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Subsurface flow in lowland river gravel bars

E. N. Bray1,2 and T. Dunne3

1Earth Research Institute, University of California, Santa Barbara, California, USA, 2Center for Environmental Design
Research, University of California, Berkeley, California, USA, 3Bren School of Environmental Science and Management,
University of California, Santa Barbara, California, USA

Abstract Geomorphic and hydraulic processes, which form gravel bars in large lowland rivers, have
distinctive characteristics that control the magnitude and spatial patterns of infiltration and exfiltration
between rivers and their immediate subsurface environments. We present a bedform-infiltration relation
together with a set of field measurements along two reaches of the San Joaquin River, CA to illustrate the
conditions required for infiltration and exfiltration of flow between a stream and its undulating bed, and a
numerical model to investigate the factors that affect paths and residence times of flow through barforms
at different discharges. It is shown that asymmetry of bar morphology is a first-order control on the extent
and location of infiltration, which would otherwise produce equal areas of infiltration and exfiltration under
the assumption of sinusoidal bedforms. Hydraulic conductivity varies by orders of magnitude due to fine
sediment accumulation and downstream coarsening related to the process of bar evolution. This systematic
variability not only controls the magnitude of infiltration, but also the residence time of flow through the
bed. The lowest hydraulic conductivity along the reach occurred where the difference between the
topographic gradient and the water-surface gradient is at a maximum and thus where infiltration would be
greatest into a homogeneous bar, indicating the importance of managing sand supply to maintain the
ventilation and flow through salmon spawning riffles. Numerical simulations corroborate our interpretation
that infiltration patterns and rates are controlled by distinctive features of bar morphology.

1. Geomorphic Dependence of Subsurface Flow

Undulations in the topography of lowland gravel bed rivers arise due to interactions between the flow and
sediment supply and commonly lead to bar and pool morphology variably mantled with gravel and sand
[Leopold, 1992; Milne, 1982]. The flow of river water over an undulating bed creates spatial variations in
hydraulic head at the bed surface that drive infiltration, throughflow, and exfiltration of surface water
through the shallow subsurface [Savant et al., 1987; Vittal et al., 1977]. Thus, geomorphic processes influence
hydrologic exchange along riverbeds, whose hyporheic processes are important for sustaining intragravel
temperature [Alderdice and Velsen, 1978; Beacham and Murray, 1990; Geist et al., 2006], oxygen [Ingendahl,
2001; Wickett, 1954] and sediment [Greig et al., 2005; Hanrahan et al., 2005; Kondolf, 2000; Kondolf, 2000;
Lapointe et al., 2004; Suttle et al., 2004] conditions required for spawning and embryo survival of anadro-
mous and resident fish [Geist and Dauble, 1998; Tonina and Buffington, 2009b]. The spatial pattern and rate
of infiltration are controlled by the spatially varying interactions of the water surface and the topography
and sedimentology of the bed [Tonina and Buffington, 2009a]. Understanding these interactions facilitates
prediction of hyporheic fluxes of water and ventilation of the subsurface [Edwards, 1998], and of whether
management of streamflow or sediment supply might improve the quality of salmonid spawning and incu-
bation habitats.

While many studies of shallow subsurface or ‘‘hyporheic’’ flow at bedform-to-reach scales have focused in
steep headwater river channels, lowland gravel bed reaches have received less attention and differ in sev-
eral ways. First, they have larger drainage areas and gentler bed slopes, which together cause the ratio of
the flow depth to the grain size and even to bedform amplitude to be large. Thus, transport capacities are
usually high enough to entrain a portion of the bed material during bankfull events [Konrad et al., 2002;
Leopold, 1992; Reid and Dunne, 2003] whereas bed material in headwater reaches may commonly be mobi-
lized when debris jams fail [Mosley, 1981] or during large floods or debris flows [Yager et al., 2007]. Second,
disruption of alongstream trends in sediment sorting and diminished sediment transport capacity
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frequently leads to accumulation of fine sediment on the bed [Evans and Wilcox, 2014; Kondolf and Wilcock,
1996] and bed surface armoring which persists under even fully mobile conditions [Church et al., 1998; Par-
ker and Sutherland, 1990; Wilcock and De Temple, 2005]. Further, diminished sediment supply downstream
of dams causes changes in bedform morphology and confines zones of active bedload transport to a nar-
row, finer surface bordered by a coarse, less active bed [Dietrich et al., 1989]. Finally, bed material in headwa-
ter reaches is expected to be coarser as the altitude increases and so also is the hydraulic conductivity
expected to increase [Barontini et al., 2005]. While recent studies on the hyporheic zone have shown that (1)
large rivers play a key role in hyporheic exchange and biogeochemical cycling, (2) the total exchange is
dominated by vertical exchange driven by emergent barform features [Gomez-Velez and Harvey, 2014], and
(3) the thickness of alluvium in gravel bed rivers has a substantial effect on hyporheic flow [Tonina and
Buffington, 2011], few studies have investigated vertical hyporheic exchange in such environments. In this
paper we examine how some of these distinct differences affect infiltration patterns and vertical hyporheic
flow fields in lowland gravel bed rivers.

The convex portions of stream surface profiles have traditionally been interpreted to be areas where infiltra-
tion (or downwelling) occurs while the concave portions of the stream surface is where exfiltration (or
upwelling) occurs. This recognition emerged from theory by Vaux, based on the approximation of head fluc-
tuations by a curved water surface parallel to a bed [Vaux, 1962]. He demonstrated for a stream without
bedforms that downwelling will occur if the bed gradient, hydraulic conductivity, or hyporheic aquifer
depth increase in the downstream direction, and upwelling will occur under the opposite circumstances of
bed concavity, downstream reduction in hydraulic conductivity or substrate depth. Because Vaux’ mathe-
matical model considered no bedforms, it predicted infiltration only where a curve or step in the bed profile
created convexity on a parallel water surface. The parallel water surface assumption leads to an infiltration
depth and magnitude that are set by the thickness of the aquifer with the primary mechanism of exchange
being the curvature-driven exchange.

Subsequent studies demonstrated that bedform topography is a key factor in controlling infiltration and
exfiltration and elicited different suggestions concerning the controls to exchange rates and residence
times of the hyporheic flow field. It is commonly assumed that the head fluctuations due to bed topography
or water surface can be approximated by periodic or idealized sinusoidal waves on an average streambed
elevation that is assumed to be a flat or tilted plane (e.g., dune-like bedforms [Cardenas et al., 2004]). Alter-
natively, studies have measured head fluctuations directly in flumes constructed of regular, periodic wave-
lengths (e.g., riffle-pool sequences [Tonina and Buffington, 2011]). The periodic bed assumption leads to an
infiltration extent that is typically thought to depend on bedform wavelength and amplitude. It has been
shown that areas of the riverbed with high pressure are characterized by downwelling fluxes in which sur-
face water enters the sediment, and low pressure areas exhibit upwelling in which subsurface water enters
the river [Savant et al., 1987; Tonina and Buffington, 2011; Vittal et al., 1977]. This has led to general accep-
tance that in hydrostatic conditions water enters the bed where the water surface slope steepens and exits
where the water surface slope lessens [Boano et al., 2014]. Further understanding was gained by modeling
studies of three-dimensional gravel bedforms. Marzadri et al. [2010] and Tonina and Buffington [2011]
showed that the thickness of alluvium did not control the location or extent of upwelling or downwelling,
but that the thickness of alluvium and bar amplitude was an important control to residence time distribu-
tions. In both studies, the wavelength of the bed topography was defined to be periodic. At present, no cur-
rent analytical model accounts for irregular bed topography. The lack of simple theory or model makes it
difficult to estimate the position and extent of a natural streambed over which infiltration is possible, leav-
ing open the question of where and over what extent infiltration and hyporheic flow occur.

The rate of infiltration and the depth of flow penetration into the subsurface are also affected by spatial var-
iations in the hydraulic conductivity of the sediment, which can be largely random or associated with the
form, genesis and history of the bedforms. Hydraulic conductivity (K) has multiple orders of magnitude of
variation, is scale-dependent, and there appears to be little consensus about how to measure it. There is a
paucity of field measurements of saturated streambed K (Table 1) and methods have included constant
head tests [Barnard and McBain, 1994; Landon et al., 2001; Stillwater Sciences, 2007], constant head injection
tests [Cardenas and Zlotnik, 2003], falling head slug tests [Chen, 2000; Conant et al., 2004; Genereux et al.,
2008; Kasahara and Wondzell, 2003; Rosenberry and Pitlick, 2009; Shope et al., 2012; Stewardson et al., 2016;
Wang et al., 2016], rising head slug tests [Arntzen et al., 2006; Hanrahan et al., 2005; Lautz and Siegel, 2006;
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Leek et al., 2009], measurement of seepage and hydraulic gradient to calculate K [Rosenberry et al., 2016],
and indirect methods based on streambed temperature patterns [Hatch et al., 2010]. Landon et al. [2001]
compared different measurement methods in sand-bedded reaches of the Platte River Basin and found
that spatial variations in K were greater than variations between methods, suggesting that the method
used matters less than characterizing the spatial variations adequately. Owing to the difficulty of measuring
K in the field, several researchers have measured it in laboratory flumes [Packman et al., 2004; Salehin et al.,
2004; Tonina and Buffington, 2007] and others have simply assigned values in models [Boano et al., 2007;
Gomez-Velez et al., 2014; Sawyer and Cardenas, 2009]. While studies on streambed exchange have explored
a range of settings and parameter space, direct measurements of K have extended to the geometry and
sedimentology of small steep upland streams, sand-bed streams, or laboratory-constructed channels, but
only few to gravel bed lowland rivers.

Besides its strongly varying magnitude, streambed hydraulic conductivity is widely reported to have two
other important features: (a) strong spatial variability, and (b) characteristic vertical patterns. Approaches to
addressing spatial heterogeneity have included systematic analyses of the statistical effects of heterogene-
ity in sand-bedded streams by Tonina et al. [2016] and Hester et al. [2013]. Other approaches have been
mostly limited to flume experiments and modeling focused predominantly on sand-bedded dunes and rip-
ples. For example, Salehin et al. [2004] showed for flume-constructed bedforms with lognormally correlated
random permeabilities that heterogeneity favored horizontal flow and limited the vertical extent of infiltra-
tion, resulting in increased fluxes and decreased residence time distributions and hyporheic depth. Flow
simulations by Cardenas et al. [2004] showed that heterogeneity resulted in both increases and decreases in
residence times when compared to a homogenous domain, inducing more vertical flow components.
Despite reviews suggesting that heterogeneity tends to increase hyporheic flow [Boano et al., 2014, pg.
606], simulations of small-scale exchange in climbing sand ripples by Sawyer and Cardenas [2009] and
Bardini et al. [2013], who employed the same heterogeneous permeability fields, concluded the opposite.
Both studies reported that despite the irregular flow patterns, and deeper and longer flow paths arising

Table 1. Literature Values of Streambed Hydraulic Conductivity (K) for a Range of Fluvial Environments Represented by Previous Studies
on Groundwater-Surface Water Exchange or Intragravel Flow

Literature Cited Site Gradient (m m–1) K (m d–1)

Measured in Gravel—Field
Barnard and McBain [1994] McCloud R., Trinity R., Tuolumne R.,

Freshwater Creek, CA, USA

a � 48< 24,000

Stillwater Sciences [2007] Sacramento River, CA, USA 0.0001–0.001 150–2,900
Leek et al. [2009] Touchet River, Southeastern WA, USA 0.008–0.012 < 1–1,000
Hanrahan et al. [2005] Snake River, ID, USA a 2.6–122
Kasahara and Wondzell [2003] Lookout Creek, Western Cascades, OR, USA 0.01 - 0.14 17.3–86.4
Wang et al. [2016] Weihe River, Shaanxi Province, Chine a 5.9 3 1024–61.3
Rosenberry and Pitlick [2009] South Platte River, CO, USA a 32–107
Stewardson et al. [2016] Multiple rivers, France a <1–49

Measured in Gravel—Flume
Packman et al. [2004] Commercial pea gravel, cleaned, experimental flume 0.0009 12,960
Tonina and Buffington [2007] Gravel, experimental flume 0.002–0.004 4,320

Calculated From Tracer Studies
Harvey and Bencala [1993] St. Kevin Gulch, Rocky Mountains, CO, USA 0.067 9.5
Storey et al. [2003] Speed River, Southern Ontario, CA 0.002–0.005 0.864–8.64
Hatch et al. [2010] Pajaro River, Central Coast, CA, USA 0.01 8.64

Measured in Sand—Field
Chen [2000] Republican River, NE, USA a 18.7–43.0
Genereux et al. [2008] West Bear Creek, NC, USA a 0.01–66
Lautz and Siegel [2006] Red Canyon Creek, Rocky Mountains, WY, USA 0.02 0.26–0.86
Cardenas and Zlotnik [2003a] Prairie Creek, South Platte River, NE, USA a 0.15–74.7
Landon et al. [2001] North Platte, Platte River and Tributaries, NE, USA 0.0008–0.0014 �5–380

Measured in Sand—Flume
Salehin et al. [2004] Sand, cleaned, experimental flume a 17.5–3,690

Assigned
Cardenas et al. [2004] Prairie Creek, South Platte River, NE, USA 0.001–0.01 2.5–52.5
Boano et al. [2007] Simulated sand dunes 0.0001 8.64
Sawyer and Cardenas [2009] Simulated climbing ripple deposits 0.0001–0.0002 0.84–84

aNot reported.

Water Resources Research 10.1002/2016WR019514

BRAY AND DUNNE SUBSURFACE FLOW GRAVEL BARS 3



from heterogeneity, the residence time distributions were fairly similar to those of their equivalent homoge-
nous media. In the case of Sawyer and Cardenas [2009], however, the reduction in exchange flux was an arti-
fact of the approach used to determine an equivalent homogenous medium rather than of the
heterogeneity itself. Bardini et al. [2013] further concluded that bedform scale heterogeneity typical of low-
land rivers did not alter residence time distributions, though it is unknown whether the sandy conditions
considered in their investigation are applicable to the broader range of sedimentological conditions in low-
land rivers.

Approaches to addressing vertical variations in K are more common, particularly in model simulations that
assume a layered field of hydraulic conductivities that exhibit decreases with depth [Storey et al., 2003] or
exponential decay with depth [Zlotnik et al., 2011]. Field measurements suggest the assumed vertical decay
in K values was realistic in kind, if not magnitude. For example, Stillwater Sciences [2007] measured K in situ
at depths of 15, 30 and 45 cm in riffles of the gravel-bed Sacramento River (CA); their highest values were at
15 cm and decreased with increasing depth. Leek et al. [2009] documented a smoother vertical gradient in
K between �1 m d21 and 1,000 m d21 between depths of 1.35 m and 0.3 m, and showed variability over
three orders of magnitude between sampling sites on the Touchet River (WA). In situ K measurements taken
at depths of� 12.5 cm in a cobble bed stream with pore spaces filled by fine sediment showed significant
vertical variation (10 – 2,868 m d21) with generally higher K near the surface [Ryan and Boufadel, 2006]. This
trend agrees with measurements taken over a deeper interval (1.1 – 1.8 m) in a gravel bed reach of the
Truckee River with K ranging from 0.005 to 18.7 m d21 [Shope et al., 2012]. However, neither group com-
puted the consequences of these vertical patterns of K in gravel bed rivers on flow circulation within and
underneath the streambed profiles.

Collectively, these observations suggest that, aside from the bed topography, the hydraulic conductivity is
the most important control on hyporheic flux and residence times through barforms, and thus observations
are needed to understand its patterns in relation to topography. Field studies that have directly docu-
mented heterogeneity in K at bedform-to-reach scales are rare [Kennedy et al., 2009] and none have
depicted variations relative to morphology. Nonetheless, the flume studies investigating sediment patterns
in bedforms have documented the tendency for vertical sorting [Blom et al., 2003], layering of sediments
[Packman et al., 2006] as well as stratified beds [Marion et al., 2008] where it was shown that the coarse
armor layer resulted in decreases in residence times and increases in averaged flux rates. The few studies
that have evaluated the effects of low-permeability layers included a flume experiment by Packman and
MacKay [2003] investigating the effects of the deposition of kaolinite clay in a sand bed, and a modeling
experiment by Gomez-Velez et al. [2014], who found that low permeability layers in small-scale dune bed-
forms induced stagnation zones with long residence times between surface water and deeper groundwater.
In the absence of a consensus about the fundamental nature of heterogeneity in K, its influence to hypo-
rheic flow remains largely unexplored, particularly in gravel bed lowland rivers.

A concept that quantitatively describes hydrologic exchange at the sediment-water interface in rivers
involves an analytical solution that combines Darcy’s Law and the continuity equation to illustrate the first-
order conditions required for infiltration and exfiltration of flow between a stream and its undulating bed.
The extent and magnitude of infiltration and exfiltration may be calculated at any distance over the length
of a streambed profile whose bed slope, bedform amplitude and wavelength may be specified from field
measurements and whose hydraulic gradient varies as a function of discharge. We consider the spatial pat-
terns of exchange for the case where the water surface is essentially planar and the case where it has local
curvature as it flows longitudinally over regular sinusoidal bedforms. While some studies refer to bedform-
driven exchange when discussing the effect of dynamic head variations determined in part by surface flow
separation downstream of bedforms [Elliott and Brooks, 1997b], the term ‘‘bedform’’ is used herein to
describe streambed topographic features without specification to their size or grain size composition and
without reference to effects from dynamic head variations specifically.

This simple theoretical model focuses on the most important features of streambed exchange in lowland
gravel bedforms and can be used to provide analytical approximations of the proportion of the bed over
which infiltration and exfiltration is possible. A bedform-infiltration relation, which is based on the analytical
solution and underlying governing equations, is presented that allows us to quantitatively assess infiltration
and exfiltration along irregular or sinusoidal bed profiles. Our interest is in understanding and predicting
the patterns of infiltration along the length of lowland gravel bed rivers for the case where (1) the bedform
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amplitude is the same order of magnitude as the flow depth itself, and (2) the bedforms are stationary.
Some studies have shown that alternating bars can be characterized by a complex distribution of static and
dynamic pressure heads that vary in space [Tonina and Buffington, 2011], while others have shown that the
hydrostatic pressure provides a reasonable approximation of the near-bed pressure distribution for low
amplitude bars and bedforms [Boano et al., 2014; Tonina and Buffington, 2007]. Here, the analytical solution
assumes the absence of strong horizontal variations in K and that the dynamic head fluctuations at the
sediment-water interface are negligible. We ignored dynamic pressure for this first-order treatment analysis
because of our basic intuition from sediment transport (for which purpose the first experiments by Vittal
et al. [1977] were made) that for lowland gravel-bed rivers, the basic scaling of terms in Equation (1) of Thi-
bodeaux and Boyle [1987] indicates that the dynamic pressure gradient term was negligible compared to
the hydraulic gradient term (the water-surface slope). However, if we formally follow the lead of Thibodeaux
and Boyle, we see that the dynamic pressure term (Equation (2)) comes out to �0.00032 to 0.000128 when
using the head term hm in Equation (28) of Elliott and Brooks [1997b] divided by half of a wavelength of 40
or 100 m. This pressure gradient is a maximum because it assumes flow separation downstream of dune
forms, whereas we do not tend to have flow separation downstream of our gradually sloping lee faces of
the gravel bars. In the current context, the simple theoretical analysis applies to a longitudinal two-
dimensional bed profile that can be regular or irregular, but could be adapted to three-dimensional bed
topography. Characterizing the bed by a two-dimensional profile is not meant to claim that the morphology
is fully represented by the longitudinal profile; rather, we use it only to gain some mechanistic understand-
ing that can result in better predictions.

Following the theoretical investigation, we conduct a series of two-dimensional numerical simulations of
real river bed profiles to examine the effects of observed gravel bed morphology and hydraulic conductivity
on the magnitude, extent, and residence time of hyporheic flow along two riffle-pool reaches in the San
Joaquin River, CA USA. The 2D numerical groundwater model (Hydrus2D) [Simunek et al., 1999] numerically
solves the groundwater flow equation for steady, saturated flow, given specifications of the bed topogra-
phy, water surface gradient, K field and porosity. To define the boundary conditions in the 2D groundwater
model, we obtained spatially distributed predictions of water surface elevation, flow depth and velocity
based on a set of prior model simulations using the Sedimentation and River Hydraulics Two-dimensional
(SRH-2D) [U.S. Bureau of Reclamation, 2008] computational model, developed by the U.S. Bureau of Reclama-
tion (USBR). Dynamic pressure head variations over the length of the barform features are included in the
numerical modeling, calculated following Elliott and Brooks [1997b] based on the pressure data from
Fehlman [1985], and applied to the observed bed profiles. We pay detailed attention to the changes in the
extent and magnitude of the streambed flux resulting from gravel bed morphology and observed heteroge-
neity in hydraulic conductivity because these features can be specified directly from our field measure-
ments and because some results of general importance emerge.

2. Theory

The flow of water within a streambed is described by Darcy’s Law

v52K
dh
dx

(1)

where v is flow velocity, K is the saturated hydraulic conductivity, and dh=dx is the water surface slope.
Intragravel flow within a streambed of unit width follows the continuity equation

q5Av (2)

where q is the flow per unit width and A is the cross-sectional area per unit width of the streambed aquifer
(i.e., the thickness per unit width), and v is the Darcian flow velocity.

Vaux [1962] specified that interchange, or exchange I, is the flow rate of stream water entering or exiting
the streambed per unit area of the streambed surface. The infiltrating flow is equal to the rate of change of
subsurface flow into the streambed. Vaux considered the mass balance in the direction parallel to a planar
bed with a step. In contrast, we are considering flow over a low gradient streambed to be essentially hori-
zontal and exchange (infiltration or exfiltration) may be expressed as
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I5
dq
dx

(3)

Application of the Dupuit approximation of Darcy’s Law to (2) and (3) for a homogenous aquifer yields

I5
d Avð Þ

dx
52K

d A � dh
dx

� �
dx

� �
(4)

where h is the water-surface elevation, the total hydraulic head driving flow through the bedform. In the
presence of bedforms, A xð Þ, and differentiating gives us

I52K � dh
dx
� dA

dx

� �
1 A � d2h

dx2

� �� 	
(5)

where dh=dx is the average water surface gradient (negative in the streamwise direction) and d2h=dx2 is
the curvature of the water surface. Our differentiation in Equation (5) reflects the fact that, in the presence
of an undulating bed surface, the cross-sectional area of the bed aquifer, A, varies with x. We note that
Equation (5) does not explicitly account for the bed slope.

We express the elevation of an idealized bed surface z with a sloping sinusoid (Figure 1) as

z5z01xtan a1
l

cos a
� sin

2px
kcos a

� �
(6)

where z is the bed elevation at distance x, z0 is the elevation of the bed surface at x50, tan a is the average
gradient of the channel bed (negative in the streamwise direction), which must be equal to the water sur-
face gradient over distances on the order of the reach length in order to retain the flow within the channel,
l is the amplitude of the sinusoidal topography, and k is the wavelength of the sinusoidal topography.
Thus

dz
dx

5 tan a1
l

cos a
� cos

2px
kcos a

� �
� 2p

kcos a

� �
(7)

and

d2z
dx2

5 2
l

cos a
� sin

2px
kcos a

� �
� 2p

kcos a

� �2

(8)

The elevation of the impermeable boundary at the base of the aquifer beneath the stream can be
defined as

Figure 1. Conceptual diagram of an idealized sloping sinusoidal riverbed underlain by an aquifer of a given thickness and a lower imper-
meable boundary.
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zu5 z02d1xtan að Þ (9)

where d is the thickness of the porous bed below the upstream bed elevation z0 and is assumed to be con-
stant. The cross-sectional area A of the aquifer per unit width w is

A5z2zu5 z01xtan a1
l

cos a
� sin

2px
kcos a

� �
2 z02d1xtan að Þ

which simplifies to

A5
l

cos a
� sin

2px
kcos a

� �
1d: (10)

In order to consider infiltration and exfiltration I in the presence of bedforms, we substitute A in Equation
(10) into Equation (5) and differentiate to define flow into and out of a sloping sinusoidal bed of a given
cross-sectional area:

I52K �

dh
dx
� l

cos a
� cos

2px
kcos a

� �
� 2p

kcos a

� �� �
1

l
cos a

� sin
2px

kcos a

� �
1d

� �
� d2h

dx2

� �

8>>><
>>>:

9>>>=
>>>;

(11)

The bedform-infiltration relation (Equation (11)) indicates that the rate of change of Darcian flow
through a sloping sinusoidal bed takes place by two principal mechanisms: (1) topographically-driven
flow induced by the interaction of the average head gradient and the bed topography and the spatial
variations of the streambed area (shown by the first term in square brackets on the right-hand side of
Equation (11)), and (2) water surface curvature-driven flow induced by the combined waviness of the
water surface and bed surface (shown by the second term in square brackets on the right-hand side of
Equation (11)).

The water-surface curvature is most strongly controlled by the bedform topography when the flow just
overtops the riffles and it is least affected when the flow is deep enough to ‘‘wash out’’ their influence
and the water surface is more or less planar near bankfull flow (Figure 1). Thus, in lowland gravel bed
rivers, the water surface curvature d2h=dx2 is likely to be an order of magnitude smaller than the bed-
form curvature d2z=dx2, and it is likely to be smaller during high flows (i.e., when pertubations in the
water surface are drowned out) and greater during low flows when the bedforms perturb the velocity
field more intensively. To capture this inverse relationship between flow depth and the curvature of the
water surface, we let C be represented by the magnitude of the average water-surface gradient in our
study reach, which was 0.001 at the highest flow and 0.003 at the lowest flow (Supporting Information
(SI) Table S1):

d2h
dx2
ffi C � d2z

dx2
: (12)

Here we are simply trying to obtain a scale for the magnitude of the water-surface curvature, based on field
experience from lowland gravel-bed rivers.

When we analyze our field data, a conclusion is that the second term in square brackets on the right-hand
side of Equation (11) can be negligible for rivers like those of our study area (Table S1). In similar cases
where the water surface curvature is negligible, the second term in square brackets on the right-hand side
of Equation (11) goes to zero and Equation (11) can be reduced to:

I52K � dh
dx
� l

cos a
� cos

2px
kcos a

� �
� 2p

kcos a

� �� �� 	
(13)

The simplified form of Equation (11) (in the absence of strong water surface curvature) indicates that the
mechanism driving infiltration is induced by the interaction of the average head gradient and the bed
topography (shown by the first term in square brackets on the right-hand side of Equation (11)). However, it
is not immediately apparent where the terms for the bed topography (z) or the gradient of the bed topog-
raphy (dz=dx) appear in the current form of Equation (13).
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Recall Equation (7) defines dz=dx. When we rearrange Equation (7) as

dz
dx

2 tan a5
l

cos a
� cos

2px
kcos a

� �
� 2p

kcos a

� �
(14)

the left-hand term dz=dx 2 tan að Þ may be substituted into Equation (12) as follows:

I52K � dh
dx
� dz

dx
2 tan a

� �
(15)

We pay attention to the sign of the terms in Equation (15): 2K is a negative term and dh=dx is a negative
term, so together these two terms are always positive. In contrast, the sign of dz=dx 2 tan að Þ varies
between positive or negative. Therefore, the sign of I depends upon, and is the same as, the sign of

dz=dx 2 tan að Þ.

If we assume that (1) at the reach scale, the angle of the average bed slope, a, is the same as the angle of
the average water surface, h, and the slope of aquifer bottom (dzu/dx), and since we know that (2) tan a is
equal to dh=dx, then Equation (15) can be re-written as

I52K � dh
dx
� dz

dx
2

dh
dx

� �
(16)

From Equation (16) it is shown that

I > 0 is the same as 2K � dh
dx
� dz

dx
2

dh
dx

� �� �
> 0 (17)

Because the term 2K � dh=dxð Þ is a net positive term, the right term in Equation (17) reduces to

I > 0 is the same as
dz
dx

2
dh
dx

� �
> 0 (18)

which can be re-arranged to define a final bedform-infiltration relation as:

I > 0 when
dh
dx

<
dz
dx

Infiltrationð Þ

I < 0 when
dh
dx

>
dz
dx

Exfiltrationð Þ (19)

Thus, one can simply calculate where along the length of a riverbed I is positive (and where I is negative) by solv-
ing for the above inequalities in Equation (19). Infiltration occurs where dh=dx is more negative than dz=dx,
and exfiltration occurs where dh=dx is greater than dz=dx. As defined in Equation (5), dh=dx is a constant
negative quantity; therefore infiltration is increasing where A is increasing (i.e., where the bed is rising so dz=dx is
less negative than dh=dx). The area over which the bed is rising—and thus where streambed thickness is
increasing—is where dz=dx is positive and can be computed directly from Equation (7).

The advantage of the bedform-infiltration relation in Equation (11) is that it can be used to plainly calcu-
late where infiltration can occur along any regular or irregular bed topography with a water surface gra-
dient that varies and has curvature. While the bedform-infiltration relation presented in Equation (19)
may not be applicable to small-scale bedforms or in the presence of strong water surface curvature, its
utility is that it allows one to simply approximate the location and extent of streambed infiltration and
exfiltration for conditions like those considered here. In the case of negligible water surface curvature, a
constant value for dh=dx can be used; subsequent results obtained following Equation (11) will then be
identical to those of Equation (19) because the second term on the right-hand side of Equation (11) goes
to zero.

3. Methods

The present analysis uses field measurements that were taken along a 2-km reach of the San Joaquin River,
beginning at River Mile 259.4 approximately 13.2 km downstream of Friant Dam, near Fresno, California,
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Figure 2. (a) Location of the 2 km study area located approximately 13 km downstream of Friant Dam on the San Joaquin River near Fresno, CA, USA. (b) Detailed aerial map of the 2 km
study reach and locations of each of two 150 m long riffle-pool reaches. Also indicated are the locations at which point measurements of streambed hydraulic conductivity were taken
at a baseflow of 10 m3 s21, the line along which elevation was selected to define the longitudinal streambed profile in the subsurface model domain, and the two riffle-pool reaches
upon which this study is focused. (c) Detailed riffle-pool terrain, referred to as Riffle 1 (upstream, at right) and Riffle 2 (downstream, at left). Shown below are (d) corresponding photos
illustrating sediment grain size at a K measurement location in Riffle 2 (left) and the location of the thalweg with a fully-submerged lateral bar in Riffle 2 (right).
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USA (Figure 2). The 2-km study reach is an anabranch of a gravel-bedded channel with low sinuosity bends
expressed as riffle-pool sequences. The anabranch has a mean bankfull width of approximately 60 m and a
mean bankfull depth of 0.85 m with an average channel gradient of 0.00059. The riffles average 150 m in
length and alternate with pools/runs that average 1200–1500 m in length. The average spacing between rif-
fles/pools is roughly 20 channel widths.

Each of the riffle-pool sequences (referred to as Riffle 1 and Riffle 2 in Figure 2b) consists of a deep pool
upstream of a low-amplitude bend that widens and shoals to an oblique riffle crest and lateral bar. Opposite
the bar is a narrow, deep scour hole (pool) coinciding with the apex of the bend that shoals to a second
elongated midchannel bar. The bars are the eroded remnants of the channel morphology established by
the predam flow regime and gravel supply. Riffles throughout this reach have been referred to as ‘‘riffle clus-
ters’’ owing to the occurrence of widely separated pairs of bars.

Field surveys using the Wolman pebble count method and bulk samples [California Department of Water
Resources, 2010; U.S. Bureau of Reclamation, 2014a] in Riffle 1 indicate that the surface is composed of cob-
bles and coarse gravel, with a median particle size of 64 mm with 84% finer than 80 mm, and 90% finer
than 83 mm. In Riffle 2, the surface has a median particle size of 82 mm with 84% finer than 114 mm, and
90% finer than 119 mm. The percent gravel ranges from �70–95 percent throughout the 2-km study reach,
while the remaining fraction is comprised mostly of sand.

3.1. Field Investigation
3.1.1. Hydraulic Conductivity
Saturated hydraulic conductivity was measured in situ with a backpack permeameter and a modified Mark
VI Groundwater Standpipe using constant head methods of Terhune [1958]. The permeameter measure-
ments were taken during a constant streamflow of 10 m3 s21 at 22 sites distributed over the length of two
riffle-pool reaches (Figure 2b). At each site, five to eighteen replicate measurements were taken and the
average value was calculated. The measurements were taken after a regulated pulse flow of 20 m3 s21 dur-
ing which we observed local mobility of sand and gravel.

The modified groundwater standpipe consisted of a 64-cm length of steel pipe (2.5 cm inner diameter,
3.2 cm outer diameter) tipped with a steel drive point and driven into the streambed with a drive cap and
slide hammer. This installation method minimized disturbance to the sediment surrounding the piezometer
while measuring the hydraulic conductivity. The lower 5 cm immediately above the drive point is perforated
with evenly spaced rows of 3.2 mm diameter holes screened with stainless steel gauze and secured in place
by a perforated external steel casing to minimize blockage by fine sediment. Piezometers penetrated the
bed to a constant depth of 61 cm, with a midscreen depth located approximately 46 cm below the stream-
bed surface. This depth was selected due to its ecological relevance for salmon spawning [Crisp and Carling,
1989; DeVries, 1997; Montgomery et al., 1996]. Due to difficulty of further advancing a standpipe of relatively
large diameter into a tightly compacted and armored bed, K was measured at a single depth at each sam-
pling location.

Calibration results of subsequent experiments by Barnard and McBain [1994] demonstrated that the existing
Terhune calibration curve is applicable and future calibration is unnecessary if the standpipe perforations
are prepared according to similar design. The hydraulic conductivity values were standardized to a water
temperature of 108C based on a viscosity correction factor of 0.9 following Figure 6 in Barnard and McBain
[1994]. The locations of hydraulic conductivity measurements are shown in Figures 2b and 2c and illustrated
with photographs in Figure 2d.
3.1.2. Terrain and Water Surface
We used a two-dimensional hydraulic model to obtain spatially-distributed predictions of water surface ele-
vation for a model of the hyporheic flow field. A two-dimensional hydraulic model of Reach 1a was origi-
nally developed and validated for the San Joaquin River (SJR) ‘‘Reach 1a’’ between Friant Dam and Gravelly
Ford by the U.S. Bureau of Reclamation and used herein for select steady state flow simulations. A digital
terrain model was used to define the elevation of the streambed for each of the two riffle-pool reaches
using 2007–2008 photogrammetry, and bathymetry by CDWR and Tetra Tech (USBOR, personal communi-
cation, 2013).

Hydraulic model runs were performed using the validated SRH-2D model for each of three experimental dis-
charges used in our simulations: 4.5 m3 s21, 10 m3 s21, and 20 m3 s21. Spatially-explicit values were
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obtained for water surface elevation, depth, and velocity along the length of the reach. We extracted the
values of the bed and water surface elevation along the thalweg to define the model domain and boundary
conditions at the sediment-water interface for the groundwater model. Values of velocity were used in cal-
culation of the dynamic pressure head. Because the 2D flow model provides only the hydrostatic head,
dynamic pressure head variations over the length of the barform features were calculated following Elliott
and Brooks [1997b] based on the pressure data from Fehlman [1985], and applied to the boundary condi-
tions over the length of the observed bed profiles. For additional detail regarding the SRH-2D model for the
study reach, including the boundary conditions, spatial resolution, and validation, the interested reader is
referred to U.S. Bureau of Reclamation [2008, 2014b].

3.2. Analytical Investigation
We used the analytical solution for bedform infiltration in Equation (11), and the bedform-infiltration rela-
tion presented in Equation (19), together with realistic values for slope, amplitude, wavelength, and hydrau-
lic conductivity informed by our field measurements within the 2-km study reach to quantitatively
understand the position and extent of infiltration characteristic of lowland river gravel bars.

Four different idealized morphologies were evaluated: (1) a sinusoidal bed with l 5 0.4 m, k 5 40 m and
tan a 5 20.005; (2) a sinusoidal bed with l 5 1 m, k 5 50 m and tan a 5 20.005; (3) an asymmetric bed
with bedforms composed of a shorter stoss face and longer lee face; and (4) an asymmetric bed with bed-
forms composed of a longer stoss face and shorter lee face. For the sinusoidal beds, the streamwise slope
of the water surface tan h is assumed to be equal to the average bed slope tan a and is negative in the
downstream direction. We compared the magnitude of the forces driving the exchange, and then com-
pared infiltration zones with and without water surface curvature. For a range of bedform wavelengths and
amplitudes, the proportion of the bed over which infiltration occurs was then calculated and compared
across different bed morphologies.

3.3. Numerical Simulations
We used a two-dimensional numerical model of Darcian flow in the vertical and longitudinal direction to
obtain steady-state, spatially-distributed predictions of pressure head, velocity, and flow direction through
each pool-riffle sequence (Hydrus2D) [Simunek et al., 1999]. We examined the subsurface response to a
series of controls, with particular focus on quantifying the location and extent of infiltration and exfiltration,
the residence time distribution, and the flux of groundwater. The 2D model numerically solves the ground-
water flow equation for steady, saturated flow, given the boundary conditions defined by the hydrostatic
and dynamic variations in pressure head and specifications of K and porosity. A 2D representation was con-
sidered adequate for our purposes because the channel curvature and asymmetry in the cross-stream direc-
tion are small, and we are concerned mainly with illustrating general patterns of vertical hyporheic
exchange in riffle-pool sequences in wide rivers with minor curvature rather than reproducing the details of
flow fields at any particular site.

The profiles of the two pool-riffle sequences were discretized into a structured triangular finite element
mesh. The numerical domain of each reach is 2 m deep in the vertical (below a line through the highest bar
tops), 150 m in the horizontal, with the surface boundary representing the streambed thalweg along the
dotted line shown in Figure 2c. The aquifer is composed of fourteen layers. The thickness of each layer is
proportional to the bed elevation relative to the elevation maximum at the riffle crest (approximately 14 cm
below the elevation maxima in the reach). Because the groundwater model domain is composed of an
irregular mesh grid, the 14 layers are thicker where the bed elevation is the highest, and thinner where the
bed elevation is lowest. The depth to the lower boundary was estimated due to a lack of measurements of
aquifer thickness in the study reach.

The model simulates subsurface flow along the length of a single riffle-pool sequence with one to two bed-
form wavelengths. The lower aquifer boundary was chosen to be parallel to the average reach water surface
for the 10 m3 s21 flow event and its position remained constant across simulations. The upstream vertical
boundary (x 5 0) is assigned a constant flux calculated from the water-surface gradient and the transmissiv-
ity profile separately for each scenario. The downstream vertical boundary is assigned a gradient boundary
condition often used at the sides of the Hydrus transport domain and reflects the slope of the bed. The final
surface boundary is the sediment-water interface at the streambed, with pressure head boundary
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conditions determined from water depths computed for each of three experimental discharges (4.5 m3 s21,
10 m3 s21, and 20 m3 s21) with the calibrated SRH-2D flow model. Dynamic pressure head variations over
the length of the barform features were calculated following Elliott and Brooks [1997b] based on the pres-
sure data from Fehlman [1985] and applied to the boundary conditions over the length of the observed
bed profiles, as was done in previous studies [Marzadri et al., 2014] (SI).

Residence time was calculated by tracking of neutrally buoyant particles under steady boundary conditions
with the particles originating at the bedform surface and traveling during the simulations of finite duration
(2,000 simulated days). The simulation time thus limits how far some of the particles can travel, and the
model limits the number of particles that can be tracked per simulation. For each simulation, particles were
placed at 2 m intervals along the streambed surface in the model domain, and were tracked at hourly inter-
vals throughout the simulation period. We also calculated mean hyporheic depth as the average vertical
extent of all particle flow paths and the mean flow path length as the average horizontal distance between
entry and exit points of hyporheic flow paths. The hyporheic depth is defined here and elsewhere [Tonina
and Buffington, 2011] as the maximum vertical distance traveled by any water particle that originated as sur-
face water during the simulation period. These metrics have emerged within the study of hydrologic
exchange between groundwater and surface water, including the hyporheic exchange depths [Tonina and
Buffington, 2011; Valett et al., 1990], and the distribution of residence times, often calculated with tracers
[Haggerty et al., 2002] or with particle tracking procedures [Tonina and Buffington, 2011]. Some particles
originating at the streambed surface are not transported during the particle tracking simulations and the
program simply records them as not exiting the domain. Residence times of particles less than 0.1 hours
were excluded from this analysis because it is small compared to typical streambed residence times. For
this reason, reported residence times are conservative estimates because either the model domain (150 m)
or simulation time (2,000 days) was not sufficiently long to compute residence times of those particles origi-
nating at the streambed. Some particles may remain in motion in the subsurface for longer distance/time
than is the scope of the current investigation. Fluxes into the streambed were calculated by summing the
fluxes per unit area of streambed contributions from infiltration. While model simulations yield many flow
paths through the bedforms, for this study it was useful to constrain the results to only those flow paths
originating at the streambed (as opposed to the upstream vertical boundary) in order to focus on the sub-
surface response to bedforms. We do not include fluxes into or out of the domain through the upstream or
downstream vertical boundaries. For each simulated condition, we mapped the extent of infiltration and
exfiltration and calculated the length of streambed for which fluxes were positive or negative. Summary sta-
tistics for the residence time, mean flow path length and mean hyporheic depth were calculated for each
model scenario.

Spatial patterns of hydraulic conductivity were assigned for every model simulation. We initially assumed
the subsurface to be uniform and isotropic, followed by simulations of heterogeneous K fields based on the
in situ measurements, which though highly variable provide a measure of realism. Because the field meas-
urements of K were taken at spatial intervals of tens of meters over the length of two riffles, and were mea-
sured at a uniform depth of 46 cm, we first utilized local polynomial regression fitting to interpolate values
at the 2 m spatial resolution along the streambed surface boundary. We then constructed three different
plausible heterogeneous K fields based on the sparse measurements to illustrate other potential effects of
heterogeneity characteristic of lowland gravel bars. Details of the heterogeneous K fields are described
below. Altogether, we constructed 16 simulations comprising 8 scenarios for each of two riffles.

Simulations 1 through 3 assumed uniform and isotropic K of three different magnitudes based on the range
of our field measurements: 20, 200, and 2,000 m d21. In these initial simulations, the water surface gradient
was held constant corresponding to a discharge of 10 m3 s21. Next, we employed uniform and isotropic K
taken from the middle of the range of our field measurements (2,000 m d21) to investigate the effects of
changes to the discharge. As such, Simulations 4 and 5 used boundary conditions corresponding to a dis-
charge of 4.5 and 20 m3 s21, respectively.

Next, the field measurements indicated that two spatial trends in the hydraulic conductivity exist despite
the high variability of K arising from measurement uncertainties and sedimentology. First, we observed that
K along the bed surface can vary both randomly and with a trend, related to the genesis and inter-flood
evolution of gravel bars. Second, particle size data at our own site and observations elsewhere indicate a
difference between the loose, surface layer and the denser, more fines-rich subsurface, suggesting that K
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decreases with increasing depth. However, it is not possible to establish from the sedimentology of our
sites, or from vertical K profiles measured in gravelly reaches of the Sacramento River [Stillwater Sciences,
2007] whether a monotonic or layered profile of K is more widespread or applicable in particular sites. Simu-
lations 6 through 8 assumed each of three examples of K decay with depth: exponential decay, linear decay,
and stepped decay. The exponential decay of K ranged from 2,000 m d21 at the streambed surface to 20 m
d21 at the bottom boundary given by K5k0eln 100ð Þ� 12n=n0ð Þ where k0 is the K value at the lower impermeable
boundary, n0 is the total number of K layers beneath the streambed surface, and n is a given layer within
the streambed profile. In this scenario (Simulation 6), the interpolated field measurements were not used to
define the upper streambed horizon. Instead, a single K value taken from the middle of the range of our
field measurements was imposed uniformly along the length of the streambed surface boundary, with each
underlying layer being uniform along its length and smaller in magnitude than the overlying layer. In con-
trast, Simulations 7 and 8 both utilized the observed along-stream K values that are interpolated from our
field measurements and assigned them to the upper 8 layers of the K domain representing a spatially-
variable coarse surface layer. In the linear decay case (Simulation 7), K decays linearly over the lower remain-
ing fraction of the bed profile at a rate of 0.125 times the overlying streambed surface value subtracted
from the immediate overlying K value. Thus, each K value along the bottom boundary varies according to
the magnitude of their surface value. Last, in the stepped decay case (Simulation 8), the K decreases in a
step-wise manner over the lower remaining fraction of the bed to an intermediate and lower value (2 m
d21). Values assigned to the lower boundary were chosen based on average values reported for sandy beds
and the lower range of values for finer gravel beds (e.g., Table 1). This stratigraphy aims to represent sys-
tematic sorting of a wide distribution of grain sizes at the surface, each of different mobility, underlain by a
more homogenous, impacted, and finer grained material that has been immobile over seasonal time scales.
The heterogeneous K fields assigned in Simulations 6 through 8 will be illustrated in the results.

4. Results: Theory

An analytical bedform-infiltration relation presented in Equation (19) for sinusoidal or irregular beds (and
Equation (11) for sinusoidal beds) indicates that the rate of change of Darcian flow through bedforms takes
place by two principal mechanisms: (1) bedform-driven flow induced by the interaction of the head gradi-
ent and the bed topography (the first term on the right-hand side in Equation (11)), and (2) water surface
curvature-driven flow induced by the linked curvatures of the water and bed surfaces (the second term on
the right-hand side in Equation (11)). Figures 3a and 3b show the infiltration flux over distance for sloping
sinusoidal beds of two different amplitudes l and wavelengths k, with aspect ratios (k=l) of 100 and 50,
respectively. Overlaid upon the infiltration flux (black line) is the partial contribution to infiltration from
Term 1 (red line) and Term 2 (blue line). For lowland gravel bedforms with amplitudes that are the same
order of magnitude as the flow depth itself and aspect ratios (wavelength/height of geomorphic features)
that are usually 10 or greater [Boano et al., 2014; Church and Rice, 2009], the dominant mechanism driving
infiltration arises from the interaction of the bedform topography and the head gradient represented by
Term 1. This is an important result, which helps to provide quantification of the conceptual model proposed
in Buffington and Tonina [2009]. In contrast, the curvature of the water surface (Term 2) provides a much
smaller contribution to infiltration when it is assumed to be some fraction of the bed curvature (Equations
(8) and (12)). Here we assume tan h is 20.005, and K is 20 m d21.

Combining these two terms, Figure 3 shows that, for the conditions studied, water generally only enters a
bedform where the local bed gradient (dz=dx) exceeds the water-surface gradient (dh=dx), which occurs
over 50% of the sloping sinusoidal bed. The proportion of the bed over which infiltration occurs is shown
following Equation (11) in Figures 3c and 3d where dh=dx is more strongly negative than dz=dx, and follow-
ing Equation (19) in Figures 3e and 3f where I is positive. The first thing we note is that the two require-
ments for infiltration yield essentially identical solutions. The prediction following the bedform-infiltration
relation in Equation (19)—that infiltration occurs where dh=dx is more strongly negative than dz=dx—is
consistent with and almost identical to the prediction following the analytical solution derived in Equation
(11). In both Figures 3c and 3e, the curvature of the water surface d2h=dx2 is ignored to later demonstrate
the difference that the curvature imposes on the infiltration patterns (however, one could obtain the water
surface curvature empirically from a hydraulic model). The second thing we note is that infiltration can
occur only along the stoss face (upstream) of the bedforms where the bed is rising, and thus where the
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streambed thickness (dA/dx) is increasing. Conversely exfiltration occurs on the lee face (downstream) of
the bedforms. In the case of purely bedform-driven flow (Figures 3c–3f), flow can only enter the bed from
the trough to the bedform crest—but not beyond the crest.

In the presence of water surface curvature (Figures 3g and 3h), some infiltration can occur slightly beyond
the peak of the bedform due to the fact that water surface curvature ranges from negative where the
topography is convex up to positive where the bed is concave up. Because d2h=dx2 is negative over the
bedform peaks and remains negative for some distance beyond the crest, it contributes a small amount to
infiltration at and slightly downstream of the crest, explaining why the proportion of the bed with infiltra-
tion is equal to or slightly greater than that in the absence of curvature. For the bedforms with a greater
amplitude and wavelength (k 5 50m and l 5 1m) only, the water surface curvature causes the proportion
of the bed with infiltration to increase from 50% to 54% (Figures 3f and 3h). Conversely, positive values of
water surface curvature occur along the pools until reaching the inflection point in the bed topography. In
these pool locations, the positive water surface curvature resists infiltration and promotes exfiltration. The

Figure 3. Infiltration along sloping sinusoidal and asymmetric riverbed profiles. A bedform-infiltration relation indicates two mechanisms
are convolved: (1) the flow due to the bedform-gradient interaction (‘‘term 1’’); (2) the flow due to the water surface curvature (‘‘term 2’’).
The partial contribution to infiltration from terms 1 (red line) and 2 (blue line) are plotted in Figures 3a and 3b for sloping sinusoidal beds
of different amplitudes l and wavelengths k while holding K constant (20 m d21). The net infiltration from both terms is shown by the
black line. The corresponding proportion of the bed over which infiltration occurs is shown following Equation (11) in Figures 3c and 3d,
and following Equation (19) in Figures 3e and 3f. In Figure 3c through Figure 3f the curvature of the water assumed to be negligible. In
contrast, Figures 3g and 3h illustrate the effect of water surface curvature on the extent of infiltration. In Figures 3i and 3j, the bed is
asymmetric, drastically reducing the infiltration area to 20% for a bed with a shorter stoss face (Figure 3i) and increasing it to 80% for a
bed with longer stoss face (Figure 3j). The sign convention for infiltration in Equation (11) and Equation (19) is positive into the bed (I> 0).
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water surface curvature has a negligible effect on the proportion of a bedform reach that accommodates
infiltration for the range of lowland bar conditions considered here. The second way that the water surface
curvature-dependence might affect the infiltration is through changes in the magnitude of the total infiltra-
tion, induced by differences in the total thickness of the porous aquifer d, which influences the amount of
aquifer area over which the curvature effect on the water surface propagates through the subsurface.
Though changes in the aquifer thickness with respect to x occur near the bed surface, the second term on
the right-hand side of Equation (11) (‘‘Term 2’’) indicates that the depth to the impermeable boundary, d, is
multiplied by the water surface curvature. Thus, the degree to which the water surface curvature has an
effect on infiltration depends on the value assigned to d, with a deeper impermeable boundary amplifying
the curvature-driven effect.

Changes to the amplitude l or wavelength k of the sinusoidal bedforms can only alter the extent of infiltra-
tion by a few percent despite the fact that such changes can alter the relative magnitude of each of the two
contributions to infiltration. This can be seen by comparing the left and right panels in Figure 3. As long as
the bedforms are defined by a sinusoidal wave—regardless of changes to l and k—the proportion of bed
over which infiltration is possible is locked to the topography and the prediction will be that infiltration
occurs over approximately 50% of the length of the bed.

If the topography deviates from sinusoidal and instead is composed of irregular or asymmetric bedforms,
then the extent over which infiltration is possible is strikingly different (Figures 3i and 3j). Bedform morphol-
ogy characterized by a short, steep rising stoss face and a longer lee face (Figure 3i) is unfavorable to hypo-
rheic exchange, with infiltration restricted to only �20% of the bed. In contrast, bedform morphology with
a longer stoss face and a shorter lee face (Figure 3j), as is commonly assumed for sandy ripples and dunes,
is more favorable to hyporheic exchange with infiltration occurring over �80% of the bed. The asymmetric
topography imposes a first-order control on the proportion of the bed over which infiltration is possible. If
the upstream limbs of the bar forms are shorter and steeper than the downstream limbs of the bar forms,
then the proportion of the bed available for infiltration is constrained by the topography alone, thereby lim-
iting hyporheic exchange. This is the case at our field site (Tab. S2).

Figure 4 shows the relationship between the proportion of the bed over which infiltration can occur and
the bedform aspect ratio (k=l). For the range of bedform amplitudes and wavelengths typical of lowland

Figure 4. Relationship between the proportion of the bed over which infiltration can occur and the bar wavelength/amplitude. Shown is
the infiltration extent along sloping sinusoidal streambeds, reported as a percentage of the bed length for different aspect ratios (wave-
length/amplitude of bedforms). Colors denote different values of k across a range of l (0.01–5 m). Here we assume a constant slope of –
0.005, a constant aquifer depth of 5 m, and uniform K of 20 m d21.
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gravel bed rivers and aspect ratios (wavelength/height of geomorphic features) that are usually 10 or
greater [Boano et al., 2014; Church and Rice, 2009], almost all of the infiltration occurs due to the interaction
between the bedform topography and the average water surface gradient (and thus the alluvial thickness)
as opposed to the water surface curvature (Figure 3). This can be seen in Figure 4 by comparing the solid
lines, which account for water surface curvature, to the dotted line omitting water surface curvature. As val-
ues of k=l approach the lower range (typical of shorter bedforms such as dunes and ripples) the proportion
of the bed with infiltration increases because of the water-surface curvature effect. As the bedform aspect
ratio (k=l) increases, each of the solid lines converge upon the strictly bedform-driven case where water
surface curvature is omitted (dotted line). When values of k=l approach 50 or more, the extent of infiltration
is locked to and remains near 50% of the bed regardless of the combination of l and k, and varies only by a
few percent across the different bedform wavelengths. The bedform infiltration relation dh=dx < dz=dx,
which is nearly equivalent to I > 0, captures the relative role of the water surface gradient, topographic gra-
dient, and water surface curvature driving the hyporheic flow into and out of the bed. The case of purely
bedform-driven infiltration can be expected to apply for the vast majority of bedform amplitudes and wave-
lengths in lowland gravel rivers, or when the water surface gradient is constant over the length of a reach
and d2h=dx2 is small. The bedform-infiltration relation in Equation (19) allows one to easily predict where
infiltration is possible along any irregular bed topography simply by calculating the values of dz=dx and dh=
dx along each increment of x. Irregularities of the bed topography can be influential enough that infiltration
may be limited to only 20% of the bed (Figure 3), whereas that proportion increases to about 50% of the
bed in the sloping sinusoid case for the hydrostatic and constant water-surface slope conditions considered
here. For real riverbed profiles and a range of discharge, the spatial extent of the inequality in (19) and of
the water surface curvature can be defined from the topographic input data and the water surface eleva-
tions calculated with a two-dimensional flow model and conveniently mapped in a GIS. Thus, by accounting
for bedform asymmetry and calculating the infiltration along the whole channel, it is shown that a signifi-
cant proportion of infiltration potential at the bed can be lost or gained due to the prevailing barform
feature.

5. Results: Field Observations

Discharge and water surface gradient (dh=dx) in the streamwise direction are inversely related (Figure 5a).
Model simulations show that the average water surface slope dh=dx along the study reach ranges from
20.001 at high flows (20 cms) and increases to 20.003 at low flows (4.5 cms) (Table S1), with a steeper
water surface slope over the length of the riffles at low flow. The vertical exaggeration of topography in Fig-
ure 5a makes the streambed surface look rough, but the irregularities along the underlying bar-pool fea-
tures are only the size of large particles. The inverse relationship of discharge and dh=dx implies that the
magnitude of infiltration is greater at low flow than at high flow, though the generality of this result for a
three-dimensional case or other two-dimensional cases is not known.

The in situ measurements of hydraulic conductivity yielded three interesting observations (Figure 5b): (a)
hydraulic conductivity varies by orders of magnitude over the length of a riffle-pool reach, (b) systematic
downstream coarsening of the surface layer arises due to the genesis of gravel bars, driven by episodic local
bedload transport of gravel that we observed in a minor pulse flow, and (c) sand transported by saltation
and suspension during moderate flows and floods permeates the gravel on the crests of riffles while epi-
sodic plumes of sand were observed slightly downstream of bar tails.

The K measurements indicate that the observed heterogeneity covaries with topographic features (Figure
5b). Systematic variation over the length of the bar-pool sequences was observed, with the lowest values
(< 200 m d21) measured where the bed slope was positive immediately upstream or at the riffle crest and
the highest K values (> 2,000 m d21) on the downstream tails of point bars and midchannel bars where the
bed slope was negative. Lowest K values were observed in streambed locations close to sites with sieved
subsurface bulk surface samples comprising 13–29% sand, though only a few bulk samples coincided with
the precise locations of the piezometers. The highest K values (>12,000 m d21) were observed at the
downstream-most tails of a point bar and a midchannel bar. Though median grain size was not measured
at these particular point locations, we observed the sand content to be essentially zero and we documented
coarse bedload transport and deposition in narrow zones during a preceding 20 m3 s21 managed flow
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release. Fitting a single continuous curve through the sparse data points in Figure 5b is not meant to claim
that the K field is accurately constrained by the curve, but we use it only to indicate the presence of spatial
trends in K that are consistent with the topography, sedimentology, and formation processes of the bars.
We assume that much random spatial variability could be superimposed on this pattern with more meas-
urements, but it is not clear how this extra local variability can be measured effectively, given the size of the
volume sampled by the equipment for measuring K, or should be interpreted and usefully treated in a simu-
lation model. Our emphasis is on the significance of the barform-scale pattern.

6. Results: Numerical Simulations

The differences in subsurface flow dynamics between the sinusoidal and real riverbed topography observed
above alter the overall hydrologic response to given inputs. We can explore the effects of homogenous and
heterogeneous K and changes in discharge on hyporheic exchange in two lowland gravel bed reaches of
the San Joaquin River, CA, USA by examining in a numerical model (1) the direction, extent and magnitude
of streambed fluxes, (2) the subsurface flow fields, and (3) the residence time of the hyporheic flow.

Figure 6 demonstrates that where the total alluvial depth (a maximum of 2 m beneath the bar top) and the
bedform wavelength-amplitude ratio is large, and K is uniform, all flow lines roughly parallel the stream sur-
face (Scenarios 1.1–1.3 and 2.1–2.3). However, since water tends to enter the bed where the local bed gradi-
ent (dz/dx) exceeds the water-surface gradient (dh/dx), the asymmetry of the San Joaquin gravel bars and
the interaction with the variable water surface elevation can impose a morphologic constraint on infiltra-
tion, which is restricted to approximately 45% of the total streambed in the uniform case and as little as
35% of the total streambed in the heterogeneous case (Table 3). Also, the cumulative infiltration flux over
2000 day simulations in Riffle 2 is approximately double that of the less symmetrical Riffle 1 as a result of
the different pressure distributions along the streambed. For uniform material under constant discharge
(Scenarios 1.1–1.3 and 2.1–2.3), the mean residence time (lt) scales inversely and almost linearly with K. The
standard deviation of the residence time (rt) reflects the variation of the residence time distribution of the
linear flow paths through the bedform, and therefore the geometry of the bedforms (Table 2). Likewise, the
magnitude of the resulting infiltration fluxes scale positively with K (Table 3).

Figure 5. (a) Profile view of riverbed topography and water surface profiles and (b) observed spatial patterns of K, in m d21, for (top) Riffle
1 and (bottom) Riffle 2.
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Figure 6. Flowfields illustrating flow path length and depth for all simulations for (a) Riffle 1 and (b) Riffle 2. Summary statistics of flow paths and residence times are reported in Table 2.
Numbers shown to the right of each simulation domain (Scenarios 1.1–1.8 and 2.1–2.8) correspond to those model scenarios in Table 2 and 3.

Table 2. Residence Time, Length and Depth of Subsurface Flow Paths for 16 Scenarios in Each of Two Riffle-Pool Sequencesa

Scenario
River Discharge

(m–3 s–1)
K

(m d–1)
lt

(daysb)
#t

(daysb)
rt

(daysb)
lnt ,

(log daysb)
Path Length

(x) (m)
Hypor. Depth

(z) (m)

Riffle 1
1.1 Uniform K 10 20 85.8 388.3 104.9 2.2 26.3 0.5
1.2 Uniform K 10 200 5.7 39.0 9.4 –2.8 17.2 0.3
1.3 Uniform K 10 2,000 0.4 4.0 0.9 –5.4 13.3 0.3
1.4 Uniform K 4.5 2,000 0.4 3.7 0.8 –5.4 14.5 0.3
1.5 Uniform K 20 2,000 0.4 4.8 1.0 –5.7 10.5 0.2
1.6 Exponential decay 10 Obs. 0.5 8.1 1.4 –5.8 8.7 0.1
1.7 Linear decay 10 Obs. 1.2 20.1 3.2 –5.3 4.8 0.2
1.8 Stepped decay 10 Obs. 1.6 23.8 3.8 –5.1 6.7 0.1

Riffle 2
2.1 Uniform K 10 20 52.7 302.5 73.3 0.7 13.5 0.4
2.2 Uniform K 10 200 4.0 31.5 6.9 –3.3 10.2 0.3
2.3 Uniform K 10 2,000 0.4 6.4 0.9 –5.4 9.5 0.3
2.4 Uniform K 4.5 2,000 0.5 6.4 1.1 –5.4 10.0 0.3
2.5 Uniform K 20 2,000 0.4 7.1 1.0 –5.4 10.1 0.3
2.6 Exponential decay 10 Obs. 0.7 18.8 2.3 –5.6 8.0 0.1
2.7 Linear decay 10 Obs. 2.1 17.8 3.9 –4.2 10.8 0.3
2.8 Stepped decay 10 Obs. 2.9 48.9 7.8 –4.2 14.3 0.1

aSummary statistics include the mean (lt ), maximum (#t ), and standard deviation (rt ) of residence time distributions, the mean of
the log of the residence time distributions (lnt ), the mean flow path length, and the mean hyporheic depth.

bSummary statistics exclude particles not advectively transported.
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The degree to which changes in discharge influence the extent and magnitude of infiltration is limited to a
few meters and a percentage increase or decrease in the hyporheic flux, respectively. This is shown by com-
paring the baseflow scenario assuming uniform K of 2,000 m d21 (Table 3, Scenario 1.2 and 2.2) to the sce-
narios imposing an increase and decrease in discharge (Scenario 1.4, 1.5, 2.4, 2.5). In Figure 6, the flow
circulation for both high and low discharge is essentially the same, i.e., all flow lines roughly parallel the
stream surface. The total flux into the bed is highest during low flow in Riffle 1, but that is not the case in
Riffle 2 (Table 3). Positive and negative spatial velocity gradients at the streambed surface were greatest
under low flow conditions corresponding with the steepest water surface slope in Riffle 1 only, a pattern
that has been noted elsewhere in the literature [Boano et al., 2014]. The fact that the extent of infiltration
does not change much with discharge relates back to Figure 3 on the theory, because the curvature term
(which does interact with the bed topography) is relatively small. The mean residence time lt varies only
slightly with the water surface slopes corresponding to each discharge (Table 3), whereas the maximum res-
idence times #t occurred under the highest discharge scenario. However, because lateral water surface gra-
dients were not considered here, it is uncertain whether and how lateral components may influence the
results at different discharges.

There is observational [Powell, 1998; Rice and Church, 2010] and theoretical evidence [Dietrich, 1987] from
sedimentology and the geomorphology of bar formation to expect substantial spatial variations in hydraulic
conductivity across gravel bars and pools. Although it is unlikely that such patterns are going to be mea-
sured and incorporated into analyses for most hyporheic zones, it is worth considering what kinds of pat-
terns might occur and their effects on flow in the range of conditions represented in our field study. The
first simulation addressing heterogeneity involved exponential decay of K from a spatially uniform value of
2,000 m d21 at the surface to a value of 20 m d21 at the base of the alluvium (Figure 7a). By comparison
with the corresponding uniform case (Table 2, Scenario 1.3), exponential decay causes a compression of
flow fields to a shallow layer beneath the streambed surface (Figure 6, Scenarios 1.6 and 2.6). However, the
lt increased by 25% in the case of the upstream bar (Riffle 1) and increased by 75% in the lower bar (Riffle
2). The total infiltration flux along the 150 m length of the bed declined due to the fact that the average K
was lower in the exponential-decay case than for the corresponding homogenous case.

For the purposes of illustration, we examined the effects of the along-stream observations of K assuming
that the underlying alluvium is approximated by linear decay (Figure 7b). Horizontal variability of K imposes
flux divergences and vertical components on the flow field with flow sinking deeper in the most permeable
zones on the lee sides of the bars (Figure 6, Scenarios 1.7 and 2.7). The lt increased to 1.2 days (rt of 3.2

Table 3. Cumulative Infiltration Flux at the Streambed, and Length of Streambed for Which Fluxes Were Positive or Negativea

Scenario

River
Discharge
(m–3s–1) K (m d–1)

Cumulative
Inflow Flux

(m3 d–1)
Infiltration
Extent (m)

Exfiltration
Extent (m)

Riffle 1
1.1 Uniform K 10 20 –0.57 67 83
1.2 Uniform K 10 200 –5.7 67 83
1.3 Uniform K 10 2,000 –57.2 67 83
1.4 Uniform K 4.5 2,000 –100.9 69 81
1.5 Uniform K 20 2,000 –33.2 61 89
1.6 Exponential decay 10 Obs. –9.0 60 90
1.7 Linear decay 10 Obs. –328.2 52 98
1.8 Stepped decay 10 Obs. –188.0 52 98

Riffle 2
2.1 Uniform K 10 20 –1.07 61 89
2.2 Uniform K 10 200 –10.7 61 89
2.3 Uniform K 10 2,000 –107.3 61 89
2.4 Uniform K 4.5 2,000 –112.4 63 87
2.5 Uniform K 20 2,000 –114.4 63 87
2.6 Exponential decay 10 Obs. –18.4 60 80
2.7 Linear decay 10 Obs. –76.9 64 86
2.8 Stepped decay 10 Obs. –44.7 64 86

aStreambed fluxes are reported per unit width as the actual flux in m3 d21 per meter streambed length. For all numerical simulations,
the sign convention reported is negative for inflow and positive for outflow. Results are summarized for eight model scenarios at each
of two riffle-pool sequences.
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days) in Riffle 1 and 2.1 days (rt of 3.9 days) in Riffle 2, and the corresponding total flux into the bed
increased in Riffle 1 and decreased in Riffle 2.

In the third examination of potential spatial variations of K, which we believe to reflect the closest represen-
tation of K as was measured in the field, the same interpolated along-stream pattern was assigned to the
upper 8 layers of the bed, below which K declined abruptly to two low K layers (Figure 7c). Thus, the effects
of the surface spatial variability were more strongly confined to the upper 8 layers than in the previous
linear-decay case. By comparison with the previous linear case, the hyporheic zone with vertical flow com-
ponents is constrained to a shallower depth (Figure 6, Scenarios 1.8 and 2.8), therefore the flux is reduced
by about one half to one third than in the previous case (Table 3, Scenarios 1.8 and 2.8). The lt increases to
nearly 1.6 days (rt of 3.8 days) from 1.2 days (rt of 3.2 days) in the previous scenario (Riffle 1). This increase
in lt is more pronounced in the more symmetrical Riffle 2, where lt increases to nearly 3 days (rt of 7.8
days) from 2.1 days (rt of 3.9 days) in the previous case. In Riffle 2, the maximum residence time more than
doubles due to the addition of slower flow paths. These results agree with those of Marzadri et al. [2010]
who simulated 3-dimensional hyporheic flow in alternate bars and found that most of the hyporheic flow
was confined in a near-bed layer. As a result of the compression of flow paths, they observed residence

Figure 7. Hydraulic conductivity fields based on direct measurements for three different heterogeneous streambed profiles. Heterogeneous hydraulic conductivity fields correspond to
(a) a coarse surface layer with spatially uniform K of 2,000 m d21 that decays exponentially to a value of 20 m d21 at the base of the alluvium (Scenarios 1.6 and 2.6); (b) a spatially het-
erogeneous surface layer with K that varies every 2 m interpolated linearly between the measured values in Figure 5b, and decays linearly with depth (Scenarios 1.7 and 2.7); and (c) a
spatially heterogeneous surface layer with K that varies every 2 m interpolated linearly between the measured values in Figure 5b, and declines with depth in three stepped layers
(Scenarios 1.8 and 2.8).

Water Resources Research 10.1002/2016WR019514

BRAY AND DUNNE SUBSURFACE FLOW GRAVEL BARS 20



times to reach a threshold
when the alluvial depth is
assumed to exceed the
channel width, suggesting
the assumption of stepped
decay in Scenarios 1.8 and
2.8 is physically based.

Asymmetric bedforms con-
sidered here have infiltration
zones that are considerably
shorter than symmetric sinu-
soidal bedforms (Figure
8 and Table S2), and system-
atic longitudinal variations in
K alone – particularly when
low K occurs along the rising
bed slope to the riffle crest –
can reduce the magnitude of
the infiltration flux rates by
an order of magnitude or
more. In Figure 8, streambed
fluxes are plotted on the left
y-axis for the uniform
medium K (200 m d21) case
and one scenario of hetero-
geneous K assuming expo-
nential decay with depth.
Fluxes are plotted on the
right y-axis for two scenarios
of heterogeneous K, assum-
ing linear decay and stepped
decay. A modification of the
log transformation (lnm) was
used for plotting flux values
corresponding to the right y-
axis, in order to spread out
the magnitude of the infiltra-
tion and exfiltration flux data
while preserving the sign of

data following John and Draper [1980] (SI). Heterogeneity along the length of the streambed (Scenarios 1.7,
1.8, 2.7, 2.8) generally increased residence time. Flow path length and depth both increased and decreased,
and the magnitude of the flux decreased along some infiltration zones, explaining the increase in residence
times. For the range of K variations considered in Figure 8, differences in bedform morphology can have a
greater influence to the infiltration extent, but changes in K strongly influence the net magnitude of infiltra-
tion and throughflow rate at the reach scale. If coarse gravel is clogged by fine sand preferentially along the
zones of infiltration, the degree to which the K controls the infiltration flux rate alters the overall hyporheic
exchange through the bed. For a given zone of infiltration along the stoss face of the bar, a low K zone
reduces the magnitude of the infiltration flux by 1 to 2 orders of magnitude compared to a homogenous
bed of gravel. The heterogeneous K pattern provides a mechanistic basis to explain why preferential fining
along gravel beds may impose greater resistance to infiltration than coarse gravelly beds or recently mobi-
lized beds. In lowland regulated river environments where there are severe constraints on the supply of
coarse sediment and increases in the supply of fine sediment, the preferential reduction of K in zones of
infiltration can constrain hyporheic flows to a greater degree than that resulting from low-gradient changes
in discharge.

Figure 8. Flux per unit streambed length over the length of each of two riffle-pool sequences.
Fluxes are plotted on the left y-axis for uniform medium K (200 m d21) and one scenario of
heterogeneous K assuming exponential decay with depth. Fluxes are plotted on the right y
axis for two scenarios of heterogeneous K, assuming linear decay with depth, and stepped
decay with depth to a uniform low observed K value. A modification of the log transformation
(lnm) was used for plotting flux values corresponding to the right y-axis, in order to spread out
the magnitude of the flux data while preserving the sign of data (SI). Fluxes are superimposed
on the elevation of the streambed; the corresponding axis is omitted, though shown at the
same scale as in Figure 5. The sign convention for infiltration in all numerical simulations is
negative into the bed.
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7. Discussion

Perhaps the most important aspect of deriving a simple quantitative relation for quantifying the location
and extent of streambed infiltration and exfiltration is that it accounts for distinctly regular properties,
namely the bed topography, the hydraulic gradient, the water surface curvature and their interactions. The
analytical bedform-infiltration relation presented in Equation (19) and based upon Equation (11) offers sev-
eral new insights. First, it allows us to formalize a systematic, physically based relation by which to calculate
where infiltration and hyporheic exchange can occur. Second, it provides evidence that bedform topogra-
phy—and especially its asymmetry—is a first-order control on infiltration and hyporheic exchange in low-
gradient, low-amplitude bedforms, and that infiltration depends in part on morphogenetic processes via
the shaping and thickness of bedforms, the sorting of coarse and fine sediment, and the preferential depo-
sition of fines in the zones where infiltration is possible. Third, it suggests that where bedforms are present
in lowland rivers, water surface curvature has only local influence on the infiltration of surface water into
and through the subsurface.

The barform features in this study exhibited varying degrees of asymmetry with upstream steeper faces. In
the case of sinusoids that others have used as abstract conceptualizations of bedforms, the infiltrating area
is locked to around 50% of the bed for any amplitude and wavelength. But many natural bedform fields are
asymmetric [e.g., Carling and Orr, 2000; Langbein and Leopold, 1970] which yields results of the kind we are
highlighting here. We have made no attempt herein to analyze the effect of three-dimensional bed topog-
raphy on the hyporheic flow, which is beyond the scope of the current study. However, it is clear that the
three-dimensional nature of the flow field plays a significant role in determining fluxes and residence times
for a given set of hydraulic conditions, and could potentially change if the dynamic pressure variations are
considered [Tonina and Buffington, 2011].

Streambed stratigraphy contains the recent historic record of the formation and maintenance (or migration)
of gravel bars, whose hydraulic properties control the location, extent and magnitude of infiltration and exfil-
tration fluxes, and residence time of intragravel pore water in bar-bend environments. Our own measure-
ments of hydraulic conductivity suggest two fractions of sediment became mobile during a previous pulse
flow: a sand fraction and a coarse gravel fraction. Distinguishing the effect of these two fractions upon (1)
changes in K over the length of bars and (2) subsequent changes to the hyporheic flux before and after a
sediment-mobilizing flood is important in accurate definition of hydraulic characteristics of the streambed.

The results indicate that the effects of heterogeneity on hyporheic flow are fundamentally different
depending on whether the topography inherently favors or hinders the area of the bed over which infiltra-
tion is possible and whether the low K zones are positioned along zones where infiltration can occur. The K
measurements indicate that the observed heterogeneity covaries with topographic features, and that the
hydraulic conductivity along the rising bed slope is much lower than that along the declining bed slope.
This result emphasizes the importance of controlling sand infiltration, and therefore sand supply, to the
spawning habitat of anadromous fish [e.g., Maturana et al., 2014]. Our own simulations did not consider
how the variations in K might alter the influence of differences in alluvial thickness. A fuller investigation of
this phenomenon and its implications for the extent and magnitude of infiltration and hyporheic flow in
lowland gravel bed rivers is left for future work.
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