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Abstract The hydrologic connectivity between streams and their valley bottoms (stream corridor) is a
critical determinant of their ecological function. Ecological functions are known to be spatially and tempo-
rally variable, but spatial dimensions of the problem are not easily quantified and thus they are usually
overlooked. To estimate the spatial patterns of connectivity, and how connectivity varies with changes in
discharge, we developed the hyporheic potential model. We used the model to interpret a series of solute
tracer injections in two headwater mountain streams with contrasting valley bottom morphologies to
estimate connectivity in the stream corridor. The distributions of flow path origination locations and the
lengths of hyporheic flow paths appear to vary with base flow recession, even in cases where transport
timescales are apparently unchanged. The modeled distribution of origination locations further allowed us
to define a spatial analog to the temporal window of detection associated with solute tracer studies, and
enables assessment of connectivity dynamics between streams and their corridors. Altogether, the reduced
complexity hyporheic potential model provides an easy way to anticipate the spatial distribution and
origination locations of hyporheic flow paths from a basic understanding of the valley bottom
characteristics and solute transport timescales.

Plain Language Summary The manuscript details a simple method to assess the spatial
connectivity of streams and their riparian zones. While the timescales of exchange in the river corridor have
been broadly studied, the complimentary spatial dimension (i.e., the geometry of exchange flowpaths)
remains largely unknown. The major challenge in assessing the spatial dimensions of exchange is the
limited information available in the subsurface. Here, we develop a reduced complexity model of valley
bottom transport to overcome these information limitations. With this model, relatively simple field site
characterization and solute tracer data are combined to assess the spatial distribution of downwelling along
a headwater mountain stream. We validate the model with a numerical experiment, and demonstrate its
application in two watersheds of contrasting geology, repeated through baseflow recession.

1. Introduction

Accurate representation of hydrologic connectivity between streams and their aquifers (i.e., the ‘‘stream corridor’’
[Harvey and Gooseff, 2015]) is fundamental to understanding biogeochemical processes and other ecosystem
functions [e.g., Stanford and Ward, 1993; FISRWG, 1998]. This connectivity is controlled by different, interactive ele-
ments of the stream corridor including valley setting (geologic control) and dynamic hydrologic forcing (hydro-
logic control). For this study, we define connectivity on the basis of a flow path originating in the stream and
intersecting another at a location of interest (e.g., a riparian well). To date, connectivity has been broadly
described as a binary characteristic—elements are either connected or not [Jencso et al., 2009, 2010; Jencso and
McGlynn, 2011; Pringle, 2003; Bracken and Croke, 2007; Tetzlaff et al., 2007; Blume and Van Meerveld, 2015;
Wainwright et al., 2011]. Much research has emphasized the timescale of connectivity as a key determinant of
ecological function [e.g., Ward et al., 2011; Gooseff, 2010; Bencala, 2011]. Here we stress that the spatial
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distribution in the stream corridor is a critical control to determining the physical, chemical, and biological func-
tions associated with exchange flow paths [e.g., Cardenas, 2008a, 2008b; Harms and Grimm, 2008; McGuire and
McDonnell, 2010; Ocampo et al., 2006; Ward et al., 2011]. Only by accounting for both the timescales and spatial
geometry of hydrologic connectivity, accurate predictions of these functions can be made.

Most stream corridor studies to date have focused on hyporheic flow path timescales as a control on biogeochemi-
cal processes. In contrast, the geometry of these same subsurface flow paths remains virtually unknown, despite
recognition that spatial heterogeneity (commonly ‘‘patchiness’’) is a critical determinant of ecological functions.
Flow path geometry may include descriptors such as the length of hyporheic flow paths, their origination point
from the stream, direction of flow, and tortuosity. The absence of predictive power in flow path geometry limits our
ability to make meaningful predictions of stream corridor functions. Therefore, we seek to characterize flow path
geometry (primarily the location of flow path origination from the stream) and transit time as a function of geologic
controls and dynamic hydrologic forcing, both of which are recognized as controls on stream corridor exchange
[Wondzell et al., 2009; Ward et al., 2012, 2016; Wondzell and Gooseff, 2013; Boano et al., 2014]. By characterizing both
flow path geometry and transit time, we seek to describe spatially heterogeneous and temporally dynamic connec-
tivity between streams and their corridors. Furthermore, the combination of spatial and temporal data enables
assessment of connectivity with a richer characterization than a binary definition of connected or not.

Attempts to characterize hyporheic flow path geometry in the field are limited due to the difficulty of making
subsurface observations. The most common approach to assess flow path geometry uses extensive networks of
monitoring wells [e.g., Wroblicky et al., 1998; Wondzell and Swanson, 1999; Zarnetske et al., 2012]. Water table
shape derived from such networks has been used to estimate flow path geometry [e.g., Kasahara and Wondzell,
2003; Voltz et al., 2013], though estimates from this approach commonly lack independent field validation.
Downwell tracer injections in monitoring well networks have been used to measure individual hyporheic flow
paths [e.g., Zarnetske et al., 2012; Menichino et al., 2014]. Monitoring well observations provide a basis to calibrate
or validate distributed hydrogeological models [e.g., Wondzell et al., 2009; Ward et al., 2013b]. Such modeling
approaches, however, are beset by challenges in parameterizing the hydraulic conductivity field, where parame-
ter equifinality prevents identifying a unique solution [e.g., Beven, 1993, 2006; Cardenas and Zlotnik, 2003]. Like-
wise, the locations where flow paths originate (hereafter origination locations or OLs) and the spatial extent of
flow paths are often unknown. As a result, the ability of modeling approaches to accurately predict flow path-
scale geometry and transit time has been the subject of much debate [e.g., Oreskes et al., 1994; Poeter, 2007;
Wondzell et al., 2009]. Consequently, the OLs of flow paths and their subsurface geometry within the stream cor-
ridor remain poorly characterized. Without this information, management of the stream corridor that considers
these ecologically important exchange processes will remain infeasible or inaccurate.

While recent work in mountain streams demonstrates that connections between streams and their stream corri-
dors persist through base flow recession [e.g., Wondzell, 2006; Voltz et al., 2013; Ward et al., 2016; Payn et al.,
2009, 2012], it remains unknown how the nature of this connectivity changes in both space and through time.
Therefore, our study has two primary objectives: (1) to derive and validate a reduced complexity model to
describe flow path geometry in the riparian zone of headwater mountain streams and (2) to apply our reduced
complexity model to interpret flow path geometry and spatial connectivity during a field experiment. First, we
derive a reduced complexity model to predict flow path origination point and validate the model by comparing
predictions to a finite element model representative of the field site. Next, we use the reduced complexity
model to interpret a series of stream solute tracer studies conducted in two valleys of contrasting morphology
to identify the locations along the stream where observed riparian flow paths were likely to originate and to
assess changes in flow path geometry and the field site through base flow recession. We hypothesize that hypo-
rheic flow path geometry at this site will remain stable through base flow recession given previous findings that
many transport timescales are static through the season [Ward et al., 2016], and the observed static morphology
of the system. Additionally, we anticipate that distinct in-channel features such as pool-riffle-step sequences will
be focused locations for flow path origination that persist through base flow recession.

2. Derivation of the Hyporheic Potential Model

Here we propose a reduced complexity model—the hyporheic potential model—to estimate OLs along a
stream on the basis of simple geometric observations, observed transport timescales, and aquifer
properties.
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2.1. Simplified Geometry of the Stream-Hyporheic System
First, the geometry is represented as in-stream transport occurring linearly in the down-valley direction and
hyporheic transport described by both down-valley and cross-valley components of transport (Figure 1a).
Consider a particle traveling from a solute tracer injection location to a subsurface monitoring well; the
approximate geometry of the associated flow path can be defined as,

L5LSTR1LHZDV (1)

L2
HZ5L2

HZDV 1L2
HZCV (2)

where L is the total down-valley length from the injection location to the monitoring well, LSTR is the in-
stream down-valley transport, LHZ is the total length of transport in the hyporheic zone, and LHZDV and LHZCV

represent the down-valley and cross-valley components of hyporheic transport, respectively. This formula-
tion assumes that transport in the vertical dimension is negligible compared to cross-valley and down-
valley transport.

2.2. Transport Timescales From Experimental Solute Tracer Additions
Consider a solute tracer injection conducted in the stream at a distance L upstream of the monitoring well.
The mean arrival time observed at the well (tOBS) represents the sum of travel time in the stream (tSTR) and
hyporheic zone (tHZ),

tOBS5tSTR1tHZ : (3)

In this model, the first temporal moment (M1) of an observed solute tracer time series represents tobs. To
estimate transit timescales to each well, we subtract the first temporal moment of the injected solute tracer

Figure 1. (a) Idealized stream and hyporheic flow path geometry in the valley bottom. (b) The feasible solution space is bounded by the
overlapping range of solutions that are nonimaginary, originate between the injection location and well transect (experimentally possible),
and are hydrogeologically feasible given the known range of K, h, and S at the site. (c) For cases with multiple wells—for example, the four
shown in this figure—the feasible solutions for each well are summed and then normalized along the stream. The result is a probability
distribution of flow path origination as a function of distance along the stream channel.
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time series in the stream from the first temporal moment calculated from observations at the monitoring
well [after Ward et al., 2014, 2016].

2.3. Estimation of Advective Velocities From Experimental and Site Data
The transit times in the stream and hyporheic zone can be represented as the ratio of their length scale to
velocity,

tSTR5
LSTR

VSTR
; (4)

tHZ5
LHZ

VHZ
; (5)

where VSTR and VHZ are the stream and hyporheic zone velocities, respectively. In-stream velocity was esti-
mated as the difference between observed in-stream M1 at the injection site and the downstream-most
well transect, divided by the length of the stream channel (L) [after Ward et al., 2014].

Subsurface velocity is estimated using Darcy’s law as follows:

VHZ5
K
h

dh
dL
; (6)

where K is isotropic hydraulic conductivity, h is effective porosity, dh is the head drop along the hyporheic
flow path, and dL is the length of the hyporheic flow path (equal, here, to LHZ). The head drop along the
hyporheic flow path must be equal to the sum of cross-valley and down-valley head drops,

dh5dhCV 1dhDV : (7)

Substitutions of equations (4–7) into equation (3) yields,

tOBS5
LSTR

VSTR
1

LHZ
K
h 3 dhCV 1dhDV

LHZ

: (8)

Equation (8) represents the general form of the Hyporheic Potential Model (HPM). One important assump-
tion of this formulation is that the time spent in the stream channel is based on the advective timescale
along the stream. Thus, any time spent in nonadvective transport (e.g., temporary storage in recirculating
eddies and boundary layers) is effectively assigned to transport through the subsurface. Additionally, the
formulation assumes that flow paths remain in the stream until their origination point; the solution does
not include the impact of repeated spiraling between the stream and riparian zone. This isolation of only
the last exchange is analogous to hydrologic turnover formulations, which acknowledge spiraling but focus
only on the last exchange [Covino et al., 2011].

2.4. Simplification of the Hyporheic Potential Model for the Field Site
At the study site, the system is dominated by down-valley subsurface transport [Voltz et al., 2013]. On this
basis, we assume dhDV � dhCV (i.e., dhCV � 0). Furthermore, down-valley head gradients can be approxi-
mated by the down-valley topographic gradient [e.g., Voltz et al., 2013; Ward et al., 2014, 2016], itself set by
the geology and morphology of the valley bottom. On this basis, the down-valley head drop can be approx-
imated as,

dhDV 5LHZDV S; (9)

where S is the down-valley topographic gradient. Thus, equation (8) may be simplified to,

tOBS5
LSTR

VSTR
1

h
KS

L2
HZ

LHZDV
: (10)

Notably, the quantity KS is referred to as ‘‘hyporheic potential’’ by Wondzell [2011], the namesake of this
model.

2.5. Constraining Solutions for the Hyporheic Potential Model at a Field Site
The quantities L and LHZCV are readily observed using topographic surveys or measurements of the field
site. Common solute tracer studies provide information about tOBS and VSTR, assuming observations are
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made at two stream locations and in a riparian well. If values of K, h, and S can be estimated from a field
site, equations (1), (2), and (10) can be solved for the remaining unknowns of LHZDV, LHZ, and LSTR. To be con-
sidered a feasible solution (i.e., a location where a flow path may have feasibly originated), three conditions
must be met (Figure 1b). First, a nonimaginary solution to equations (1–3) must exist. Next, the flow path
must be experimentally possible, with flow path origination predicted between the injection location and
well transect. Finally, the solution must be hydrogeologically feasible, meaning that it is within the suite of
flow paths constrained by the ranges of site-specific h, K, and S.

2.6. Interpretation of Hyporheic Potential Model Results
The median location of the estimated flow path distribution is used to assess changes in flow path origina-
tion through base flow recession, visualized as the middle of the ‘‘wedge’’ of feasible solutions shown in
Figure 1b. With estimates of LSTR, LHZ, and LHZDV, we additionally calculated the fractional length in the HZ
(FLHZ 5 LHZ/L), time in HZ (tHZ 5 LHZ/(KS/h*LHZDV/LHZ), time in stream (tSTR 5 LSTR/VSTR), and the fraction of
time in HZ (FtHZ 5 tHZ/tobs). Finally, we assigned equal probability to origination location within the range of
feasible flow paths for each well (Figure 1b). At our field sites, the same tracer injection was monitored at a
network of shallow subsurface monitoring wells. The probabilities for origination location for all wells were
summed along the steam and normalized by the number of wells, resulting in a probability density function
describing the potential locations where flow paths originate from the stream (for example, Figure 1c
depicts a case with four monitoring wells).

3. Validation of the Hyporheic Potential Model Using Numerical Experiments

3.1. Methods
To validate the HPM, we test its performance in accurately predicting the OLs of flow paths using a series of
numerical experiments. We constructed a 2-D, vertically integrated (i.e., plan view) finite element model of
groundwater transport through the hyporheic and riparian zone adjacent to a stream channel (Figure 2a),

Figure 2. (a) Conceptual model of a riparian aquifer bounded by the stream and hillslope in longitudinal dimensions. (b) Implementation
of a vertically integrated (i.e., plan view) mathematical model of the riparian aquifer. Modified from Schmadel et al. [2016] with permission.
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following similar model construction of past studies of hyporheic and riparian zones in COMSOL Multiphy-
sics [Schmadel et al., 2016; Malzone et al., 2016; Ward et al., 2011]. The model domain was set to mimic the
conditions of our field site in WS01 at the H.J. Andrews Experimental Forest, including an average riparian
zone width of 6.85 m from stream centerline to valley edge. In the field, unweathered bedrock is present
below about 2 m of colluvium (Figure 2b).

We parameterized the subsurface hydraulic conductivity field with random values drawn from a normal dis-
tribution in log-space with a mean of 7 3 1025 m s21 (matching the geometric mean of on-site observa-
tions [Kasahara and Wondzell, 2003; Wondzell et al., 2009]) and standard deviation of 108.4 m s21.
Observations at the field site range from 4.3 3 1026 to 6.1 3 1024 m s21 [Kasahara and Wondzell, 2003;
Wondzell et al., 2009]. For the numerical model we assumed a homogeneous porosity of 0.2 for the entire
domain. Additionally, we represented macroscale features to approximate the large boulders and coarse
woody debris at the field site, simulated as 2 m squares with hydraulic conductivity of 1 3 10220 m s21.

The model includes no-flow boundaries along three boundaries and prescribed head along the fourth, rep-
resenting the boundary between the riparian zone and stream. We use the no-flow boundaries at the
upstream and downstream ends of the domain to force the formation of a hyporheic flow cell in the model
domain [after Irvine et al., 2015; Irvine and Lautz, 2015, Figure 3]. At the field site, these types of boundaries
are representative of visible outcrops of bedrock where the valley narrows and most water is returned to
the surface stream channel before subsequent return to the subsurface. The no-flow boundary along the
hillslope represents an assumption that lateral inflows to the valley bottom are negligible along the study
reach.

The prescribed head along the stream decreases along the model in the x dimension from an assumed ele-
vation of 100 m at X 5 0. Head was set using the idealized second-order stream geometry for a pool-step-
riffle morphology reported by Gooseff et al. [2006] for the H.J. Andrews Experimental Forest. We repeated

Figure 3. (a) Representative particle tracks from release of massless particles at 1 cm intervals along the Y 5 0 m boundary. The hyporheic
potential model was used to predict the downwelling location for each particle based on the time when it passed each 1 m along the
stream. The white field is a random hydraulic conductivity field; black rectangles represent low conductivity discontinuities such as bould-
ers or logs in the domain. (b) Known release location (x axis) versus hyporheic potential model predicted location (y axis) for all particle-
transect intersects. (c) Histogram of error for each hyporheic potential model prediction. (d) Cumulative distribution of error in hyporheic
potential model predictions for particles.
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15 sequences of the idealized pool (2.1 m length, 0 m elevation drop), step (1.4 m length, 0.4 m elevation
drop), and riffle (3.3 m length, 0.2 m head drop) morphology for a total down-valley length of 102 m in the
X dimension. This morphology represents an average down-valley gradient of about 8.8%.

For each simulation, a triangular mesh (finite element) was constructed using the built-in meshing algo-
rithm in COMSOL Multiphysics v.5.0 for general physics application with a maximum mesh size of 0.25 m2.
The resultant mesh contained 7610 elements with an average element size of about 0.09 m2 and average
element quality (a measure of element asymmetry) of 0.98. First, the porous media flow simulation was
solved to a steady state solution. Next, we released 10,200 massless particles along the constant head
boundary (1 particle per cm in the X dimension along the Y 5 0 m boundary). Particle positions were
recorded every 3600 s until they exited the model domain by flowing from the simulated subsurface
domain across the stream boundary.

We applied the HPM to the simulated particle paths to test how well the OLs were predicted relative to the
known release locations in the finite element model. We tabulated the known time and cross-valley coordi-
nate (i.e., Y coordinate) for each particle as it crossed each 1 m along the X dimension of the model (repre-
senting hypothetical monitoring well transects at each of these locations). For each time and location
where a particle passed a transect, we used the HPM to calculate the OL for the particle. First, we calculated
the absolute error in the OL inferred from the HPM using the prescribed mean hydraulic conductivity,
porosity, and average down-valley hydraulic gradient for the model domain. Next, we calculated the feasi-
ble range of OLs based on the range of hydraulic conductivity values assigned and the prescribed porosity
and average down-valley slope. This scenario approximates the conditions faced by field researchers, where
estimation of transit timescales and flow path geometries are desired even acknowledging the uncertainty
in hydrogeologic parameters.

For each particle, and at each transect, we calculated the feasible range to test whether true OL was within
the range predicted by the HPM. Error in the predicted OL was calculated as the distance between the
known and predicted locations as Xpred – Xobs, where Xpred and Xobs are the HPM-predicted and observed
OLs, respectively. Values less than zero indicate predicted origination occurred upstream (i.e., the negative
X direction) of the known location. Finally, we calculated the sinuosity of each particle’s flow path at the
time it crossed the monitoring transect. This calculation was made by dividing the length of the particle’s
path (based on the recorded positions of the particle) by the straight-line distance from the release location
to the location where the particle crossed the transect of interest.

3.2. Results and Discussion
Particle flow paths show the deepest penetration of flow paths into the subsurface domain in the first
few meters in the X dimension due to the no-flow boundary at X 5 0 m. The pool-step-riffle and macro-
scale heterogeneities interact to cause a series of smaller, nested flow cells along the Y 5 0 m model
boundary. Heterogeniety in the hydraulic conductivity field is visible in the tortuosity along the flow
paths (Figure 3a).

Hyporheic potential model predictions of OL are highly accurate (Figures 3b and 3c). A total of 23,362 pre-
dictions were made, with a mean absolute error of about 2.1 m and median absolute error of about 1.0 m.
About 91% of model predictions are within 6.8 m of the true OL, meaning the correct pool-step-riffle
sequence can be accurately identified using the HPM (Figure 3d).

Overall, we conclude that the HPM provides reasonable predictions of the OLs of flow paths in steep, valley-
constrained stream corridors. The largest limitation of the model appears to be the sinuosity of flow paths.
Sinuosity violates two key model assumptions. First, the HPM assumes transport along the hypotenuse of a
right triangle. The added flow path length due to sinuosity causes the HPM to systematically predict origina-
tion farther upstream than would be expected. Second, the cross-valley transport occurring along sinuous
flow paths reduced the effective hydraulic gradient along the flow path. The HPM assumes that the down-
valley slope is the primary driver of riparian zone transport. Flow paths with large cross-valley transport rela-
tive to their down-valley transport exhibit larger errors. Despite these violations of HPM assumptions, the
HPM accurately predicted the OL for most flow paths. Furthermore, uncertainty in the parameters control-
ling subsurface velocity (S, K, and h) is large enough that the predicted ranges of OL encompassed the true
flow path origin in all cases.
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4. Dynamics of Flow Path Geometry Through Base Flow Recession in Two
Headwater Mountain Streams of Contrasting Geologic Setting

4.1. Field Site and Experimental Design
Field experiments were conducted in Watersheds 1 (WS01) and 3 (WS03) of the H.J. Andrews Experimental
Forest in the Cascade Mountains, Oregon, USA (supporting information Figure S1). Both catchments are
characterized by steep valley walls and average down-valley slopes of 11.9 and 13.8% in WS01 and WS03,
respectively. Valley bottom transport is known to be predominantly in the down-valley direction [Voltz
et al., 2013; Kasahara and Wondzell, 2003], making this a strong candidate site to apply the HPM. Valley bot-
toms in WS01 are about 3.5 active channel widths (�14 m) compared to 2.3 active channel widths (�9 m)
in WS03 [Wondzell, 2006]. Both field sites are confined by shallow bedrock, with typically less than 2 m of
highly porous colluvium in the valley bottom. In WS01, a network of 33 wells and 7 in-stream monitoring

piezometers were installed; WS03 con-
tained 19 wells and 7 in-stream piezome-
ters. At these sites, the stream corridor is
equivalent to the entire valley bottom.
The stream corridor includes the stream
itself, the hyporheic zone, and the riparian
zone. See additional publications for gen-
eral characteristics of the study site
[Dyrness, 1969; Swanson and James, 1975;
Swanson and Jones, 2002], construction of
the monitoring well network [Wondzell,
2006], and detailed characteristics of the
study site [Kasahara and Wondzell, 2003;
Wondzell et al., 2009; Ward et al., 2012,
2016; Voltz et al., 2013].

We conducted a series of four 48 h con-
stant rate solute tracer (salt as NaCl) injec-
tions into the stream channel throughout
base flow recession in each watershed
and monitored specific conductance at
the in-stream locations and in each moni-
toring well. Stream discharge during our
study ranged from 38.5 to 1.8 L s21 in
WS01, and from 37.5 to 4.3 L s21 in WS03,
recorded at gage stations about 100 m
downstream of the study well networks
(Figure 4a). Observed solute tracer time
series were processed identically to Ward
et al. [2016], calculating the first temporal
moment (M1) for each background-
corrected time series and subtracting the
first temporal moment of the injection at
the upstream reach limit, yielding the
observed mean arrival time of the tracer
at each monitoring point (taken as tobs in
equation (3)) [after Ward et al., 2016]. Dur-
ing the four stream solute tracer injec-
tions in each watershed, in-stream-
specific conductance was increased to
plateau concentrations ranging from
about 110 to 190 lS cm21 at the
upstream end of the monitoring well

Figure 4. (a) Hyetograph and hydrographs for the study watersheds, and the
time periods for the eight constant-rate injections included in the study.
Figures 4b and 4c show the observed in-stream-specific conductance at the
upstream end of the well transect for each injection in Watersheds 1 (WS01)
and 3 (WS03). Reprinted with permission from Ward et al. [2016].
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network (Figures 3b and 3c and supporting information Figure S2). Transit times from the injection location
to well transect C ranged from 0.18 to 1.18 h in WS01 and 0.08 to 0.34 h in WS03. Observed mean arrival
times at monitoring wells ranged from 27.9 to 126.4 h in WS01 and from 30.4 to 82.1 h in WS03 (supporting
information Figure S2). Several related publications present additional details of catchment hydrology and
hydraulics during the study period [Voltz et al., 2013], and the conservative solute tracer injections and mon-
itoring [Ward et al., 2012, 2014, 2016; Voltz et al., 2013].

For this study, the geometry of the study site (i.e., injection location and well layout) defines the values of L
and LHZCV (cross-valley distance from the stream to the well). Field solute tracer observations may be used
as the basis to calculate tOBS and VSTR. Using observed ranges for the site to constrain values of K, h, and S,
equations (1–3) represent a system with three unknown variables (LSTR, LHZ, and LHZDV). A range of feasible
solutions for these three unknowns was calculated given the observed ranges in K (4.3 3 1026 to 6.1 3

1024 m s21 [Kasahara and Wondzell, 2003; Wondzell et al., 2009], h (0.1–0.3 [Wondzell et al., 2009; Ward et al.,
2012]), and S (0.06–0.16 mm21; topographic survey) at the field site (see subsequent section).

To test for differences between sites in WS01 and WS03 or between discharge conditions at the same site,
we analyze the sets of observed transit times and calculated LHZ, LSTR, tHZ, tSTR, FLHZ, and FtHZ for each dis-
charge condition and site. We apply the one-way analysis of variance and Kruskal-Wallis one-way analysis of
variance by ranks to test for significant differences in sample means (denoted by pANOVA) or medians
(denoted by pKW), respectively. For this study, we interpret significance at the 95% confidence level
(p< 0.05). Finally, we use a two-sample Kolmogorov-Smirnov goodness-of-fit hypothesis test to determine
if continuous distributions of flow path origination probability are significantly different from one another.

4.2. Results
4.2.1. Variation in Flow Path Geometry and Transport Timescales Through Base Flow Recession
4.2.1.1. Length of Transport in the Hyporheic Zone
Across all injections, LHZ ranged from 0.27 to 58 m in WS01 and 0.25 to 28 m in WS03 (Figure 4a and sup-
porting information Figure S3). Stream discharge is not consistently related to LHZ in the less constrained
WS01 (DLHZ/DQ< 0 for 17 of 33 wells; DLHZ/DQ> 0 for 16 of 33 wells). Most wells in the more constrained
WS03 exhibit increasing LHZ under lower-discharge conditions (DLHZ/DQ< 0 for 16 of 19 wells). Within
WS01, we calculated significant differences in LHZ populations between discharge conditions
(pANOVA< 0.001, pKW< 0.001), but no significant differences between discharge conditions for WS03
(pANOVA 5 0.09, pKW 5 0.15). We calculated significant differences in LHZ between the populations of wells in
WS01 and WS03 for injections 2 and 4 (pANOVA, pKW< 0.01), but not for injections 1 and 3 in WS01
(pANOVA 5 0.65, pKW 5 0.60) nor WS03 (pANOVA 5 0.12, pKW 5 0.16).
4.2.1.2. Fraction of Total Length in the Hyporheic Zone
In-stream transport is generally longer in spatial scale than transport along hyporheic flow paths (Figures 4b
and 4c and supporting information Figures S4 and S5). We found 74% of well observations in WS01 (90 of
121) and 96% in WS03 (71 of 74) where LSTR> LHZ. We found that the fraction of length in the hyporheic
zone (FLHZ) ranges from 1 to 99% in WS01 and 0 to 60% in WS03. Overall, FLHZ was larger in the broader allu-
vial valley, with mean and median FLHZ of 37 and 32% in WS01, compared to 18 and 15% in the more con-
strained WS03. Valley morphology is a significant control on FLHZ under intermediate and low-discharge
conditions, with significant differences between the WS01 and WS03 for injections 2–4 (pANOVA< 0.05,
pKW< 0.05). Under the highest discharge conditions, we found pANOVA 5 0.31 and pKW 5 0.40, which we
interpret as the dominance of in-stream advection in both study sites compared to subsurface transport
controlled by valley structure.

With respect to discharge as a control on FLHZ within each watershed, we calculated significant differences
between discharge conditions in WS01 (pANOVA, pKW< 0.001) but not in WS03 (pANOVA 5 0.07, pKW 5 0.16). In
WS01, 31 of 33 wells exhibited an inverse relationship between FLHZ and discharge, and the heterogeneity
in observed values increases with decreasing discharge. In WS03 the inverse relationship between discharge
and FLhz exists for 15 of 19 wells. In WS01, increasing discharge is associated with decreased FLHZ for injec-
tions 1 and 4, and increased FLHZ for injections 2 and 3.
4.2.1.3. Transport Time in the Hyporheic Zone
Transport time in the hyporheic zone (tHZ) ranged from 1.7 to 102.7 h in WS01 and 5.7 to 56.6 h in WS03
(Figure 4d and supporting information Figure S6). In WS01, significant differences (pANOVA, pKW< 0.001)
were observed between discharge conditions, primarily with significantly longer tHZ during injection 4

Water Resources Research 10.1002/2016WR019875

WARD ET AL. HYPORHEIC POTENTIAL MODEL 9



compared to injections 1–3. In WS03, dif-
ferences between discharge conditions
were significant for tHZ medians but not
means (pANOVA 5 0.32, pKW 5 0.046). Sig-
nificant differences for tHZ exist between
watersheds for injections 2 (pANOVA,
pKW< 0.001) and 4 (pANOVA, pKW< 0.001),
but not for injections 1 (pANOVA 5 0.97,
pKW 5 0.64) or 3 (pANOVA 5 0.24,
pKW 5 0.11).

We calculated increasing tHZ with decreas-
ing discharge for 28 of 33 wells in WS01
and 4 of 19 wells in WS03. These results
are in good agreement with Ward et al.
[2016] who concluded hyporheic transit
times were generally constant through
base flow recession in WS03 across all
injections and for injections 1–3 in WS01.
4.2.1.4. Fraction of Total Time in the
Hyporheic Zone
Although hyporheic flow paths did not
represent a majority of the transport
length from the injection location to the
monitoring wells, they always repre-
sented a majority of the time in transport
(Figures 4e and 4f and supporting infor-
mation Figures S7 and S8). We found FtHZ

ranged from 86 to 100% in WS01 and
from 94 to 100% in WS03. Despite orders
of magnitude variation in K, median FtHZ

is strikingly uniform among all wells. Dif-
ferences between injections were signifi-
cant in WS01 for medians but not means
(pANOVA 5 0.067, pKW< 0.001) and signifi-
cant for both mean and median in WS03
(pANOVA, pKW< 0.001). For a given base
flow condition, significant differences
between watersheds were found for
injections 1 (pANOVA, pKW< 0.001) and 4
(pANOVA 5 0.025, pKW 5 0.026). Differences
between watersheds were significant for
mean but not median for injection 3
(pANOVA 5 0.034, pKW 5 0.062) and
medians but not means for injection 2
(pANOVA 5 0.88, pKW 5 0.002). We calcu-
lated increasing FtHZ with discharge in 20
of 33 wells in WS01 and only 1 of 19 wells
in WS03.
4.2.2. Spatial Distribution of Flow Path
Origination Locations
In WS01, flow path origination along the
stream ranged from X 5 0 to 61.5, 0 to

61.4, 0 to 58.7, and 0 to 51.7 m for injections 1–4, respectively (X is distance downstream from the injection;
Figure 6a). In WS03, flow path origination ranged from X 5 0 to 78.1, 10.2 to 78.7, 0 to 71.0, and 0 to 72.3 m

Figure 5. Summary of flow path-scale metrics describing (a) length of
hyporheic transport (LHZ), (b) length of in-stream advective transport (LSTR), (c)
fraction of total length in hyporheic zone (FLHZ), (d) transit time in the
hyporheic zone (tHZ), (e) transit time in the stream (tSTR), and (f) fraction of
transit time in the hyporheic zone (FtHZ). For each set of injections, results of
one-way ANOVA and Kruskal-Wallis tests are presented to assess if at least one
flow condition is significantly different from the others for each watershed.
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for injections 1–4, respectively (Figure 6b). In both watersheds, there is a general trend of the mean origina-
tion location shifting upstream as base flow decreases. In WS01, the probability of flow path origination
upstream of the well network increased from 42% during injection 1 to 92% during injection 4 (Figure 6c),
and is negatively skewed in space for injections 1–3 and positively skewed for injection 4. The probability of
flow path origination upstream of the well network in WS03 ranges from 59 to 77%, with a trend of flow
paths generally originating closer to the injection location with decreasing discharge (Figure 6d). In WS03,
the cumulative distribution function is positively skewed for all injections. Pairwise two-sample Kolmogo-
rov-Smirnov tests indicate that all cumulative distributions are significantly different from one another in
each of WS01 and WS03 for all possible combinations of injections and watersheds (i.e., each cumulative
distribution function is unique). While hyporheic flow path transit times were found to be largely insensitive
to discharge (Figure 5d) [Ward et al., 2016], these results show that OLs are likely to change with discharge.
However, as with transit times, changes in WS01 were larger than in WS03, providing further evidence that
hyporheic flow paths are less variable in highly constrained valleys.

The ranges of possible flow path origination locations are constrained by the feasible bounds of h, K, and S.
These ranges in OLs generate corresponding ranges in all of the calculated length scales, timescales, and
trends with discharge (supporting information Figures S11–S19). We found a range (i.e., the along-stream
length of the feasible solutions in Figure 1b) averaging 17.6 m in WS01 (median 14.7 m, range 0.4–55.0 m)
and averaging 34.7 m in WS03 (median 35.2 m, range 12.9–60.3 m). For the most narrowly defined ranges,
the observed timescales limit the mathematically feasible solutions. For wells closer to the stream center-
line, the observed timescales can be achieved for a wider range of h, K, and S, indicating less certainty in the
location of origination.

4.3. Discussion
4.3.1. Spatial and Temporal Dynamics of Transport Along Subsurface Flow Paths in the Stream
Corridor
The distribution of potential OLs simulated by the model encompasses many channel morphologic features,
not all of which will generate head gradients causing stream to riparian zone flux. Thus, if OLs change with
stream discharge, they are unlikely to shift gradually, but rather, jump to new locations that are conducive
to the generation of head gradients that favor flux from the stream to the subsurface (Figures 4c and 4d).
Longer hyporheic flow path lengths under very low discharge could also result from more tortuous flow
paths through the hyporheic zone as described by Ward et al. [2016]. In this case, down-valley transport
would be controlled by the interaction between water table height and the structure and spatial heteroge-
neity of the colluvial materials filling the valley floor.

The potential flow path origination locations that can be detected at a given well defines a spatial window
of detection (i.e., the along-stream origination locations from which flow paths will intersect the well). This
is the spatial analog to the temporal window of detection defined by Harvey et al. [1996] and detailed in the
literature [e.g., Wagner and Harvey, 1997; Harvey and Wagner, 2000; Ward et al., 2013a, 2013c]. Past studies
focused on geomorphic units as drivers of exchange and other relatively small-scale features (see review by
Boano et al. [2014]) have spatial windows of detection. As such, these studies were only sensitive to a suite
of relatively short flow paths because near-stream well placement. In contrast, studies based on more exten-
sive monitoring well networks [e.g., Wondzell, 2006; Ward et al., 2012; Morrice et al., 1997; Wroblicky et al.,
1998] include a significantly larger spatial window of detection. The observation at a well is still subject to
all temporal window of detection issues, where truncation of the observable breakthrough curve will neces-
sarily limit interpretation [Drummond et al., 2012]. The spatial window of detection can be estimated using
the hyporheic potential model to bound the spatial extent of the stream corridor that forms the support
volume for a given observation in a monitoring well. Better constraining the spatial window of detection
with the hyporheic potential model may reveal that flow paths originated further upstream than previously
thought.

The importance of accurate hydraulic conductivity fields as a prerequisite to meaningful predictions of
transport in stream corridors is broadly recognized. However, our results demonstrate that, even with the
inherent uncertainty in hydrogeological parameters (h, K, and S in this study), useful information about con-
nectivity dynamics can be assessed. While we considered values of K potentially spanning orders of magni-
tude, the resultant spatial and temporal metrics do not show the same degree of variability (Figure 5). This
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result is because the hydrogeologic properties are one control on the metrics, but in many cases the range
is also bounded by the geometry of the problem and the observed timescales of the stream and hyporheic
flow paths. As such, meaningful information and reasonably narrow bounds on transport metrics may be
estimated, even with high uncertainty in site-specific parameter values.
4.3.2. A Revised Conceptual Model of the Stream Corridor in Steep, Confined Valley Bottoms
One key finding of this study is that subsurface flow paths increase in length during lower-discharge condi-
tions. One common explanation for this is that cross-valley hydraulic gradients toward the stream relax
through base flow recession, enabling expansion of the hyporheic zone and more rapid downwelling from
the stream to the hyporheic and riparian zones [e.g., Harvey et al., 1996; Wondzell and Swanson, 1996]. How-
ever, Voltz et al. [2013] demonstrate that cross-valley gradients are both small and relatively static through
base flow recession in this system. Furthermore, observation of hyporheic extent as judged by solute tracer
presence in the monitoring well network and riparian zone indicates the hyporheic zone remains equally
extensive throughout base flow recession [Wondzell, 2006; Ward et al., 2012, 2014]. On this basis, the explana-
tion of cross-valley gradient or hydraulic constraint is not correct for the highly constrained, steep valley bot-
toms of this study. Rather, we attribute origination occurring farther upstream to be a result of the stream
corridor structure. Our conceptual model is that for steep, confined valleys, the down-valley subsurface flow is
relatively constant throughout the season. All discharge in excess of down-valley subsurface capacity is trans-
ported by the stream [Wondzell and Gooseff, 2013; Ward et al., 2016]. This is analogous to saturation excess
overland flow. Under high-discharge conditions, the valley bottom is already near capacity, so the introduced
tracer is transported preferentially in the stream. Under low-discharge conditions, the valley bottom has
excess capacity. The tracer introduced into the stream rapidly downwells because there is down-valley trans-
port capacity in the subsurface. Under this conceptual model, the stream becomes largely an ‘‘overflow,’’ pro-
viding transport when the down-valley discharge exceeds what can be accommodated in the subsurface.
Therefore, valley characteristics are the key controls on transport and connectivity. Stream morphology, then,
is important for local-scale exchanges but likely not dominant for valley-scale exchange, as demonstrated by
the lack of correlation we see between stream form and predicted OLs (Figure 6).
4.3.3. Management Implications for Time-Variable Connectivity in the Stream Corridor
The sustainable management of river corridors is a growing area of interest [e.g., Budd et al., 1987; Kannel
et al., 2008; Kline and Cahoon, 2010; Biron et al., 2014; Buffin-B�elanger et al., 2015]. In mountain streams,

Figure 6. (a, b) Probability of flow path origination along the stream for each watershed and injection. Mean and standard deviations for
each injection are shown along the top of each figure. (c, d) Cumulative distribution of origination probability. The streambed topography
is shown in light gray, associated with the right-hand y axis on each plot. Finally, well transect locations are indicated by the dashed
vertical lines.
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extensive effort has focused on the management of sediment and large woody debris and sediment in the
river corridor which promote exchange in the stream corridor [e.g., Wohl, 2004; Wohl et al., 2017]. One moti-
vation for recent interest is the proposed Clean Water Rule [US DoD and US EPA, 2015] that clarifies hypo-
rheic and riparian zones (i.e., stream corridors) are germane to the physical, chemical, and biological
functions of streams. Consequently, stream corridors are clarified to fall within the scope of the Clean Water
Act [US EPA, 2015], with stream corridor management designed to maintain the physical, chemical, and bio-
logical health of the stream given the well-known ecosystem services associated with connectivity (see
reviews by Brunke and Gonser [1997], Boulton et al. [1998], Krause et al. [2011], Merill and Tonjes [2014], and
Ward [2016]).

Management of stream corridors remains difficult because connectivity between surface and subsurface
waters and the associated ecological functions are known to be spatially variable and temporally dynamic
[Vidon et al., 2010; Jencso et al., 2009, 2010; Jencso and McGlynn, 2011; Pringle, 2003; Bracken and Croke,
2007; Tetzlaff et al., 2007; Blume and Van Meerveld, 2015; Wainwright et al., 2011]. Design of sound manage-
ment strategies requires an understanding of both spatial and temporal dimensions of connectivity
between streams and their corridors. The holistic management of entire stream corridors, rather than just
the streams themselves, is of growing importance because many of the ecological functions rivers provide
occur primarily along subsurface flow paths [Harvey and Gooseff, 2015].

Based on our study of steep, narrow, constrained headwater stream corridors, we outline how connectivity
in the stream corridor could be considered by resource managers for these types of systems. For cases
where flow path geometry is time-invariant (as we hypothesized), identification of the connected locations
could be conducted under any discharge. On this basis, connectivity is readily established and the Clean
Water Act could be applied to the stream corridor as proposed in the Clean Water Rule [US DoD and US EPA,
2015; US EPA, 2015]. However, we found that flow path geometry was dynamic through base flow recession
(contrary to our hypothesis), even for flow paths where hyporheic transport timescales were not signifi-
cantly different between experiments (e.g., WS03, near-stream locations in WS01). In many cases, hyporheic
flow paths may originate immediately at the injection location (X 5 0, Figure 6), suggesting that some flow
paths originating upstream of the injection location were also intersecting the wells. Given this length of
down-valley subsurface transport, the extensive flow path networks that span nearly the entire valley bot-
tom at the field site [Wondzell, 2006; Wondzell et al., 2009; Voltz et al., 2013; Ward et al., 2016], and the
dynamics of the flow paths themselves, identification of a fixed location for management would be difficult.
Instead, a strategy of managing the stream corridor in its entirety would be more appropriate [Hester and
Gooseff, 2010, 2011; Harvey and Gooseff, 2015]. Still, this management strategy presents a logistical chal-
lenge, particularly where the stream or river corridor serves also serves as a corridor for infrastructure and
transportation, or where extensive human activity including agriculture, silviculture, and/or urbanization are
present.

Finally, we acknowledge here that our conclusions are based on study of a specific type of stream corridor
(steep, narrow, and confined). The relationships between valley morphology, discharge, and connectivity
observed in this study—and therefore the recommendations based on them—may not hold in other sys-
tems (e.g., low-gradient rivers in large alluvial floodplains). Still, we contend the HPM provides one way to
characterize connectivity in a stream or river corridor.

5. Conclusions

The hyporheic potential model, as derived, validated, and applied in this study, provides a reduced com-
plexity model to relate transport times in the stream corridor to flow path geometry. This linkage provides a
spatial dimension that has been heretofore lacking from many solute tracer studies. We acknowledge that
the HPM includes several assumptions in its application. The key remaining uncertainty in the model appli-
cation is the subsurface hydrogeologic structure (e.g., hydraulic conductivity and porosity fields). Still, the
hyporheic potential model is the first tool to predict flow path geometry in stream corridors. Furthermore,
the reduced complexity model has relatively modest data requirements, allowing for rapid application as a
forward model to rapidly assess a system of interest or plan for a more detailed field campaign.

In this study, we asked where flow paths originate from the stream channel. We found that most flow paths
originated upstream of the study well network, which was not expected based on our visual inspection of
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the site. By narrowing the ranges of h, K, and S it is possible that these origination ranges could be better
constrained. Next, we asked if origination location was dynamic as a function of in-stream discharge. We
hypothesized that flow path geometry would be stable through base flow recession given relatively con-
stant transit times observed in empirical studies. Instead, despite relatively constant transit times, we found
that flow path origination locations systematically shift in the upstream direction in both WS01 and WS03
with decreasing in-stream discharge. Moreover, we found general trends that hyporheic transport repre-
sents an increasing fraction of total transport length as discharge decreases. We demonstrate that the rela-
tively simple hyporheic potential model detailed in this study could be used to rapidly assess the
connectivity of streams with their hyporheic zones, riparian zones, and floodplains with basic valley bottom
information. The hyporheic potential model or the finite element model presented here could also be
applied in a forward modeling application to plan an experiment or field campaign.
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