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[1] The accumulation of discharge along a stream valley is frequently assumed to be the
primary control on solute transport processes. Relationships of both increasing and
decreasing transient storage, and decreased gross losses of stream water have been reported
with increasing discharge; however, we have yet to validate these relationships with
extensive ﬁeld study. We conducted transient storage and mass recovery analyses of
artiﬁcial tracer studies completed for 28 contiguous 100 m reaches along a stream valley,
repeated under four base-ﬂow conditions. We calculated net and gross gains and losses,
temporal moments of tracer breakthrough curves, and best ﬁt transient storage model
parameters (with uncertainty estimates) for 106 individual tracer injections. Results
supported predictions that gross loss of channel water would decrease with increased
discharge. However, results showed no clear relationship between discharge and transient
storage, and further analysis of solute tracer methods demonstrated that the lack of this
relation may be explained by uncertainty and equiﬁnality in the transient storage model
framework. Furthermore, comparison of water balance and transient storage approaches
reveals complications in clear interpretation of either method due to changes in advective
transport time, which sets a the temporal boundary separating transient storage and channel
water balance. We have little ability to parse this limitation of solute tracer methods from
the physical processes we seek to study. We suggest the combined analysis of both transient
storage and channel water balance more completely characterizes transport of solutes in
stream networks than can be inferred from either method alone.
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1.

Introduction

[2] The ﬂuvial processes that drive stream-subsurface
exchange are well understood, but our ability to understand
their aggregated inﬂuence across entire stream networks
responding to changing discharge is not as well developed.
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Fluxes across the streambed vary at ﬁne spatial scales. As
such, these ﬂuxes cannot be directly quantiﬁed. Instead, it
is common practice to use a limited set of measurements
collected at larger spatial scales (e.g., solute tracer studies ;
Stream Solute Workshop [1990]) to summarize surface-subsurface exchange ﬂuxes. Field studies tend to focus on the
practical objective of measuring the aggregated effects of
surface-subsurface exchange at the spatial scale of hundreds of meters in a stream reach. Examples include using
solute tracers to measure the net change in discharge over
the reach (identifying gaining or losing stream segments),
or to quantify its gross gain and loss components over a
stream reach [Payn et al., 2009]. Here we refer to those
ﬂuxes as ‘‘long-term storage’’ pathways. We also quantify
short-term storage pathways by transient storage modeling
of in-stream tracer data. These analyses of long- and shorttimescale storage approaches have been widely used
though are rarely combined in a single study, especially in
an examination of multiple stream reaches throughout a
watershed. Changes in both short- and long-term storage
with discharge have been reported in the literature. Wondzell [2011, 2012] reported increasing short-term storage
with discharge, though the opposite relationship has also
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been reported [e.g., Jin and Ward, 2005]. Covino et al.
[2011] report long-term storage decreasing with increasing
discharge. The objective of this study is to determine if
stream discharge is a primary factor in establishing shortand long-term storage of solutes and water along the longitudinal axis of a mountain headwater valley. Speciﬁcally,
we will address three questions: (1) Do metrics of shortand long-term storage follow a consistent spatial pattern
with changes in discharge along the longitudinal axis of the
stream ?, (2) Do metrics of short- and long-term storage
follow a consistent temporal pattern with changes in
discharge for individual reaches (i.e., through seasonal
base-ﬂow recession)?, and (3) Does spatial organization of
short- and long-term storage vary across a range of baseﬂow conditions?
[3] Many stream processes are thought to be organized
by position along the stream network (i.e., predictable
changes moving downstream along the network). These
processes include ecosystem function as described by the
river continuum [e.g., Vannote et al., 1980]; power law
scaling of channel water velocity and cross-sectional geometry [e.g., Leopold and Maddock, 1953]; hydrologic dispersion mechanisms [e.g., Fischer et al., 1979]; and streamsubsurface exchange as described by the hyporheic corridor
[e.g., Gooseff et al., 2008; Stanford and Ward, 1993].
Synoptic studies at different locations in stream networks
rely on the assumption that sparse observations along a network can be used to characterize the gradient in physical
processes [e.g., Briggs et al., 2010; Covino et al., 2011].
Although gradients in physical processes (e.g., transient
storage) are expected given the gradients in the physical
system [Schmid et al., 2010], no study has demonstrated
that these gradients exist in short- and long-term storage
along contiguous reaches.
[4] In addition to spatial patterns in discharge, predictable changes in solute transport are expected with changing
hydrological conditions in a reach (e.g., through base-ﬂow
recession). Several studies have used the transient storage
model to characterize relationships with discharge by conducting replicate studies in a single reach under different
discharges [Jin and Ward, 2005]. In these studies, stream
discharge had a range of positive, negative, and neutral
effects on the extent of transient storage area relative to the
extent of the channel area (commonly ‘‘storage area ratio,’’
or ‘‘AS/A’’) [Butturini and Sabater, 1999; Fabian et al.,
2011; Hart et al., 1999; Karwan and Saiers, 2009;
Morrice et al., 1997; Schmid et al., 2010; Wondzell, 2006;
Zarnetske et al., 2007]. Schmid [2008] demonstrated the
applicability of transient storage model parameters across a
small range of in-stream discharges for individual reaches.
Recent syntheses of tracer studies by Wondzell [2011,
2012] suggest short-term storage increases with discharge.
While some of these studies include several injections,
these data have not been sufﬁcient to characterize solute
transport behavior across a wide range of discharges. Too
few tracer studies have been analyzed for gross gains and
losses to understand how gross changes vary across a wide
range of discharges. To address these limitations, we completed transient storage and channel water balance analyses
of a series of solute tracer studies. Injections were completed on contiguous 100 m reaches along a 2.8 km valley,
under four different base-ﬂow conditions. Using contiguous

reaches and replication of methods under multiple hydrologic conditions allows us to quantify spatial and temporal
patterns of short- and long-term storage.
[5] All stream solute tracer studies have an inherent experimental ‘‘window of detection’’ that determines which
transient storage ﬂow paths can measurably inﬂuence tracer
concentrations in the channel water. The duration of this
window is strongly inﬂuenced by velocity through the
channel and discharge. The window of detection describes
the temporal suite of ﬂow paths that affect the observed
downstream tracer breakthrough curve, typically limiting
analysis of recovered tracer to only the most rapid
exchanges [for a more complete discussion, see Harvey
et al., 1996; Wagner and Harvey, 1997; Harvey and
Wagner, 2000]. Thus, we describe these ﬂow paths as
‘‘short-term storage’’ for the purposes of this study.
Although the window of detection limits the temporal suite
of ﬂow paths characterized as short-term storage, these
ﬂow paths exist upon a template that is set by processes
occurring at longer temporal and larger spatial scales (for
example, patterns of gaining and losing [e.g., Payn et al.,
2009; Covino et al., 2011; Wondzell and Gooseff, 2011]).
We deﬁne the suite of ﬂow paths that do not return to the
downstream end of a stream reach within the window of
detection of a channel-based tracer experiment as ‘‘longterm storage’’. Storage in these ﬂow paths may be only
incrementally longer than short-term ﬂow paths, or may be
as long as regional aquifer storage times. Long-term storage may also represent water that ﬂows in the subsurface to
downstream reaches, to deep aquifers, or to riparian evapotranspiration. Regardless of the speciﬁc time scale associated with its fate (all ﬂow paths milliseconds beyond the
window of detection and longer), this long-term storage
manifests as gross gains and losses of channel ﬂow over a
given stream reach, where gross gain and loss sum to the
net change in discharge. It is also important to note that our
measurement of long-term storage will also be inﬂuenced
by observation time––analogous to the ‘‘window-of-detection’’ for transient storage modeling. Simply put, the
amount of time that the tracer mass takes to move the
length of the stream reach determines how long tracer-labeled water is exposed to head gradients that drive ﬂux
from the channel into the subsurface. Thus, gross ﬂuxes to
and from the channel should be inversely related to the
velocity and discharge.
[6] The fate of solute beyond the well-mixed, advectiondominated channel could be along ﬂow paths of a wide range
of spatial and temporal scales [e.g., Payn et al., 2009, Figure
2]. Interpretation of both short- and long-term storage from
tracer studies could enhance our understanding of the stream
valley hydrologic system beyond interpretation of either
short- or long-term storage process alone. We found that the
window of detection for solute tracer studies was a primary
control on the interpreted short- and long-term storage,
limiting our ability to differentiate between unique characteristics of the physical system and its interaction with the
methodology applied. Overall, this study relates both shortand long-term storage to existing conceptual frameworks of
hyporheic exchange and riparian hydrology, and serves as a
direct demonstration of how the ‘‘window of detection’’
complicates the interpretation and scaling of measurements
of stream-subsurface exchange.
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Figure 1. Physical attributes of the Stringer Creek catchment within the Tenderfoot Creek Experimental Forest, Montana, USA. (A) Underlying geology and watershed elevations (reprinted after Payn et al.
[2009] and Patil et al.). (B) Valley bottom elevation along the study reach. (C) Valley bottom and
streambed slope. (D) Stream sinuosity.

2.

Methods

2.1. Field Site
[7] Field experiments were conducted in the Stringer
Creek catchment, a second-order catchment within the
Tenderfoot Creek Experimental Forest (Figure 1). The
catchment drains a 5.5 km2 watershed, and includes ca. 2.6
km of stream valley above the conﬂuence with the Tenderfoot Creek. An unnamed tributary enters the stream 2.2 km
upstream of the conﬂuence. There is a transition in valley
structure ca. 1.2 km upstream of the conﬂuence with Tenderfoot Creek, apparently corresponding to a transition in
underlying bedrock from granite-gneiss (downstream) to
sandstone (upstream) [Reynolds, 1995]. This transition
corresponds to a transition in slope (steeper downstream,
ﬂatter upstream) and sinuosity (lower downstream, larger
upstream). The upstream valley has a wide ﬂoor and
shallow slope (5.7%) relative to the downstream valley’s
narrow riparian zone and steep slope (9.0%) [Payn et al.,
2012]. Soil depths in the riparian zone are relatively constant at 1.0–2.0 m deep [Jencso et al., 2009]. No notable
changes in the stream morphology were observed during
the study.
2.2. Field Tracer Experiments
[8] A series of conservative tracer injections using
sodium chloride (NaCl) were completed in 100 m ‘‘valley’’
reaches along the entire 2.8 km valley. We delineated
reaches every 100 m along a straight line following the longitudinal axis of the valley rather than following the thalweg of the stream. Hereafter, we will refer to these as

stream reaches, or reaches, despite the fact that the actual
channel length within the reach could be longer than 100
m. Using valley length to delineate reaches limits the
potential for channel sinuosity to confound effects of lateral
inputs on stream-groundwater interactions under different
hydrological conditions. Similarly, gross losses to long
residence time ﬂow paths (i.e., spatial scales at the reach
scale and larger) are likely to follow the valley axis rather
than a sinuous stream channel. However, sinuosity was low
throughout the entire study domain, so the difference
between valley and channel-delineated stream reaches was
usually small.
[9] Four sets of tracer injections were completed under
four different base-ﬂow conditions (ranging from 15 to 101
L s1 at the downstream end of the 2.8 km valley) to
provide snapshots of solute transport during different
hydrological conditions. In each injection, a known mass of
solute was released as an instantaneous slug a mixing
length upstream of the head of each reach. Studies were
conducted during the periods 4–6 August 2005, 22–24 June
2006, 25–28 July 2006, and 26 August–4 September 2006,
and tracer experiments were carried out only under baseﬂow conditions (i.e., when the stream ﬂows were not inﬂuenced by infrequent summer rain fall). A mixing length is
deﬁned as the length of stream channel necessary to
achieve well-mixed conditions in the vertical and transverse directions of the stream, determined here based on
ﬁeld observations of channel structure and ranged from 5 to
30 m [Payn et al., 2009]. Prediction of mixing lengths by
theoretical functions of channel morphology is not reliable
in headwater mountain streams [Day, 1977]. Electrical
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conductivity was used as a surrogate for tracer concentration in all measurements [after, for example, Baxter et al.,
2003; Gooseff and McGlynn, 2005; Wondzell, 2006].
In-channel electrical conductivity was recorded using
Campbell Scientiﬁc loggers (Logan, Utah, USA), calibrated
using known masses of NaCl and stream water. Additional
details regarding the tracer injections can be found in Payn
et al. [2009].
2.3. Unrecovered Tracer: Long-Term Storage
[10] Long-term storage calculations were completed
using the channel water balance estimates described
by Payn et al. [2009]. We used dilution gauging to calculate the discharge (Q, m3 s1) at the downstream and
upstream end of each reach. The net change in discharge
(Q, m3 s1) was calculated using the difference between
downstream and upstream discharges. Mass recovered at
the downstream end of the reach was used to calculate
mass loss in each reach. Assuming the only mechanism for
mass loss is outﬂow from the channel (i.e., conservative
behavior of the tracer, no loss due to instrument sensitivity)
the gross losses of water from the channel can be calculated. End members to bound the range of possibilities
can be calculated by assuming all loss occurs before gains
(i.e., minimum dilution before loss; QLOSS,MIN, m3 s1), or
all gain before loss (i.e., maximum dilution before loss;
QLOSS,MAX, m3 s1) within a single study reach. Given the
net change in discharge and gross losses, the associated end
members of QGAIN,MIN (m3 s1) and QGAIN,MAX (m3 s1)
can be calculated.
2.4. Recovered Tracer : Short-Term Storage
2.4.1. Window of Detection
[11] We sampled tracer concentrations until well after
the stream returned to apparent background concentrations,
and then calculated a maximum timescale of the observation (t99) as the time elapsed from tracer ﬁrst arrival to the
time at which 99% of the recovered mass passed by the
downstream observation point [after Mason et al., 2012].
This choice is representative of the window of detection of
the tracer injection, but eliminates subjectivity in choosing
the time at which tracer is last present, as tailing may not
be well observed using ﬁeld probes [Schmadel et al., 2011].
2.4.2. Temporal Moment Analysis of Tracer
Breakthrough Curves
[12] Temporal moments are integrators of all physical
processes affecting the observed breakthrough curve. In
this case, the temporal moments integrate behavior of all
mass recovered in the tracer study. For example, some
degree of skewness can arise from an Eulerian simulation
of advective and dispersive processes alone. Still, several
studies have shown that temporal moments are useful for
interpreting the relative importance of solute transport
processes [e.g., Schmid, 2008; Schmid, 2003]. We used
temporal moments to characterize the nature of solute residence time in each reach. In contrast to transient storage
parameters, temporal moments of slug injection breakthrough curves are parameters of the statistical distribution
of solute residence time in the reach, and were deterministically calculated directly from breakthrough curve data.
Many studies have demonstrated the usefulness of breakthrough curve moment analysis in comparing the behavior

of different hydrologic systems [e.g., Gupta and Cvetkovic,
2000; Schmid, 2003]. We calculated the nth-order temporal
moment (Mn) using:
Mn ¼

Z

t99

Cnorm ðtÞtn dt

(1)

0

where t is time and Cnorm(t) represents the normalized,
background-corrected concentration time series, and t99 is
the time at which 99% of the recovered mass passes the
observation point. The normalized concentration was
calculated as:
Cnorm ðtÞ ¼ Z

C ðt Þ
t99

(2)

C ðtÞdt

0

where C(t) is the observed tracer above background levels ;
all temporal moments are characterizations of only the
recovered tracer mass. This normalization yields a zeroth
temporal moment (M0) of unity for all cases. The ﬁrst temporal moment (M1) is physically interpreted as the mean
residence time. Higher-order central moments were calculated about the mean as:
n ¼

Z

t99

Cnorm ðtÞðt  M1 Þn dt

(3)

0

where 2 reﬂects the general spread of data round the mean
residence time (temporal variance), and 3 reﬂects the
skew in the data around the mean residence time [Gupta
and Cvetkovic, 2000; Harvey and Gorelick, 1995]. Finally,
we calculate skewness (, unitless) using the formal statistical deﬁnition.
¼

3
3=2

(4)

2

[13] We loosely interpret the magnitude of temporal
moments and derived statistics as relative metrics of
well known hydrologic processes. For example : the ﬁrst
moment is related to the inﬂuence of advection; the second
is related to the inﬂuence of dispersion ; and skewness is
related to the inﬂuence of transient storage. However,
direct quantiﬁcation of these processes should not be
inferred from this interpretation. As is evident in the
parameter relationships derived by Schmid [2002] the value
of a temporal moment is a complex function of more than a
singular transient storage parameter.
2.4.3. Transient Storage Model Parameters
[14] Transient storage modeling was completed using the
one-dimensional Transport with Inﬂow and Storage model
[i.e., OTIS; Runkel, 1998]. In addition to limitations due to
the study window of detection, discussed in the introduction, the transient storage model includes a number of
assumptions that are limiting in its performance, including
exponential residence time distribution in the storage zone,
lumping of all storage as a single immobile domain, instantaneous well-mixed representation of mobile and immobile
domains, and spatially uniform parameters within a reach.
These limitations are well described in past studies [e.g.,
Wagner and Harvey, 1997]; for our purposes we use the
widely applied single storage zone transient storage model
presented by Bencala and Walters [1983], solved via the
numerical scheme of Runkel [1998]. Furthermore, the
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assumption of constant dispersivity required for the transient storage model may be inappropriate for mixing length
stream tracer studies [Wang et al., 2011].
[15] Lateral inﬂow (qL,in, m2 s1) and outﬂow (qL,out,
2 1
m s ) for each model reach were speciﬁed using arithmetic averages of maximum and minimum gross gains and
losses, calculated as:
qL;in ¼

QGAIN;MIN þ QGAIN;MAX
2L

(5)

qL;out ¼

QLOSS;MIN þ QLOSS;MAX
2L

(6)

and

where L is the length of the experimental reach (m).
Upstream boundary conditions were speciﬁed using the
observed breakthrough curve at the upstream end of each
reach.
[16] We completed 100,000 independent model runs as a
Monte Carlo simulation, sampling the channel area (A),
storage area (AS), exchange coefﬁcient (), and dispersion
coefﬁcient (D) from uniform distributions (Table 1).
Estimated channel area (AEST) was calculated as
AEST ¼

QAVG
V

(7)

where QAVG is the average of the upstream and downstream discharges based on dilution gauging, and V is the
advective velocity of the solute peak through the reach.
The value for AEST was used to constrain the range of areas
explored using the equation (Table 1). For all parameters,
minimum and maximum values are summarized in Table 1.
The quality of ﬁt for each simulation was calculated using
a root mean square error (RMSE) criterion comparing the
simulated breakthrough curve to the observed downstream
breakthrough curve. We compare inferred hydrologic characteristics of reaches across space and time using the
parameter set with the lowest RMSE value for each reach
and tracer experiment. We also calculated the coefﬁcient of
variation (CV) for each parameter across the parameter sets
that generated the 100 lowest RMSE values out of the
100,000 model runs (i.e., lowest 0.1% of RMSE values).
We interpret the CV as a relative metric of our ability to
extract information from a given tracer experiment with the
model, where a lower CV for a given parameter means the
tracer data provided more information about that parameter
[17] Finally, we calculated the fraction of median transport time for a 200 m reach due to transient storage after
Runkel’s [2002] empirical relationship


200
Fmed
ﬃ 1  eLV

As
:
A þ As

Table 1. Parameter Ranges Considered for the Monte Carlo
Simulation
Parameter
2 a,b

A (m )
AS (m2)c
 (s1)c
D (m2 s1)c

Minimum Value

Maximum Value

0.5AEST
1102
1108
1104

1.5AEST
10
1101
5

a
The estimated cross-sectional area (AEST) was based on average discharge at the head of the reach divided by velocity (determined by time
elapsed between upstream and downstream peaks for each tracer injection). Monte Carlo parameter sampling was random and unstratiﬁed.
b
Linear spacing.
c
Logarithmic spacing (i.e., equal representation of each log cycle).

lated to test the null hypotheses of no correlation. Correlation coefﬁcients and p values were calculated using
MATLAB (The MathWorks, Inc., Natick, MA). Negative
gross gains and positive gross losses are considered as
errors with no physical explanation and were omitted from
calculations to avoid noninterpretable bias in correlation
coefﬁcients.
[20] Linear correlation coefﬁcients were used to interpret the effects of discharge variability in both space and
time. First, we grouped data temporally by the hydrologic
conditions during which they were collected, such that we
compared variability in discharge along the reach to the
corresponding variability in solute transport metrics at a
given discharge condition. This analysis was designed to
assess the potential effect of spatial variability in discharge on the spatial organization of solute transport metrics. Second, we grouped data by location along the
valley, such that we compared variability in discharge
through time to the corresponding variability in solute
transport metrics at a given location along the valley. This
analysis allows us to assess the potential effect of temporal variability in discharge on the temporal organization of
solute transport metrics, and how those effects may vary
along the valley. For the second analysis, we avoided bias
from insufﬁcient data by only using locations where at
least 3 data points exist, because two data points always
yields perfect correlation. In this study, we interpret only
the sign of these correlation coefﬁcients, given that the
low number of data points does not support a rigorous
statistical interpretation.
2.6. Spatial and Temporal Scales of Short-Term Storage
[21] To determine the spatial scale of ﬂow paths that
could reasonably be detected, we estimated subsurface
velocities using Darcy’s law

(8)
VSUB ¼

200
Fmed

[18] The value of
is highly dependent on reach
length, so it is normalized to a 200 m reach to allow intersite comparison of results. We use this as a relative metric
of the inﬂuence of transient storage that is independent of
tradeoffs between AS and .
2.5. Organization of Short- and Long-Term Storage
Relationships With Discharge
[19] To quantify relationships between discharge and
solute transport processes and metrics, we used Pearson’s
correlation coefﬁcient. Additionally, p values were calcu-

K
S


(9)

where VSUB is the subsurface velocity of water moving
through pore spaces (m s1), K is the hydraulic conductivity (m s1),  is porosity, and S is the hydraulic gradient (m
m1). Then we calculated a characteristic maximum ﬂowpath length using t99, the characteristic time scale for shortterm storage.
LC ¼ VSUB t99

(10)

[22] We assumed subsurface properties of K ¼ 1.0104
m s1 and  ¼ 0.25, representative of a clean sand. These
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assumptions should be conservative in that our estimates
are likely to result in a faster estimated Darcian ﬂow than is
likely to occur in the ﬁeld (excepting preferential ﬂow
paths) because the observed sediment textures included
substantial amounts of silt and clay which should result in a
K substantially lower than that of a clean sand and possibly
higher porosity. Consequently, the spatial scales we calculated are likely to be longer than those actually found in the
ﬁeld. Additionally, we assumed the average hydraulic gradient in the reach can be approximated by the valley slope
between the upstream and downstream monitoring locations, based on topographic survey of the site [after Wondzell, 2011]. These estimates are based on the assumption
that the temporal scale of the longest ﬂow path to which
our experiment is sensitive would be no longer than t99 for
a study. This equivalent length metric is useful to conceptualize the maximum spatial scales of ﬂow paths sampled in
our study, though we acknowledge that its magnitude is
subject to several simpliﬁcations that may be inaccurate.
This analysis is akin to the hyporheic potential described
by Wondzell [2011].

3.

Results

3.1. Long-Term Storage
[23] Most reaches had substantial simultaneous gains
and losses relative to upstream ﬂow during lower discharge
conditions (Figure 2). Gains near the tributary at 2200 m
can be clearly observed during the three highest discharge
conditions. The largest net gains were downstream of the
valley transition at 1200 m; visible perennial seeps and
springs suggest a substantial source of lateral groundwater
inputs in this region [Jencso et al., 2010; Payn et al.,
2012]. As in the earlier analysis of these data performed by
Payn et al. [2009], the magnitude of bidirectional exchange
in the system generally increased between high base-ﬂow
and intermediate or low base-ﬂow studies. At the lowest
discharge condition, the stream reaches from 900 to 1100
m exhibited gross gains and losses that were anomalously
large relative to the rest of the stream channel.
[24] During the four base-ﬂow conditions, both positive
and negative correlations were found between discharge
and gross gains (Table 2). Both minimum and maximum
gross losses were negatively correlated with ﬂow during
the two highest-ﬂow conditions, but the relationship
switches sign for the maximum gross loss under the lowestﬂow conditions (Table 2). Most individual reaches demonstrate positive correlations between ﬂow and gross gains
and negative correlations between ﬂow and gross losses
(Table 3). The 1300 and 1900 m reaches demonstrate the
opposite relationship between discharge and gross gains.
Increases in stream ﬂow were generally associated with
increasing magnitudes of gross gains and losses.
3.2. Short-Term Storage
3.2.1. Spatial and Temporal Trends in Temporal
Moments of Tracer Breakthrough Curves
[25] In general, mean residence time and temporal variance are largest for the spatial locations and hydrological
conditions with lowest discharges (Figure 3). Higher order
central moments (3 and 4, not shown here) represent similar trends to those observed in 2, with the higher moments

Figure 2. Gross gains and losses for 100 m reaches under
four-ﬂow conditions, normalized by ﬂow at the upstream
end of the reach. Plots are sorted from the highest to lowest
discharge at the downstream extent of the study. Spatial
patterns in discharge during each set of injections are
shown as the solid line (right-hand Y-axis). Bar heights and
single-sided error bars represent the minimum and maximum, respectively, gross gains (QGAIN) and losses (QLOSS)
normalized by upstream discharge in the reach (QU). The
shaded portion in the bottom subplot represents locations
where data were unavailable due to very low ﬂow in the
channel.

amplifying different features of each distribution. Skewness
is generally largest for the highest discharge locations and
conditions, though substantial noise exists in this relationship (Figure 3). Temporal moments demonstrate a
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Table 2. Sign of Linear Correlation Coefﬁcient Values (R) for In-Stream Discharge and Metrics of Long- and Short-Term Storagea

1

Q(0)¼101 L s
Q(0)¼27 L s1
Q(0)¼21 L s1
Q(0)¼15 L s1

QGAIN,MAX

QGAIN,MIN

QLOSS,MAX

QLOSS,MIN

M1

2



A

D

AS



(þ)
(þ)
(þ)
()

(þ)
(þ)
(þ)
()

()
()
()
(þ)

()
()
()
()

()
()
()
()

()
()
()
()

()
()
()
()

(þ)
(þ)
(þ)
(þ)

(þ)
(þ)
(þ)
(þ)

()
(þ)
(þ)
(þ)

(þ)
(þ)
(þ)
()

a

Data for each base-ﬂow condition (all spatial locations) were considered together for this analysis. Values of (þ) indicate increasing value with
increasing discharge; () indicates decreasing value with decreasing discharge.

generally consistent pattern with discharge, whether discharge varies in space or time.
[26] For all ﬂow conditions, mean residence time was
negatively correlated with the variability in ﬂow along the
stream (Table 2), which may be expected as velocity and
ﬂow rate are related. Mean residence time was also negatively correlated with discharge at all sites through time
(Table 3). Variance (2) was also negatively correlated
with the variability in ﬂow across both space and time
(Tables 2 and 3). Skewness () was negatively correlated
with variability in discharge along the reach for all baseﬂow conditions (Table 2), and positively correlated with
discharge for 22 of 28 spatial locations (Table 3). Results
in Table 2 suggest that while predictable relationships with
ﬂow are apparent in temporal moments (Figure 3), relationships between these statistical descriptions of solute transport and ﬂow are highly variable on a reach-by-reach basis
(likely due to heterogeneity in the system). At a more
coarse scale, increasing ﬂow rates generally yielded a
decrease in skewness with space, but the trend did not hold

at individual reaches considered under different discharges.
This is likely because lower ﬂow is associated with lower
velocity, and more time for processes other than advection
to affect the solute signal. In an independent analysis of the
same data, Patil et al. found that differences in short-term
storage were associated with changes in stream morphology (shorter tails in downstream reaches, where there is a
steeper slope, decreased sinuosity, and granite-gneiss bedrock) during the lowest discharge conditions. These conclusions, however, attribute the changes to both the physical
system and the increased discharge and velocity in downstream reaches. Although the physical system changes in
the valley bottom (slope, sinuosity, underlying geology),
Patil et al. were unable to parse these controls from the
discharge and velocity differences along the reach.
3.2.2. Spatial and Temporal Trends in Transient
Storage Model Parameters
[27] Best ﬁt transient storage model parameters ﬁt observations reasonably well (RMSE 0.22–6.24, mean 1.61). As
would be predicted by simple scaling relationships

Table 3. Sign of Linear Correlation Coefﬁcient Values (R) for In-Stream Discharge and Metrics of Long- and Short-Term Storagea
Distance From
Valley Outlet (m)
7
100
200
300
400
500
600
700
800
900
1000
1100
1200
1300
1400
1500
1600
1700
1800
1900
2000
2100
2200
2300
2400
2500
2600
2700

QGAIN,MAX

QGAIN,MIN

QLOSS,MAX

QLOSS,MIN

M1

2



A

D

AS



(þ)
(þ)
-(þ)
(þ)
(þ)
(þ)
(þ)
(þ)
(þ)
(þ)
(þ)
(þ)
()
(þ)
(þ)
(þ)
(þ)
-()
(þ)
(þ)
(þ)
-(þ)
(þ)
(þ)
(þ)

(þ)
(þ)
-(þ)
(þ)
(þ)
(þ)
(þ)
(þ)
(þ)
(þ)
(þ)
(þ)
()
(þ)
(þ)
(þ)
(þ)
-()
(þ)
(þ)
(þ)
-(þ)
(þ)
(þ)
(þ)

()
()
-()
-()
()
()
()
()
()
(þ)
(þ)
()
-()
(þ)
()
---------()

()
()
-()
-()
()
()
()
()
()
()
(þ)
()
-()
(þ)
()
---------()

()
()
()
()
()
()
()
()
()
()
()
()
()
()
()
()
()
()
()
()
()
()
()
()
()
()
()
()

()
()
()
()
()
()
()
()
()
()
()
()
()
()
()
()
()
()
()
()
()
()
()
()
()
()
()
()

(þ)
(þ)
()
(þ)
(þ)
(þ)
()
()
(þ)
(þ)
()
(þ)
(þ)
(þ)
(þ)
()
(þ)
(þ)
(þ)
(þ)
(þ)
(þ)
(þ)
(þ)
(þ)
(þ)
(þ)
()

(þ)
(þ)
(þ)
(þ)
(þ)
(þ)
(þ)
(þ)
(þ)
(þ)
(þ)
(þ)
(þ)
(þ)
(þ)
(þ)
(þ)
(þ)
(þ)
(þ)
(þ)
(þ)
(þ)
(þ)
(þ)
(þ)
(þ)
(þ)

(þ)
(þ)
()
()
(þ)
(þ)
(þ)
()
(þ)
()
(þ)
(þ)
(þ)
(þ)
(þ)
(þ)
(þ)
(þ)
(þ)
()
(þ)
()
(þ)
(þ)
(þ)
(þ)
(þ)
(þ)

()
()
(þ)
(þ)
(þ)
()
(þ)
(þ)
(þ)
()
()
()
(þ)
(þ)
(þ)
()
(þ)
(þ)
(þ)
(þ)
(þ)
()
(þ)
()
()
()
()
()

()
()
(þ)
(þ)
(þ)
(þ)
(þ)
(þ)
(þ)
()
(þ)
(þ)
(þ)
(þ)
(þ)
()
()
(þ)
(þ)
(þ)
()
(þ)
()
()
()
()
(þ)
(þ)

a
Data from all four base-ﬂow conditions at a single reach were combined for this analysis. Values listed as ‘‘--’’ represent locations where no analysis
was completed due to less than three physically meaningful points were collected (e.g., positive losses and negative gains were considered not physical and
were omitted from the study). Values of (þ) indicate increasing value with increasing discharge; () indicates decreasing value with decreasing discharge.
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Figure 3. Temporal moment analysis of the recovered
tracer at the downstream end of each 100 m reach, under
four hydrological conditions. Mean residence time (M1) is
generally longest in locations and under conditions with the
lowest ﬂow rates. Variance (2) is typically largest for the
reaches with the lowest discharge along the stream, and
for the lowest ﬂow conditions in individual reaches. No
discernable pattern in space or between base-ﬂow conditions is observed for skewness ().
[e.g., Leopold and Maddock, 1953], values of A generally
decreased with decreasing discharge, both along the stream
and with seasonal recession (Figure 4A). For D, AS, and ,
no discernable trends in space nor with base-ﬂow recession
were observed (Figures 4B–D). Based on the parameter CV

across the 100 lowest RMSE values (RMSE 0.58–12.34,
mean 3.15 for parameter sets considered), the model and
tracer data generally provided the most information about
A (CV of 32% for most tracer studies), followed by AS,
D, and  (Figure 4E–H). Other than some apparent outliers,
CV values for individual parameters were generally invariant with respect to both reach location and discharge condition. Values for D, AS, and  have large CV values (about
220%, 150%, and 280%, respectively), suggesting there is
substantially less information about these parameters in the
tracer data. This is expected given several past studies
reporting similar ﬁndings, and is likely caused by interaction between these three parameters to produce similar tailing behavior of the breakthrough curve [e.g., Mason et al.,
2012; Lees et al., 2000; Wagner and Harvey, 1997]. The
CV values found in this study were considered too large to
produce meaningful estimates of the numerous metrics
describing transient storage by combination of transient
storage model parameters (e.g., the average residence time
of a particle within the storage zone, commonly Tsto, after
Thackson and Schnelle [1970]). For this manuscript, we
continue exploration of recovered tracer data using a single
parameter set that provides the best ﬁt for each reach
(rather than considering a range of values), as is commonplace with results of other parameter ﬁtting tools and transient storage modeling in general. This provides some
common context with a multitude of past transient storage
studies. However, the apparent lack of information indicated by high-CV values suggests that our attempt to identify  and AS from these tracer data is suspect. We leave
more detailed analysis of the identiﬁability of transient
storage model parameters for future study (see C. A. Kelleher et al., Identiﬁability of transient storage model parameters along a mountain stream, submitted to Water
Resources Research, 2013), but we suggest that more studies of transient storage should include a check on parameter
identiﬁability, as we have provided here.
[28] During all base-ﬂow conditions, variability in A was
positively correlated with the variability in Q along the
stream (Table 2). For all stream reaches, variability in A
was also positively correlated with the variability in Q
through time (Table 3). Dispersion was positively correlated with discharge for all base-ﬂow conditions (Table 2).
Dispersion and discharge were positively correlated for 22
of 28 spatial locations, though negative correlations exist
for some spatial segments. There were no patterns evident
in the spatial (Figure 3) or temporal (Figure 4) correlations
of AS and  with discharge.
3.2.3. Expected Relationships Between Short-Term
Storage and Temporal Moments
[29] Although temporal moments cannot be directly
mapped to physical processes, some relationships are
expected to exist. Because M1 is a description of advective
timescale, which is related to both Q and A, we expect a
relationship to exist between A and M1. This relationship is
apparent in our data set, with the longest advective timescales associated with smaller streams (i.e., locations with
lower discharge ; Figure 5A). Spreading of tracer along the
longitudinal axis of the stream would be evidenced by temporal variance (2) in the downstream signal; we expected
the largest dispersion coefﬁcients would be associated with
the largest discharges due to increased turbulence in the
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Figure 4. Spatial distribution of transient storage parameters channel area (A), dispersion (D), storage
area (AS), and exchange coefﬁcient (), determined by the minimum RMSE from the 100,000 Monte
Carlo simulations for each slug injection (left column) and the coefﬁcient of variation (i.e., noise-to-signal ratio, calculated as standard deviation normalized by mean) for the 100 lowest RMSE parameter sets.
stream during greater discharges. The largest values for
variance are associated with the lowest discharges, We
found this trend to generally hold true (Figure 5B). No
trend between temporal variance and dispersion coefﬁcient
was observed because the dispersion coefﬁcient is a function of the physical system, while temporal variance is
dependent upon travel time in the reach (i.e., longer t99
results in more time for processes other than advection to
act on the input signal). Finally, skewness measures the
asymmetry of the distribution (more positive representing
increased tailing). In our study, we expect that increased
skewness would be associated with increased transient stor200
age of solutes. The metric Fmed
was developed to provide a
quantiﬁcation of transient storage that is independent of

recognized tradeoffs between AS and  in the transient
storage model parameters [Runkel, 2002]. Little pattern is
200
observed here between skewness and Fmed
(Figure 5C).
Taken together, results in Figure 5 suggest that transient
storage model parameters describing exchange (AS and )
were not related to the statistical description of the distribution that is most sensitive to transient storage (skewness),
though both advective timescales and dispersion are at least
weakly related to their associated temporal moments.
3.3. Linking the Window of Detection With Short- and
Long-Term Storage
[30] In our study, t99 ranges from about 0.3 to 6.2 h
(Figure 6). Across the hydrologic conditions observed in
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Figure 5. (A) Mean residence time and area (A) exhibit
an inverse relationship. This is expected because increasing
area is associated increasing ﬂow rate and increasing velocity, which would decrease the advective timescale of transport. (B) Variance represents a spreading of the solute
tracer signal in time, expected to arise primarily due to dispersion (D) along the longitudinal axis of the stream.
Indeed, the variance in the recovered solute tracer signals
are generally associated with the largest dispersion coefﬁcients. (C) Although a positive relationship is expected
200
between Fmed
(which quantiﬁes transient storage by combining both exchange rate and storage area as a single metric) and skewness, the data present no obvious trend.
this study, the window of detection in individual reaches
changed by an average of 1.4 h (with observed ranges of
0.4 at the catchment outlet to 5.8 h at the location of the
geologic transition, near 1200 m). The methods used in

this study directly limit the suite of ﬂow paths that can be
characterized as short-term storage ﬂow paths (i.e., those
described by the transient storage model). The window of
detection in solute tracer studies directly limits the temporal scale of ﬂow paths that can be observed, and preferentially samples only the fastest ﬂow paths [e.g., Harvey
et al., 1996; Harvey and Wagner, 2000].
[31] In general, slug injections in reaches with lower discharge are sensitive to longer residence time ﬂow paths relative to the same reach in higher discharge conditions due to
their longer window of detection and slower down-valley velocity (Figure 6). Analysis of the window of detection as a
function of discharge shows an inverse relationship between
stream discharge and window of detection (Figure 6). These
results are consistent with predictions on the window of detection limitations in solute tracer studies [Harvey et al., 1996;
Wagner and Harvey, 1997; Harvey and Wagner, 2000].
[32] Considering results of all tracer studies together,
weak relationships are present for increases in tracer mass
loss, decreases in gross gains, and decreases in gross losses
are observed with increasing t99 (Figure 7). Examining data
from individual sets of tracer experiments does not show
any relationship between tracer mass loss, gross losses, or
gross gains and t99. While there may be possible hydrological explanations for these patterns we also caution that the
interpretation of these relationships is confounded by the
interaction of stream velocity, tracer dilution, and instrument sensitivity, given the wide range in discharges across
which the tracer injection experiments were conducted.
[33] Comparison of t99 and temporal moments show power
law trends (Figure 8), which were also reported by Schmid’s
[1995] numerical simulations. Central moments of higher
order (3 and 4) show similar trends to those presented for
2. Skewness () does not show a strong relationship with t99
in our study. Visually, A has the strongest relationship with
t99 of any of the transient storage parameters (Figure 9),
which is expected since the stream’s cross-sectional area, discharge, and velocity are typically related [e.g., Leopold and
Maddock, 1953], and relationships between t99 and discharge
(Figure 6) have already been demonstrated. Weak correlations may be present between other transient storage model
parameters and t99 (Figure 9), but uncertainty in parameter
identiﬁcation and equiﬁnality in the transient storage model
framework overwhelm our ability to identify meaningful relationships between these parameters and the physical system
[Marion et al., 2003; Wondzell, 2006].

4.

Discussion

4.1. The Window of Detection Is a Primary Control on
Interpretation of Solute Tracer Studies
[34] Solute tracer studies have been widely applied in a
wide range of stream types and sizes, but all suffer from
one fundamental problem: how do we interpret the results
of these data, given critical limitations in our knowledge of
the physical system, ability to represent that knowledge in
a modeling framework, and ability to uniquely parameterize the model? Of fundamental importance is the window
of detection associated with individual solute tracer studies.
First, injections with a longer t99 exhibit more tailing in
short-term storage and both greater gross gains and losses.
Such results might be expected. As advective travel time

3368

WARD ET AL.: VARIATIONS IN SURFACE WATER-GROUNDWATER INTERACTIONS

Figure 6. Time elapsed to 99% of recovered tracer passage (t99) as a function of (A) average discharge
in the reach (QAVG) and (B) valley distance from outlet. The window of detection is related to discharge,
the primary control on transport time through a stream reach.
through the reach slows (larger t99) more tracer-labeled
water would be lost from the channel (i.e., there is more
time for processes other than advection to affect the solute
pulse, the main premise of several past studies [Harvey
et al., 1996; Wagner and Harvey, 1997; Harvey and
Wagner, 2000]). For example, we might expect that, in
stream reaches where gross gains come from localized hillslope hollows, gross gains might decrease with decreasing
discharge, because both streamﬂow and hillslope-sourced
inputs should decline as the catchment dries and water
stored in hillslopes is depleted. As lateral inputs decrease,
head gradients might be reversed in the shallow riparian aquifer, at least some locations, such that water tables slope
away from the stream and allow greater gross losses. We
also see that gross gains are constant or possibly increase as
t99 increases. Again, this relationship might be expected.
The largest gross gains are in the region 1200 m from the
mouth of the stream, at the contact zone between the overlying sandstones and deeper conﬁning layers. This portion of
the stream appears to be a major groundwater discharge
zone from larger, more spatially extensive aquifers (as
opposed to hillslope-sourced water from soils in hillslope
hollows). Thus, it might be reasonable to expect that groundwater discharge from such an aquifer would not be very sensitive to seasonal changes in catchment wetness. Thus, as
streamﬂow decreases through the period of summer baseﬂow recession, these groundwater inﬂows become larger
and larger relative to the declining stream ﬂow.
[35] The problem with these explanations, however, is
that our measures of both short- and long-term storage are
functions of tracer study design. Thus we are unable to isolate the inﬂuence of potential physical changes in the catchment hydrology from the inﬂuence of ﬂow velocity on the
advective time scale, which should also lead to an increase
in the relative magnitude of both gross gains and losses as
t99 increases. Our results support the earlier observations by
Harvey et al. [1996], Wagner and Harvey [1997], and Harvey and Wagner [2000]––the window of detection differences confound results of any study designed around
comparisons among replicated stream tracer injection
experiments.

Figure 7. Tracer window of detection (t99) as a control
on metrics of long-term storage including (A) tracer mass
loss, (B) gross loss (QLOSS,MAX), and (C) gross gain
(QGAIN,MAX) as a fraction of discharge at the upstream end
of each study reach (QU).
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4.2. Coupled Interpretation of Short- and Long-Term
Storage
[37] To explicitly compare ﬂuxes associated with shortand long-term storage for each study, we used the best ﬁt
parameter set to calculate the hyporheic exchange ﬂux at
the scale of each study reach (QHEF) as, QHEF ¼ LA [after
Harvey and Wagner, 1996]. Most tracer releases show
larger magnitudes of QHEF than QLOSS,MAX (Figure 10);
we found no explicit pattern in space, with discharge, or
with t99. Based on this analysis, we conclude that the

Figure 8. Tracer study window of detection as a control
on (A) mean arrival time (M1), (B) temporal variance (2),
and (C) skewness (). The measure of tailing in the studies,
skewness, is independent of the window of detection.

[36] The attributes of the breakthrough curve captured
by temporal moments are different than those aspects captured by calculating gross gains and losses, and also different from the transient storage model parameters. That
so many of these parameters are sensitive to t99 (our
proxy for the size of the window of detection) suggests
that the issue lies fundamentally with the physical behavior of the tracer plume as it is transported downstream
and is not simply an artifact of the analytical method
used to analyze the shape of the breakthrough curve.
Thus, slower advective transport and larger t99 give more
time for dispersive and other physical processes to operate on the input signal as it moves through the reach.
Each tracer breakthrough curve, therefore, represents a
unique subset of physical processes in the reach that act
upon the input signal. The window of detection is a
unique to each combination of study reach, hydrologic
state, and methodology; as such, the window of detection
serves as a conceptual boundary between short- and longterm storage, but one that is difﬁcult to compare between
experiments.

Figure 9. Tracer study window of detection as a control
on transient storage model parameters (A) channel area,
(A); (B) storage area, (AS); (C) dispersion, (D); and (D)
exchange coefﬁcient, .
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Figure 10. A comparison of ﬂuxes of water through shortterm storage (QHEF) and long-term storage (as QLOSS,MAX).
Short-term storage ﬂux generally dominates in this study,
and is independent of long-term storage ﬂuxes.
observation of short-term storage cannot be used as a surrogate to explain or quantify long-term storage, and vice
versa (i.e., increasing magnitudes of long-term storage do
not necessarily indicate increased nor decreased short-term
storage, although both describe fate of solutes beyond the
advection-dominated main channel). The two are different
suites of physical processes separated conceptually by the
t99 for the study. Consequently, the distinction of short- and
long-term storage primarily becomes a function of the
study design under the hydrologic conditions that were
present at the time of the tracer injection. Changing either
the study design or the hydrologic conditions changes the
underlying time scale so that short- and long-term storage
become highly variable in both space and time. However,
since the processes do differentiate two temporal scales of
observation (albeit separated by an arbitrary boundary arising from the method, t99), there may be utility in computing
both measures if they can contribute to a more complete
understanding of solute transport through streams. Coupled
interpretation of short- and long-term storage allows a distinction to be drawn between short- and long-term storage.
Although these two categories are coarse in their characterization, and likely include a high degree of heterogeneity
within each category, the ability to differentiate between
broad categories of ﬂow paths provides insight that has
heretofore been unavailable based on ﬁeld studies.
[38] We characterized the spatial and temporal scales of
short-term storage using a simpliﬁed analysis based on
hyporheic potential [after Wondzell, 2011]. The observed
t99’s ranged from 0.3 to 6.2 h, corresponding to ﬂow paths
ranging in length from 0.04 to 0.89 m. Thus, the ﬂow paths
observed in recovered tracer either represent storage in the
surface stream channel or very short hyporheic exchange
ﬂow paths such as those ﬂowing under a few cobbles or
through small bed forms that might be found at a small vertical step in the channel or through a tiny gravel bar (on the
order of 104 s, Figure 11). While the structure of Figure 11
[after Harvey and Wagner, 2000] presents spatial and temporal scales of subsurface ﬂow paths, we emphasize that

our results are also sensitive to in-stream storage (e.g.,
recirculating eddies or other in-stream ‘‘dead zones’’)
rather than in subsurface ﬂow paths; we do not have the
ability to differentiate between surface and subsurface
domains based on the data collected, and lump all fates into
short-term storage in this manuscript. Flow paths occurring
at longer temporal scales (irrespective of their spatial scale)
are categorized as long-term storage (in our study, t99 > 5
h, the upper section of Figure 11). Finally, ﬂow paths with
temporal scales within the window of detection but in locations that bypass the downstream observation point violate
the assumptions of the transient storage modeling framework. Because ﬂow paths visible within the window of
detection are so short (<1 m by our calculations, Figure
11), only a small amount of stream water would be
expected to inﬁltrate into the streambed in the last meter of
the study reach, so these bypass ﬂows should not contribute
substantially to measured long-term storage. As a thought
exercise, consider a 100 m stream reach with homogeneous
and isotropic subsurface. Flow paths must return to the
channel within 1 m of the point at which they leave the
channel based on our observed t99 and Darcy’s Law
assumptions. As such, bypass ﬂows included in long-term
storage can represent no more than 1 m of the total 100 m
reach (i.e., 1% of the gross losses).
4.3. Organization of Short- and Long-Term
Storage With Discharge
[39] The objective of this study was to determine if
stream discharge is a primary factor in establishing shortand long-term storage of solutes and water along the longitudinal axis of a mountain headwater valley, as suggested
by other studies [Wondzell, 2011, 2012; Jin and Ward,
2005; Covino et al., 2011; Butturini and Sabater, 1999;
Fabian et al., 2011; Hart et al., 1999; Karwan and Saiers,
2009; Morrice et al., 1997; Schmid, 2008, 2010; Wondzell,
2006; Zarnetske et al., 2007]. Results of this study do not
support a general relationship between discharge and shortor long-term storage along the longitudinal axis of the
stream, considering individual sets of injections (conducted
under four base-ﬂow conditions). For the spatially explicit
analysis (i.e., reach-by-reach), we conclude that although
recovered tracer exhibits some organization (e.g., M1, 2),
no consistent and robust relationships were present for metrics quantifying short- or long-term storage. Given the variability in sign of correlation, we conclude transient storage
model parameters are not well linked to stream discharge at
individual reaches. Finally, no discernable shift in organization of short- or long-term storage under different baseﬂow conditions was apparent in our study. We conclude
that our interpretations of short- and long-term storage do
not vary systematically with decreasing base-ﬂow
conditions.
4.4. Implications for Replicate and Synoptic Studies
[40] Based on our analysis of short- and long-term storage in 28 contiguous reaches along a valley ﬂoor, we conclude that each reach and hydrologic condition is a unique
ﬁlter that acts upon the input signal of the solute tracer
[supporting the conceptualization of, for example, Harvey
and Wagner, 2000]. From these results, we posit that heterogeneity along the valley at scales smaller than observed in
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Figure 11. The maximum spatial and temporal scales of ﬂow paths for recovered tracer are plotted relative to typical spatial and temporal scales of hyporheic exchange due to natural stream features [after
Figure 11 from Harvey and Wagner, 2000]. The combined analysis allows the range of possible ﬂow
paths to at least be divided into those returning and not returning to the stream during the tracer study.
Timescales (Y-axis) were based on the observed t99 for each study; spatial scales are the calculated Lc of
equation (10) (using Darcy’s Law assuming valley slope was equal to hydraulic gradient, hydraulic conductivity of 1.0104 m s1 and porosity of 0.25).
this study overwhelmed any spatial organization in storage
characteristics inherent in our generally gaining study
stream. As such, the ability to conduct directly comparable
studies of short- and/or long-term storage at different
spatial locations in a network or at a single location under
different hydrologic conditions by simply maintaining a
uniform methodology is not possible; changes in the window of detection confound interpretation of results and
cannot be distinguished from changes in the physical system. Indeed, even the same discharge may be a poor indicator of the ability to compare injections. Consider, for
example, replicate injections completed at the same discharge on the rising and falling limbs of a storm event; valley bottom hydrology may not be expected to have the
same physical processes occurring under both conditions
despite the same discharge. We are unable to parse the limitations of the method from our interpretation of transport
processes in streams, beyond the bulk differentiation
between short- and long-term storage (a division which
itself is a function of the window of detection of the tracer
study). One possibility to more completely characterize
short- and long-term storage might be to conduct many solute injections with different windows of detection). For
example, an instructive study might be executing multiple
series of tracer injections over the same study reach, but at
different reach-length resolutions. Comparisons of water

balance and transient storage at different resolutions in the
same stream might reveal how interpretations of hydrologic
storage of channel water are potentially biased by the window of detection.
[41] Many studies use spatially sparse data collected
under the same hydrological conditions (i.e., within periods
of several days during which no hydrologic perturbations
have occurred) to extrapolate to network behavior [e.g.,
Alexander et al., 2000, 2007; Briggs et al., 2010; Wollheim
et al., 2006; Ensign and Doyle, 2006; Covino et al., 2011].
Stewart et al. [2011] found heterogeneity in study segment
could overwhelm the underlying spatial trends that were
expected. Our observations of discontinuous patterns in
space and with hydrologic conditions support this conclusion; we ﬁnd heterogeneity within our study segment generally overwhelms any expected patterns or gradients in
short- or long-term storage, though larger spatial scale
gradients (e.g., contrasts between geologic settings in the
upper and lower half of the network) have been documented [Patil et al.; Payn et al., 2012].

5.

Conclusions

[42] Solute tracer studies can be used to characterize a
broad suite of short- and long-term storage ﬂow paths
in the valley bottom. From the stream’s perspective,
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short- and long-term storage represent similar physical processes (i.e., water and solutes exiting the advection-dominated stream channel). From a valley-bottom perspective,
short- and long-term storage represent different temporal
(and likely different spatial) scales of stream-aquifer interaction. Short- and long-term storage are highly heterogeneous
in both space (i.e., along the valley bottom) and time (i.e.,
during different hydrologic conditions). Discharge is a poor
predictor of short- and long-term storage interpreted from
solute tracer studies in our stream; further study in additional systems would be necessary to determine if this is
unique to our site, or if this is a generalizable conclusion.
[43] Results of this study demonstrate that our ability to
distinguish short-term (i.e., stored solute tracer that
returned to stream within the study window of detection)
and long-term storage (i.e., stored solute tracer that did not
return to stream during experiment) is limited by the window of detection [as was found in Harvey et al., 1996;
Harvey and Wagner, 2000]. Furthermore, the window of
detection in our study is spatiotemporally variable to the
degree that it may overwhelm any spatial or hydrologic
organization of interpreted physical processes, even for
contiguous stream reaches. The coupled interpretation of
short- and long-term storage from solute tracer studies
does, however, contribute to understanding of ﬂow-path
behavior both within and beyond the window of detection
of a tracer injection. The differentiation between the two
types of ﬂow paths is a function of tracer study design, the
physical setting, and the hydrologic conditions during the
study. This dependence underscores the difﬁculty in developing discharge-dependent relationships to characterize
solute transport through coupled stream-aquifer systems.
Results of this study challenge conceptual models that
stream discharge is a master variable controlling ﬂuxes of
water and solutes between streams and their valleys, and
suggests careful analysis of methods is required to interpret
tracer study data. While it is possible that such predictable
relationships exist, we conclude solute tracer studies are
not a reliable way to derive such relationships from ﬁeld
data due to inherent limitations with their application and
interpretation.
[44] In summary, we completed solute tracer studies to
analyze short- and long-term storage in 28 contiguous study
reaches under four base-ﬂow conditions. We found that
metrics of short- and long-term storage are not organized
with a consistent pattern in space. We found that metrics of
short- and long-term storage followed no consistent spatial
patterns for an individual study reach under different baseﬂow conditions. We found that no spatial or temporal patterns of short- and long-term storage were apparent at the
whole network scale across the base-ﬂow conditions studies. These results suggest heterogeneity between study
reaches may overwhelm any expected gradient. Furthermore, the variable window of detection between spatial
locations and hydrologic conditions is a master variable in
our interpretations of both short- and long-term storage.
Changing window of detection between individual solute
injections confounds interpretation of short- and long-term
storage comparisons in space and time.
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