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s u m m a r y

The transport of solutes along hyporheic flowpaths is recognized as central to numerous biogeochemical
cycles, yet our understanding of how this transport changes with baseflow recession, particularly in a
spatially distributed manner, is limited. We conducted four steady-state solute tracer injections and
collected electrical resistivity data to characterize hyporheic transport during seasonal baseflow
recession in the H.J. Andrews Experimental Forest (Oregon, USA). We used temporal moment analysis
of pixels generated from inversion of electrical resistivity data to compress time-lapse data into descrip-
tive statistics (mean arrival time, temporal variance, and temporal skewness) for each pixel. A spatial
visualization of these temporal moments in the subsurface at each of five 2-D transects perpendicular
to the stream was interpreted to inform transport processes. As baseflow recession progressed we found
increasing first arrival times, persistence, mean arrival time, temporal variance, and coefficient of varia-
tion, and decreasing skewness. These trends suggest that changes in hydrologic forcing alter the relative
influence of transport phenomena (e.g., advection vs. other transport processes such as dispersion) along
flowpaths. Spatial coverage obtained from electrical resistivity images allowed for qualitative comparison
of spatial patterns in temporal moments both at an individual cross-section as well as between cross
sections. We found that geomorphologic controls (e.g., bedrock confinement vs. gravel wedge deposits)
resulted in different distributions and metrics of hyporheic transport. Results of this study provide
further evidence that hyporheic transport is highly variable both in space and through the baseflow
recession period. Geophysical images differentiate advection-dominated flowpaths from those that are
more affected by other transport processes (e.g., dispersion, mobile-immobile exchange).

� 2014 Elsevier B.V. All rights reserved.

1. Introduction and background

Despite a broad recognition of the ecological relevance of
transport along hyporheic flowpaths (e.g., Boulton et al., 2010;
Brunke and Gonser, 1997; Krause et al., 2011), relatively little is
known about the distribution of hyporheic transport processes in
the subsurface, and how this distribution changes with hydrological
dynamics throughout a typical season. Recent field and numerical
studies have demonstrated that travel time along hyporheic

flowpaths is a primary control on associated biogeochemical cycling
(Boano et al., 2010; Zarnetske et al., 2011). Indeed, studies by Battin
(1999, 2000) demonstrate that hydrodynamics are a first-order con-
trol on ecological processes. Transport processes in the subsurface
include advection, longitudinal dispersion along hyporheic flow-
paths, and dispersion away from individual flowpaths (e.g., into
less-mobile domains such as bound pore water). An improved abil-
ity to quantify spatiotemporally variable flow and transport patterns
in the subsurface is necessary to predict ecologically relevant solute
fluxes. Understanding the spatial distributions of temporal trends in
hyporheic transport is a necessary step toward a process-based
understanding of biogeochemical cycling in the subsurface and at
the stream-reach scale.
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Because the boundary conditions controlling hyporheic exchange
can be dynamic during baseflow recession (e.g., hydraulic gradients),
we expect that transport processes in the subsurface will respond to
dynamic forcing. At the reach scale, several studies have docu-
mented changes in transient storage (interpreted as evidence of
hyporheic exchange changes) under different flow conditions.
Numerical studies of pumping exchange found hyporheic flowpaths
contract due to ambient gaining conditions (Boano et al., 2008;
Cardenas and Wilson, 2007). Several field studies report contraction
of hyporheic flowpaths during periods of increased groundwater
discharge to streams (e.g., Harvey and Bencala, 1993; Storey et al.,
2003; Williams, 1993; Wondzell and Swanson, 1996; Wroblicky
et al., 1998), though findings of Ward et al. (2012a) challenge this
conceptual model, demonstrating surprisingly little linkage
between hydraulic gradients and hyporheic extent. Furthermore,
Wondzell (2006) completed tracer studies in steep headwater
catchments in the H.J. Andrews Experimental Forest under two dif-
ferent baseflow conditions (4.5 and 1 L s�1 in Watershed 1, 10 and
3 L s�1 in Watershed 3), finding that hyporheic extent, evaluated
as tracer arrival in a monitoring well network, was not changed dur-
ing baseflow recession. In a modeling study of one of the watersheds
in their 2006 study, Wondzell et al. (2009) concluded that even com-
plex physical models are insufficient to predict the movement of sol-
ute through the hyporheic zone. This shortcoming is attributed to
the inability to identify unique model solutions and invalidate all
other solutions, a problem which arises in part because spatially dis-
crete measurements are used to infer up-gradient behavior along
flowpaths. Indeed, hydrologic modeling efforts attempting to simu-
late a limited number of point measurements are plagued by prob-
lems of equifinality (e.g., Beven, 1993, 2006); an infinite number of
realizations of the upstream system (e.g., the hydraulic conductivity
field) can adequately produce the observed data. An ongoing debate
about the usefulness of such models in predicting solute transport
and fluxes at the scale of individual flowpaths continues in the
literature (e.g., Bredehoeft and Konikow, 1993; Hassan, 2004;
Konikow and Bredehoeft, 1992; Oreskes et al., 1994; Poeter, 2007;
Wondzell et al., 2009).

Of particular interest is the characterization of process
dynamics (i.e., characteristics that change through time and are
inherently linked to the movement of fluids in the subsurface;
Binley et al., 2010; Koch et al., 2009). Indeed, electrical resistivity
(ER) imaging of solute tracers in hyporheic zones has been demon-
strated in recent field trials (Cardenas and Markowski, 2011; Ward
et al., 2010b, 2012a; Toran et al., 2012). For example, Ward et al.
(2012a) used time-lapse ER images of saline tracer movement
along hyporheic flowpaths as one tool to parameterize groundwa-
ter flow and transport models. Time-lapse ER has also been
interpreted to inform subsurface structure and hyporheic extent
from ER imaging during solute tracer studies (Ward et al., 2012a,
2013b). Such imaging provides high spatial and temporal resolu-
tion of solute transport in situ relative to piezometer sampling,
and addresses some limitations of reach-scale studies that infer
upstream behavior based on limited downstream observations in
the surface stream.

The use of ER to characterize groundwater flow and transport
processes is common (e.g., Singha and Gorelick, 2005, 2006;
Koestel et al., 2009; Ward et al., 2013b) despite inherent uncer-
tainty in inverted ER images (e.g., Slater et al., 2002; Day-Lewis
et al., 2005, 2007). For example, inversion results are known to
be smeared in space due to regularization and time due to data col-
lection limitations (e.g., Singha and Gorelick, 2005; Doetsch et al.,
2012). Promising areas of research that addresses these limitations
include the inversion of the temporal moments of the electrical
resistivity data rather than calculation of the temporal moments
from a series of inversions (e.g., Pollock and Cirpka, 2008, 2010,
2012) and inversion schemes where hydrogeological constraints

are included in the inverse problem (e.g., Jardani et al., 2013;
Pidlisecky et al., 2011). Despite the limitations of ER, the utility
of spatially extensive electrical resistivity imaging and the inter-
pretation of resulting time series is still useful in characterization
of heterogeneous transport processes in the shallow subsurface
(Doetsch et al., 2012; Ward et al., 2010b, 2012a,b; Menichino
et al., 2012; Toran et al., 2012).

Here, we capitalize on our imaging of processes through time to
interpret solute transport behavior. Both qualitative and quantita-
tive interpretations of individual pixel or finite-element behavior
during saline tracer studies have proven useful. Individual pixels
in a soil column experiment demonstrated characteristic trends
of advection–dispersion behavior of tracer-labeled water moving
through the column (Binley et al., 1996). In a 2-D laboratory exper-
iment, Slater et al. (2000) interpreted pixel breakthrough curves to
quantify first arrival times of tracer at individual pixels and recom-
mended comparison of pore fluid with pixel values in ER images in
future studies. In a 3-D laboratory study, Slater et al. (2002) dem-
onstrated broad agreement between pore fluid conductivity and
pixel resistivity. Their study demonstrates the value of a densely
sampled, spatially continuous data set to observe greater complex-
ity in transport processes than was possible with their flow and
transport modeling alone. Kemna et al. (2002) compared ER image
behavior with advection–dispersion modeling of groundwater flow
and transport and were able to observe more complexity in flow-
path behavior than was present in their numerical simulations of
flow and transport. In a synthetic study, Ward et al. (2013b) used
temporal moment analysis of pixels in inverted geophysical images
as a calibration target for numerical models of hyporheic transport.

Here, we use time series analysis of several time series of 2-D
electrical resistivity tomograms to characterize transport of solutes
along hyporheic flowpaths in the subsurface. In a modeling study,
Ward et al. (2010a) interpret the spatial distribution of temporal
moments of solute time series and raw ER data (as opposed to
reconstructed images) to infer transport processes in the subsur-
face. Results of their simulations identified areas where advection
dominates other transport processes in the subsurface. They spec-
ulate that a similar analysis could be completed using time-lapse
ER images collected during a field study. Temporal moment analy-
sis has been used to describe the transport of solutes in the subsur-
face in several studies (e.g., Cirpka and Kitanidis, 2000; Day-Lewis
and Singha, 2008; Singha et al., 2007) and has also been used to
describe flow and transport in coupled stream-aquifer systems
(e.g., Gupta and Cvetkovic, 2000; Schmid, 2003). Cirpka and
Kitanidis (2000) interpret temporal moments of simulated tracer
breakthrough curves at points in the subsurface to derive apparent
subsurface solute velocity and dispersivity. In a numerical study of
hyporheic exchange, Singha et al. (2008) calculate temporal
moments based on reach-averaged concentrations within the
stream and subsurface, and suggest moments calculated at a
higher spatial resolution would be appropriate if variability is
expected across a domain of interest.

The overarching objectives of this study are to (1) quantify the
heterogeneity in subsurface transport, and (2) assess how solute
transport processes in the hyporheic zone change during seasonal
baseflow recession. We expect that changing boundary conditions
during baseflow recession will change temporal trends in hypor-
heic solute transport in the subsurface (for example, later mean
arrival times and increased temporal variance and skewness of
solute tracer time series). To achieve this objective, we apply
temporal moment analysis to ER images to provide spatially
distributed solute transport information in the subsurface (i.e., to
quantify where and when advection, dispersion and mobile-
immobile exchange are occurring). This is an application of the
spatially distributed analysis of numerical simulations by Ward
et al. (2010a) to inverted images based on field data. We conducted
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