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Abstract
Hydrologic fluctuations and geomorphic heterogeneity are expected to produce substantial
variability in solute transport within rivers. However, this variability has not been sufficiently
explored due to the limited availability of solute injection data in most rivers. Here, we analyzed
81 tracer injection breakthrough curves (BTCs) along Stringer Creek, a 5.5 km2 watershed in
Montana. BTC measurements were obtained for three baseflow conditions at 27 reaches along a
2600 m stream channel. BTCs in upstream reaches (first 1400 m) had receding tails with
shallow slopes, indicating high solute retention. Conversely, BTCs in downstream reaches (1400
to 2600 m) had receding tails with steeper slopes, indicating low solute retention relative to
upstream reaches. Difference in BTC tails along the stream channel coincided with changes in
channel morphology and bedrock geology. Specifically, channel slope increases from 5 – 6%
(upstream) to 9% (downstream), channel sinuosity decreases from a maximum of 1.32
(upstream) to 1.02 (downstream), and the underlying bedrock changes from sandstone
(upstream) to granite-gneiss (downstream). Importantly, intra-stream differences in BTC tails
were distinctly observable only during the two lowest baseflow conditions. Spatial variability of
BTC tail-slopes was most sensitive to changes in local discharge at low flow, and to changes in
channel sinuosity at high flow. BTC tail-slopes varied temporally with local discharge and
velocity at upstream reaches, but not at downstream reaches. These results suggest that local
interactions between channel morphology and solute retention vary with hydrologic conditions,
and that solute retention becomes more homogeneous at higher stream discharge.
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Key Points

1

•

Analysis of 81 tracer injection breakthrough curves along a stream.

•

Spatial variation in solute retention is explained by channel sinuosity and flow.

•

Effects of stream morphology on solute retention change with streamflow.

Introduction
Solute transport in rivers is a complex process due to the heterogeneity in geomorphic

and hydrologic properties of stream channels. Solute transport into in-stream dead-zones and
subsurface hyporheic flow paths significantly increases the time scale of solute retention
[Bencala, 2006; Gooseff et al., 2008]. Studies of individual stream reaches have shown that
solute retention depends on numerous factors, including stream discharge [Zarnetske et al.,
2007], channel bedrock geology [Harvey and Wagner, 2000], physical size of the hyporheic zone
[Tonina and Buffington, 2009], and presence of structural features like bedforms and meanders
[Wörman et al., 2002; Cardenas et al., 2004; Boano et al., 2006]. These factors play an
important role in structuring the stream and subsurface ecosystems [Jones and Mulholland,
2000], influence the migration of fine suspended particulate matter through rivers [Packman et
al., 2000a, b; Packman and MacKay, 2003; Karwan and Saiers, 2009], and control the
opportunity for microbial processing of carbon and nutrients [Battin et al., 2008; von Schiller et
al., 2008; Alexander et al., 2009]. However, it is not fully understood how solute retention in
rivers is influenced by the spatial and temporal variability in hydrology, morphology, and
hydrogeology. This influence needs to be better understood to address a variety of engineering
and management applications, such as contaminant removal [Choi et al., 2000; Hussein and
Schwartz, 2003], management of mine tailings [Boult et al., 1994; Da Silva et al., 2005], and
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stream restoration [Bockelmann et al., 2004; Bukaveckas, 2007; Hester and Gooseff, 2010; Doyle
and Fuller, 2011].
Numerous reach-scale tracer injection studies have provided important insights into the
potential causes of stream solute retention. Harvey et al. [1996] measured the concentrations of
a tracer injected at an experimental river reach in Colorado and found that the surface-subsurface
exchange of stream water was dependent on flow conditions. The authors showed that greater
exchange and solute retention occurred at low flow conditions, whereas the surface-subsurface
exchange decreased by 30% when the baseflow increased 10-fold. Wondzell [2006] conducted
stream tracer experiments in steep mountain streams in western Oregon and observed that the
presence of physical barriers in channels, such as log-jams, increased the transient storage of
stream water and associated solutes.

However, as this storage was primarily induced by

elevation head gradients, it was relatively insensitive to changes in streamflow. Salehin et al.
[2003] analyzed multiple solute injection breakthrough curves (BTCs) in an agricultural stream
reach in Sweden and found that farming practices such as channel excavation increased solute
residence times and decreased the effective hyporheic exchange rate. Gooseff et al. [2007]
hypothesized that transient storage increases with channel geomorphic complexity, and further
that the geomorphic complexity decreases with human modifications. Using tracer injections of
Rhodamine WT, they noted that residence times and transient storage were greater in natural
stream reaches with native vegetation than in anthropogenically modified reaches. More detailed
analyses have confirmed the importance of channel morphology to hyporheic exchange and
solute storage. Using an explicit multi-scale model, Stonedahl et al. [2010] showed that the
spatial variability in both hyporheic exchange and transient storage times increases dramatically
with channel complexity. While such studies have greatly improved our understanding of the
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mechanisms governing solute retention, this reach-based knowledge tends to be piecemeal, and
therefore, we still have an incomplete understanding of how solute retention is organized across
larger scales.
Transient storage models (TSM) [Bencala and Walters, 1983; Runkel, 1998; Wörman et
al., 2002] are commonly used to assess solute retention and transport from tracer injection
results. The TSM is often fit to measured BTCs in an attempt to identify reach-scale effective
transport properties such as the size of transient storage reservoir, the rate of surface-subsurface
exchange, and the characteristic time-scale of solute storage. However, several studies have
suggested that the difficulty in relating TSM parameters to channel conditions is a major obstacle
to generalizing site-specific findings [D'Angelo et al., 1993; O'Connor et al., 2010; Szeftel et al.,
2011]. Zarnetske et al. [2007] analyzed the TSM parameters on five diverse streams in Arctic
Tundra and found that the mean storage residence time showed an exponential decline with
increase in stream discharge, but no clear relationship with the extent of the hyporheic zone
(permafrost active layer depth). Wondzell [2006] found that the parameters from TSM did not
conform to the direct observations of solute retention and noted that the model parameters have
low sensitivity to longer residence time flow paths and high sensitivity to changes in discharge.
Szeftel et al. [2011] suggested that tracer BTCs lack sufficient information to identify a single,
unique TSM parameter set. Very recently, Stonedahl et al. [2012] demonstrated that tracer
storage inferred from TSM fits does not reflect the breadth of hyporheic transport timescales,
even in relatively simple and constrained streams. Our ability to generalize findings from
individual stream reaches is further hampered by the limited availability of high-quality solute
injection data [Drummond et al., 2012]. As a result, the spatio-temporal variability in solute
retention within river systems remains poorly characterized.
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In spite of the difficulties mentioned above, important solute transport characteristics can
be inferred from BTCs since they describe the distribution of solute travel times to a given point
downstream of a tracer injection. The peak of the curve represents the effects of mean in-stream
advection, while the width of the peak reflects the distribution of in-stream velocities
(dispersion). Skewness and long receding tails reflect the impact of solute storage, as the solute
is effectively immobilized from the main channel and re-released at a later time [Schumer et al.,
2003]. Receding tails with shallow slopes correspond to longer solute retention, whereas steep
BTC tail slopes indicate short-term solute retention and faster overall transport through the
stream reach [Haggerty et al., 2002; Salehin et al., 2003]. In this study, our focus is only on the
distribution of solute residence time in storage zones, and therefore, we limit our analysis to the
characteristics of the receding tails of measured BTCs. For a more complete description of the
distinction between in-stream advection, dispersion, and storage, see Schumer et al. [2009] and
Boano et al. [2007].
Here we investigate the extent to which hydrologic and geomorphic properties control
spatio-temporal variability in solute retention along a stream. We analyze a published dataset of
81 salt-injection BTCs measured in the stream channel of Stringer Creek, a 5.5 km2 mountainous
headwater watershed in Montana [Payn et al., 2009, 2012]. Our study was performed as part of
a larger synthesis of stream solute studies encompassing 162 tracer injections in 87 streams
[Drummond et al., 2012]. The dataset analyzed here is unique in that it contains results from a
series of tracer injections that were repeated not only over a long stream valley (2600 m)
spanning two distinct underlying geologies, but also through changing discharge conditions. We
compare receding tails of solute BTCs measured in 27 reaches along the stream and at three
different flow conditions spanning a summer baseflow recession. We then assess the variability
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in solute retention associated with changes in channel morphology along the stream, as well as
changes in stream flow over time.

2
2.1

Data and Methods
Study Site
The tracer injection experiments were performed during the summer baseflow recession

in 2006 along the stream channel of Stringer Creek, a 5.5 km2 watershed located within
Tenderfoot Creek Experimental Forest (TCEF) in Montana, United States (Figure 1). TCEF is
located in the Little Belt Range of the Rocky Mountains and is managed by the United States
Department of Agriculture Forest Service. Tracer experiments were conducted along a 2600 m
stream segment of Stringer Creek, starting near its confluence with Tenderfoot Creek,
progressing upstream, and ending near the origination of perennial flow. A perennial stream
flows into the Stringer Creek main channel about 2200 m upstream from its confluence with
Tenderfoot Creek (Figure 1).
Stringer Creek channel structure changes abruptly at approximately 1200 m upstream
from the watershed outlet. This transition corresponds to the change in valley-floor bedrock
from sandstone (upstream) to granite-gneiss (downstream). Henceforth in this paper, we refer to
the reaches with sandstone bedrock as upstream reaches and the reaches with granite-gneiss
bedrock as downstream reaches. Figure 2 shows the changes in channel sinuosity and bed slope
along the length of Stringer Creek. These values were calculated using the measurements of
channel distance (from thalweg survey) and valley distance (measured by tape). In the upstream
reaches, the valley has a wider floor, the average bed slope is 5.7%, and the channel sinuosity is
relatively high (maximum of 1.32). Riparian areas of upstream reaches consist mainly of grassy
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meadows and are mostly free of trees [Payn et al., 2009]. In the downstream reaches, the
channel is deeply incised into the granite-gneiss bedrock and constrained between high relief
steep hill slopes, bed slopes are steeper (average slope 9.0%), and the channel sinuosity is low
(1.02 near the catchment outlet). Riparian meadows are much less common in the downstream
reaches and trees are found closer to the main channel. A more detailed description of the
baseflow conditions, bedrock, topography, and vegetation is available in Payn et al. [2012].
2.2

Tracer Injection Experiments
We analyzed the tracer experiments conducted in 2006 at three different flow conditions,

which we henceforth refer to as high, medium, and low baseflow.

Figure 3 shows the

hydrograph at the watershed outlet during the spring and summer months of 2006. The high
baseflow experiments were conducted from 22 – 24 June, 2006 when the discharge at the outlet
of Stringer Creek was 101 L sec-1. The medium baseflow experiments were conducted from 25
– 28 July, 2006 when the estimated discharge at watershed outlet was 21 L sec-1. The low
baseflow experiments were conducted from 26 August – 4 September, 2006 when the estimated
discharge at watershed outlet was 15 L sec-1. The duration of individual tracer experiments
ranged from 6 – 20 minutes during high baseflow, 15 – 45 minutes during medium baseflow, and
25 – 60 minutes during low baseflow. Sodium chloride (NaCl) was used as the conservative
tracer.
Prior to the tracer releases, 27 measurement locations were established at 100 m intervals
along the main channel of Stringer Creek (see Figure 1). For each of the 27 locations, tracer was
released in the main channel 10 to 30 m upstream of the measurement location. These release
points were selected to ensure that there were at least three pool-riffle sequences between the
injection and measurement locations, in order to mix the tracer throughout the stream [Payn et
8

al., 2009]. In each injection experiment, tracer was released instantaneously at the release point
and measured at the sampling location using electrical conductivity. In each set of experiments,
tracer injections were initiated at the most downstream reach (near the watershed outlet) and then
progressed upstream.

These tracer measurements were also used to measure local stream

discharge in each reach using the dilution gauging method, and correspond to the BTCs recorded
at the upstream end of Payn et al. [2009] reaches. Stream velocity was calculated as a ratio of
reach length to the time required to achieve peak concentration. Detailed descriptions of the
experimental setup and instruments can be found in Payn et al. [2009].
2.3

Identification and Analysis of BTC Tails
To enable a visual comparison of the 81 BTCs (27 reaches × 3 flow conditions) along the

stream channel, we normalized the time and concentration axes for all BTCs. This normalization
was essential since the reach lengths varied between 10 and 30 m, and different amounts of
tracer were injected in each reach. Time was normalized by the time to peak concentration ( t p ),
whereas the tracer concentration was normalized by the peak concentration ( C p ).
We first identified the receding tail of each BTC and then fit this tail with a power-law
equation.

Several studies have suggested that the power-law tail fit provides a better

characterization of solute residence times than the TSM fit [Haggerty et al., 2002; Gooseff et al.,
2003; Drummond et al., 2012]. The receding tail was identified as all the data points of a BTC
that are within the t start to tend time period, where tend is the time at which the last detectable
tracer concentration of the experiment is measured and t start is the time at which the receding
BTC tail starts, calculated as:
t start = t p +

tend − t p

(1)
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The receding tails of all normalized BTCs were fit with the following power-law equation by
minimizing the square of the residual errors:
C = a ⋅ T −b

(2)

where C is the normalized tracer concentration, T is the normalized time, and a and b are the
best-fit coefficients. Note that the normalization used here does not change the value of b, as it
does not modify the shape of the BTC. The power law exponent b describes the slope of the
BTC tail in log-log space, and also reflects the tail of the solute storage residence time
distribution [Metzler and Klafter, 2000; Berkowitz et al., 2006]. Shallower BTC slopes (smaller
absolute values) indicate greater solute retention. When b < 2, the solute retention process is
considered to be heavy-tailed, indicating that BTC skewness will persist indefinitely instead of
decaying to regular advection-dispersion behavior [Schumer et al., 2003]. We used the values of
b to compare the receding tails of BTCs measured at different locations in Stringer Creek. Of the
81 measured BTCs, only the 78 BTCs whose receding tail had a statistically significant fit with
Equation 2 (p < 0.010) were considered for further analyses. We further developed regression
relationships of BTC tail slopes (b) with local reach-scale properties, such as stream discharge,
stream velocity, channel bed slope, and channel sinuosity. These relationships were used to
identify the factors controlling the spatial and temporal variability in solute retention.

3

Results
Figure 4 shows the spatial variation in stream velocity and discharge along the main

channel of Stringer Creek. For all the three baseflow conditions, an abrupt increase in local
stream discharge was observed below the bedrock transition that we used to distinguish upstream
and downstream reaches (Figure 4). While the stream discharge persistently increased in the
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direction of watershed outlet, the rate of this increase was much lower in the upstream reaches
than in the downstream reaches. Moreover, the rate of discharge increase in the upstream
reaches was higher during high baseflow than during low and medium baseflow (Figure 4).
Unlike stream discharge, the local stream velocity did not abruptly change between the upstream
and downstream reaches. Stream velocity increased consistently in the downstream direction
under all three flow conditions, but was subject to high local variability. Stream velocity was
more variable in the downstream reaches during high baseflow, likely due to the greater
complexity of the channel in downstream reaches.
Figure 5 compares the normalized BTCs from five downstream reaches (7 m, 100 m, 200
m, 300 m, and 600 m upstream of watershed outlet) and five upstream reaches (1200 m, 1400 m,
1700 m, 2000 m, and 2400 m upstream of watershed outlet) under all three baseflow conditions.
These BTCs were selected randomly for illustration and represent the differences in solute
transport observed in the upstream and downstream reaches. During low baseflow (Figure 5e, f)
and medium baseflow (Figure 5c, d), distinct differences were observed between the BTC tails in
the upstream and downstream reaches. BTCs in the upstream reaches had receding tails with
shallow slopes, indicating longer solute retention times. Conversely, BTCs in the downstream
reaches generally had steeper receding tail slopes, indicating shorter solute retention times.
However, intra-stream differences were lower during high baseflow, with no perceptible
differences in the BTC tails between upstream reaches from the downstream reaches under high
baseflow (Figure 5a, b).
Figure 6 shows the tail slopes (power-law exponent b) of the 78 BTCs that were
described well by Equation 2, along with their 95% confidence intervals. During low baseflow,
upstream reaches had much lower BTC tail slopes than downstream reaches (Figure 6a). A
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similar pattern occurred during medium baseflow, but with slightly greater slopes in the
upstream reaches (Figure 6b). Tail slopes were even higher in upstream reaches during high
baseflow, causing the tails to appear more similar between the upstream and downstream reaches
under this flow condition (Figure 6c). Consistent with these observations, the coefficient of
variation in BTC slopes among the 27 reaches was highest at low baseflow (CV = 0.46), and
decreased for medium baseflow (CV = 0.33) and high baseflow (CV = 0.24).
We analyzed the spatial variability of BTC tail slope in terms of the hydrologic (stream
discharge and velocity) and geomorphic (channel slope and sinuosity) properties along Stringer
Creek. Figure 7 shows the relationships of stream discharge (Q) and velocity (v) with BTC tail
slope b at all 27 reaches under low, medium, and high baseflow. The relationship between Q and
b is strongest at low baseflow (R2 = 0.48, p < 0.010), and gradually weakens at medium (R2 =
0.39, p < 0.010) and high (R2 = 0.20, p = 0.023) baseflow. Moreover, the rate of increase in b
with respect to Q is much higher for low and medium baseflow (0.165 and 0.091, respectively)
than for the high baseflow (0.014). The relationship between b and v is weak compared to that of
b and Q, but follows the same trend, with R2 = 0.25 (p < 0.010) for low baseflow, 0.24 (p <
0.010) for medium baseflow, and 0.02 (p = 0.500) for high baseflow. Figure 8 shows the
relationships of b with channel slope (θ) and sinuosity (S) for the three flow conditions. The
relationship between b and θ is strongest at low baseflow (R2 = 0.22, p = 0.014), and weakens for
medium (R2 = 0.13, p = 0.062) and high (R2 = 0.03, p = 0.384) baseflow. The relationship
between b and S follows the opposite trend, i.e., strongest at high baseflow (R2 = 0.40, p <
0.010), and weaker at medium (R2 = 0.26, p < 0.010) and low (R2 = 0.05, p = 0.274) baseflow.
We also analyzed the temporal variability of BTC tail slope in terms of stream flow and
velocity. Figure 9 shows the relationships of b with Q and v at all three flow conditions. The
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relationship between b and Q is stronger for the upstream reaches (R2 = 0.34, p < 0.010) with a
faster increase in b with respect to Q (0.036) than for the downstream reaches (R2 = 0.04, p =
0.240) with smaller rate of increase in tail slope b (0.007). The relationship between b and v
shows an even greater difference between the upstream and downstream reaches, with a strong
trend in upstream reaches (R2 = 0.42, p < 0.010) and no significant trend in downstream reaches
(R2 = 0.004, p = 0.711).

4
4.1

Discussion
Influence of stream flow conditions on solute retention
Our results suggest that a nuanced relationship exists between solute retention and stream

discharge. We found that BTC tail slopes in Stringer Creek increased rapidly with local stream
discharge during low and medium baseflow, when Q varied from 1 L sec-1 to 21 L sec-1. This is
consistent with previous studies that have found an inverse relationship between solute retention
and discharge [Harvey et al., 1996; Wroblicky et al., 1998; Zarnetske et al., 2007]. The rationale
for this is straightforward since low stream discharge corresponds to low downstream flux,
which allows more time for surface-subsurface exchange of the stream water relative to
downstream transport, and yields greater changes in stream water concentration for the same
hyporheic exchange flux [Bencala, 2006]. The increase in BTC tail slope with discharge was
much smaller during the period of high baseflow, when Q varied between 15 L sec-1 and 101 L
sec-1 (Figure 7c). This suggests that the sensitivity of solute retention to local stream discharge
decreases from low to high flow conditions. This difference in sensitivity between the low and
high baseflow conditions is likely to be related to the activation of different solute storage
processes, such as development of extensive in-stream dead zones in poorly-connected side
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pools or backwaters at low baseflow, and transition from primarily elevation-driven hyporheic
exchange at low baseflow to flow-induced hyporheic exchange at high baseflow. An important
consequence of this phenomenon is that the correlation between BTC tail slope and local stream
discharge in Stringer Creek decreases from low (R2 = 0.48) to medium (R2 = 0.39) to high (R2 =
0.20) baseflow.
Upstream and downstream reaches showed sharp differences in the relationships between
BTC tail slope and both stream discharge and velocity (Figure 9). Tail slope was correlated with
both discharge and velocity in the upstream reaches, whereas no significant trend was observed
with either flow variable in the downstream reaches. This suggests that solute retention is
selectively sensitive to Q and v, i.e., it tends to be sensitive in only some types of stream reaches.
While there are obvious physical differences between the upstream and downstream reaches of
Stringer Creek (in terms of channel bedrock, bed slope, sinuosity, extent of riparian zone, etc.),
the available data are insufficient to identify the specific mechanism that makes solute storage in
Stringer Creek selectively sensitive to stream hydrology.
Several potential sources of error can affect our analysis of the relationship between Q
and b. Measurement of local stream discharge Q using the dilution gauging method assumes
complete mass recovery of the injected tracer. However, unknown loss of the tracer mass in any
reach can introduce error in the estimation of stream discharge, thereby changing the relationship
between Q and b. The tracer detection limit and variability in background stream composition
introduce similar uncertainty in the estimation of BTC tail slopes [Drummond et al., 2012].
Incomplete mixing of the injected tracer across the stream cross-section could contribute to
further uncertainty. The length of each reach was selected to achieve complete mixing of the
tracer before the measurement location. However, complete mixing is not guaranteed and tracer
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concentrations were not measured over the cross-section. Incomplete tracer mixing in any reach
would violate the assumptions of 1-D transport and affect the estimation of tail slope b.
4.2

Influence of geomorphic properties on solute retention
Channel bed slope (θ) and channel sinuosity (S) influenced BTC tail slope in opposite

ways (Figure 8). b was positively correlated with θ, but negatively correlated with S. These
trends are consistent with prior observations that high channel sinuosity and the presence of
meanders increases hyporheic storage [Boano et al., 2007; Cardenas, 2009; Stonedahl et al.,
2010], while high channel slopes decrease storage [Gooseff et al., 2006; Hester and Doyle,
2008]. The relationship between b and θ was strongest under low baseflow (R2 = 0.22) and
weakened under medium and high baseflow. This suggests that the influence of channel slope
on solute retention decreases with increasing flow depth. On the other hand, the relationship
between b and S was strongest under high baseflow (R2 = 0.40) and became weaker as baseflow
decreased. This suggests that the ability of channel sinuosity to explain spatial variations in
solute retention increases as advection becomes a more dominant process.
Figure 10 shows the box-and-whisker plots of tail slope b in upstream and downstream
reaches across all baseflow conditions. Tail slopes were much higher in downstream reaches
(median b = 4.03) than in upstream reaches (median b = 2.68). We attribute these differences to
the change in channel morphology associated with the bedrock transition ~1200 m upstream of
the watershed outlet.

The upstream reaches are characterized by relatively high channel

sinuosity, low bed slope, low stream velocity, and are underlain by sandstone bedrock. Such
conditions of streamflow and morphology have been shown to increase the hyporheic retention
time, and thereby are expected to produce shallow BTC tails [Harvey and Wagner, 2000; Boano
et al., 2006]. Conversely, downstream of the transition point, the channel becomes straighter,
15

slope increases, stream velocity is higher, and the bedrock material changes to granite-gneiss.
Such conditions are expected to cause physical constraints on the hyporheic exchange in
downstream reaches and result in steeper BTC tails. While the majority of Stringer Creek is
gaining groundwater, the gains are much stronger in reaches below the bedrock transition (Figure
4). Hyporheic exchange and solute retention decrease dramatically under gaining conditions
[Cardenas and Wilson, 2006; Hester and Doyle, 2008; Stonedahl et al., 2012]. Payn et al.
[2012] speculated that large gains in the downstream reaches of Stringer Creek could occur
because of the intersection of the valley with larger-scale groundwater systems, which provide
additional sources of water to the stream channel. Surface–groundwater interactions are often
enhanced at geologic transitions, especially if the hydrologic storage and transmissivity of the
downstream bedrock is lower than that of the upstream bedrock [Wroblicky et al., 1998;
Sophocleous, 2002]. However, there is no direct evidence of contributions from large-scale
groundwater flow paths into Stringer Creek. Moreover, while sandstones are known to be more
permeable than granites in general [Bear, 1972], bedrock permeability has not been measured at
Stringer Creek.

As a result, the underlying causes of the differences in solute storage in

upstream and downstream reaches of Stringer Creek cannot be conclusively determined.
4.3

Implications for solute transport along stream networks
Understanding of the intra-stream variability in solute retention becomes much more

important for transport at larger scales because of the opportunity for solutes to interact with
diverse storage regions that have vastly different retention timescales. This makes it especially
important to (1) identify the zones within a stream network where high solute retention is likely
to occur, and (2) characterize the impact of such zones on the distribution of transport timescales
at the watershed scale. Our analysis of BTCs in multiple stream reaches along the Stringer
16

Creek channel reveals the dynamic nature of solute retention in rivers. Specifically, our results
suggest that solute retention tends to become more homogeneous at higher streamflow
conditions. At the scale of individual stream reaches, solute retention can be highly sensitive to
hydrologic fluctuations. However, this sensitivity appears to be influenced by local geomorphic
conditions (Figure 9).
The intra-stream variability in solute transport dynamics that we observed in Stringer
Creek has not been characterized previously, as most prior studies have focused on solute
transport behavior over timescales of hours to days in relatively homogeneous stream reaches.
Solute transport is expected to generally become more homogeneous through watersheds under
higher flows that obscure local geomorphic complexity. This effect can partly be seen in the
relationship between relative roughness (bed roughness relative to flow depth) and friction
factor. Friction factors are positively correlated with solute storage parameters [Harvey and
Wagner, 2000], indicating that storage should decrease with increasing submergence of
streambed roughness. More basic analysis of flow-boundary interactions also indicates that
hyporheic exchange will decrease with increasing submergence of bedforms under the same
average stream velocity [Elliott and Brooks, 1997]. Surface-groundwater interactions are driven
by multiple mechanisms, some of which increase with stream flow, while others are relatively
insensitive to stream flow. Hyporheic exchange induced by flow-boundary interactions increase
strongly with stream velocity (and shear velocity), while exchange associated with elevation
head gradients (e.g., across meanders or between multiple channels in braided streams) and
large-scale surface-groundwater interactions only vary weakly with stream velocity [Packman
and Bencala, 2000; Cardenas, 2008; O'Connor and Harvey, 2008; Grant and Marusic, 2011].
The relative importance of exchange induced by flow-boundary interactions is expected to
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increase with increasing discharge, but these effects are counteracted by the increasing
downstream flux and the lower ratio of bed surface area to stream volume at higher stream
discharge. The results presented here suggest that there are changes in the balance between these
different mechanisms both spatially within Stringer Creek and temporally as baseflow conditions
change. The interplay of these mechanisms should be investigated in other types of rivers to
better characterize the interaction of discharge, channel morphology, and solute transport.

5

Summary and Conclusion
We analyzed multiple salt-tracer BTCs measured in 27 small reaches and under three

different baseflow conditions along the stream channel of Stringer Creek, which drains a 5.5 km2
watershed within the Tenderfoot Creek Experimental Forest, Montana. Results showed that the
BTCs in upstream reaches had receding tails with small slopes, indicating higher solute
retention. Conversely, BTCs in the downstream reaches had receding tails with higher slopes,
indicating lower solute retention relative to the upstream reaches. Intra-stream differences in
BTC tails, apparently driven by structural differences between upstream and downstream
reaches, were distinctly observable only when the overall streamflow conditions were
sufficiently low. Spatial variability of BTC tail slopes was lowest during high baseflow and
increased during medium and low baseflow. This variability was best explained by the spatial
variations of local stream discharge during low baseflow (R2 = 0.48), and channel sinuosity
during high baseflow (R2 = 0.40). The relationships between BTC tail slope and channel
geomorphic properties (slope and sinuosity) were sensitive to changes in stream flow. This
suggests that the influence of geomorphic properties on solute retention behavior is regulated by
hydrologic conditions. BTC tail slopes were sensitive to hydrologic properties (discharge and
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velocity) at upstream reaches but not in downstream reaches, most likely due to the differences
in channel morphology. While we expect the findings from this study to be applicable to a wide
variety of streams, there is a dearth of detailed data on solute retention in most geographic
settings. We recommend investigation of the spatial and temporal patterns of solute transport in
all major classes of watersheds.
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Figure Captions
Figure 1: Map of Stringer Creek (latitude 46°55´N, longitude 110°52´W) illustrating the
watershed boundary, lithologic features, stream channel, and the BTC measurement locations
(adapted from Payn et al. [2009]).
Figure 2: Channel sinuosity and channel bed slope at the 27 small reaches along the Stringer
Creek channel. Black dash-dot line indicates the lithologic transition that divides the upstream
and downstream reaches.
Figure 3: Hydrograph measured at the Stringer Creek watershed outlet during the summer of
2006. Gray areas represent the days (and flow conditions) when BTC measurements were
obtained: 22-24 June (high baseflow), 25-28 July (medium baseflow), and 26 August – 4
September (low baseflow) (adapted from Payn et al. [2009]).
Figure 4: Stream velocity (blue squares) and discharge (solid red line) values at the 27 stream
reaches along the Stringer Creek channel during the three series of tracer experiments. Values
are normalized to the velocity and discharge at the watershed outlet.

Black dash-dot line

indicates the lithologic transition that divides the upstream and downstream reaches.
Figure 5: Normalized salt-tracer BTC concentrations at five upstream reaches (1200 m, 1400 m,
1700 m, 2000 m, and 2400 m) and five downstream reaches (7 m, 100 m, 200 m, 300 m, and 600
m) during the three baseflow conditions.
Figure 6: BTC tail slopes (b) at the 27 reaches in Stringer Creek channel during the low,
medium, and high baseflow experiment (78 BTCs in total). Error bars show the 95% confidence
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intervals. Black dash-dot line indicates the lithologic transition that divides the upstream and
downstream reaches.
Figure 7: Relationship of BTC tail slope (b) with stream discharge (Q) and stream velocity (v) at
the 27 reaches, shown separately for the low, medium, and high baseflow experiment. Error bars
show the 95% confidence intervals of b.
Figure 8: Relationship of BTC tail slope (b) with channel bed slope (θ) and channel sinuosity (S)
at the 27 reaches, shown separately for the low, medium, and high baseflow experiment. Error
bars show the 95% confidence intervals of b.
Figure 9: Relationship of BTC tail slope (b) with stream discharge (Q) and stream velocity (v)
across the three baseflow experiments, shown separately for the upstream and downstream
reaches. Error bars show the 95% confidence intervals of b.
Figure 10: Box-and-whisker plots of BTC tail slope (b) across the three baseflow experiments,
shown separately for the upstream and downstream reaches.
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