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Abstract Here, we explore how differences in morphologic heterogeneity due to logjams and secondary
channels drive transient storage across discharge in two stream reaches within the Front Range of Colorado,
USA. During three tracer tests conducted from baseflow to near‐peak snowmelt, we collected instream fluid
conductivity measurements and conducted electrical resistivity surveys to characterize tracer movement in the
surface and subsurface of the stream system. The reach with two logjams and an intermittent secondary channel
exhibited greater heterogeneity in surface transient storage, driving heterogeneity in hyporheic exchange flows,
compared to the reach with a single logjam and a perennial secondary channel. As discharge increased, (a)
backwater pools created by logjams increased in size in both systems, (b) channel complexity increased as
logjams forced flow into secondary channels, and (c) subsurface flowpath distribution increased. Various
transient storage indices provide some insight on solute retention but compressing data from this system into
simple values was unintuitive given the noise in breakthrough‐curve tails and secondary peaks in concentration.
While subsurface exchange increases with discharge in both reaches, retention may not. Flushing of subsurface
tracers is highest at medium discharge as interpreted from the electrical resistivity inversions in both reaches,
perhaps because of a tradeoff between the increasing extent of subsurface flowpaths with discharge and larger
pressure gradients for driving flow. This work is one of the first to explore controls on exchange and retention in
stream systems with multiple logjams and evolving channel planform using geophysical data to constrain the
subsurface movement of solutes.

Plain Language Summary Transient storage refers to the short‐term retention of water and
dissolved substances within a stream system. It keeps rivers and streams healthy by regulating temperature,
oxygen, and nutrients. Logjams make transient storage complex by driving water into the subsurface, changing
how streams are connected to the floodplain, and generating surface storage through backwater pools. Many
studies of such storage to date have focused on single logjams or laboratory experiments. Here, we use
innovative hydrologic tools to study the effect of logjams on transient storage in a complex environment with
two logjams and multiple channels, where one secondary channel was dry in the early season and flowing at
later times. We find more surface transient storage and subsurface exchange at higher streamflow as logjams
create more or larger backwater pools, complex channels, and flowpaths, allowing for greater interactions
between the stream and the subsurface. In this work, we address a gap in research by providing insight on how
logjams and inconsistent flow in a secondary stream channel control solute transport in a complex stream.

1. Introduction
The exchange of water in rivers between (a) stream channels, (b) low‐velocity zones (e.g., surface‐water dead
zones, backwater pools, and eddies), and (c) streambed sediments are jointly referred to as transient storage
(Mason et al., 2012). The processes involved in transient storage refer to exchanges over short timescales (i.e.,
minutes to weeks; Magliozzi et al., 2018). Transient storage can generally be classified as surface transient storage
—where water flows in low‐velocity zones within the stream channel—or subsurface transient storage—where
surface water flows into the porous subsurface alluvium and eventually returns to the stream. Hyporheic exchange
flow (HEF) refers to the movement of water and dissolved substances between surface water and groundwater in
the hyporheic zone, the transitional area between the river water and shallow groundwater (Ward et al., 2010a).
Both surface and subsurface transient storage play a crucial role in maintaining the health of rivers and streams by
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regulating water temperature (Sawyer & Cardenas, 2012), oxygen levels (Kaufman et al., 2017), and the avail-
ability of nutrients and other dissolved substances (Marzadri et al., 2016; Tonina & Buffington, 2009). Subsurface
transient storage also helps to filter or transform pollutants and other contaminants (Fischer et al., 2005; Hoagland
et al., 2020). The magnitude and extent of transient storage is driven by potential‐ and kinetic‐energy gradients
(Magliozzi et al., 2018), which are controlled by geologic heterogeneity (Gooseff et al., 2007; Salehin
et al., 2004), changes in discharge (Tonina & Buffington, 2011), turbulence (Grant et al., 2018), channel
morphology (Livers & Wohl, 2016), bed topography (Marzadri et al., 2014), and obstructions like large wood
(defined as woody material >10 cm in diameter and 1 m in length) or logjams within the stream (Ader et al., 2021;
Buffington & Tonina, 2009; Sawyer et al., 2011; Wohl, 2017).

Individual pieces of large wood and logjams (defined as a collection of ≥3 large wood pieces) play a critical role
in surface and subsurface transient storage and overall stream function. In reaches with channel‐spanning log-
jams, low‐velocity backwaters can form upstream of the obstruction (e.g., Beckman &Wohl, 2014; Gippel, 1995;
Wohl et al., 2022), leading to heightened water surface elevation that generates increased pressure and consequent
hyporheic downwelling in the bed upstream of the jam and return flow in the scour pool downstream of the jam
(Livers &Wohl, 2016; Tonina & Buffington, 2011; Wohl et al., 2022). Large wood can also redirect flow towards
the channel bed, which creates scour pools that allow for larger residual pool volume (e.g., Mao et al., 2008) and
flow heterogeneity between multiple logs (Shalko et al., 2024; Zhang et al., 2020). Logjams also promote channel
complexity through the formation of multi‐channel planform (the divergence of a stream into multiple channels
and subsequent reconvergence into a single channel downstream), enhanced overbank flow and channel‐
floodplain connectivity, and channel migration (Livers & Wohl, 2016; Magliozzi et al., 2018; Wohl
et al., 2022). Historically, large wood has been removed from streams for navigation, transportation of timber, and
flood control, thereby compromising channel complexity and associated surface and subsurface storage (Sawyer
et al., 2011; Wohl, 2005, 2006, 2014).

Researchers use several methods to quantify transient storage in stream systems, including instream solute
breakthrough curves (BTCs) from tracer tests. The temporal analysis of BTCs can help differentiate dominant
transport processes in streams (Gonzalez‐Pinzon et al., 2013; Gupta & Cvetkovic, 2000; Ward et al., 2013;
Wlostowski et al., 2017). For surface transient storage, methods like signal deconvolution have been used (e.g.,
Cirpka et al., 2007; Gooseff et al., 2011). Meanwhile, electrical resistivity (ER) imaging with tracer injection has
provided detailed, multi‐dimensional, spatial data (e.g., Ward et al., 2010a, 2010b) and for estimating the size and
timescales of hyporheic exchange in the subsurface (Singley et al., 2022).

Although past studies have examined the effect of logjams on transient storage, they have mostly focused on
artificial or relatively simple natural structures. Work by Doughty et al. (2020) was one of the first to use
combined tracer injection and electrical resistivity (ER) imaging to observe HEF around a natural channel‐
spanning logjam. Their work demonstrated that (a) HEF was higher in a reach with a channel‐spanning
logjam than in a reach without, (b) logjams increased solute retention, and (c) higher discharge rates amplified
the magnitude and extent of HEF (Doughty et al., 2020). Similarly, Sawyer et al. (2011) investigated the effect of
a single, channel‐spanning log on HEF using flume experiments and numerical modeling and found that HEF
rates were highest near the log and decreased exponentially with distance upstream and downstream.

Because most studies focus on simple systems, it is poorly understood whether multiple logjams (here, meaning
multiple independent agglomerations of wood (jams) along a stream) generate an additive or reduced effect on
transient storage and HEF, especially in field settings. It is possible that logjams may synergistically increase HEF
bymaintaining relatively higher water elevations across multiple channels than streams with simpler morphology,
which could create stronger pressure gradients for HEF. In areas where multiple channels split surface flow
around logjams, overtopping of water across the logjams may be less prevalent, allowing logjams to enhance the
percent of discharge that is driven into the subsurface. Increased logjam‐distribution density, defined as the
number of logjams per channel length, may create conditions that enhance hydraulic roughness and overbank
flow (Wohl & Scamardo, 2021). Despite significant progress in characterizing morphologic controls on solute
transport, there are few studies that examine the influence of multiple logjams on HEF in natural stream systems,
especially with the added complication of stream intermittency.

Given the challenges of teasing apart complex systems, especially subsurface controls, we rely on a multi‐part
approach that uses field, flume, and numerical modeling methods to examine surface and subsurface in-
teractions, as suggested by Krause et al. (2022). Here, we explore the field component, noting that the work
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presented here is part of a larger effort, with prior studies examining different aspects of the problem in field and
flume settings, such as to role of channel slope (Ader et al., 2021), channel planform (Wilhelmsen et al., 2021),
logjam porosity and density (Marshall et al., 2023), and discharge (Doughty et al., 2020) on hyporheic exchange.
Wilhelmsen et al. (2021) found that jams increased connectivity between the stream and shallow groundwater
based on flume experiments and numerical modeling, extending flowpath lengths within the hyporheic zone,
especially where multiple jams were present, and increased the amount of time water spends in the hyporheic zone
as it flows downstream with respect to the time required for chemical transformations. In Marshall et al. (2023),
we explored how logjam distribution density, logjam permeability, and discharge influence transient storage in a
flume. These results showed that stream segments with multiple, successive logjams increased the extent of the
hyporheic zone relative to stream segments with fewer logjams, thereby increasing HEF. Additionally, those
findings showed that higher discharge or decreased permeability of the logjams generated more HEF.

To build on this previous work, here we investigate how morphologic heterogeneity in the form of multiple
logjams and intermittent secondary channels influence transient storage. We collect data on surface and sub-
surface transient storage at different stream discharges in two reaches of Little Beaver Creek, in northern Col-
orado, USA, the same site that Doughty et al. (2020) studied. We hypothesize that (a) the reach with two logjams
and an intermittent secondary channel would exhibit greater variability in advective pathways and surface and
subsurface retention compared to the reach with a single logjam and a perennial secondary channel and (b)
transient storage in both the surface and subsurface will decrease with increasing discharge in both reaches. To
test our hypotheses, we conducted saline tracer tests to measure solute transport via instream electrical con-
ductivity (EC) and bulk electrical resistivity (ER, for imaging subsurface movement of the tracer) at three dis-
charges ranging from baseflow to near‐peak snowmelt. Results from this study are bolstered by a companion
paper, Zhang et al. (n.d.), that describes HydroGeoSphere models that seek to further explain these field data and
extend our understanding of this system beyond the limited measurements that can be made in the field. By
characterizing transient storage in multi‐channel reaches with logjams and secondary channels, this study fills a
critical gap in exploring how logjams and stream intermittency impact HEF in a natural, complex system, and our
ability to quantify them.

2. Methods
2.1. Little Beaver Creek, Colorado, USA

We performed our experiments in Little Beaver Creek, a third‐order tributary of the South Fork Cache la Poudre
River in northern Colorado, USA (Figure 1). Little Beaver Creek is a sand‐to cobble‐bedded stream with a slope
of 0.03 m/m. It has a drainage area of 40 km2 and elevations range between 1,830 and 2,740 m in a montane forest
within a confined bedrock valley (Doughty et al., 2020). Seasonal peak flows come predominantly from snowmelt
with groundwater and summer rainfall as secondary inputs. Previous research suggests that the presence of
instream wood in multiple reaches of Little Beaver Creek enhances solute retention and does so more than the
changes in channel morphology associated with instream large wood (Ader et al., 2021). We selected two reaches
for tracer injections and ER imaging, each with at least one channel‐spanning logjam that remained stable from
year to year based on field observations (Figure 2). Reach characteristics are summarized in Table 1.

Reach 1 is upstream and is the more complex reach of the two in this study (Figures 1 and 2a‐2c). The valley‐
bottom width is approximately 26‐m wide (looking upstream, measured from the leftmost to the rightmost
bank of active channel width), and is a multi‐channel, multi‐jam reach with two channel‐spanning logjams. The
primary channel has an average bankfull channel width of 9 m at the upstream ER transect, below which the
channel is divided in two, with a channel‐spanning logjam at the head of each branch. The primary (southern)
channel contains surface flow at all discharges, while the secondary (northern) channel exhibits surface flow at
medium and high discharge. A fallen tree stabilizes the logjam on the primary channel (Figures S1–S3 in Sup-
porting Information S1), and several fallen branches from nearby vegetation stabilize the logjam on the secondary
channel. Both logjams in Reach 1 have a collection of entrapped woody material of varying size that form the bulk
of each logjam. The logjams in Reach 1 were beaver‐modified and appeared to be less porous than the logjam in
Reach 2, described below. In Reach 1, the logjams create a backwater pool in the channels upstream of each
logjam (Table S1a in Supporting Information S1) that contain small to large woody material and sandy deposits
that extend about 5 m upstream (Figures S1 and S2 in Supporting Information S1). Two channels flow upstream
of the logjams along the south and north side of the valley (Figures 2a–2c). The secondary channel enters the
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primary logjam's backwater pool and turns 90°, flowing perpendicular to the valley wall (Figure S1 in Supporting
Information S1; Figures 2a–2c). Flow from the secondary channel continues perpendicular to the valley wall until
it recombines with the primary channel as it enters the backwater pool of the southern logjam. Downstream of
Reach 1 the stream continues as two channels that are parallel to the valley walls (Figures 2a–2c). These channels
bracket a floodplain that consists of organic sandy soil, woody material, and dense vegetation. During high
discharge, rills formed on the floodplain flow from south to northwest and join the secondary downstream
channel.

The comparatively less complex downstream reach, Reach 2, has a valley‐bottom width of approximately 24 m
and an average bankfull width of 7.5 m above its single channel‐spanning logjam (Figures 2d–2f). The bulk of the
logjam consists of a single fallen tree, which has amassed smaller woody material (Figures S4 and S5 in Sup-
porting Information S1). Downstream of the logjam, the creek divides into two channels that contain flow at all
discharges (Figures 2d–2f; Figure S5 in Supporting Information S1). Below the logjam, the valley‐bottom width
narrows to approximately 19 m. The channels are divided by an island that extends about 10–15 m downstream
and ends where the channels rejoin (Figure S5 in Supporting Information S1). The southern bank is highly eroded
near the logjam,∼1‐m tall and steep (nearly 90°), and is sparsely vegetated, except for several trees with roots that
appear to stabilize portions of it (Figure S4 in Supporting Information S1). Erosion has created a secondary
channel about 0.5 m wide between the bank and the southern side of the logjam where a small portion of the
stream flows (Figure S4 in Supporting Information S1). The north bank and the floodplain of the creek are highly
vegetated, with grasses and a stand of willows that extend into the stream channel (Figure S4 in Supporting
Information S1). The logjam creates a large backwater pool that saturates the low‐lying banks upstream and has
captured a considerable amount of sandy sediment and woody material (Table S1b; Figure S4 in Supporting

Figure 1. Study site at Little Beaver Creek, Colorado. The upstream reach, Reach 1, consists of electrode transects 1A and 1B for electrical resistivity (ER)
measurements where A is the upstream transect and B is the downstream transect. The downstream reach, Reach 2, consists of electrode transects 2A and 2B, where A is
again the upstream transect and B is the downstream transect. Black arrows indicate the direction of flow. Discharge measurements were conducted near the stilling well
(white circle). The two sites described in Doughty et al. (2020) are also shown for reference.
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Figure 2. Schematics of Reach 1 (top row) and Reach 2 (bottom row) at low, medium, and high discharge from left to right,
respectively. Flow is west to east, or top to bottom in these images. Arrows represent flow vectors where solid segments
indicate instream flow and dotted segments indicate subsurface flow. There is no surface flow in the secondary channel of
Reach 1 at low discharge (colored gray in a). The location of electrical resistivity observation transects (dotted lines), and in‐
stream electrical conductivity transducers (stars) are shown. Electrode transects are denoted by the reach number followed by
A for the upstream transect or B for the downstream transect within each reach. Backwater pools are shown schematically
above the logjams where present.

Table 1
Summary of Reach Characteristics (Some Data Reproduced From Ader et al. (2021)) and Electrical Resistivity Measurements in Those Reaches

Characteristic Reach 1 Reach 2

Channel gradient (m/m) 0.034 0.029

Bankfull channel average depth (m) 0.60 0.53

Bankfull channel average width (m) 9 7.5

Valley‐bottom width at ER transects (m) 26 24

Number of logjams 2 1

D50 (mm) 60 45

Wood load (m3/ha of channel surface) 110 360

Proportion of wood load in jams (by volume) 0.88 0.94

Average [standard deviation] of jam volume (m3); volume (porosity) of instrumented jam 4.9 [6.8]; 9.7 (40%) 0.8 [1.6]; 4.3 (60%)

Unit pool volume (m3/ha of channel surface) 1,120 330

Distance between ER transects (m) ∼30–40 ∼15–20

Electrical resistivity line lengths A: 26.5, B: 26 m A: 23.9, B: 19.2 m

# of electrodes in transects A & B: 34 A: 34, B: 26

Note. The distance between Reach 1 and Reach 2 is ∼190 m. The tracer mixing length from the injection location to the top of Reach 1 is ∼100 m.

Water Resources Research 10.1029/2023WR036031

GAMBILL ET AL. 5 of 23

 19447973, 2025, 1, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023W

R
036031 by E

llen W
ohl - T

he U
niversity O

f M
ontana , W

iley O
nline L

ibrary on [20/01/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Information S1). Standing water can be seen within the soils of the low banks along the backwater pool, especially
on its southwestern edge.

2.2. Tracer Tests

Three tracer tests were completed at different stream discharges (Q) to observe the influence of discharge on
solute transport in the experimental reaches and are summarized in Table 2. The tracer tests were conducted on 4
June 2019, atQ= 0.5 m3/s (before peak snowmelt), 24 June 2019, atQ= 1m3/s (just after peak snowmelt), and 12
August 2019, at Q = 0.2 m3/s, (baseflow conditions) (Figure 3). Discharge was estimated from velocity mea-
surements using a FH950 Handheld Flow Meter at 20–25 cm intervals across the stream. The discharge mea-
surements were completed at the stilling well, downstream of our reaches (Figure 1). Discharge measurements
from June 2018 to July 2020 were used to develop a rating curve (Figure S6 in Supporting Information S1).

A tracer created from NaCl dissolved in stream water was injected approximately 100 m upstream of Reach 1
(Figure 1) to ensure adequate mixing of the tracer with the stream (González‐Pinzón et al., 2022). Because
dissolved cations and anions are electrically conductive, we can detect increases in Na+ and Cl− concentrations
from instream EC loggers and characterize the tracer migration in the subsurface with ER surveys. The dissolved
NaCl injection rate and concentration were designed to raise the stream water EC by at least 50 μS/cm for each of
the three tracer tests, leading to different injected masses depending on discharge, and the tracer was injected at a
constant rate for 4 hr. HOBO Fresh Water Conductivity Data Loggers (HOBO U24)—co‐located with ER
electrode transects described below—were used to record instream EC upstream and downstream of each logjam
in both experimental reaches (Figure 2). Additionally, an EC logger was installed above the injection site to record
background EC (Figure 1). These EC loggers were set to record observations every 60 s (∼0.02 hr), starting an
hour before tracer injection began and continuing more than 24 hr after the end of injection to ensure that EC

Table 2
Details of the Tracer Tests

Stream discharge (m3/s) Background stream EC (μS/cm) Tracer injection rate (m3/s) Mean tracer EC (μS/cm) Total mass of tracer injected (kg)

04/6/19 0.5 36.6 5 × 10− 5 245 204

24/6/19 1.1 23.1 9 × 10− 4 235 356

12/8/19 0.2 28.0 4 × 10− 5 244 153

Note. Note that the tracer EC varied slightly throughout the test as multiple containers were mixed with NaCl throughout the injection, rather than one, single tank. The
EC in column 5 is that of the injectate, not the EC of the stream once the tracer was introduced.

Figure 3. Hydrograph generated from stage calculations and rating curve (Figure S6 in Supporting Information S1), showing
estimated discharge during the timespan of the three tracer tests. The data gap is due to equipment failure between site visits.
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returned to background or near‐background levels (within 1% of background EC). Instream EC values were
corrected for changes in temperature assuming a linear relationship between EC and temperature (Keller &
Frischknecht, 1966). We note that the secondary channels were not instrumented with EC loggers (although they
were straddled by the ER electrode line). Instead, EC measurements were made below the merger of the two
flowing channels in Reach 2 to capture tracer transport through both channels and in the main channel of Reach 1,
partially because the secondary channel was quite shallow during the first experiment. We consistently placed the
loggers at the same locations for all experiments (Figure 2).

2.3. Electrical Resistivity Data Collection

An IRIS Syscal Pro Resistivity Meter was used to measure electrical resistivity of the subsurface near the logjams.
The resistivity meter introduces a low‐frequency alternating current across a pair of electrodes and the resultant
voltage is measured between another pair of electrodes, which represents a bulk response to the rock type, pore
size, water saturation, surface charge, total dissolved solids, and temperature (e.g., Keller & Frischknecht, 1966).
The four electrodes used in each measurement are called a quadrupole and electrical resistivity data were
collected using a dipole‐dipole geometry for speed of data collection (Binley & Kemna, 2005).

Four transects were monitored throughout each of the three tracer tests (Figure 2; details in Table 1). Each transect
consisted of electrode lines that were installed into the banks and streambed. When the water level was high,
electrodes were floated at the water surface, rather than installed into the bed. Electrode spacing was 0.5 m
throughout the stream expanding to 1 m on the banks. Each electrode line spanned ∼3 m from the edge of each
bank plus the width of both channels in a reach. Electrode lines consisted of 34 electrodes (transects 1A, 1B, and
2A) or 26 electrodes (transect 2B), depending on the width of the reach. Total line lengths were 26.5, 26, 23.9, and
19.2 m, respectively, moving from upstream (1A) to downstream (2B). Five hundred and nineteen quadrupoles
were collected per time step for all 34‐electrode transects, and 277 quadrupoles were collected for the transect
with 26 electrodes. Two stacks (i.e., duplicate measurements) were collected per quadrupole; stacking errors were
reported as the coefficient of variation of those stacks in percent, where the mean stacking error was ∼1% and the
median was ∼0.3% (Table S2 in Supporting Information S1). It took 20–30 min (0.3–0.5 hr) to collect these
measurements per timestep. Background ER data were collected along the transects for a minimum of 1 hr before
the injection began. Data collection continued during the 4‐hr injection and for a minimum of 26 hr after the
injection ended for each tracer test.

Apparent bulk EC (σba) [μS/cm] was calculated from the ER data using Ohm's Law:

σba =
I

VK
(1)

where I is the injected current (amperes), V is voltage (volts), and K is the geometric factor (m), which accounts
for the arrangement of the electrodes:

K =
2π

1
AM

−
1
AN

−
1

BM
+

1
BN

(2)

where A and B are the two injection current electrodes,M and N are the potential electrodes and AM, for example,
is the distance between the current electrode A and potential electrodeM where the overbar indicates the distance
between respective current and potential electrodes. By averaging the σba values from all quadrupoles each
timestep, a composite σba BTC for each ER transect over time was generated. These resultant σba BTCs, which
have a measurement support volume that is difficult to quantify because it is dependent on the electrical con-
ductivity of the earth (e.g., Singha & Gorelick, 2006), were then compared to instream EC BTCs, which measure
EC values at a point. Because ER methods are sensitive to temperature (Hayley et al., 2007, 2010), temperature
data were collected just upstream of transects 1A and 2A at 10 and 40 cm depth within the streambed using
iButton temperature probes that measured every 10 min (0.17 hr). Daily temperature variations were quite small,
with the largest value (1.2°C) occurring at Reach 1 at a depth of 10 cm. Therefore, σba values were not temperature
corrected for the time‐lapse inversions at each of the three data‐collection times, which were inverted indepen-
dently such that temperature changes between data‐collection times did not matter. Additionally, because

Water Resources Research 10.1029/2023WR036031

GAMBILL ET AL. 7 of 23

 19447973, 2025, 1, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023W

R
036031 by E

llen W
ohl - T

he U
niversity O

f M
ontana , W

iley O
nline L

ibrary on [20/01/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



observation times varied between each tracer test, breakthrough curves were truncated at 30 hr to maintain
consistent time scales across all three tracer tests and to preserve most of the data for the quantitative comparisons
described below.

2.4. Temporal Moments, the Transient Storage Index, and Residence Time Distributions

There are multiple methods commonly used in tracer transport studies to quantify processes from BTCs. Here, we
calculated temporal moments, the transient storage index, and residence time distributions, as are frequently done
in other stream studies. We outline these three methods in brief, with more details available in Supporting
Information S1.

First, tracer concentration was estimated from observed instream and σba EC by assuming a linear relation be-
tween EC and concentration of total dissolved ionic solids (Keller & Frischknecht, 1966). To find this relation,
our tracer injectate was diluted to different concentrations in the lab and compared with the resulting measured EC
such that the following relation was found with an R2 of 0.99:

C = 0.3EC (3)

where EC was in μS/cm and C is in mg/L.

Once the data were converted to concentration, we calculated temporal moments (e.g., Gupta & Cvetkovic, 2000;
Harvey & Gorelick, 1995)

Mn =∫
t

0
tnC(t) dt (4)

whereMn is the nth temporal moment, t is time, C is stream concentration. For these experiments, the chosen end
time was 30 hr (26 hr after the tracer injection ended) to keep observation times consistent across all tracer tests
and observation transects. These moments provide information on the tracer mass passing the measurement point,
the mean arrival time (related to advection), temporal variance (related to dispersion and diffusion), and skewness
(a function of retention). Asymmetry in breakthrough curves is interpreted as a proxy for solute retention in a
system (Ward et al., 2010a, 2010b). A higher positive skewness indicates longer tracer retention times and HEF.
Higher‐order moments such as kurtosis can also be calculated from BTCs. One important limitation of temporal
moments is their dependence on the tail of the concentration data, which can be noisy or truncated in experimental
studies (e.g., Young & Ball, 2000). The equations used here, and in most stream hydrology studies, also assume a
single mode/peak in the concentration BTCs, which may oversimplify complexities observed in natural systems.

Other methods beyond moments exist to explore retention, including the transient storage index (TSI), a metric
that may minimize the impact of problematic or truncated tails (Mason et al., 2012):

TSI = t99 − tpeak (5)

where t99 is the time it takes for 99% of the tracer to move through the observation point and tpeak is the time
elapsed between the start of the tracer injection and the peak concentration of the BTC. The TSI compares
transient storage, reflected by the amount of information stored in the tail of the BTC, against advective transport
conveyed by the amount of information in the peak of the BTC (e.g., Harvey et al., 1996; Mason et al., 2012). To
enable comparisons across different discharges and reaches, we used normalized TSI (after Gooseff et al., 2007):

TSInorm =
TSI
tpeak

. (6)

This normalization allows us to characterize transport processes consistently, independent of discharge magni-
tude or spatial context (Ward et al., 2013).

Temporal moments are proportional to the reach length divided by the velocity, and also strongly affected by the
retention processes occurring along the reach. Consequently, to assess the responses of individual reaches, we
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used deconvolution methods to assess the distribution of travel times between upstream and downstream BTCs.
As discussed by Cirpka et al. (2007), Payn et al. (2008), and Gooseff et al. (2011), the equations of solute transport
and mass transfer between the stream and shallow groundwater (i.e., hyporheic zone) may be written as a simple
convolution, if and only if the equations are linear and time‐invariant. In that case,

Cout(t) =∫
t

0
g(τ)Cin(t − τ) dτ, (7)

where Cout(t) is the downstream concentration, Cin(t) is the upstream concentration, and g(t) is a non‐negative
transfer function of total travel times between the locations. If the observation time far exceeds the mean residence
time in an immobile (e.g., hyporheic flowpath) phase, then all mass should be recovered in the mobile (stream)
phase. Then this function is a probability density function (that is, mass is conserved in the mobile phase
when ∫ g(t) dt = 1) .

2.5. Inversion of Electrical Resistivity Data

To visualize tracer transport and retention in the subsurface, the σba data were also inverted using ResIPy
(Blanchy et al., 2020), which is based on the well‐established code R2 (e.g., Binley & Kemna, 2005). R2 is an
inverse model based on Occam's solution that accounts for 3‐D current flow (Binley & Kemna, 2005). Given our
observed σba data collected from the ER surveys, the code solves a regularized optimization problem such that the
resulting model explains our observations while minimizing an objective function, parameterizing the subsurface
in terms of “actual” rather than apparent bulk electrical conductivity (Binley & Kemna, 2005). R2 is a finite‐
element‐based code that allows for topography and modeling of bounded regions and uses a weighted least‐
squares function coupled with several regularization options. We used the time‐lapse survey capability, which
calculates the percent difference from background data so that errors related to model discretization and field
configuration are minimized (LaBrecque & Yang, 2001). After topographical data are imported, ResIPy uses
Gmsh (Geuzaine & Remacle, 2009) to generate an irregular triangular mesh that is finer near the electrodes, and
encompassed by a coarser mesh that extends to greater lateral distance and depth. Domain boundaries were
defined as zero‐flux, as is commonly assumed in electrical flow modeling, and were placed ∼130 m beyond the
endpoints of each ER transect. The resolution matrix R was calculated to show how well each parameter is
resolved in each iteration of the inversion (e.g., Binley & Kemna, 2005):

R = ( JTk W
T
d Wd Jk + αWT

mWm)
− 1JTk W

T
d Wd Jk (8)

where J is the Jacobian (sensitivity) matrix, T is the transpose operator, k is the final inversion iteration, Wd is a
data‐weighting matrix associated with individual data errors, Wm is the model weighting matrix, and α is the
regularization parameter. Values on the diagonal of R equal to one indicate that the parameter was perfectly
resolved. Values near zero specify parameters that cannot be uniquely resolved. Generally, resolution decreases
with depth and distance from the electrodes (Day‐Lewis et al., 2005). We also estimated the depth of investigation
(Oldenburg & Li, 1999), where two inversions were run for a time step with two different homogeneous starting
models. The ratio of the difference in the subsequent inversions gives an estimate of the depth‐of‐investigation
(Blanchy et al., 2020), providing a metric for assessing which model parameters are poorly constrained by the
data (Oldenburg & Li, 1999). We do not interpret changes below the depth of investigation as meaningful.

3. Results and Discussion
3.1. Instream EC Breakthrough Curves

During each of the three tracer tests, we observed similar trends in the instream EC BTCs in both study reaches;
specifically, a rapid rise in instream EC shortly after beginning the injection, followed by an imperfect plateau due
to slight differences in tracer mixing between containers, and a quick return to background or near‐background
levels after the injection ends (Figure 4). The terms “low”, “medium”, and “high” are used to refer to the cor-
responding stream discharge levels of the tracer tests, that is, 0.2, 0.5, and 1.0 m3/s, respectively. Unsurprisingly,
at all discharges, tracer breakthrough (i.e., the initial detection of the tracer, defined as EC > 5% of the maximum
calculated instream EC at that transect, based on the reported accuracy of the HOBO U24) occurred earliest at the
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most upstream transect (1A) and latest at the most downstream transect (2B; Figure 4; Table S3 in Supporting
Information S1). At all discharges, tracer breakthrough at 1A occurred ∼3 min (0.05 hr) after injection began,
similar values within noise given a short transport distance. The breakthrough time at transect 2B decreased with
increasing discharge and occurred ∼16 min (0.27 hr) after injection at low discharge, ∼10 min (0.17 hr) after

Figure 4. Instream electrical conductivity BTCs with background levels removed for all four transects and three discharges: (a) 0.1 m3/s, (b) 0.5 m3/s and (c) 1 m3/s. The
distance between Reach 1 and Reach 2 is approximately 190 m. Instream BTCs across all tracer tests remain above background EC levels throughout the test interval,
except for the Q = 0.5 m3/s tracer test. During the 0.5 m3/s tracer test, the EC transducer in 1B was exposed to air, which is illustrated by the negative values in the tail
from 4 to 7 hr of its breakthrough curve (b) so is dotted in (e). Note variability in the plateau concentration as a function of multiple tracer containers being mixed and
injected throughout the test. (d–f) Zoomed in plots of the BTCs in a–c as denoted by the red dotted rectangle, smoothed using a 61‐point Hanning window and
standardized by the maximum instream EC of each transect for visual comparison. The negative excursion in the tail of the Transect 1B curve at 0.5 m3/s was corrected
using trends from the associated BTCs from the surrounding transects during the same tracer test (see Text S1 in Supporting Information S1).

Water Resources Research 10.1029/2023WR036031

GAMBILL ET AL. 10 of 23

 19447973, 2025, 1, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023W

R
036031 by E

llen W
ohl - T

he U
niversity O

f M
ontana , W

iley O
nline L

ibrary on [20/01/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



injection at medium discharge, and ∼8 min (0.14 hr) high discharge. During the low‐ and medium‐discharge
tracer tests, there is a brief, rapid decrease in EC after beginning the injection due to temporary clogs in the
injection tube at 35–40 min (0.58–0.67 hr) (Figures 4a and 4b). The magnitude of EC was higher in the stream
during the low‐discharge tracer test compared to the medium and high discharge tracer tests due to less dilution.
These variations in concentration manifest as differences in calculated mass in the temporal moments, described
below (Text SI, Section S1 and Table S4 in Supporting Information S1).

There is a small second peak in the late‐time tails of the BTCs in all three tracer tests, in both reaches (Figures 4d–
4f), with a magnitude near the logger resolution. (Note that the data in transect 1B, at medium discharge, were
largely disregarded due to the EC logger being exposed to air near the end of injection (Figure 4b). We keep these
data in Figure 4e for completeness, given small sample sizes, but show them as a dotted line.) It is striking that the
secondary peaks are largely consistent, in timing and magnitude, across experiments and regardless of location
within the system, although they are smaller at low discharge (Figures 4e and 4f). While these secondary peaks are
small in terms of absolute magnitude or percent change in electrical conductivity, the consistency of their
occurrence in the data between reaches and discharges suggests a system‐wide phenomenon rather than spurious
effects. It is possible that these secondary peaks are a function of solute retention in backwater pools. As discharge
increases, we observe expanding width and depth of the backwater pools located upstream of transects 1A and 2A
(Table S1 in Supporting Information S1); similar results were simulated in Zhang et al. (n.d.). The physical
expansion of these backwater pools provides additional volume that could increase temporary retention of surface
water and solutes. This increase in storage may manifest in the BTCs as a temporal spreading of the tracer signal,
potentially driving delayed secondary peaks indicating the release of tracer from storage zones at later times as
seen at this site in Doughty et al. (2020), as well as other sites where eddy rotation was hypothesized to lead to
periodicity of tracer signals (Gooseff et al., 2011). Because eddy rotation cannot be simulated in HydroGeo-
Sphere, this hypothesis could not be tested by Zhang et al. (n.d.). Either way, these late‐time peaks affect our
ability to meaningfully use moment analyses that assume a single mode, as is discussed below and Text S1.1 in
Supporting Information S1.

In the absence of storage, the time it takes for the instream EC to return to background levels is expected to be
inversely correlate with discharge as higher discharge typically translates to faster stream velocity, and break-
through time generally decreases with increasing discharge in both reaches. However, the fastest return to
background occurred at medium discharge in Reach 1, although the differences are small and the signal‐to‐noise
ratio is low (EC returned to background levels at ∼0.2, 0.04, and 0.1 hr after the end of injection at low, medium,
and high discharge, respectively; Figures 4d–4f). If significant, the differences here may be controlled by the
secondary channel that formed in Reach 1 between low and medium discharge tracer tests. The secondary channel
was smaller than the primary channel and had visibly slower flow velocities based on observed movement of
debris on the water surface. At medium discharge, when the secondary channel was active in Reach 1, there are
shallower flowpaths than at higher flow (as supported by the ER inversions, below). At high discharge, higher
stream stage may have generated steeper pressure gradients, driving more downwelling and subsurface exchange
into the banks, resulting in slower flushing of the tracer when compared to medium discharge, leading to the faster
flushing and quicker return to background at medium discharge. This hypothesis is supported by the numerical
models of Zhang et al. (n.d.). In Reach 2, it took approximately 0.6 hr at low discharge and 0.2 hr after the end of
injection at medium and high discharge to return to background conditions (Figures 4d–4f).

3.2. Bulk EC (σba) Breakthrough Curves

Trends observed in σba BTCs resemble those observed in the instream EC BTCs (Figure 5): σba shows a rapid
increase, followed by a variable plateau that mimics the instream EC, a subsequent decline toward near‐
background levels, and then a smaller, secondary peak (Figures 5d–5f). In this case, however, the secondary
peak often exceeds 1% of the maximummeasured σba in that transect, which is notably larger than noise. We once
again observed the earliest change in σba at upstream transect 1A and the latest at downstream transect 2B, as
would be expected.

Despite some similarities, there are also notable differences between the σba BTCs and those of the instream EC,
including in timing. The most notable difference is that after the plateau, the decline in σba is much slower than
that of the instream EC, evidenced by the long and gradual tail in the receding limb (Figure 5). Because σba
measurements encompass a larger support volume than that of the instream ECmeasurements and are sensitive to
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changes within the aquifer as well as the stream, σba BTCs are inherently slower to return to background con-
ditions than EC values within the stream. Similarly, σba BTCs generally show later mean arrival times than the
instream BTCs across all discharges (Tables S4 and S5 in Supporting Information S1), which, again, is likely a
function of the larger support volume of the ER measurements compared to that of the EC loggers as well as their
extended tails. Also, few of the σba data completely returned to background levels at any discharge (Figure 5).

Figure 5. Bulk electrical conductivity (σba) BTCs with background levels removed for all four ER transects at three
discharges: (a) 0.1 m3/s, (b) 0.5 m3/s and (c) 1 m3/s. (d–f) σba BTCs standardized by maximum bulk EC of each transect and
smoothed using Savitzky‐Golay filter with a 0.25 smoothing factor. Percent change magnitudes in σba BTCs are an order of
magnitude larger than instream EC BTCs.
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While noisy, the presence of secondary peaks suggests notable subsurface solute retention, which is greatest at
high discharge; this result becomes clearer upon inversion of the σba data (described below).

Another difference between the σba BTCs and those of the instream EC is the magnitude of the conductivities. The
conductivity magnitudes of σba are smaller than that in the instream EC BTCs throughout all tracer tests, as
expected, because σba measures the bulk medium, rather than just the surface flow (Figures 4 and 5); conse-
quently, the estimated mass from the σba BTCs is much smaller than that estimated from the instream EC (details
in Tables S4 and S5 of Supporting Information S1). Also, the magnitude of response varies more between
transects for σba than those of the instream ECBTCs (Figures 4a–4c and 5a–5c). For each discharge, the σba values
show systematic decreases between A and B transects (i.e., above/below logjam(s)) in each reach) and between
1A and 2A transects (above logjam(s)) between reaches), while 1B and 2B values (below logjam(s)) are similar
between reaches (Figure 5). In contrast, the EC values are similar across all transects for a given flow (Figure 4).
The averaging over large support volumes with ER limits the accuracy of mass recovery in highly concentrated
targets (i.e., measurement of conductivity in streams that are channelized like those of transect 1B and 2B) but
may allow for better assessments of more distributed tracer presence like in 1A and 2A (e.g., Bethune et al., 2015;
Ward et al., 2010a), meaning that we underestimate masses in systems like 1B and 2B, which may explain the
differences in σba values downgradient. For example, we see the lowest σba (and thus the lowest observed mass
and mass recovery; Table S5 in Supporting Information S1) at transect 1B at the lowest discharge, likely due to
the target being highly focused, rather than more dispersed at higher discharges.

3.3. ER Inversions

Inversions of the σba data provided spatially explicit evidence on how channel morphology and logjams enhance
subsurface transport of the tracer. The σba data, presented above, were inverted to create maps of the strength and
distribution of the ER signal through time that was generated as a response to tracer presence in the subsurface.
The ER current distribution as measured in the field is affected by the electrical conductivity distribution upstream
and downstream of our electrode transect as the current moves out of that plane (e.g., Bentley & Gharibi, 2004;
Vanderborght et al., 2005). σba data from each transect are inverted independently from one another in 2‐D,
assuming that properties of the medium are invariant in the third dimension (i.e., upstream or downstream;
Nimmer et al., 2008; Vanderborght et al., 2005).

3.3.1. ER Inversions at Low Discharge

In Reach 1, which has the intermittent secondary stream that is not activated at low discharge (Figure 2a), we see a
broad spatial distribution of the tracer in the upstream transect 1A from 4 to 20 m along the transect (Figures 6i,
6m, and 6q), at depths to and below the depth of investigation. These results suggest the spread of the tracer due to
the backwater pool just above the ER line (Figure 2a). The concentrated tracer at ∼7 m along the transect in 1A,
near the stream location, likely indicates an area of downwelling and HEF (Figures 6i, 6m, and 6q). The tracer
continued to generate a strong signal (47% higher than background) 4–5 m along the transect 1 hr after the in-
jection ended (Figure 6u). The tracer signal is no longer detectable approximately 5 hr after the injection ended.
The solute refocuses below the logjam, in transect 1B, around the stream (Figures 6j, 6n, 6r and 6v), which we
observe at 5–10 m along the transect to the depth of investigation; this isolated, concentrated signal is indicative of
tracer movement through and below the single channel in transect 1B (Figure 2a). The tracer signal persists
throughout the entirety of the data collection where small sections of the inversion remained above 10% from
background bulk EC ∼6 hr after the injection ended.

Multiple areas light up in the subsurface in Reach 2, the downstream reach with two persistent channels
(Figure 2d). In transect 2A, ER inversions show spatially distributed tracer presence across the transect from 4 to
17 m to the depth of investigation (Figures 6k, 6o, 6s and 6w), again as a result of the backwater pool. Tracer
signal is no longer observable ∼16 hr after the tracer injection ended (Figure S9 in Supporting Information S1).
Transect 2B shows two relatively isolated signals at 5–10 and 13–15 m along the transect to the depth of
investigation, indicative of the two streams separated by an island at 12–13 m across the transect (Figures 2d, 6l,
6p, 6t and 6x). The tracer signal becomes undetectable ∼17 hr after the injection ended (Figure S10 in Supporting
Information S1).
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3.3.2. ER Inversions at Medium Discharge

We observe greater spatial distribution of the tracer in at medium discharge than at low discharge (Figure 7),
although perhaps faster flushing. Tracer presence is similar to that observed at low flow along transect 1A, and the
signal from the tracer is no longer detectable ∼5 hr after the tracer injection ended (Figure S7 in Supporting
Information S1). In transect 1B, however, the inversions now show the impact of two channels, the original one at
∼7 m (the primary channel) and the now low‐flowing secondary channel at 21 m along the transect (Figures 7j,
7n, 7r and 7v). The tracer presence in the secondary channel remains∼14% above background EC∼26 hr after the
injection ended. We see similar enhanced subsurface connectivity with discharge in Reach 2. In contrast to low
discharge, we observe a less concentrated, but further distributed tracer presence in transect 2A (Figures 7k, 7o, 7s
and 7w), particularly in the vicinity of the logjam at 15–21 m. Lateral connectivity at medium discharge
(Figures 7l, 7p, 7t and 7x) is similar to low discharge (Figures 6l, 6p, 6t and 6x) in transect 2B, but again appears to
flush out of the system more quickly.

The broader spatial extent of the tracer at medium flow is likely driven by multiple changes within the system. As
the flow increases to medium discharge, the secondary channel in Reach 1 is activated, and the backwater pools in
both reaches expand (Table S1 in Supporting Information S1). These changes, resulting from increased stream
stage, drive flow downward into the island (∼14 m along transect 2A; Figures 2e, 7k, 7o and 7s) and laterally
around the logjams, thereby resulting in the increased vertical and lateral distribution of subsurface flow paths.

3.3.3. ER Inversions at High Discharge

At the highest discharge, we clearly observe the presence of the tracer along the entirety of transect 1A, suggesting
a further‐expanding hyporheic zone (Figures 8i, 8m, 8q and 8u) that is controlled in part by the growth of the
backwater pool (Table S1 in Supporting Information S1), as supported by numerical modeling presented in Zhang
et al. (n.d.). Furthermore, the vegetated island that separates the two channels of transect 1A is inundated at high

Figure 6. Results from ER inversions across all four transects for selected timesteps from 12 August 2019 (low flow). Cross‐sections are oriented looking upstream; flow
would be coming out of the page. (a–d) The resolution matrix, where values that are closer to one are more resolved. (e–h) Inverted background bulk EC. Light blue
areas on the surface of each transect indicate stream locations (i.e., surface flow). (i–x) ER inversions at 1, 2 and 4 hr after tracer injection began (tracer injection ends at
4 hr), and 1 hr after the tracer injection ends. Percent change represents the percent increase in modeled bulk EC from modeled background EC. White dotted lines
represent the depth of investigation, where modeled bulk EC below this line is poorly constrained by observed data.
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flow (Figures 2c, 6–8i, 8m, 8q and 8u; Figures S1 and S2 in Supporting Information S1); this saturated island
enhances connectivity across the stream channels and produces highly distributed and nearly unbroken tracer
extent across most of the transect (Figures 8i, 8m, 8q and 8u). Only at high discharge is there a second peak in bulk
EC in inversions from transect 1A; the tracer signal is undetectable ∼8 hr after the injection ended, but the signal
returns ∼18 hr after the tracer injection ended and remains detectable through the rest of the data collection time
(Figure S8 in Supporting Information S1). This delayed second peak is likely caused by enhanced surface
transient storage driven by the increasingly large backwater pool coupled to downwelling and subsurface flows.
The flowing secondary channel in transect 1B also becomes more apparent in the ER tomography at high
discharge, with two relatively concentrated and isolated signals that are representative of the two, well‐developed
channels at 7 and 21 m along the transect (Figures 8j, 8n, 8r and 8v). The tracer remains detectable through the rest
of the observation period.

In transect 2A, the tracer distribution at high discharge resembles that at medium discharge: a highly distributed
signal that spreads along the majority of the transect from the increased connectivity and enhanced HEF that is
stimulated by the backwater pool in Reach 2 (Figures 2f, 8k, 8o, 8s and 8w; Table S1 in Supporting Informa-
tion S1). We observe a second peak in bulk EC in transect 2A as well as in transect 1A (Figure S9 in Supporting
Information S1). The tracer signal largely dissipates 16 hr after the injection ended but returns 3 hr later (19 hr
after injection) and remains detectable 37 hr after the injection ended. In transect 2B, we observe the tracer across
the entire width of the transect to the depth of investigation (Figures 8l, 8p, 8t and 8x). Bulk EC in transect 2B
remained 5% above background levels throughout the entire data collection, 40 hr after the tracer injection ended,
indicating a longer subsurface retention than is seen at medium discharge.

3.4. Discharge‐Dependent Patterns of Transient Storage

Increasing stream discharge results in larger backwater pools (Table S1 in Supporting Information S1), the
activation of a secondary channel in Reach 1 (Figures 2a–2c), and enhanced subsurface exchange, especially at

Figure 7. Results from ER inversions across all four transects for selected timesteps from 4 June 2019 (medium flow). Cross‐sections are oriented looking upstream;
flow would be coming out of the page. (a–d) The resolution matrix, where values that are closer to one are more resolved. (e–h) Inverted background bulk EC. Light blue
areas on the surface of each transect indicate stream locations (i.e., surface flow). (i–x) ER inversions at 1, 2, and 4 hr after tracer injection began (tracer injection ends at
4 hr), and 1 hr after the tracer injection ends. Percent change represents the percent increase in modeled bulk EC from modeled background EC. White dotted lines
represent the depth of investigation, where modeled bulk EC below this line is poorly constrained by observed data.
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high flow in transects 1A and 2A, and to a smaller extent in 2B (Figures 6–8). Given the dynamics of our system
and noise in our data, the temporal moments and transient storage indices were difficult to explain with respect to
physical processes (Tables S4–S6 in Supporting Information S1). There are multiple reasons for this issue,
including (a) the changing channel planform, (b) the existence of secondary tracer peaks that complicated the use
temporal moments without consideration of multimodal analyses, and (c) noise in the late‐time tails of the BTC
that made moment analysis difficult, especially for higher‐order moments. Analysis of temporal moments and
transient storage indices likely work best when the range of tracer concentrations is several orders of magnitude;
however, in our case, the signal‐to‐noise ratio was low, especially in the secondary peaks, as we kept injection
concentrations low for both ecological and density‐dependent‐flow concerns. Consequently, compressing results
from these data into single values related to temporal moments and transient storage indices does not make much
intuitive sense—in other words, there is a conceptual mismatch between the assumptions needed to interpret
breakthrough curves as described in Section 2.4 and the system we are working in.

Despite these concerns, the temporal moments provide some insight into the influence of discharge on transient
storage in this system and support some of the ER analyses presented earlier. For example, we see the smallest
tracer‐mass recovery as well as the highest skew on average, given large values in transects 1B and 2A, occurring
at medium discharge (Figure 4, Table S4 in Supporting Information S1). At medium discharge, the secondary
channel started to activate in Reach 1 (Figures 2b, 2c, 7j, 7n, 7r and 7v), leading to additional locations for in‐
stream storage. Stream velocities in the main channel of transect 1B appeared faster than in the secondary
channel, thereby promoting variability in advective flowpaths within surface waters at medium flow. This po-
tential increase in the flowpath diversity is also observed in transient storage index (TSI) calculations (Table S6 in
Supporting Information S1) and simulated by Zhang et al. (n.d.).

The temporal moments that were calculated from σba BTCs, which primarily represent the effects on subsurface
transient storage, exhibit a greater range of values at low and high discharge than at medium discharge compared
with the instream EC data in both reaches (Figures S11d, S11f and S11h; Table S5 in Supporting Information S1),

Figure 8. Results from ER inversions across all four transects for selected timesteps from 24 June 2019 (high flow). Cross‐sections are oriented looking upstream; flow
would be coming out of the page. (a–d) The resolution matrix, where values that are closer to one are more resolved. (e–h) Inverted background bulk EC. Light blue
areas on the surface of each transect indicate stream locations (i.e., surface flow). (i–x) ER inversions at 1, 2, and 4 hr after tracer injection began (tracer injection ends at
4 hr), and 1 hr after the tracer injection ends. Percent change represents the percent increase in modeled bulk EC from modeled background EC. White dotted lines
represent the depth of investigation, where modeled bulk EC below this line is poorly constrained by observed data.
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implying more similarity in subsurface behavior between transects at medium discharge than at other flows. What
is most apparent is that the ER inversions show the fastest subsurface flushing of the tracer at medium discharge—
that is to say, exchange increases with discharge, based on the extent of tracer in the subsurface, but retention
does not.

A more detailed look at the effects of the different reaches on tracer retention and transport may be gained by
deconvolving the upstream and downstream signals (Text S3 in Supporting Information S1). The deconvolution
gives an estimate of the distribution of total transfer times between upstream and downstream EC time series.
These transfer functions were estimated for Reach 1 between transects 1A and 1B (Figure S13 in Supporting
Information S1), Reach 2 between transects 2A and 2B, (Figure S14 in Supporting Information S1), and the
longer reach between transect 1A and transect 2B (Figure S16 in Supporting Information S1) for both the EC and
σba BTCs. In short, the deconvolution of the σba data and the instream EC data do not indicate a simple mass‐
transfer process between fast and slow tracer stores (e.g., Gooseff et al., 2011). Neither of the Reach 1 or
Reach 2 transfer functions is particularly well‐modeled by advection and dispersion, probably because of the short
reach lengths. Within Reach 1, the low‐flow event showed the greatest retention of tracer mass by single‐rate
exchange/exponential decay following the main peak, although the medium flow event was corrupted by the
downstream electrode failing for a short time. Reach 2 does not show significant retention after the main
advection‐dominated peak (Figure S14 in Supporting Information S1), while Reach 1 clearly shows larger
retention for all flow events. The late secondary peak in upstream 1A is often systematically less than the sec-
ondary peaks in downstream sensors, which defies an explanation by either retention or linear transport processes.
A small diel rise in the local groundwater concentrations would, however, explain the late‐time data. An analysis
of all transfer functions indicates that the secondary low‐magnitude peaks between 10 and 20 hr are likely due to
noise in background EC that varies between locations.

The transfer functions for the longer reach between transects 1A and 2B (Figure S16 in Supporting Informa-
tion S1) showed a primary peak that was well modeled by pure advection and dispersion, along with the sta-
tistically significant secondary peaks that carried minor amounts (<10%) of the total mass. These decline curves
of these transfer functions are dominated by multiple peaks at all flows in the short time after removal of the tracer
source, rather than monotonic decline as would be expected from mass transfer to/from the hyporheic zone (e.g.,
Gooseff et al., 2011; Text S3 in Supporting Information S1). These non‐monotonic deconvolution results indicate
secondary advective pathways, not linear exchange due to concentration gradients. The secondary peaks in the
transfer functions could be generated by rotating eddies in the backwater pools or transport through secondary
channels, as described earlier. The largest secondary peaks were found during medium discharge, again noting
that there is something unusual at medium flow.

3.5. Evaluation of Hypotheses

Our results partially support our first hypothesis. Reach 1, with two logjams and an intermittent secondary
channel, exhibits greater variation in advective pathways and transient surface storage than Reach 2, with a single
logjam and a perennial side channel. As the intermittent secondary channel in Reach 1 activated with increasing
discharge, there was an increase in the number and spatial distribution of flowpaths, including some faster
flowpaths that circumvent the backwater storage and lead to faster tracer breakthrough in the channel. The
channel complexity and flowpath distribution in Reach 1, with two jams and the intermittent secondary stream,
also allows for more interaction between the flowing stream and the subsurface hyporheic zone, leading to an
expansion of subsurface tracer signals throughout the transects as seen in the ER inversions (Figures 6–8) and
supported by modeling results in Zhang et al. (n.d.). The results from the σba and instream ECmoments, as well as
instream EC and σba deconvolutions, suggest that increased reach complexity controls surface transient storage
more than subsurface transient storage, which fits previous results from the site (Ader et al., 2021), as well as prior
research that observed a linear increase in surface transient storage with increasing wood load (Kaufmann &
Faustini, 2012). The higher hydrologic connectivity in Reach 1 facilitates HEF processes, promotes surface
retention and the exchange of water and solutes between the surface and subsurface. However, it is difficult to see
differences in subsurface retention between the two sites.

Concerning our second hypothesis, our results suggest that transient storage decreases in surface water with
increasing flow, but the subsurface patterns are more variable. At higher discharges, the increase in backwater
pool volume and, in the case of Reach 1, the activation of the secondary channel, provide opportunities for an
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increase in overall surface transient storage, although not as a fraction of total flow. While backwater volume
increases with discharge, it becomes a smaller portion of the total surface water volume, so total volume may not
be an ideal indicator of surface transient storage, but instead relative volumemay be more relevant. The secondary
stream can in turn drive subsurface exchange flows by increasing the stream stage and associated pressure
gradients. The importance of the intermittent secondary stream to surface and subsurface transient storage seems
to become less important at high flow, perhaps because dead zones in the surface flow are not as strong with
increasing flow, and the increased velocity of the stream allows for less time for exchange of the tracer into the
subsurface. Similar patterns in surface transient storage are predicted from the models of Zhang et al. (n.d.) for
this site. In the subsurface, we see stronger and more dispersed tracer signals at higher discharge (Figures 6–8),
with an increase in the lateral extent of the tracer. Additionally, at low and high discharge, σba values remain
higher in the tails of the BTCs on average than at medium flow (Figure 5), producing higher subsurface tracer
concentrations at later times compared to the medium discharge (Figures 6–8). This result suggests that there is
more subsurface solute flushing at medium discharge, which may be related to the deepening of flowpaths in the
subsurface (Figures 6–8), but under a lower head gradient than at high flow. We note, however, that high
discharge does not always result in a stronger hydraulic gradient between surface water and groundwater (e.g.,
Wroblicky et al., 1998).

Retention has been defined a number of ways in the literature, but here we lean on the definition of the hydro-
logical retention factor introduced by Runkel (2002), which is the cross‐sectional area of the zone of retention
divided by the stream discharge. We use this definition because rough estimates of the hyporheic zone cross‐
sectional area is readily available from our ER mapping. We note that accurate estimates of hyporheic area are
impossible from ER data given the effects of regularization on inversion (e.g., Day‐Lewis et al., 2005); however,
the relative area of the hyporheic zone increases with stream discharge, and discharge increases more quickly than
the change in hyporheic area. So while we see an increase in subsurface exchange with discharge, the relation to
retention is less clear and, based on flushing, we see the lowest subsurface retention at medium discharge, in
contrast to Zhang et al. (n.d.). Of course, differences between our measurements and numerical models are many,
in that field measurements are sensitive to aquatic vegetation and complexity in morphology and subsurface
heterogeneity that are simplified or absent in simulation. Additionally, surface‐water flows are vertically aver-
aged in simulations like those of Zhang et al. (n.d.), so any vertical circulation in the backwater eddies cannot be
generated. We note that while many studies have shown that hyporheic flow increases with stream velocity and
are is inversely related to retention, Huang and Yang (2023) show a slight decrease in hyporheic flows in a lab
system at the highest velocity.

We consequently propose a qualitative conceptual model of how surface and subsurface transient storage
(designated here as relative retention, with units of time− 1) change with discharge in our field system compared
with two simple, hypothetical systems (Figure 9). We note that length and time are required scales to represent the

Figure 9. Conceptual figure that shows how surface and subsurface transient storage change with discharge in (a) an
engineered, rectangular channel constructed from low‐permeability material, (b) a morphologically simple, single‐thread,
alluvial stream, with no logjams, and (c) a more‐complex natural stream with a logjam that develops two channels at medium
discharge, as observed in Reach 2 of our study. The magnitudes of the graphs are subjective. The added complexity in
(c) likely increases the non‐linearity of relations between retention and discharge, although the nature of these relations
remains an open question.
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biogeochemically relevant properties of transient storage zones; time determines how quickly the storage is
flushed, while length is a measure of the volume per unit bed area in transient storage and controls how easily
water can enter the storage zone. One could have high rates of exchange but little storage, for example, in which
transient storage would have little or no impact on stream chemistry.

For the simplest stream system, a concrete‐lined canal with no hyporheic zone, for example, we would expect
little surface and no subsurface retention at all discharges (Figure 9a). We note that several processes may
generate some degree of surface retention, however; for example, there may be a viscous sublayer in the turbulent
velocity boundary layer near the concrete bottom where water will be stagnant for a time and then flushed back
into the water column (e.g., Grant et al., 2018). This viscous sublayer may have little storage; however, the
presence of roughness on the concrete might create more substantial storage, especially if there is a benthic algal
layer growing there, which may be biogeochemically significant.

In contrast, in a morphologically simple, natural channel surrounded by a permeable aquifer, surface retention
might decrease with discharge as increasing stream velocity washes out surface eddies, while subsurface retention
increases as more water is driven into slow‐moving shallow groundwater (Figure 9b). In this case, the subsurface
storage would be large compared to a low‐velocity viscous sublayer described above. Additionally, if the
hyporheic exchange rate goes up, retention times go down, so such a process would appear more like instanta-
neous reversible retardation, which cannot be seen in a typical experiment unless a tracer is buoyant. For this
simple alluvial channel, we suggest a linear retention model (Figure 9b), but recognize that the relation is likely
more complex given stochastic influences of interactions between flow, bedforms, and slight planform irregu-
larities (constrictions, expansions) with varying discharge.

At Little Beaver Creek, no such simple relations exist (Figure 9c). Instead, based on our data, we find that at low
discharge in Reach 1, there is substantial subsurface exchange even before activation of the secondary channel
(Figures 6–8). As discharge increased to medium flow, activation of the slower‐velocity secondary channel
increased surface retention and the potential for greater hyporheic exchange through elevated stream stage, as
seen in the ER inversions (Figures 6 and 7), but resulted in faster flushing (less retention) of subsurface solute. The
ER data further indicate an increase in subsurface transient storage at high discharge, and slower flushing of solute
than at medium flow. At high discharge, flow velocities in the secondary channel became more similar to the
primary channel than at medium discharge, thereby decreasing flow heterogeneities between the two channels,
and perhaps reducing surface retention.

3.6. Limitations of the Study

Although our study compared reaches with varying morphologic heterogeneity that evolved with discharge, it is
important to acknowledge that our experiments were conducted in a natural stream system that inherently pos-
sesses uncharacterized heterogeneity, including variations in hydraulic conductivity, wetted perimeter, perme-
ability of logjams, and other difficult‐to‐quantify characteristics that can influence solute transport processes.
Although we attempted to isolate the effects of logjams and secondary channels, these inherent differences be-
tween reaches introduce additional variability and potentially confound the direct influence of logjam distribution
or secondary channels on transient storage and hyporheic exchange. Furthermore, the hydrological connectivity
and flow dynamics from Reach 1 influence the conditions and transport processes observed downstream in Reach
2, causing some degree of autocorrelation that may obscure the direct comparison between reaches with different
logjam distributions; these ideas could be explored more fully in numerical models.

There are also experimental limitations to this work. It is also important to acknowledge our small sample size
(i.e., two reaches). The two reaches compared in this study also had slightly different reach lengths and notably
different transport distances to the upper transect from the injection point given thick vegetation that limited
access to the stream in areas without other logjams. Ideally, the reach length would be similar when comparing
breakthrough curve shape. We also did not have continuous data on the input concentrations—data were checked
manually during injection with a handheld probe between each tracer‐injection tank. Truncation, noise, and
secondary peaks in instream EC and subsurface σba BTCs introduce uncertainties in estimating behavior of solute
transport from moment analysis. Duration and continuity of monitoring were partly constrained by the need to
avoid summer convective storms and lightning, which were a near‐daily occurrence at the field site. But these
issues with the BTCs also lead to one conclusion of this paper, which perhaps should be obvious: simple statistics
based on unimodal distributions may not perform well. Consequently, in many cases in this work, the estimated
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moments are not reasonable, leading to our reliance on more qualitative interpretation of the BTCs. Lastly, we did
not have measurements everywhere we would have liked. Because we did not instrument the secondary channels
with transducers, we regrettably did not completely capture the dynamics of the secondary channels in the field.
Additionally, the cobble‐laden substrate made the insertion of shallow piezometers impossible by hand, and we
were working in a wilderness area where power equipment such as drills are not allowed.

Complex natural systems like those studied here are difficult to measure, and similarly difficult to model. The use
of flume and numerical models to support field findings, where possible, is helpful in characterizing the het-
erogeneity of behaviors—in space and time—that cannot easily be captured in the field. But we note that systems
with multiple channels (some of which are intermittent), multiple logjams, and backwater pools of evolving size
require complex physical or numerical models to explore. This work opens a number of questions that could be
studied with such models in terms of controls on surface and subsurface retention with discharge as well as how
stream intermittency drives HEF; we explore these questions in detail numerically in Zhang et al. (n.d.), using
HydroGeoSphere.

4. Conclusions
Our study provides insights into the complexity of transient storage in a natural stream system by comparing a
reach characterized by two logjams and an intermittent secondary channel to a reach with a single logjam and a
perennial secondary channel. Through three tracer tests conducted across varying discharges, we observed that
stream intermittency and presence of logjams influence solute transport processes and the extent of transient
storage. As discharge increases, the increased size of backwater pools and activation of a secondary channel in
Reach 1 promotes surface transient storage, thereby increasing the potential for hyporheic exchange by increasing
stream stage. At medium discharge, this newly flowing secondary channel and increased subsurface‐flow path
distribution, as observed through ER surveys, enhanced system heterogeneity. However, σba BTCs and ER in-
versions demonstrate that while tracer movement into the subsurface increases with discharge and the hyporheic
zone expands laterally and vertically with higher discharge, especially as the secondary channel starts to flow in
Reach 1, subsurface flushing of solutes is highest at medium flow, resulting in low solute retention in contrast to
the hypothesized response. As the flow in the secondary stream continues to increase at higher discharge, stagnant
surface water is reduced.

This study represents one of the first attempts to investigate transient storage in a complex, natural stream system
with multiple logjams and channels where stream intermittency adds a complicating factor. A conceptual model
based on our findings highlights the control of intermittent secondary channels on both surface and subsurface
transient storage. In short, logjams enhance stream corridor complexity and promote transient storage, but there
are notable challenges, described above, in characterizing these processes in the field.

Overall, this research contributes to our understanding of transient storage in complex stream systems and
highlights the significance of logjams for stream dynamics. The findings partially support our hypotheses: as
expected, the reach with two logjams and an intermittent secondary channel exhibited greater variation in surface
transient storage compared to the reach with a single logjam and a perennial side channel; however, differences in
subsurface transient storage are less clear. While hyporheic exchange increases with discharge in both reaches,
subsurface retention of solute was lowest for medium flow, contrary to expectations, due to a tradeoff between
increasing extent and velocity of hyporheic flow as pressure gradients increased with surface discharge.

Further studies in natural channels with differing patterns of spatial heterogeneity may help to inform under-
standing of the relative importance of different types (e.g., bedforms vs. obstructions vs. channel bifurcations) and
different magnitudes of heterogeneity (e.g., two subparallel channels vs. three, or five logjams per 100 m of
channel vs. two). Our results support the idea that greater spatial heterogeneity generally equates to greater
transient storage, although limits or thresholds may exist. Either way, river management and conservation efforts
should prioritize the preservation and promotion of large wood and channel complexity in stream systems. By
doing so, we can potentially enhance the overall health and functioning of these ecosystems, considering the
positive influence of large wood on channel complexity and the associated enhancement of surface and sub-
surface transient‐storage processes, however complex or nonlinear.
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