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Key points:

e Advection is the primary control on observed stream solute tracer responses.
¢ The influence of spatial heterogeneity in morphol@gyuted by advection.

e Interpretation of solute transport requires consideration of tracer timescales.
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Abstract

Improved understanding of streasaute transport requires meaningful comparison of processes
across a wide range of discharge conditions and spatial scales. At reach scales where solute
tracer tests are commonly used to assess transport behavior, such congstiilsoonfounded

due to the challenge of separating dispersive and transient storage processes from the influence
of the advective timescale that varies with discharge and reach length. To better resolve
interpretation of these processes from field-based tracer observateormaucted recurrent
conservative solute tracer tests along a 1-km study reach during a storm discharge period and
further discretied the study reach intaxssegments of similar length but different channel
morphologies. The resulting suite of data, spanning an order of magnitude in advective
timescales, enabled us to) @haracterize relationships between tracer response and discharge in
individual segments and ) @etermine how combining the segments into longer reaches
influences interpretation of dispersion and transient storage from tracer tests. We found that the
advective timescale was the primary control on the shape of the observed tracer response. Most
segments responded similarly to discharge, implying that the influence of morphologic
heterogeneity was muted relative to advection. Comparison of tracer data across combined
segments demonstrated that increased advedotescales could be misinterpreted as a change

in dispersion or transient storage. Taken together, our results stress the importance of
characterizing the influence of changing advectinetcales on solute tracer responses before

such reach scale observations can be used to infer solute transport at larger network scales.

Key words: stream solute transport, transient storage, conservative tracer, storm event, statistical
moments, advective timescale
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1. Introduction

Meaningful comparison of stream solute transport processes across different discharge

conditions and spatial scales (e.g., morphologic unit to reach to network) is necessary to

accurately represent and predict solute transport through stream networ

ks [e.g., Covino ¢t al.,

2011|Kelleher et al., 2013]. Such comparison remains a persistent methodological and

conceptual problem due to the uncertain distinction between spatial variability of solute transport

processes, such as dispersion and transient storage, and changes caused by varying discharge

conditions|[e.g., Gonzalez-Pinzo6n et al., 2

013]. At the reach scale, on the order of tens to

thousands of meters, solute transport processes are commonly interpreted through stream solute

tracer tests [e.g., Stream Solute Workshop,

1990]. Direct comparison of observed tracer

responses, however, is impossible without separating the gpatiahble solute transport

process from the unique timescale (commonly transit time distribution) of ea¢h test [Harvey et

al., 1996]. Unfortunately, this separation is not straightforward because the tracer response

changes primarily as a function of the down-stream advective tratisp@(commonly modal

transport time, hereafter advective time), which shifts with discharge and reach length selection

e.g., Ward et al., 20138a].

Traditionally, comparison of solute tracer responses is performed by standardizing reach

lengths through dimensionless numbers that relate physical processes to advectiEe timeg [Runkel,

2003(Wagner and Harvey, 1997]. This standardization is thought to yield the appropriate

“window of detectioi inherent in tracer studies

i.e., the time from tracer first arrival to last

detection; Harvey and Wagner, 2(

DO0] and allow for assessment of rapid exchanges between the

stream and connected subsurfadke solute transport process often deemed most important to

stream ecosystem functions [g

.g., Boulton et al.,

PAE8ter and Gooseff, 20

10]. Subsurface
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and surface tracer exchange flowpaths that return to the stream within the window of detection,

but have residence times slower than the adveting are defined as short-term storage

(commonly“transient storag® |e.g., Harvey et al., 1996]. Conversely, tracer flowpaths that

return outside of the window of detection (i.e., not recovered) are considered long-term storage

and reflected in a tracer-based channel water balance [Payn et a|I|.S<2®®9del et al., 2014a].

However, the window of detection changes with discharge and, consequently, defines an

arbitrary boundary between short- and long-term storage regardless of the actual physical

flowpaths [e.g|, Ward et al., 201iBAbndzell, 2006]. The window of detection may also be

influenced by the tracer type and associated resolution of observations. For example, some

tracerscanprovide more lge-time tailing information than others due to differences in detection

limit sensitivity (e.g., fluorescent tracers in comparison to salt tragers) [Drummond et aj., 2012].

While the tracer selection and interaction between the advective time and window of detection

can influence the interpretation of short-term storage, the storage flowpaths themselves can

change with discharg|e [Wondzell, Z(HZhrnetske et al., 2007], further complicating meaningful

comparison of tracer responses and thus impeding accurate conceptualization of solute transport
processes.

Recent studies have shown, with the availability of high-frequency discharge
observations, that analyzing solute transport processes across different discharge c@nditions

essential to improve conceptualization of how transient storage and dispersion change or

compete with advectiop [Dudley-Southern and Binley, :ﬂW&rd et al., 2013&Zimmer and

Lautz, 2014]. A more refined conceptual understanding of stream solute transport across a range

of dischargesanbetter facilitate the upscaling of reach scale observations to infer solute

transport at larger network scales. Because solute transport processes are dynamic and spatially
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variable along a stream network, current upscaling strategies use relationships between replicate

reach scale processes (e.g., long-term storage assessed from tracer observations) and discharge

[e.g.] Covino et al., 201{Btewart et al., 2011]. While there are reported relationships between

solute transport processes and discha#geth for long-term [Covino et al., 20f1\Vard et al.,

2013&”Ward et al., 2011b] and short-term storTge [Schmid et al.|[20Aal et al., 2013aNard

et al., 2013p}-varying advective times reflected in reach scale observations can lead to

misinterpreting a change in discharge as an apparent change in transient storage or dispersion

e.g., Gooseff et al., 2007]. For example, when fixing study reach lengths throughout a watershed

(e.g., standard 100-m or 200-m reaches [Payn et al.||2@0® et al., 2013b]), headwater

reaches with lower discharge typically have larger windows of detection and advective times
compared to higher discharge, downstream reaches. An apparent process relationship with

discharge may be incorrectly inferred because a common assumption is that tracer studies across

fixed reach lengths are directly comparafvle [Covino et al., [H@4dn et al., 20QPNard et al.,

2013h], despite preexisting knowledge that different discharges in those fixed reaches will yield

different windows of detection. The applicability of this assumption is uncexrsé@w studies
have compared stream solute tracer studies across different discharges to characterize the
influence of changing advective times and windows of detection on interpreting the processes of
interest.

In this study, we directly examine the extent to which solute transport process
information assessed from observed conservative solute tracer responses is comparable between
different advective times and windows of detection. The objectives of this study are (1) to
characterize relationships between physical solute transport processes and discharge in reach

segments with distinct channel morphologies, ando(&8etermine how study reach length
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influences the interpretation of these processes. To achieve these objaetis@sducted seven
conservative solute tracer injections during a storm discharge period with in-stream responses
recorded at seven downstream locatieesabling the comparison of up to 21 reach segments of
different spatial scales, windows of detection, and advective times for each injection. We co-
injected salt and fluorescein dye tracers for each injection, which also allowed us to test how

tracer type and the associated data resolution influences interpreting solute transport.

2. Background on the Challenge of Interpreting Physical Solute Transport Processes from
Stream Solute Tracers
The stream solute transport timescale, defined here as the advective time and window of
detection, can be directly estimated framobservedn-stream conservative solute tratere
series (hereafter breakthrough curve, or BTC, FigajeFbllowing an instantaneous tracer

injection, the elapsed time from injection to peak concentration is commonly interpreted as the

down-stream advective timedjt|e.g., Haggerty et al., 2002]. The window of detectiqi ¢t

an observed BTC is often quantified as the elapsed time from tracer first afjit@P@% of

recovered signal above background)(e.g.| Mason et al., ZonWard et al., 2013a]. The

elapsed time fromud to tog describes the persistence of tailing in an observed BTC, ugdch

indicator of transient storage (hereafter the transient storage index) §Mason et al., 2012].

The unique shape of a BTC is controlled by complex interactions of solute transport processes.

For example, dispersive processes that contribute to spreading of the BTC include molecular

diffusion and turbulent mixing [e.g., Fischer, 1975]. However, a BTC typically provides a reach-

average representation of solute transport processes. Therefore, the processes most commonly
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interpreted from the shape of a BTC are down-stream advection, longitudinal dispersion, and

transient storage [e.g., Ward et al., 2Q13a].

The extent to which down-stream advection or processes of interest (i.e., dispersion and
transient storage) control the shape of the BTC remains unclear as different combinations can
result in similar shapes. At one extreme, if dispersion and transient storage are constant between
high and low discharges in the same reach, differences between the BTCs are controlled solely
by differences in advective times (Figure 1b). For example, during lower discharges that result in
smaller advective velocities, there will be more time for dispersion and transient storage to act on
the tracer. At the other extreméadvectivetimes are constant (e.g., discharges are equivalent)
between two differenteaches, variation in the shape of the BTC and, therefore, the transport
timescale is controlled by differences in dispersion and transient storage (Figure 1d). In practice,
in-stream tracer observations reflect interacting advettives with dispersive and transient
storage process which can yield BTCs with similar shapes for different reasons (Figure 1c).
Therefore, we anticipate that an understanding of the proportional controls of advective
timescales relative to dispersion and transient stosagecessary to compare stream solute

tracer studies across discharges, reaches, and spatial scales.

3. Methods
3.1. Site Description and Dischar ge M easur ements
The Selke River originates in the Harz Mountains in central Germany, flows through

steep gradient, deeply incised valleys, and transitions to lower gradients underlain by alluvial

deposits up to 10 m thigk [Trauth et al., 2D15] (Figure 2a). The study reach is a ~1-km section

situated immediately downstream of this transitiotargely agricultural lowlands
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(51°43°21.4”N, 11°18’17.6”E). Continuous stream discharge was generated from-stage
measured at 10-minute intervals (LTC Levellogger Junior M10, Solinst, Georgetown, Canada,
accuracy +/- 0.1% of reading) about 15 m upstream of site E (FigureaPip)ied toa site-

specific power function rating curve developed by researchers at Helmholtz Centre for

Environmental Research. The confidence bounds of this rating curve were produced following

Schmadel et al. [2010] to provide the 95% confidence intervals of the discharge estimates (see

Figure S1 in supporting information S1 for details). Discharge within the study reach increased
from 0.27 to 2.35 rhs?® with stage remaining below bankfull during the July 2014 storm event
used in this study (Figure 2c). The reach-specific rating curve was corroborated with continuous
stream discharge recorded 4.6 km upstream at the Meisdorf federal gaging station. This station
reports that discharge can range from 0.2 to 16%wluring storm events and seasonal
snowmelt, and the long-term (1921 to 2PaAnual mean discharggl.5 n¥ s?.

The study reach has general channel morphologic characteristics of meandering glides
and shallow riffles, pool-riffle sequences, point bars, and in-stream gravel bars (Figure 2b). The
streambed primarily consists of medium sand to coarse gravel. Visually different morphologic

characteristics are expected to manifest as distinct solute transport controls across changing

discharge conditionp [e.g., Gostner et al., 2013]. Therefore, segéieam monitoring sites

were selected within the study reach to bracket sections of visually distinct morphologies while
preserving similar lengths. Labeled moving downstream from A to G (Figure 2b), these sites
delineate the six individual reach segments (100 to 152 m). The three upstream most segments,
AB, BC, and CD, consist primarily of meandering glides connected by shallow riffles visible
under low-flow conditions. Moving downstream, the morphology becomes more complex:

segment DE contains omestream bar, two point bars, and a pronounced pool-riffle sequence;
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segment EF contains a pool-riffle sequence at the downstream end; and segment FG contains two
pool-riffle sequences and a langestream and point bar. The segment-wise average streambed
slopes are about 0.7, 0.4, 0.1, 0.4, 0.4 and 0.8% for segments AB, BC, CD, DE, EF, and FG,
respectively, estimated from a 1-m digital elevation model acquired from the Land Survey
Administration Saxony-Anhalt dated April 2009. The reach average streambed slope is 0.5% and
active channel width is 9 m.

The individual segments can be combined into a total of 21 unique segments of different
lengths (Figure 2d). These 21 combinations were used to test if combinirgy skgrhents into
longer reaches integrates differences in processes or only generates apparent differences due to
changing advective timescales and windows of detection. Similar to the varying reach length

analysis of Gooseff et afl. [20[L3], we recombined individual segments into every possible unique

combination based on available tracer data.

3.2. In-Stream Solute Tracer Observations

Seven instantaneous conservative solute tracer injections were performed over the storm
discharge period (July 7-11, 2014). For all injections, dissolved salt (NaCl) and fluorescein dye
tracers were co-injected at the same location and measured at sites A through G, resulting in 49
observed BTCs each. In-stream responses of the salt tracer were observed at 30-second intervals
(Schlumberger CTD diver 10m, Schlumberger Water Services, Delft, Netherlands, accuracy 1%
of reading) using fluid specific conductance as a surrogate for salt concentration. Background
specific conductance was corrected to zero. In some cases, the background specific conductance
drifted during the measurement period, which was observed by an additional sensor placed about

10 m upstream of the injection site. This background signal was shifted downstream based on the
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advectivetime observed from the corresponding BTC and subtraotedrrect for background

(hereafter salt BTC). Because instantaneous and constant rate tracer injection techniques are

expected to provide similar transit time distributions [Payn et al.,|2008], instantaneous tracer

injections were chosen over constant rate injections to minimize the influence of dynamic

discharge conditions on measurements, similar to Ward et al. [203-3&jeam responses of the

fluorescein dye tracer (hereafter fluorescein BTC) were measured at 10-second intervals using
flow-through fluorometers (Albilia SabGUN-FL30, Switzerland) at the same monitoring sites.

No background correction was performed for the fluorescein BTCs because the instruments were
calibrated in the field with stream water to reduce background interference and no dye was
present prior to injection.

The observed tracer BTC from these types of experiments is an incomplete temporal

signal due to detection limits and signal to noise interferences at latel times [e.qg., Drumm«I)nd et

al., 2012], butanprovide meaningful dispersion and short-term storage informatior] [e.g., Bellin

et al., 2014Gonzalez-Pinzon et al., 20113]. In this study, we truncated each observed BJC to t

to reduce the subjective selection of a response due to the injected tracer above background from

noise at late times, limiting interpretation to observed short-term storagé¢ [after Mason et al.,

2012(Ward et al., 2013gWard et al., 2013p]. An approximation to the window of detectign (t

= tog — t1) was quantified by solving equation (1) fes, t

t=tgq

C(t)dt
099= 15— 1)
jt et

where C is the observed, background corrected BTCg tris the time after injection (s); ts

the time from injection to tracer first arrival (s), aadrtis the time at which the observed BTC
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was initially clipped based on visual inspection. All BTCs (i.e., salt and fluorescein) used
hereafter were truncated .t

We compared the salt and fluorescein BTCs to examine how much temporal information,
such as(, varies given differing tracer sensitivities and resolutions. In this comparison, we
computed the associated temporal metrics (including those in Figure 1a and statistical moments
as described in section 3.4.1) and examined the slope of the trend-line constructed through linear
regression between those metrics corresponding to the fluorescein and salt BTCs. If a slope of
unity and intercept of zero were within the associated 95% t-based confidence intervals (i.e., the
ratio of fluorescein metrics to salt metrics is 1:1), the two BTCs were considered to provide
similar temporal information. For this trend-line and those presented hereafter, we also tabulated

the coefficient of determination fR

3.3. Net Change in Discharge and Unrecovered Tracer Mass
Sections of the study reach have been reported as losing during baseflow conditions, but

the hydraulic gradients between the stream and adjacent alluvial aquifer may alternate seasonally

Schmidt et al., 201f2]. We used the salt BTCs and rating curve estimates to examine the general

pattern of net changes to discharge and mass losses through the study reach during the storm

discharge period. Specifically, we estimated discharge at site A via dilution gaging [after

Kilpatrick and Cobb, 1985],

Q= —, ®)
jt _cmdt

where Q is the stream discharge® @%) and M is the tracer mass injected (g) which ranged from
9 to 16 kg of NaCl in this study. The section of the study reach between the injection and site A

was treated as a mixing length where we assume no tracer mass was lost. If some mass was lost
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over this section, Q will be slightly overestimated. We quantified the net change in discharge
(downstream minus upstream) using estimates at sites Addilgaging) and E (rating curve),

normalized by the upstream discharge to express as percent change. Assuming that the error in

dilution gaging is roughly 8% [after Schmadel et al., 2010] and using the 95% confidence

intervals of the site E discharge estimates (Figure 2c), the 95% confidence intervals of these net
changes were approximated. A net change in discharge is considered significant if zero is outside
of these intervals. Likewise, tracer mass recoveries were estimated from the discharge estimates

near site E,
t=tgg
Me=Qy | “Colddt, 3)

where M is the tracer mass recovered (gp,i®the downstream stream discharge (i.e., site E)
(m*s?h), and G is the observed tracer concentration at site E from the tracer released at the
injection site (g r¥). The percent unrecovered mass was estimated as the differerdd M
normalized by M. Again, because 95% confidence intervals were approximated for discharge

estimates, we estimated the confidence intervals of unrecovered tracer mass. These confidence
interval estimates do not include uncertainty dué@@(t)dt in equation (3). Although this

uncertainty is expected to be small relative to the uncertainty,ia Qotential artifact of

objectively truncating the BTC tedtis artificially low Mg estimates.

3.4. Temporal Metrics
We estimated temporal metrics (including those in Figure 1a and statistical moments as
described below) of each fluorescein and salt BTC to compare field-based tracer observations

and interpret relationships between solute transport processes and discharge. Following this
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reach scale analysis, we used the temporal metrics for each individual reach segment to examine
how segment-wise processes changed with discharge. Lastly, wineisathe metrics of each
segment combination (Figure 2d) to test whether combining sisegt@ents into longer reaehl

influenced thenterpretation of how solute transport processes change with discharge.

3.4.1. Relationships between Reach Scale Temporal Metrics and Discharge
Using the s and ¢oestimates, TSI was estimated (Figure 1a). To compare metrics across

discharges.tand TSI were normalized bysto remove the variation in the BTC caused by

advection [aftgr Gooseff et al., 2QWard et al., 2013a],

tw,norm = tw/tad, (4)
TSlhorm = TSI/ tag, ®)
where §,norm defines the window of detection relative to advective time angh$&flects the
persistence of tailing relative to advective time. These metrics provide the overall influences of
dispersion and short-term storage on the shape of the BTC independent of advective time

assuming thatitand TSI are linearly related t@.tWhile this assumption is appropriate in

advective-dominated stream systems [Gooseff et al.,|RUOT et al., 2013a], other types of

normalization may be necessary to better account for potential nonlinearities [e.g., Gelhar et al.,

1997]. Each observed BTC was normalized to express only the available temporal signature,

o(t) = -

= (6)
jt _Cydt

where c reflects the recovered transit time distribution and the integral) avitb(tespect to

time represents the zeroth temporal momfe estimated the statistical moments of the transit
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time distributions by empirically calculating temporal moments of the recovered BTCs.

Specifically, we estimated the first temporal moment)(M

M, = f—:gtc(t)dt , @)

which provides an estimate of mean arrival time. Ttheonder temporal moment centered about

M (hereafter central moment) was estimated as
t=tog n
Hn :,Lt (t-M,)"c(t)dt forn > 1. -

The second central momenb)provides the temporal variance, a metric of symmetrical
spreading; the third central momeng)(geflects the temporal extent of laigze tailing. We
computed the normalized metrics of the coefficient of variat¥) and skewnesg) to further

compare BTCs across discharges,

,111/2

cv==2_, 9
;o (9)
7

Y= (10)
Hy

whereCV expresses the rate of symmetrical spreading relative to mean arrival timeefladts
the extent of late-time tailing relative to symmetrical spreading (see Table S1 in supporting
information S1 for a summary of all temporal metrics used). Therefore, these metrics should
provide an indication of how dispersion and short-term storage processes change with discharge,
respectively.

Relationships between discharge and the normalized reach scale mgtsies [Bhorm,
CV, andy) for each monitoring site were constructed through linear regression. The discharge
used for this relationship were those estimated from the rating curve near site E. Significant

slopes were those whose 95% t-based confidence interval did not include zero.
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3.4.2. Relationships between Segment-Wise Temporal Metrics, Discharge, and Length

The transfer function, g(t), reflects the unique temporal signature of a solute traveling
through a given reach segmamdependent of the input signal. When a single tracer injection is
observed at different locations within a reach, the transfer function can be related to the upstream
and downstream transit time distributions by convolution, assuming ltmaafinvariant

transport from one segment to the next,

)=o)t -r)dr, (11)

where gsis the observed transit time distribution at a downstream monitoring sitesanthe
observed transit time distribution at the upstream monitoring site (input signal). To isolate

segment-wise responses to discharge, we quantified metrics of the temporal characteristics of

segment-specific transfer functiops [after Ward et al., R016] rather than apply a more

complicated deconvolution scheme [e.g., Cirpka et al., [2007].

We estimated the change in window of detection between consecutive downstream and
upstream BTC¢Aty) as an estimate of the transfer function window of detection,

Atw = tw,ds - twus (12)

To allow for comparison between segments, segment lengths, and discharges, we normalized this
metric by the change in the advective time,

Atwnorm= Atw/Atag, (13)
whereAtad = tpeak,ds— tpeak,us aNd feak,ds@Nd peakusare the times to peak concentrations of the
downstream and upstream BTCs, respectively. Next, we estimated the change in TSI and
normalized by the corresponding change in advective time,

ATSInorm = (TSljs— TSIus)/Atad. (14)



360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

15

We used the change i tty, and TSI between downstream and upstream BTCs as surrtigates

the corresponding metrics of the actual transfer function. Because the segment-wise temporal

moments are theoretically linearly additive to produce the overall reach estimate [e.g., Riml and

Worman, 2011], and have been interpreted as such in existing field gtudies [Ward et al., 2014],

we isolated statistical moments of the transfer function while eliminating the need to solve
equation (11),
AM1 =M1 ds- M1us (15)
APn = Pnds- Mnusforn > 1. (16)
Again, to compare between segments, segment lengths, and discharges, we computed the

coefficient of variation and skewness of the transfer function,

1/2

ACy =22 (17)
AM,
A
Ho

We used the normalizedgment metrics (Atw,norm, ATSkorm, ACV, andAy) to investigate (1)
relationships with discharge, (2) the spatial variability of segment response to discharge, and (3)
whether estimates of these metrics were dependent on segment length.

Relationships with discharge were investigated by constructing linear trend-lines between
the normalizednétrics calculated for each segment (and combination of segments) and discharge
near site E. Discharge was anticipated to vary slightly between segments (i.e., potentially a net
losing stream), but if a relationship is present, discharge near site E will suffice because the large
magnitude of change in discharge due to the storm event overwhelms the potential spatial change
over the study reach. The metrics estimated for each of the seven discharges that reflect a single

segment provided the sample population for the associated trend-line. Additionally, we pooled
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all normalized segment-wise metrics and examined the corresponding slope with discharge to
provide an indication of the overall stream system response to changing discharge.

Spatial variability between segment responsaischarge was examined by comparing
each metric (Atw,norm ATSIhorm, ACV, andAy) sample population that reflected the individual
segments (i.e., not the combined segments). This comparison was completedahrough
parametridest of comparing means in a one-way analysis of variance (ANOVA). We
additionally completed a nonparametric test of comparing medians in a Kruskal-Wallis one-way
ANOVA. The nonparametric test does not require the assumption of normally distributed
residuals like the parametric version, so it provides additional information to prevent over-
interpreting results from small sample sizes where the parent distribution is unknown. A 95%
confidence level where p < 0.05 indicates means (denoteghbya) or medians (denoted by
pkw) are different and segments are a significant source of variability. While these p-values
indicate whether means and medians of at least one segment are different from all of the others,
these tests @realso repeated to compare each segment distributiamotber on a paired basis.
We selected these statistical tests because they are among the simplest to apply, acknowledging
that the small sample size limits the ability to identify underlying distributions or satisfy the
assumptions of additional statistical tests.

To determine how the normalized transfer functigetrics (Atw,norm, ATSIhorm, ACV, and
Ay) depended on segment lengtle grouped corresponding estimates according to the number
of combined segments. Each group provided the sample populations that were compared using
the parametric and nonparametric tests outlined above. We only considered the sample
populations for one, two, and three combined reach segments (Figure 2d) thaedeontae

than 20 values representing different spatial scales and discharges to reduce over-interpretation
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of results. In this case, aypva and pw of less than 0.05 indicates that the normalized transfer
function metrics are dependent on the transportstimhe(i.e., Atagand Atw) due to reach length
selection. Hence, if this condition is recognized, interpreting how solute transport processes

change with discharge is influenced by reach length selection.

4. Results
4.1. In-Stream Solute Tracer Observations

The influence of time-varying discharge conditions on the observed BTCs was assumed
negligible due to the relatively short measurement periods. For the seven tracer injections
measured at sites A through G, the duration of each corresponding measurement period from
tracer injection to last detection at G ranged from 40-150 minutes (see Figure S2 in supporting
information S1 for all observed BTCs). The possible change in discharge was between 1% and
6% over these measurement periods (red lines in Figure 2c).

Through the storm discharge period, some of the salt and fluorescein BTCs (49 each
possible) were deemed erroneous based on initial quality control (e.g., debris potentially
blocking the sensor, power failure, or data with visually high noise compared to other
observations). This quality control regdin a total of 23co-located salt and fluorescein BTCs.

In addition to these co-located BTCs, there were 12 instances where only salt BTCs were
obtained and 4 instances where only fluorescein BTCs were obtained. A total of 5 fluorescein
BTCs were omitted based on visually high noise. Data availability is summarized in Figure S2
and Table S2 in supporting information S1.

The co-located salt and fluorescein BTCs provided similar reach scale temporal metrics

(tw, TSI, M, W2, and 1) (Figure 3, left column). All the slopes between these metrics estimated
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428 from salt BTCs and those estimated from fluorescein BTCs were statistically the same as 1 (i.e.,
429 1 falls within the associated 95% confidence interval). The intercepts were also statistically the
430 same as zero for all these metrics. The fluorescein tracer produced longer detectable tailing,
431 resulting, mostly, in highewtand TSI estimates (above the 1:1 limé&igure 3, left column). The

432 higher order central moment estimates began to deviate further from the 1:1 line at higher values
433 (i.e., those associated lower discharges). All slopes and intercepts of the normalized metrics
434 (twnorm TShorm, CV, andy) were statistically less than 1 and greater than zero, respectively

435 (Figure 3, right column). However, the largest average difference between these metrics

436 estimated from salt and fluorescein BTCs was ~10%, indicating that both tracers provide similar
437 temporal metric estimates following objective truncatiorndo t

438 As both tracers provided similar temporal metric estimates yet incomplete datasets, we
439 used fluorescein BTCs to fill in gaps in the salt BTC dataset, resulting in a total of 45 BTCs (41
440 salt and 4 fluorescein) to allow for greater coverage of advective times and windows of

441 detection, and thus a more complete analysis. Fluorescein BTCs were selected to fill in gaps in
442 the salt BTC dataset, and not vice versa, because there were more salt BTCs available and salt is
443 more readily available and commonly used in stream tracer studies.

444

445 4.2. Net Changein Dischargeand Unrecovered Tracer Mass

446 The study reach was generally net losing through the storm discharge period (Figure 4a).
447  The net change in discharge from site A to E ranged from -15 to -20% and was significant for
448 every injection with the exception of injection 3 (where the discharge estimate at site E was

449 highest) and injection 1 (where there was no salt BTC available at site A). A similar pattern

450 occurred for the unrecovered tracer mass estimates (Figure 4b). For injections 4 to 7,
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unrecovered mass was significant and ranged from -15 to -25%, providing further evidence that

this study reach was a net losing stream.

4.3. Relationships between Reach Scale Temporal Metricsand Discharge

Regardless of the tracer type, the normalized metrics were mostly insensitive to changing
discharge where statistically significant relationships were the exception rather than the norm.
The reach scale metrics of the transit time distributiansT@l, M, [, and 1s) all decreased
with increasing discharge (Figure 5, left column, estimated from 41 salt and 4 fluorescein BTCs).
There was an increasing trend between these metrics and downstream locationt@stifpom-
order of lines in the left column of Figure 5, representing increased length). The normalized
metrics (f,norm, TShorm, CV, andy) along the study reach were not significantly related to
discharge in most cases (Figure 5, right column). The exceptions a@/thets significantly
negatively related to discharge only at sites C and D avats significantly positively related to
discharge at site A (Table 1). Repeated analyses using only the salt BTCs and using only the
fluorescein BTCs produced similar results that most relationships with discharge were not
significant (see Figures S3 and S4 and Tables S3 and S4 in supporting information S1 for the

results of these analyges

4.4. Relationships between Segment-Wise Temporal Metrics, Discharge, and Length
4.4.1. Segment-Wise Responses to Changing Discharge

The normalized transfer function metr{@gw,norm, ATSlorm, ACV, and Ay) indicated that
some reach segments were more sensitive to changing discharge than others where more

variability in the distribution is interpreted as a higher sensitivity (Figure 6). Segment EF was
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consistently the most sensitive to discharge based on the interquartile @ng,n6m, there
was no significant difference between the segment-wise means and megdiars 0.30 and
pkw = 0.12). FOATSIhorm, the means were statistically the samaigpa = 0.30), but there was
evidence that the medians were differert(p 0.04). The segment-wise means and medians of
Ay were statistically the sameaffva = 0.11 and pwv = 0.06). Note that some negative
estimates resulted from isolating the central moments of the transfer functions (equation (16)).
The variation oACV means and medians between segments was signifigapt4p< 0.001
and iw = 0.0). When each segment distribution was compared to another on a paired basis,
AtwnormWas different between segments AB and BC, BC and CD, and BC and DE (also
visualized by non-overlapping notches in Figure/Ad)Slhorm 0f segment AB was different from
segments BC, CD, and DE. The mean and metlizvi of segment AB was different from all
other segments. The mean and medi@¥ between all segments other than AB were the same.
The means and medians/of were statistically the same between each segment with the
exception of segments AB and FG. See T&de supporting information S1 for p-values of all
these pairwise comparisons.

An apparent relationship between the normalized transfer function metrics and discharge
was not clearly recognized. The slopes of the relationship betgesnm and discharge for
each segment and combination were generally negative (15 out of 21 segments; sg@éifable
supporting information S1 for slopes antivalues). However, the slope between this metric and
discharge was only significant for segments AC and AD. The slopes of the relationship between
ATSIhorm and discharge were generally negative (15 out of 21 segments), but none were
significant. The slopes of the relationship betwA&YV and discharge were also generally

negative (19 of 21 segments) with only two significant within segments ABBr(@egative
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slopes). A relationship betwedn and discharge was unclear, with variable slopes (9 out of 21
segments with positive slopes, 12 out of 21 with negative slopes) that were not significant.
Pooling all 21segments indicated that Atw,norm, ATSIhorm, andACV overall had a slight downward
trend with discharge while the relationshigween Ay and discharge was not significant (see

Table S6 in supporting information S1 for slopes).

4.4.2. Segment-Wise Metrics Dependence on Length

We found a general pattern of decreasing variabilityre transfer function metric
estimats for longer segments (Figure 7). This decrease was due to both increased averaging of
the heterogeneity in longer segments and an overall decrease in the number of samples available
(i.e., where fewer extremes in the underlying distribution are reflected in longer segments). W
statistically compared only the distributions associated with one to three combined segments
where the numbers of individual observations in the sample populations were greater than 20.
The means and medians of thi& norm and ATSInorm distributions did not significantly change
when reach segments were combined (igew = 0.53 and 0.44 andyp = 0.76 and 0.96,
respectively). The means and medians oG distributions were significantly different (i.e.,
panova and gw < 0.001). By combining segments in this study reach under the seven discharge
conditions, the mean and medianA@V significantly increased over longer lengths. While the
medians ofAy distributions decreased slightly over longer lengtks @ 0.04), the means were

statistically the same fpova = 0.81).
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5. Discussion
5.1. A Changing Transport Timescale Complicates Comparison of Stream Solute Tracer
Studies
The extent to which dispersive and transient storage processes change with discharge can
be easily misinterpreted from in-stream solute tracer tests based on different transport timescales

(defined as the advective time and window of detection). For example, similar to findings from

other tracer studies [e.g., Schmid et al., 2010], magnitudes of several BTC metrics decreased

with increasing discharge (Figure 5, left column). A possible interpretation of this rebalt is
physical processes have changed (e.g., activation or deactivation of storage flowpaths), which is

to be expected as varying discharge alters the turbulent energy, wetted geometry, hydraulic

gradients, and connectiotsstorage flowpathg [Leopold and Maddock, 1953]. However,

through the suite of transport timescales of this study, the normalized temporal metsies (t
TShorm, CV and,y) were mostly insensitive to changes in discharge (Figure 5, right column and
Table 1). This lack of a strong relationship indicates that determining how differences in
advective times and windows of detection control the shape of thedBigeded when
interpreting changes in physical solute transport presebowever, we recommend that similar
tracer tests should be repeated across more reaches of different stream systems and discharge
conditions to test the robustness of this conclusion.

We anticipate general changes to some transport processes due to varying discharge

based on previous studies. The relative influence of dispersive processes can rise with discharge

due to increased turbulent mixing [D'Angelo et al., 1993]. Likewise, we efétd increase

with discharge. Subsurface short-term storage vokeenéncrease with discharge in stream

systems with relatively coarse (e.g., sand to gravel) streambeds [Dudley-Southern and Bjnley,




543

544

545

546

547

548

549

550

551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

23

2015(Schmid et al., 204{ximmer and Lautz, 2014], which would likely cause an increase in

prolonged tracer tailing ot Conversely, streams with low subsurface short-term storage

potential (i.e., low streambed hydraulic conductivity and valley slope) are less likely to undergo

substantial storage flowpath changes with dischprge [Wondzell} 2011]. In this latter case, an

increase in stream discharge should result in reduced tailing and corresponding degrease in
because transport of the tracer is expected to be more sensitive to advective timescales than

changing subsurface short-term storage processes. Similarly, based on a fluid-mechanics

classification scheme after Jackson ef al. [2013], we expect surface short-term storage to

generally increase with discharge. The Selke study reach is not constrained by its valley and is

set in highly permeable gravgls [Schmidt et al., 2012]; therefore, we expected the reach-scale

extent of short-term storage to increase with discharge, which would likely cause an increase in
y. Contrary to expectation, our estimate€€dwere mostly insensitive to changes in discharge
with some evidence @ negative relationship with discharge (sites C and D, Table 1). Although
y was mostly insensitive to changes in discharge, there was some indication of a positive
relationship at site A, suggesting that the extent of storage increased with discharge. The lack of
aclear relationship with discharge indicates that these metrics either scaled directly with the
transport timescale or short-term storage and dispersion did not change appreciably despite the
order of magnitude change in observed discharge. Direct scaling with the transport timescale is
the more likely conclusion because a negative respor@¥ suggests that this metric is still
influenced by changing transport timescales rather than changes in dispersive processes.

As expected, the advective time of the transfer function was inversely proportional to
discharge and directly proportional to reach lengtihe longest advectivitme occurred at the

lowest discharge and longest segment length (Figure 8a). Similarly, the window of detection
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expanded with an increase in advective time (Figure 8b). Theoretical temporal moments (i.e.,
those derived from commonly used transient storage models) suggest that both the coefficient of

variation and skewness decrease nonlinearly with increasing reach length (and advective time) as

the predicted BTC becomes more symmetrjcal [Schmid,|2002]. Contrary to theory, we observed

an increasing trend inCV with advective time (Figuredd, which corresponds to an increase in
reach length (Figure 7). Consistent with theanydid have a slight decreasing trend with

advective time (Figure 8d), but did not show a significant change with increased reach length

(Figure 7). While Ward et a|. [201Ba] found that comparison of tracer observations across

different discharges and reaches requires normalizing by associated adieesyée

increasing trend in the coefficient of variation indicates that an expanding window of detection
associated with longer advective times still limits direct comparison. A larger window of

detection allows more time for processes like dispersion and short-term storage to act on the
tracer. Consequently, tracer observations made at short advective times are more sensitive to the
influence of truncation, or lack of an ability to measure the entire tail, than those madeat long
advective times. An estimate of the coefficient of variation is clearly more sensitive to truncation

than an estimate of skewness. This issue of truncation may also partially explain why dispersion

in aquifers assessed from tracers typically increases with the spatial scale of obsgrvations [e.g.,

Gelhar et al., 1992]. Our results provide evidence that when tracer observations are compared,

the influence of differences in the advective time and window of detection must be explicitly
considered to prevent misinterpreting changes in solute transport processes. However, any
change in the coefficient of variation or skewness at a given advective time is likely due to the

influence of heterogeneity in channel morphology and process change associated with discharge.
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588 In addition, other sources of uncertainty may restrict comparisons of tracer observations
589 between different discharge conditions. A potential source of uncertainty is that short-term

590 storage flowpaths may change differently on the rising and falling limbs of the hydrograph [e.g.,

591 |Ward et al., 2013&immer and Lautz, 2014]. For example, storage flowpaths within the Selke

592 study reach might be activated during the rising limb and subsequently deactivated during the

593 falling limb. To better understand this influence, more tracer tests along the rising limb would be
594 needed (Figure 2c). Furthermore, segment-wise tracer mass loss, as the study reach is anticipated
595 to be net losing (Figure 4b), might change with discharge. Fortunately, if the stream only loses

596 water without having significant gains, mass losses will not have substantially influenced the

597 temporal information contained in the BTC becausstream concentratismemain unchanged.

598 Testing this mass loss influence would require tracer injections at the limits of each segment

599 (such as those by Payn et fal. [2D09]). Considerations of dynamic mixing length and data

600 resolution would be necessary to perform finer scale dilution gaging and mass recovery

601 techniques during high discharges.

602

603 5.2. Sensitivity of Tracer Detection isLessImportant at High Discharges

604 Detection of fluorescein was slightly more sensitive than detection of ¢ate-time

605 tailing based on generally larger windows of detectigh Accordingly, the higher order

606 moments (g and 1) were generally larger for the fluorescein tracer (Figure 3, left column).
607 These differences also caused the normalized metjes{tTShom, CV and,y) to be generally
608 larger than those estimated from the salt tracer. Despite these differences, however, similar
609 conclusions were drawn from both tracers: changes to the transport timescales confound the

610 ability to observe changes in other processes because deviations between the metrics of the two
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611 different tracer types wemamall relative to changes in advectitrme. The metrics provided by

612 the fluorescein and salt tracers were in close agreement at high discharges, indicating that the
613 ability to detect short-term storage processes through tracer tests is limited at high discharges
614 regardless of the tracer type selected.

615 An artifact of incomplete tracer response due to detection limits or signal to noise

616 interferences in late-time tailing is artificially low temporal moment estimates [e.g., DrumrInond

617 |etal., 2012]. Consequently, objective truncation limits this study to observable short-term

618 storage and may partially explain the lack of a robust trend bet@¥andAy and discharge.
619 Although we expect dispersion and short-term storage to change with discharge, this truncation
620 may have reduced the influence of these processes relative to advection in the observations. One

621 potential way to address this late-time detection issue is to apply statistical techniques to better

622 isolate the tracer signal from noise [¢.9., Aquino et al., Tmﬁmmond et al., 2012]. Other

623 sensing techniques and tracers may also help address this truncation issue. For example, highly

624 sensitive tracers (e.g., synthetic DNA (deoxyribonucleic acid) molecules) have been shown to

625 reflect much longer residence time storage flowpgaths [Foppen et al||R2id&en et al., 2011].

626 The use of such tracers thereby allowsafbetter determination of which portion of mass loss
627 may be long-term storage and, in turn, which portion is groundwater recharge. Otherwise,
628 modeling techniques to approximate the late-time tail may be necessary to provide a more
629 complete representation of the actual transit time distribution and support a better understanding

630 of relationships between short- and long-term storage processes and discha|rge [e.g., Drummond

631 Jetal., 201

A w

Stonedahl et al., 2012].

632

633
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5.3. Temporal Metrics Do Not Reflect Observed Morphologic Patterns

Heterogeneity in stream morphologic characteristics is expected to cause differences in

short-term storage [e.f., Gostner et al., TFYSI@‘.dzeII and Gooseff, 2013]. Likewise, this

heterogeneity can cause dispersive processes to respond differently to changes in discharge. For
example, increased turbulence due to higher discharge over features like riffles can increase

dispersion, but higher discharge through slower moving sections like pools can reduce dispersion

Dyer and Thoms, 2006]. Based on this understanding, dispersion in sections with riffles (e.qg.,

segment BC, Figure 2b) should increase with discharge compared to sections with pool-riffle
sequences (e.g., segment DE, Figure 2b). The response of the window of deAéghar) to

changing discharge was different between segments BC and DE where DE was consistently
higher (Figure 6 and Table S5 in supporting information S1), which corresponds to the more
expected spreading of the tracer over riffle features. However, the symmetrical spreading relative
to mean arrival timeACV) between segments BC and DE did not respond significantly

differently to changing discharge, suggesting that the influence of spatially variable morphology
was muted relative to changing advective timescales. The ésiofaACV within segment AB

were consistently the largest, the least sensitive to changing discharge, and different from all
other reach segments (Figure 6 and Table S5 in supporting information S1). Segmeat AB is
glide section with the steepest streambed slope (0.7%). We believe that the relatively uniform
straight character and steep gradient of this segment (Figure 2b) caused the highest symmetrical
spreading relative to mean arrival time while remaining the least sensitive to changing turbulent
energy. Still, the means and medians of the normalized segment metrics were statistically
equivalent between most segments, suggesting that the influence of segment spatial

heterogeneity was muted or obscured by changes to transport timescales inherent in tracer
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observations. Only the most drastic differences in morphology appear to be reflected by tracer

observations in our study.

5.4. Reach Scale Tracer Study Limitations May Complicate Upscaling

Appropriately representing the heterogeneity and dynamics of solute transport processes

across a network is critical to predict solute transport to receiving water bodigs [e.g., Kielland

Cardenas, 201M\ollheim et al., 200B]. The approach of many previous studies to examine

solute transport processes throughout a network has been to conduct solute tracer tests over fixed

reaches of equal length regardless of differences in transport timescales or morphologic

characteristics [e.g., Covino et al., 2{)Gboseff et al., 20]Stewart et al., 2011], with some

calling for a length-normalized metric to compare processes between reaches or discharges

Runkel, 2002]. This study indicates that a change in the transport timescale (i.e., set by the

interacting advectivéme and window of detection) resulting from a change in discharge or
reach length selection can artificially manifest as spatial heterogeneity or process change.
Therefore, we argue that fixing reaches of equal length or using length-normalized metrics to
compare stream solute tracer observations may not be the best approach. Rather, since we
observed variability between segment morphologies and combining segments influences the
interpretation of some transport processes, setting reach lengths and monitoring sites for tracer
experiments should focus more on an understanding of transport timescales. One possible
approach would be to fix the advective timescale between reaches, adjusting reach length
accordingly. Ultimately, design of comparable tracer experiments may require preliminary
studies or modeling efforts initially quantify the range of transport timescales. Only

comparable tracer observations will clarify relationships between solute transport processes and



680

681

682

683

684

685

686

687

688

689

690

691

692

693

694

695

696

697

698

699

700

701

702

29

discharge. Improving the ability to compare tracer observations will likely lead to more accurate
process-discharge relationships.
Spatial patterns of stream morphology (e.g., streambed slope and channel width)

throughout a network may also be an important consideration when representing solute transport

processes within a network model [e.g., Zarnetske et al.} 2007]. Fortunately, it may be possible

to represent the heterogeneity of advective velocity at long reach scales by identifgpagittie

pattern of the stream channel from imagr,-ry [Schmadel et al., R014b]. Advances in upscaling

from reach-based studies to networks will require consideration of within-reach spatial
heterogeneity, spatial patterns in discharge and advective velocity, more sophisticated techniques
to map the inter-connected surface and subsevfaters, and a comprehensive analysis of tracer
tests conducted over a range of discharges, spatial scales, and geologic settings. For example,

tracer studies could be paired with independent and complementary measures of transport, such

as through geophysics [eg., Toran et al., ‘Elmd et al., 2012] or well networks in the

adjacent aquifer [e.g};., \Voltz et al., Zﬂmrnetske et al., 2011], to better develop relationships

between transient storage processes and dischdogever, from this study, one clear way
forwardis to better acknowledge and quantify the influence of charayinective timescales
and windows of detection on the interpretation of processes such as dispersion and transient

storage in our future reach scale solute tracer studies.

6. Conclusions
Using a suite of transport timescales (advective times and windows of detection) reflected
in conservative stream solute tracer responses observed during a storm discharge period, we

demonstrate that changes in advectiveess dominate and, consequently, mask other transport
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703 processes like dispersion and transient storage. While a possible interpretation of the tracer data
704  could be that solute transport processes changed with discharge, we found through further

705 analysis that the differences in the tracer data were generated primarily by variation in advective
706 times. Furthermore, most individual segments within the original study reach did not respond

707 differently to changes in discharge, suggesting that the influence of distinct channel

708 morphologies was muted by the differences in advective times between tracer tests. Only the
709 largest differences in morphologies were reflected in the tracer observations. We also found that
710 through combining segments into longer reaches, differences of transport timescales could

711 manifest as an incorrect interpretation of how processes change with discharge.

712 Based on these findings, this study provides general recommendations for future tracer
713 studies. First, while a high-sensitivity tracer (fluorescein) provided more late-time tailing

714 information than that obtained from a lower-sensitivity tracer (salt), both independently provided
715 the same conclusion that the impact of changing adveatines obscured other solute transport

716 process changes. Furthermore, differences between these tracer types were smaller at higher
717 discharges, indicating that tracer selection is less important than considering the influence of
718 changing timescales on the interpretation of changing processes. Second, the influence of

719 changing advective times and windows of detection must be established before tracer tests can be
720 compared. Otherwise, a change in the transport timescale could be misinterpreted as a change in
721 dispersion or transient storage. We show that this influence can be approximated by normalizing
722 temporal metrics directly assessed from the observations by characteristics of the transport

723 timescale including advective time and mean arrival time. However, the normalized metrics did
724  not provide a sufficient correction to completely isolate dispersion and transient storage.

725 Therefore, development of more complete relationships between processes and discharge may
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require better approximations of late-time tailing through other methods. Lastly, we recommend
that selection of study reaches for design of tracer studies should be less influenced by length
scales, such as txireaches of equal length proposed in previous studies, and more so by the
transport timescales, which can be approximated from preliminary tests or modeling efforts. This
recommendation is based on evidence that differences between windows of detection still limit

the comparison of tracer responses despite normalization by characteristics such as the advective
time. Improving the ability to compare tracer observations will clarify relationships between

solute transport processes and discharge necessary to use reach scale observations to infer solute

transport at larger network scales.
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Table 1. The reach scale temporal metrics, window of detectign) and transient storage

index (TShorm) Normalized by the advective time, coefficient of variatiGi), and skewnesg)

of the transit time distributions measured at in-stream monitoring sites A through G and their
relationships (slope) with changing stream discharge (Q) (also see Figure 5, right column). Note
that 41 salt and 4 fluorescein breakthrough curves were used to estimate these metrics and
relationships. A positive or negative slope indicates the metrics increase or decrease with an
increasing Q, respectively. A slope is considered significant (bold text) if zero is outside of the
associated 95% confidence interval.

tw,norm TSlnhorm CV y
Site | X Number Slope R? Slope R? Slope R? Slope R?
(m) of Qs with Q with Q with Q with Q

A 194 6 2.0E-02 0.07 -1.4E-02 0.03 -1.8E-02 0.60 4.6E-01 0.97
B 294 7 -5.4E-02 0.40 -1.5E-02 2.2E-02 | -6.8E-03 0.37 -5.5E-04  6.0E-06
C 428 7 -8.4E-02 0.53 -6.2E-02 0.48 -1.1E-02 0.76 -8.2E-03  4.7E-03
D 559 7 -8.6E-02 0.42 -7.2E-02 0.30 -1.2E-02 0.60 -2.0E-02 2.6E-02
E 667 5 -1.2E-01 0.62 -9.5E-02 0.54 -1.6E-02 0.72 -1.1E-01 0.43
F 819 6 3.9E-02 0.09 5.1E-02 0.11 -1.2E-03  3.5E-03 1.8E-01 0.31
G 928 7 -7.6E-02 0.24 -5.3E-02 0.10 -8.6E-03 0.18 4.4E-03 3.5E-04

Bold indicates significant value
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Stream solute transport timescale

Peak concentration

Transient
storage index
(TSI)

—— Advective time (t,4)

Concentration

Window of
detection

(tw)

Time after injection (min)

(a)

Shape controlled by advective timescales
(dispersion and transient storage constant)

-

So|easaWl} aADaADE

ul seauasayip Aq pe|jonuos uoiodoiy

High discharge
(low t,q, t,, and TSI)
Low discharge
(high t,g, t,,
and TSI)
(b)

Shape controlled by advective timescales
and dispersion and transient storage

Normalized concentration (min-1)

Shape controlled by dispersion and transient
storage (advective timescales constant)

Low dispersion
(low t,, and TSI)

High dispersion
(high t,, and TSI)

(d)

Proportion controlled by differences ih dispersion

2i1d transient storage

Time after injection (min)
Figure 1. (a) The stream solute transport timescale, defined here as the advectivediared(t
window of detection (f), can be directly estimated from an observed in-stream conservative
solute tracer time series (breakthrough curve, or BTC). Following an instantaneous injection, the
elapsed time from tracer injection to peak concentration descgib&he elapsed time from
tracer first arrival to last detection describgsTihe elapsed time fromagtto tracer last detection
provides an indicatasf transient storage (transient storage index, or TSI). Below is an
illustration of the challenge of interpreting solute transport preséssn stream solute tracers.
(b) At one extreme, if underlying processes (e.g., dispersion and transient storage) are constant
but tqis different between high and low discharge conditions, the shape of the BTC is controlled
by differences in advectiviimescales. (d) At the other extreme,qfis constant between two
reaches, the shape of the BTC is controlled by differences in the underlying pro@éses.
practice, shapes of observed BTCs are controlled by different proportions of advective
timescales and these underlying processes.
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933
934 Figure2. (a) The Selke River catchment located in central Germany and the location of the

935 study reach and Meisdorf federal gaging station. (b) In-stream monitoring sites and general

936 channel morphologic characteristics of the study reach. (c) Stream discharge estimated within the
937 study reach from an established rating curve (15 m upstream of site E) and the associated 95%
938 confidence bounds (CB), timing of tracer test durations (elapsed time from injection to last

939 detection at site G), and discharge at the Meisdorf gaging station located ~4.6 km upstream of
940 the injection site. (d) The monitoring sites delineate six reach segments, which were recombined
941 into every possible unique combination (grouped by the number of individual segments) to

942 produce segments of various lengths and transport timescales.
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Figure 3. Comparison of theo-located salt (NaCl) and fluorescein breakthrough curves
measured ah-stream monitoring sites A through G (i.e. 29 each salt and fluorescein). In the left
column, the metrics compared are the window of detectignt{ansient storage index (TSI),
mean arrival time (), variance (g), and third central moment 4 In the right column, the
normalized metrics are compared, which inclugdartd TShormalized by the associated
advectivetime (tw,norm and TShom), the coefficient of variationQV), and skewnesg)
Corresponding linear trend-lines are shown along with their slopes, intercepts, coefficients of
determination (B, and 95% confidence bounds (CB). Bold text indicates that either the slope is
statistically different than 1 or the intercept is statistically different than zero.
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Figure 4. (a) Discharge estimates at sitdestimated from dilution gaging) and near &ite
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and percent unrecovered salt tracer mass from the injection to site E. Error bars are the estimated
95% confidence intervals.
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Figureb. In the left column, the reach scale temporal metrics of the transit time distributions
measured at in-stream monitoring sites A through G. Specifically, these metrics are the window
of detection (), transient storage index (TSI), mean arrival time)(Mariance (g), and third

central moment (3). Note that 41 salt and 4 fluorescein breakthrough curves were used to
estimate these metrics. Each metric decreases with increasing discharge and increases with
increasing travel distance (shown by a general site-specific exponential function and white to
black color, respectively). To better compare across discharges, shown in the right column are t
and TSInormalized by the advectitene (tw,norm and TShom), the coefficient of variationQV),

and skewnesg). Linear trend-lines were estimated for each site and a slope is considered
significant if zero is outside of the associated 95% confidence interval (see Table 1).
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Reach segment

Figure 6. Segment-wise distributionsdk-and-whisker plots of the quartiles where the notches

are the 95% confidence intervals about the medians) of the transfer function metrics that express
the window of detection (Atw,norm) and transient storage index (ATSlorm) NOrmalized by the

change in advectivieme, coefficient of variationACV), and skewnesg\{) over changing

discharge. Note that 41 salt and 4 fluorescein breakthrough curves were used to estimate these
metrics, resulting in 35 unique values (i.e., segment-wise estimates corresponding to number of
discharges). Distribution means were compared thraugte-way analysis of variance

(ANOVA) and medians were compared through a Kruskal-Wallis one-way ANOVA. For mean
and median comparisons, apva < 0.05 or pw < 0.05 indicates the mean or median of at least
one segment is statistically different from all others, respectively. See Table S5 in supporting
information S1 for segmend-segment pairwise comparisons.
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Figure 7. The temporal metrics of the transfer function, whiedow of detection (Atw,norm) and

transient storage index (ATSlorm) NOrmalized by the advectivene, coefficient of variation

(ACV), and skewnes\(), lumped together for each number of individual segments combined
together (see Figure 2d). The corresponding distributions are represented as box-and-whisker
plots of the quartiles where the notches are the 95% confidence intervals about the medians.
Each distribution contains unique estimates representing different segment lengths and
discharges (denoted as the number of discharges). Distribution means were comparea through
one-way analysis of variance (ANOVA) and medians through a Kruskal-Wallis one-way
ANOVA. A panova < 0.05 or pw < 0.05 indicates the mean or median of at least one

distribution is statistically different from all others, respectively. Only the distributions
representing the original segments, two combined segments, and three combined segments (see
Figure 2¢g were compared (vertical dashed line).
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Figure 8. (a) The advectiveéime of the transfer function (Atad) relative to discharge and reach
segment length. A surface was linearly interpolated between these estimates to illustrate the
general trend. (b) The window of detection of the tran&ifigrtion (Atw) relative to Atag for each
segment combination. A linear trend-line (solid line) and associated 95% confidence bounds
(dashed lines) were approximated. The slope of this trend-line and coefficient of determination
(R?) are shown(c) The coefficient of variationACV) and (d) skewness (Ay) for each segment
combination relative to the correspondifiigq estimates and corresponding trend-line and 95%
CBs. Bold text indicates a significant value (i.e., zero is outside of the associated 95%
confidence interval).



