).

Significant differences in reach-scale
residence time distributions
between spatially continuous and
spatially intermittent stream dis-
charge are due to a combination of
changing flow path lengths, chang-
ing downwelling fluxes, and deacti-
vation of flow paths. Hyporheic flow
path lengths responded similarly to
stream discharge as did the flow
path residence times (p 5 0.888 for
H:M, p 5 0.011 for H:L, and
p 5 0.016 for M:L comparisons; sup-
porting information Table S1 and
Figure S2). A change in stream dis-
charge did not have a significant

Figure 2. Particle tracking simulations and hyporheic flow path residence times for nine possible combinations of high, medium, and low
stream discharge (H, M, L) with no, spatially uniform, and spatially variable groundwater inflows (no, U, V; see Table 1). Locations of water
level sensors and bedrock outcrops are indicated. See supporting information Figures S2 and S3 for flow path lengths and fluxes.

Table 2. Comparisons of Reach-Scale Hyporheic Flow Path Residence Time
Distributions of the Hydrologic Cases (See Table 1)a

Hyporheic Flow Path Residence Time

Stream Discharge as a Control
Comparison H:M H:L M:L
p 0.989 0.013 0.013

Groundwater Inflow as a Control During High Stream Discharge
Comparison H:HU H:HV HU:HV
p 1.9E-11 4.8E-06 0.030

Groundwater Inflow as a Control During Medium Stream Discharge
Comparison M:MU M:MV MU:MV
p 0.020 0.046 0.769

Groundwater Inflow as a Control During Low Stream Discharge
Comparison L:LU L:LV LU:LV
p 0.795 0.820 0.985

aBold indicates significant value. A p value< 0.05 indicates the medians of the
two corresponding distributions are statistically different. See supporting informa-
tion Tables S1 and S2 for flow path length and flux comparisons.
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impact on downwelling fluxes across the entire study reach (p> 0.05 for H:M, H:L, and M:L comparisons;
supporting information Table S2 and Figure S3).
3.1.2. Groundwater Inflow as a Control
Groundwater inflow was a primary control on reach-scale distributions of hyporheic flow path residence
times only during periods of spatially continuous stream discharge conditions. There was a general reduc-
tion in the longest residence time flow paths for both uniform and spatially variable groundwater inflow
cases (HU, HV, MU, and MV; Figure 2). During high stream discharge, groundwater inflow caused an overall
reduction in hyporheic flow path residence times for both uniform and spatially variable representations
(H:HU and H:HV p� 0.001 and up to a 9% reduction in the number of flow paths when groundwater inflow
was considered; Tables 2 and 3). The coefficient of variation was reduced by up to 60% and skewness was
reduced by 65%, indicating groundwater inflow substantially reduced the amount of longer residence time
flow paths. There was also a significant difference between residence times across the study reach due to
the representation of groundwater inflow as uniform or spatially variable (HU:HV p 5 0.030; Table 2). During
medium stream discharge, both uniform and spatially variable groundwater inflow had a significant impact
on flow path residence times (M:MU p 5 0.020, M:MV p 5 0.046, and a 3% reduction in the number of flow
paths; Tables 2 and 3). In contrast to high stream discharge, there was no significant difference between
uniform and spatially variable representations during medium stream discharge (MU:MV p 5 0.769; Table 2).
Groundwater inflow was so small during low stream discharge (LU and LV) that the reach-scale distribution
of flow path residence times was not significantly affected by the presence of groundwater inflow (L:LU,
L:LV, and LU:LV p� 0.05; Table 2).

The influence of groundwater inflow on hyporheic flow path lengths at the reach scale followed a pattern
similar to flow path residence times (supporting information Table S1 and Figure S2). Groundwater inflow
did not have a significant impact on downwelling fluxes across the entire study reach (p> 0.05 for all com-
parisons of hydrologic cases; supporting information Table S2 and Figure S3).

In summary, groundwater inflow had a significant impact on the reach-scale hyporheic flow path residence
time and length distributions during the spatially continuous stream discharge conditions (high and
medium) and little to no impact during the spatially intermittent stream discharge condition (low). Downw-
elling flux did not have a significant response to groundwater inflow across the reach. The representation of
groundwater inflow as spatially uniform or variable did have a significant impact on flow path residence
time and length distributions, but only during high stream discharge.

3.2. Flow Path Responses to Different Stream Discharges and Groundwater Inflows
3.2.1. Stream Discharge as a Control
Hyporheic flow paths did not respond uniformly to changing stream discharge across the study reach. Flow
path residence times both increased and decreased from the baseline cases in response to an increase in
stream discharge (H-M; Figure 3a where each dot represents an individual flow path) and a decrease in
stream discharge (L-M; Figure 3b). However, most changes from the M baseline were small (<5%; left histo-
grams in Figure 3). The probability that the baseline flow path residence time would change in response to
an increase in stream discharge was largest for residence times between 1 and 10 h, and similarly between
10 and 100 h (top histogram at order-of-magnitude intervals in Figure 3a). While a wide range of flow path

Table 3. Reach-Scale Summary Statistics of Hyporheic Flow Path Residence Times for Each Hydrologic Case (See Table 1)a

Summary Statistic

Hyporheic Flow Path Residence Time

High Stream Discharge Medium Stream Discharge Low Stream Discharge

H HU HV M MU MV L LU LV

Number of flow paths 3188 2943 2912 3180 3080 3099 2139 2133 2135
% deactivated from H 7.7 8.7 0.3 3.4 2.8 32.9 33.1 33.0
Median (h) 9.3 7.1 7.7 9.2 8.4 8.5 11.2 11.1 11.1
Mean (h) 57.9 17.5 22.2 56.9 26.3 28.4 68.7 55.8 57.7
Maximum (h) 2296.4 192.2 288.4 2313.9 327.3 320.0 2296.5 2285.2 2274.3
Variance (h2) 44173.1 677.7 1369.0 44230.6 2052.3 2537.2 58314.3 31197.9 34999.2
Coefficient of variation 3.6 1.5 1.7 3.7 1.7 1.8 3.5 3.2 3.2
Skewness 7.8 2.7 3.1 8.1 3.2 3.0 6.9 7.9 7.7

aSee supporting information Tables S1 and S2 for summary statistics of the flow path lengths and fluxes.
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residence times are sensitive to stream discharge, they fall toward the median of all possible residence
times (Table 3 and Figure 2). A decrease in stream discharge resulted in a similar pattern regarding both
increases and decreases in flow path residence time (Figure 3b). However, the distributions of baseline flow
path residence times that increased and decreased in response to an increase in stream discharge were sta-
tistically the same (p 5 0.699; top histogram in Figure 3a), suggesting that similar suites of flow path resi-
dence times are prone to both decreases and increases in response to increasing stream discharge.
Conversely, the distributions of baseline flow path residence times that increased and decreased in
response to a decrease in stream discharge were significantly different (p � 0.001; top histogram in
Figure 3b).

Hyporheic flow path lengths also increased and decreased in response to stream discharge (supporting
information Figure S4). The probability that the baseline flow path length would change in response to an
increase or decrease in stream discharge was largest for lengths between 1 and 10 m (top histograms in
supporting information Figure S4). This range falls on the lower side of possible lengths, where the maxi-
mum was �300 m (supporting information Table S1 and Figure S2). Similar to residence time responses,
the distributions of flow path lengths that increased or decreased were statistically the same in response to
increasing stream discharge (p 5 0.762; top histogram in supporting information Figure S4a), and signifi-
cantly different in response to decreasing stream discharge (p � 0.001; top histogram in supporting infor-
mation Figure S4b). Subsequently, the downwelling fluxes of the baseline flow paths both increased and
decreased in response to changing stream discharge with the highest probability of downwelling fluxes
that change between 0.1 and 1 m d21 (supporting information Figure S5). This range falls on the lower side
of possible fluxes, where the maximum was �7 m d21 (supporting information Table S2 and Figure S3).

Of the hyporheic flow paths with major changes (>5%), the shorter residence time flow paths tended to be
more sensitive to an increase and decrease in stream discharge than the longer residence time flow paths
(shown by the significantly different distributions in Figure 4). However, a large majority (�80%) of the flow
paths persisted with only minor changes in residence time in response to changes in stream discharge.
Consistently, the shorter length flow paths and smaller downwelling fluxes tended to be more sensitive to
changing stream discharge (shown by the significantly different distributions in supporting information Fig-
ures S6 and S7). Although these results provide evidence that there are suites of flow paths more sensitive
to stream discharge than others, there was substantial overlap in the distributions of baseline flow path resi-
dence times, lengths, and downwelling fluxes that increased, decreased, or persisted. This overlap further
indicates that flow paths did not respond uniformly to changing stream discharge across the study reach.
3.2.2. Groundwater Inflow as a Control
In contrast to stream discharge as a control, hyporheic flow path residence times, lengths, and downwelling
fluxes mostly decreased in response to groundwater inflow (Figure 5 and supporting information Figures
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Figure 3. Stream discharge as a control on hyporheic flow path residence times, represented as increases (positive, blue) and decreases
(negative, red) from the corresponding baseline residence times. (a) High (H) relative to medium (M) stream discharge with no groundwa-
ter inflow (see Table 1). (b) Low (L) stream discharge relative to M. The dot-plots provide all the percent changes as a function of the base-
line flow path residence times. The left histograms are at 5% intervals. The top histograms are at order-of-magnitude intervals and
represent the probability of which baseline flow path residence times will change due to an increase or decrease in stream discharge
(overlap is designated by a dashed line). A p value< 0.05 indicates that the medians are statistically different (also indicated by bold text).
Arrows designate values larger than displayed. See supporting information Figures S4 and S5 for changes in flow path lengths and fluxes.
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S8, and S9). The number of flow paths showing decreases was proportional to the amount of groundwater
inflow—more flow paths decreased during high than during medium stream discharge while few flow
paths were affected by groundwater inflow during low stream discharge. Similar to stream discharge as a
control, there were both increases and decreases in flow path residence time and length in response to
groundwater inflow (Figure 5 and supporting information Figure S8). The probability that a baseline flow
path would decrease in residence time in response to groundwater inflow was largest for flow path resi-
dence times between 1 and 10 h, and between 10 and 100 h (top histograms in Figure 5). However, ground-
water inflow caused a more pronounced separation between residence times that increased or decreased
than did stream discharge as a control (shown by the significantly different distributions of baseline flow
paths that increased or decreased in the top histograms of Figure 5), where more shorter residence time
flow paths (<1 h) had a higher probability of increasing. The highest probability that flow path lengths
would decrease in response to groundwater inflow was between 1 and 10 m (top histograms in supporting
information Figure S8). Similar to the residence time response, there was a higher probability for flow paths
shorter than 1 m to increase with increasing groundwater inflow. All the downwelling fluxes that changed
decreased from the baseline, where the highest probability for change occurred between 0.1 and 1 m d21

(supporting information Figure S9). This range again falls on the lower side of possible fluxes (supporting
information Table S2 and Figure S3).

Of the hyporheic flow paths with major changes in residence times (>5%), the longer residence time
flow paths tended to decrease while the shorter residence time flow paths tended to increase in
response to groundwater inflow (shown by the significantly different distributions in Figures 6a–6c).
The exceptions were that both the longer and shorter residence time flow paths tended to increase and
decrease in response to uniform groundwater inflow during medium stream discharge (MU-M; Figure
6b) and in response to both representations of groundwater inflow during low stream discharge (LU-L
and LV-L; Figure 6c). However, the flow paths that increased comprised only �1% of all flow paths dur-
ing medium stream discharge. During low stream discharge, only �6% of all flow paths experienced
major changes. The longer flow path lengths also tended to decrease in response to groundwater
inflow (shown by the significantly different distributions in supporting information Figure S10). The
smaller downwelling fluxes tended to be more sensitive to groundwater inflow (shown by the signifi-
cantly different distributions in supporting information Figure S11). Flow paths longer in residence time
and length, or those with smaller downwelling fluxes, tended to be more sensitive to groundwater
inflow than those with shorter residence times and lengths, or larger downwelling fluxes. While the
flow paths more consistently decreased in response to groundwater inflow than in response to stream
discharge, there was again substantial overlap in the distributions of flow paths that increased,
decreased, or persisted.
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Figure 4. (left column; see Figure 2 for location) Example of the hyporheic flow paths with major changes in residence time in
response to changing stream discharge. Flow paths in blue indicate increases >5%; flow paths in red indicate decreases >5% relative
to the baseline. Here an increase (H) and decrease (L) in stream discharge is compared to the baseline of medium stream discharge
with no groundwater inflow (M; see Table 1). (right column) The full reach distributions (box-and-whisker plots of the quantiles) of
the baseline flow path residence times that have increased, decreased, or persisted (minor change< 5%). A p value< 0.05 indicates
that the medians of at least one distribution are statistically different from another (also indicated by bold text). See supporting
information Figures S6 and S7 for changes in flow path lengths and fluxes. See supporting information Figure S12 for a full reach
view of the left column.
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4. Discussion

4.1. Expected Hydrologic Controls in Confined Mountainous Stream Corridors
We built a heuristic model to represent the dominant hydrologic controls on hyporheic exchange in moun-
tainous stream corridors constrained by bedrock, confined by steep hillslopes, and with step-pool morphol-
ogy. We assumed that the dominant hydrologic controls would be changes to the hydrostatic water surface
profile and groundwater inflow under different stream discharge and catchment wetness conditions. We
ignored influences from hydrodynamic contributions, planform morphology such as sinuosity and side-
channels, and lateral inputs based on previous work in similar settings [e.g., Gooseff et al., 2006; Kasahara
and Wondzell, 2003]. Although our model is heuristic and not meant to provide a calibrated, site-specific
representation, it is based on observations, represents realistic arrangements of streambed morphologic
features, and examines how different hydrologic conditions control hyporheic flow paths in mountainous
settings. In such settings, the down-valley hydraulic gradient is expected to remain relatively static over
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Figure 5. Groundwater inflow (left column uniform, right column spatially variable) as a control on hyporheic flow path residence times,
represented as increases (blue, positive) and decreases (negative, red) from the baseline hydrologic cases of high (H), medium (M), and (L)
stream discharge with no groundwater inflow (see Table 1). (a) Uniform (HU) and (b) spatially variable (HV) groundwater inflow relative to
H. (c) Uniform (MU) and (d) spatially variable (MV) groundwater inflow relative to M. (e) Uniform (LU) and (f) spatially variable (LV) ground-
water inflow relative to L. The dot-plots provide all the changes as a function of the associated baseline flow path residence time. The left
histograms are at 5% intervals. The top histograms are at order-of-magnitude intervals and represent the probability of which baseline
flow path residence times will respond to changing groundwater inflow (overlap is designated by a dashed line). A p value< 0.05 indicates
the medians are statistically different (also indicated by bold text). Arrows indicate values larger than displayed. See supporting informa-
tion Figures S8 and S9 for changes in flow path lengths and fluxes.
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different stream discharge conditions [Voltz et al., 2013]. Therefore, we should expect that the shape of the
water surface profile would be preserved across a wide range of stream discharges and thus have little influ-
ence on hyporheic flow paths. Our model results confirmed this expectation (Figure 2), showing that hypo-
rheic exchange along the thalweg in mountain stream corridors is unlikely to be sensitive to changes in
stream stage. Furthermore, because the range of stream discharges that we examined spans 95.6% (0.6 L
s21) to 38.4% (25.0 L s21) exceedance probabilities, we expect that our results will be robust for over half of
the year. It is possible that, at much higher stream discharges, channel morphologic features would be
drowned out, wetted channel areas increase, and side channels activate, and thus have a large effect on lat-
eral hyporheic exchange [Ward et al., 2016; Wondzell and Gooseff, 2013]. However, these effects were likely
not dominant over the range of discharges we examined as there was no visual activation of side channels.

Although we use observations to approximate a realistic water surface profile for each stream discharge,
curvature in the profile due to rapidly varied flow—potentially not captured well in the observations (e.g.,
hydraulic jumps around step features)—can force hyporheic flow paths in the upstream direction [Endreny
et al., 2011]. While consideration of hydraulic jumps across different stream discharges may be important in
mountainous stream corridors, we do not anticipate that omitting corresponding flow paths would
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Figure 6. (left column; see Figure 2 for location) Example of the hyporheic flow paths with major changes in residence time in response to
uniform or spatially variable groundwater inflow (U and H) relative to the (a) high, (b) medium, and (c) low stream discharge with no
groundwater inflow baseline cases (H, M, and L; see Table 1). Flow paths in blue indicate increases >5%; flow paths in red indicate
decreases >5% relative to the baseline. (right column) The full reach distributions (box-and-whisker plots of the quantiles) of the baseline
flow path residence times that have increased, decreased, or persisted (minor change< 5%). A p value< 0.05 indicates the medians of at
least one distribution are statistically different from another (also indicated by bold text). See supporting information Figures S10 and S11
for flow path lengths and fluxes.
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significantly change our results due to the large number of flow paths already considered and anticipated
dominance of hydrostatic drivers of exchange in this geomorphic setting [Wondzell and Gooseff, 2013].

Hyporheic exchange can be quite different in lower-gradient streams where hydrodynamic processes are
often dominant and, because stream velocity increases with discharge, is expected to be more sensitive to
changing stream discharge [e.g., Wondzell and Gooseff, 2013]. Of course, channel morphologic features like
riffles can also be drowned out at high discharge in low-gradient river corridors and reduce the extent of
hyporheic exchange [Storey et al., 2003]. Subsequently, there can be relatively steeper lateral gradients
between the channel and floodplain due to a less dominant down-valley gradient. In such cases, groundwa-
ter inflow can have a minor impact on hyporheic exchange [Storey et al., 2003]. Groundwater inflow is more
likely to be a primary control in mountainous settings [Caruso et al., 2016], which is consistent with our find-
ings (Figure 5). Overall, the modeling approach we used allowed us to effectively examine hydrologic con-
trols in this mountain stream.

4.2. Evidence of Suites of Flow Paths Sensitive to Different Hydrologic Conditions
Our results showed that some suites of flow paths are more prone to change than others in response to
changes in stream discharge and groundwater inflow. In general, we found that, with our two-dimensional
model of a confined mountain stream corridor, hyporheic exchange was more sensitive to changing
groundwater inflow than to changing stream discharge. Specifically, most hyporheic flow paths did not
change as discharge changed by over an order-of-magnitude. Only about 10–20% of the flow paths showed
changes greater than 5% in residence times, lengths, and fluxes over the range of stream discharges exam-
ined (Figure 4 and supporting information Figures S6 and S7). These results clearly indicate that stream dis-
charge is not a primary control on hyporheic exchange relative to morphologic controls, because most flow
paths induced by the channel morphology were persistent in the face of changing discharge. While only a
relatively small number of flow paths changed, our simulations suggest that shorter residence time flow
paths tended to both increase (median 1–2 h) and decrease (median 3–5 h) in response to changing stream
discharge (Figure 4). Although it may appear counter-intuitive, this pattern held true for both increases and
decreases in discharge relative to the medium baseline case (shown by the significantly different distribu-
tions in Figure 4). Remember, however, that the stream became spatially intermittent during low stream dis-
charge whereas it was contiguously wetted during both the medium and high stream discharges. Similarly,
the shorter length flow paths tended to both increase (median �0.1 m) and decrease (median �0.2 m) in
response to stream discharge (supporting information Figure S6), and flow paths associated with the small-
est downwelling fluxes (median �0.15 m d21) tended to be more sensitive to changing stream discharge
conditions (supporting information Figure S7).

The influence of groundwater depended greatly on the magnitude of inflows. Under high stream discharge,
groundwater inflows were large and substantially truncated hyporheic flow paths, with more than 70%
showing major decreased residence times, lengths, and downwelling fluxes under uniformly distributed
inflows (Figures 6 and supporting information S10 and S11). Only approximately 20% of the flow paths per-
sisted (change <5% relative to the no groundwater inflow baseline case). If inflows during high stream dis-
charge were distributed according to UAA, however, approximately 40% of the flow paths persisted and
roughly 60% decreased (very few increased). These results are broadly consistent with the literature show-
ing potentially large impacts of groundwater inflows on hyporheic exchange [e.g., Gomez-Velez et al., 2015;
Cardenas and Wilson, 2007a; Boano at al., 2008]. More importantly, the catchment topology may signifi-
cantly influence the location, length, residence time, and amount of hyporheic exchange along the stream
network, preferentially collapsing the hyporheic zone where large UAA connects to the valley bottom
[Caruso et al., 2016]. Our results confirm that catchment topology is an important influence on hyporheic
flow paths, but is only significant during high stream discharge (Table 2).

Groundwater inflows were much smaller during the medium and low stream discharge and thus their influ-
ence on the hyporheic zone was smaller. Some 60–70% of the flow paths persisted under medium stream
discharge and more than 90% persisted under low stream discharge with little difference between the uni-
form and spatially variable inflow cases (Figure 6 and supporting information Figures S10 and S11). In all
groundwater inflow cases, however, the flow paths with longer residence times (medians> 10 h) tended to
decrease and, while flow paths whose residence times increased were uncommon (< 3% in all cases), these
tended to be of much shorter duration (Figure 6). Likewise, the longer length flow paths (medians> 2 m)
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tended to decrease (supporting information Figure S10) as did those with smaller downwelling fluxes (sup-
porting information Figure S11).

If the only source of water to the subsurface is stream water, as in our no-groundwater inflow simulations,
the numerical model will necessarily simulate hyporheic flow paths of sufficient length and duration to satu-
rate subsurface flows throughout the model domain. Consequently, some hyporheic flow paths could be
artificially made long by depth of sediment and considered an artifact of the modeling structure. However,
we have explicitly tested the persistence of such flow paths under representative conditions. Our results,
showing that very long flow paths are present in the medium and low stream discharge cases, suggest that
these flow paths are realistic and not simply an artifact of our model structure. Furthermore, our model
results are broadly consistent with a number of tracer studies conducted in a densely instrumented well
network that demonstrate persistent, long-residence time flow paths over a wide range of stream dis-
charges [e.g., Ward et al., 2016; Wondzell, 2006]. Our model shows that these longer flow paths remain in
the lower part of the colluvium stored in the valley, with fluxes driven by the valley gradient (�12%), gener-
ating long residence times (up to 96 days in our model), but accounting for relatively little of the total hypo-
rheic flux within the reach. These long flow paths are readily truncated by groundwater inflows if the
magnitude of those inflows is sufficient to displace a large amount of the hyporheic water. However, the
groundwater inflows are, themselves, captured in these long, down-valley flow paths and, because of the
nested structure of the flow paths, only enter the stream in locations where channel morphologic features
generate upwelling zones. Thus, shorter residence time and length flow paths persist. These persistent flow
paths are likely generated by steep local gradients around steps in the longitudinal profile of the stream sur-
face, and consequently have relatively high flux and short length and residence times.

4.3. Hyporheic Flow Paths Do Not Respond Uniformly to Stream Discharge or Groundwater Inflow
There were some locations where flow paths persisted in the face of both changing stream discharge and
groundwater inflow (callout (1) in Figure 7a), locations where flow paths were sensitive to groundwater
inflow but not to stream discharge (callout (2) in Figure 7a), and locations where flow paths were sensitive
to stream discharge but not to groundwater inflow (callout (3) in Figure 7a). We propose that the sensitivity
of flow paths to hydrologic controls is a function of the local hydraulic gradient mainly set by the streambed
morphology. Flow paths that occurred with larger hydraulic gradients, such as those created by large fea-
tures like a step-pool sequence, were the most persistent (Figures 7b and 7c). Flow paths that occurred with
hydraulic gradients similar to the valley gradient—which tended to be longer in length and residence
time—were generally the most sensitive to changes in hydrologic conditions. The exception is at locations
where groundwater inflow may not be focused (HV-H callout (3) in Figure 7a). This relationship explains
why Ward et al. [2016] found that hyporheic flow paths near the stream did not change in response to
changing stream discharge—the hydraulic gradients set by the streambed morphology were dominant.
Nonuniform responses to flow paths could complicate the upscaling of feature-scale knowledge to make
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Figure 7. (a) Example of the hyporheic flow paths with major changes in residence time in response to an increase in stream discharge
from medium to high (M and H) and spatially variable groundwater inflow during high stream discharge (HV; Table 1; see Figure 2 for loca-
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from the downwelling (starting) and upwelling (ending) location of each flow path. Arrows indicate values larger than displayed.
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predictions at larger network scales. When groundwater inflow is high enough to overwhelm the hydraulic
gradient set by streambed morphology, most of the flow paths are reduced in residence time, length, and
downwelling flux—only flow paths driven by the largest changes in morphology persist. We recommend
that refined relationships include consideration of hydraulic gradients set by morphology to better repre-
sent locations and suites of flow paths that are more sensitive to hydrologic controls.

We also recognize that unsteady hydrologic conditions may be important when predicting hyporheic flow
path distributions and response [e.g., Dudley-Southern and Binley, 2015; Schmadel et al., 2016; Ward et al.,
2014, 2016; Zimmer and Lautz, 2014]. Steady simulations have shown that vertical exchange is typically set
by morphology [Gomez-Velez et al., 2015; Precht and Huettel, 2003; Sawyer et al., 2013] and groundwater
inflow typically reduces the role of morphologically driven exchange [e.g., Boano et al., 2007; Cardenas and
Wilson, 2007a; Fox et al., 2014]. Although our steady simulations indicate that the arrangement of morpho-
logic features may cause nonuniform responses to changes in stream discharge, they indicate that stream
discharge is a secondary control relative to morphologically driven hyporheic exchange. Because we found
that the longest flow paths and those that originated from the smallest downwelling fluxes were the most
sensitive to groundwater inflow, long flow paths that persist during low discharge conditions may be forced
back to the stream when discharge (and corresponding groundwater inflow) increases. Likewise, an
unsteady decrease in stream discharge may cause flow path lengths and residence times to increase. The
next steps toward a comprehensive understanding of hydrologic controls on hyporheic exchange, and ulti-
mately aggregate feature-scale responses to larger network scales, will need to incorporate dynamic hydro-
logic changes across different valley settings.

The perspective of how hyporheic flow paths respond to different hydrologic conditions depends on the
spatial scale of observations. We found that, at the reach scale, groundwater inflow generally reduced flow
path residence time and length, and reduced associated downwelling flux, during periods of spatially con-
tinuous stream discharge. At this scale, spatially continuous stream discharge alone did not significantly
influence hyporheic flow paths. These results suggest that there is a systematic response in hyporheic
exchange across different hydrologic conditions at the reach scale, such that groundwater inflow reduces
flux and flow path residence time and length only during periods of spatial continuity by primarily acting
on the longest flow paths; in contrast, shorter flow paths driven by morphology persist across different
hydrologic conditions. However, individual flow paths did not respond uniformly due to the heterogeneous
arrangement of morphologic features. Similar results have been seen in other studies conducted under dif-
ferent hydrologic and geomorphic conditions [e.g., Dudley-Southern and Binley, 2015; Zimmer and Lautz,
2014]. The scale-dependency of hyporheic responses suggests that care must be taken when aggregating
the influence of individual morphologic features to represent an entire stream reach or large stream net-
work because, in mountain stream networks, their influence can change substantially as groundwater
inflows also change. A number of authors have aggregated the influence of feature-scale processes to very
large stream networks, albeit, in low-gradient stream networks [Gomez-Velez et al., 2015; Kiel and Cardenas,
2014]. These studies have, to date, only examined the relative influence of hydrodynamic exchange from
stream bed forms and hydrostatic exchange across meander bends created by sinuous stream channels.
Other factors driving (or limiting) hyporheic exchange within these large river networks have mostly not
been examined, suggesting that further work considering a fuller suite of processes and their dynamics
might prove useful to better understand the role of the hyporheic zone at large scales.

4.4. Time Scales, Flux Magnitudes, and the Importance of Hyporheic Exchange to Stream and
Watershed Ecosystem Processes
The influence of surface water-groundwater interactions on downstream water quality is an emergent prop-
erty resulting from aggregation of the suite of processes that occur along reasonably long reaches of a
stream or large portions of a stream network. The specific influence ‘‘emerges’’ from the amount and resi-
dence time of stream water in the subsurface, the arrangement of these subsurface exchanges in space,
and how, together, these factors relate to the timescales of processes of interest. Empirically based studies
are needed to help inform representation of these processes; however, many (perhaps most) previous stud-
ies examining the role of morphologic features as drivers of hyporheic exchange have been beset by prob-
lems with the ‘‘spatial windows of detection’’ that have most typically biased those studies to examine
relatively short flow paths [e.g., Cardenas and Wilson, 2007b]. Similarly for the temporal window of detec-
tion, if using a field tool (e.g., solute tracers) to interpret hyporheic flow path residence times at the reach
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scale, only the fastest fraction of flow paths will be observed (‘‘short-term storage’’ after Ward et al.[2013b]).
Studies with observation well networks have demonstrated that substantial hyporheic exchange can occur
at spatial and temporal scales much larger than the windows of detection in typical stream tracer-based
studies [e.g., Harvey et al., 1996; Triska et al., 1993; Ward et al., 2016; Wondzell et al., 2009]. Thus, a large por-
tion of hyporheic flow paths remain essentially unstudied (‘‘long-term storage’’ after Ward et al.[2013b]).
However, the representation of hyporheic flow paths depends on the objectives of the study. For example,
if denitrification is the process of interest, flow paths with residence times between 7 and 30 h are of critical
concern [e.g., Marzadri et al., 2014; Zarnetske et al., 2011]. In the mountain stream corridor that we simu-
lated, these are the flow paths most sensitive to groundwater inflows, indicating that a process like denitrifi-
cation could be regulated by hydrologic controls rather than by morphology. Similarly, the ability to predict
the legacy of pollutants requires an accurate representation of very long residence time flow paths. Our
simulations suggest that turnover of hyporheic water on long flow paths could be driven by increased
groundwater inflows during a storm, as has been observed elsewhere [Godsey and Kirchner, 2014; Jencso
et al., 2010, 2009] and potentially push substantial amounts of polluted water into the stream, long after the
surface pulse is no longer measurable. Our simulations suggest that turnover of hyporheic water is not a
uniform, bulk process, but rather results from suites of flow paths with different sensitivities to hydrologic
controls. If our understanding of these exchange processes is based on studies with limited spatial and tem-
poral windows of detection, the critical flow paths that dictate pollutant legacy could be completely
overlooked.

5. Conclusions

We used a two-dimensional, profile model of a 600 m study reach to examine how stream discharge and
groundwater inflow control reach-scale hyporheic exchange in confined mountainous stream corridors
with observed step-pool morphology. We showed that changing stream discharge had little influence on
hyporheic exchange, even across a wide range of stream discharges. Rather, exchange flows were driven
almost exclusively by streambed morphology, where the effective morphology of our simulations did not
change over the range of stream discharges we examined. We also showed that the influence of groundwa-
ter inflows depended greatly on their magnitude. However, groundwater inflows did not influence all hypo-
rheic exchange flows equally. When groundwater inflows were large, they had their greatest influence on
the longest hyporheic flow paths—flow paths with long residence times, lengths, and relatively small
exchange fluxes. We also found some evidence that, when groundwater inflows were high, catchment
topology represented by differences in upslope accumulated area draining into the stream corridor could
influence the location and persistence of hyporheic flow paths. Finally, under drier conditions, when the
stream was spatially intermittent, groundwater inflows were far too small to noticeably influence hyporheic
flow paths. Overall, we conclude that flow paths originating where large changes in channel morphology
create steep hydraulic gradients are the least sensitive to changes in hydrologic conditions. Conversely,
flow paths occurring with hydraulic gradients similar to the mean valley gradient are the most sensitive to
changing hydrologic conditions. Because groundwater inflows are a function of catchment wetness, which
itself is a function of seasonal-scale and storm-scale weather drivers, we can anticipate which suites of flow
paths are more likely to respond to changes in hydrologic controls. Ultimately, we recommend that relation-
ships between hydrologic and morphologic controls be refined to more accurately differentiate between
hyporheic flow paths that persist in time and those that are sensitive to changing hydrologic conditions.
Only then will we be able to aggregate feature-scale knowledge to more accurately infer transport at the
network scale in mountainous catchments.
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