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Abstract Stream solute tracers are commonly injected to assess transport and transformation in study
reaches, but results are biased toward the shortest and fastest storage locations. While this bias has been
understood for decades, the impact of an experimental constraint on our understanding has yet to be considered.
Here, we ask how different our understanding of reach- and segment-scale transport would be if our empirical
limits were extended. We demonstrate a novel approach to manipulate experimental conditions and observe
mass that is stored at timescales beyond the traditional reach-scale window of detection. We are able to explain
the fate of an average of 26% of solute tracer mass that would have been considered as “lost” in a traditional
study design across our 14 replicates, extending our detection limits to characterize flowpaths that would have
been previously unmeasured. We demonstrate how this formerly lost mass leads to predicting lower magnitudes
of gross gains and losses in individual reaches, and ultimately show that the network turnover we infer from
solute tracers represents an upper limit on actual, expected behavior. Finally, we review the evolution of tracer
studies and their interpretation including this approach and provide a proposed future direction to extend
empirical studies to not-before-seen timescales.

1. Introduction

The time that a parcel of water spends in various locations within a river corridor is a master variable that reflects
the integrated effects of physical stores and fluxes and ultimately controls the biogeochemical processes and
functions that are realized during transport. Empirical evidence of transit times in river corridors most commonly
relies upon naturally occurring tracers to assess relatively long timescales (Cirpka et al., 2007; Gooseff et al., 2003;
Lamontagne & Cook, 2007) and injected solute tracers for shorter timescales (Stream Solute Workshop, 1990;
Ward et al., 2012). Studies using stream solute tracers are widespread in their application, but for more than
20 years have been known to be biased toward measuring the fastest portion of the transit time distribution, a
limitation inherent to the method (J. W. Harvey et al., 1996; Wagner & Harvey, 1997). Despite the recognition
of this limit, and the fact that the limitation is itself highly variable as a function of study design (e.g., Schmadel
et al., 2016), hydrologists continue to conduct and interpret solute tracer studies. Any tracer that is released but
not recovered (i.e., “lost”) is attributed to flow that bypasses the monitoring location or transport along flowpaths
longer than can be detected by monitoring equipment. In the latter case, such flowpaths could range in timescale
from incrementally longer than what is detected to infinitely long. The inherent limits of tracer studies in streams
define an arbitrary boundary that separates the tracer we are able to sense and interpret from the tracer we lose to
the “black box™ of longer timescales. While this demarcation is conceptually understood, we do not understand
how this methodological threshold changes our understanding of transport in stream reaches (i.e., individual
sections of river that are studied in an experiment, typically 10-100s of meters; Frissell et al., 1986). Moreover,
when reaches are combined to represent segments (i.e., sections of a river that are comprised of multiple reaches,
typically 100-1000s of meters; Frissell et al., 1986) it is unclear what impact—if any—the study limitations have
on our understanding of transport in river corridors. Here, we ask how the well-documented and broadly acknowl-
edged limits of solute tracer studies change our understanding at the reach- and segment-scales. In other words,
if we manipulate the observational constraints of solute tracer studies to “peer into the black box”, characterizing
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solute transport at timescales that have traditionally been lost to unknown fates, what would change about our
understanding of transport in river corridors?

Stream tracer studies have been broadly successful in advancing our understanding of transport and fate in river
corridors. Solute tracer studies underpin early work on mixing in streams and rivers (Fischer, 1979), and the
reach-scale effects of transient storage both in hyporheic zones (Bencala, 1983; Bencala et al., 1984; Bencala
& Walters, 1983; J. W. Harvey & Wagner, 2000; Jackman et al., 1984) and within stream channels (Briggs
et al., 2009; Jackson et al., 2012, 2013; Ward et al., 2018). Indeed, tracer studies are a critical component of our
ability to predict the fate of nutrients (Alexander et al., 2009; J. Harvey et al., 2019; Mulholland et al., 2008;
Newbold et al., 1981; Tank et al., 2008), emerging contaminants (Guillet et al., 2019; Keefe et al., 2004; Lange
et al., 2011), heavy metals (Fuller & Harvey, 2000; J. W. Harvey & Fuller, 1998; Larson et al., 2013), and more
broadly to study timescales of storage in river corridors (Haggerty et al., 2002; Ward, Kurz, et al., 2019; Worman
& Wachniew, 2007). Tracer studies have also been used to assess the impact of dynamic flow regimes (Karwan
& Saiers, 2009; Ward, Gooseff, et al., 2013, Ward, Kurz, et al., 2019) and restoration (Klocker et al., 2009; Knust
et al., 2009; Ward et al., 2018) on reach- and segment-scale functions. Despite their widespread use and inter-
pretation for a host of applications, all solute tracer studies are limited by their “window of detection” (WoD),
the longest temporal scale of flowpath that contributes to a measurable concentration in the stream channel (J.
W. Harvey et al., 1996; Wagner & Harvey, 1997; N.M. Schmadel et al., 2013) (flowpaths A and B; Figure 1).
Precisely defined, the WoD represents the longest elapsed timescale from the solute tracer release to the last
recovery of solute tracer mass that is discernible from background at the downstream end of the study reach.
Solute tracer that does not return to the stream to be observed, either due to flowpath geometry (flowpaths C, D;
Figure 1), timescale (flowpaths E, F, where flowpaths do return to the study reach but the timescales are suffi-
ciently long that concentrations are below the detection limit of instrumentation; Figure 1), or both (flowpath
G, Figure 1) are ultimately lost to unknown fates, limiting interpretations to a subset of the known, multi-scale
flowpaths that exist (Herzog et al., 2019; Toth, 1962; Téth, 1963).

While the known limitations and biases of stream solute tracers have been understood for more than 25 years, it
remains unknown if and how this limitation may actually bias our understanding of transport. These “lost” times-
cales and flowpaths are understood to be relevant for biogeochemical functions, contaminant legacies, and ulti-
mately for complete description of transit time distributions. Consequently scientists have developed strategies
to extrapolate behavior from observed to “lost” timescales (e.g., Drummond et al., 2012; Harman et al., 2016) to
estimate the fate of “lost” tracer, but these rely upon assumptions and generally lack empirical validation. Flow-
paths E and F (Figure 1) represent the detection limits that Drummond et al. (2012) explored—the tracer mass
does return within the study reach (vs. flowpaths D and G, which are geometrically bypassing the sensor), but at
such low concentrations that it cannot be differentiated from background due to detection limits. Such approaches
broadly extrapolate observed data to timescales beyond the WoD, assigning monotonically decreasing probabil-
ities as timescales extend. Put plainly, the most likely assumed fate for mass that is “lost” during an injection
is to travel along flowpaths with timescales incrementally longer than the WoD. The next most likely fate is to
travel along an incrementally longer flowpath, and so on (noting that here and throughout “longer” refers strictly
to storage timescales). This conceptualization is consistent with empirical observations that targeted extremely
long tailing (Haggerty et al., 2002; Ninnemann, 2005) and methods used to extend the tails of solute tracer
data (Drummond et al., 2012). This is also consistent with age-of-water approaches to stream tracer transport,
where gamma distributions have successfully represented monotonically decreasing contributions of older water
to stream discharge (e.g., StorAge Selection; Harman et al., 2016; Ward, Kurz, et al., 2019; Ward, Wondzell,
etal., 2019). Taken together, both our empirical studies, strategies to correct empirical data for known limitations,
and process-agnostic approaches to solute tracers all predict that an incremental extension of the WoD should
yield the most significant change in the observed in-stream breakthrough curve and subsequent interpretations,
with decreasing impact as the WoD was further extended. Importantly, while the above strategies exist as a basis
to extrapolate beyond observations, no empirical evidence exists to document that they are appropriate in describ-
ing the fate of tracer mass beyond the WoD.

The WoD is perhaps the most critical variable in our interpretation of solute tracer studies at individual reaches
and our extrapolation to the segment and network scales. The WoD defines a fundamental partitioning of tracer
mass into two categories: recovered and lost mass. The mass that was recovered within the WoD is interpreted
using time series analyses to infer a host of transport and transient storage processes (e.g., Covino et al., 2010; J.
W. Harvey & Wagner, 2000; Newbold et al., 1981; Stream Solute Workshop, 1990). The fate of mass along all
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Figure 1. Consider two contiguous, 100-m study reaches (reaches 32 and 21, respectively spanning from locations 3 to 2 and 2 to 1), where a solute tracer is injected

at the upstream end of each reach. Seven distinct fates for solute tracer can be defined, including (a) tracer released to study segment 32 that returns to the stream within
the window of detection (WoD) for that reach; (b) tracer released to study segment 21 that returns to the stream within the WoD for that reach; (c) tracer released to
study reach 32 that bypasses the downstream end of that study reach due to flowpath geometry; (d) tracer released to study reach 21 that bypasses the downstream end
of that study reach due to flowpath geometry; (e) tracer released to study either reach 32 or 21 transported along flowpaths that are too long to return within the WoD
for the shorter segments, but which are short enough to return within the WoD for the combined segment 31; (f) tracer released that is transported along flowpaths too
long in its transport timescale to return within the WoD for the combined segment 31, but whose geometry would eventually return within the study reach and would be
detectable with increased observational sensitivity; or (g) flowpaths whose timescales and geometries exceed detection with the study segment, commonly “regional”
flowpaths. Flowpath type E are the primary contributors to marginal mass recovery that is achieved when the WoD can be extended. The combination of reaches 32 and
21 is a 200-m segment spanning from locations 3 to 1, hereafter segment 31, which can also be studied.

other flowpaths and timescales beyond the WoD is ultimately unknown, but the magnitude of mass loss is used
to interpret reach-scale water balances though gross gains and losses of channel water within a study reach (i.e.,
channel water balance; Payn et al., 2009), which themselves form the basis of how we predict channel water turn-
over along segments and river networks (Covino et al., 2011; Mallard et al., 2014). Critical to these analyses are
the magnitude of mass that is ultimately lost, but that partitioning is known to be a function of study design itself
(Schmadel et al., 2016), ultimately reflecting the WoD for the empirical studies. In this framework, increased
mass recovery due to an extended WoD would decrease mass loss, consequently reducing magnitudes of gross
gains and losses, ultimately reducing inferred channel turnover.

While the WoD is a well-known limitation of stream solute tracers, it has traditionally been accepted as a meth-
odological limitation, either described post-hoc or as a basis to standardize experimental designs (e.g., Ward
et al., 2018; Ward, Kurz, et al., 2019). Here, we posit that manipulation of the WoD through experimental design
may be used to our advantage, specifically enabling us to assess solute transport that is just beyond the WoD for
a common study, assessing the marginal gains in mass recovery—and understanding—associated with solute
tracer mass that is just beyond our detection limits. In this study, we assess the influence of flowpaths that are
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incrementally longer than the WoD for a study reach by comparing the results of stream solute tracer tests in
shorter reaches nested within longer reaches of the same stream. By doing so, we provide the first empirical
test of the expectation that much of the lost tracer mass is being transported along flowpaths that are marginally
longer than the WoD (Drummond et al., 2012; Harman et al., 2016). We term the added mass that is recov-
ered when the WoD is experimentally extended “marginal mass recovery”. Specific objectives of this study
include: (a) empirical documentation of “marginal mass recovery” in a series of study reaches; (b) assessment
of how marginal mass recovery changes interpreted reach-scale channel water balance; and (c) assessment of
how marginal mass recovery changes our interpretation of segment-scale turnover. To achieve these objectives,
we evaluate a series of solute tracer experiments conducted in the same study location, either as two sequential
100-m reaches combined to represent a single 200-m segment (hereafter 2 X 100-m) or as a single 200-m reach.
We derive an “extended” mass balance (details in Supporting Information S1) that accounts for marginal mass
recovery and demonstrate the change in interpretation that results from convolving these observations along a
river segment. Finally, we address the crux of what is to be done with empirically imperfect data and their appli-
cation to process understanding and scaling of findings.

2. Methods
2.1. Study Site and Field Experiment

Stringer Creek is a second-order stream in the Tenderfoot Creek Experimental Forest in the Little Belt Range
of the Rocky Mountains in Montana, United States. The stream drains about 5.5 km? of primarily forested
land. The valley is underlain by granite-gneiss bedrock along the lower 1600-m of the study, while upper
reaches are underlain by sandstone bedrock. The upper valley has a generally wider valley floor, lower-relief
hillslope, and flatter longitudinal slope than the lower valley. Additional site characteristics can be found in
several prior studies (Kelleher et al., 2013; Patil et al., 2013; Payn et al., 2009; Ward, Payn, et al., 2013; Ward
et al., 2016).

Our study design divided the river corridor into a series of contiguous 200-m segments. Each 200-m segment
was studied with a series of three instantaneous solute tracer releases of known masses of sodium chloride at
locations 1, 2, and 3 in that order (Figure 2a). Fluid conductivity was monitored at each location for the dura-
tion of the study, beginning before the first injection and ending after the upstream-most injection had passed
the downstream-most logger. This scheme enabled us to study the segment as two independent 100-m reaches
(hereafter reach 32 and 21, as they span from location 3 to 2 and 2 to 1, respectively), or a single 200-m segment
(i.e., reach 31, spanning from location 3 to location 1). Briefly, solute tracer concentrations were background
corrected using pre-release concentrations, converted from fluid conductivity to tracer mass using a calibration
curve constructed from water at the field site, and clipped to isolate the tracer signal from background using
visual inspection of the breakthrough curves. The data set here exactly matches that previously analyzed and
published with no changes to the methodology nor QA/QC from those studies (see additional detail in Kelleher
et al., 2013; Patil et al., 2013; Payn et al., 2009; Ward, Payn, et al., 2013; Ward et al., 2016). Notably, the data
set has been independently analyzed as both 100-m and 200-m reaches, but the two have yet to be quantita-
tively compared to learn from deviations between the length scales and WoDs. In all cases, the analysis assumes
steady-state discharge for each experiment conducted.

2.2. Analysis of Lost Solute Tracer Mass
2.2.1. Channel Water Balance for Individual Study Reaches
Discharge at each location was calculated by dilution gauging as:

My
Ox=—0%—— (1
(=0 Cxx(t)dt

where X denotes the location number (e.g., M} is the mass released at location 3), Cy,() is the observed in-stream
tracer concentration at location X (g m~3), M, is the injected solute tracer mass at each location (g), and 7 is time
(s). The tracer releases at points 2 and 3 are also recorded as they pass the downstream loggers, yielding in-stream
concentration time series C,,(1), C,,(1), and C;,(1), where C,, denotes an injection from location X observed

WARD ET AL.

4of 16

85U8017 SUOWIWIOD dAIIERID 3|qedl|dde aup Aq peuienob ake apiLe YO 8sN JO Sanu Joj Al TaUIIUO /8|1 UO (SUONIPUOD-pUB-SLLIBIALICO" A3 1M AReIq 1 [Bul [UO//Say) SUORIPUOD pue SWLe 1 8y} 88S *[£202/60/0T] U AiqiTauljuo A8 |IM ‘Akeiqi] 801AeS 159104 [eUOeN AQ 9€2Z808MZZ02/620T 0T/1I0p/Wiod Aeim Ate.d utjuo'sgndnBe/sdiy wouj pepeojumod ‘s ‘€202 ‘€L6.176T



. Yed N |
Fa\C [0 Water Resources Research 10.1029/2022WR032736

ADVANCING EARTH
AND SPACE SCIENCE

A. Field study design

1 mixing
ms m; m length

L_>3 —> Flow l._'z 1

—»

A A y
C33 CZZ ’ C32 C11 ’ C21 ’ C31

B. Interpreted as two independent reaches (C;, and C,,)

100%| < P! f.,=90% 100% < P f,,=80%
3 \ 2 2 \ 1
floss32 = 10% fioss21=20%
C. Naive expectation: Linearly convolved reaches (i.e., Reachs; = Reach;,xReach,,)
Tracer Release Mrec2 = 100g — 10g = 90g Mey =90g—18g
1009 A A =72g

v ; =

[ ~ P ~ H

3 N\ 2 N\ 1
Mioss32 = 100g*10% = 10g Mioss21 = 90g*20% = 18g
D. Hypothetical case for M, = 25% due to longer Window of Detection
Tracer Release Mrec 2 = 92.58 Meec1 = 78.625
1009 A A
¥ 90% E; 80% !,
10% (,c;\° 20% ‘3\0
v Mmarg = ng v, Mmarg = 4625g
10g 18.5g
80% 80%
Mioss32 = 88 Mioss32 = 3.875¢8

Figure 2. (a) Field study design showing tracer mass releases (i) and observed in-stream solute tracer timeseries (Cy,), where X is the release location and Y is the
observation location. Note that locations 3, 2, and 1 refer to the up- and downstream ends of the orange and blue reaches depicted in panels A through C, where location
2 is both the upstream end of the blue reach and the downstream end of the orange reach. (b) Partitioning of recovered and lost solute tracer mass for two reaches
interpreted independently. (c) Mass losses and recovery for a hypothetical 100-g solute tracer release at the upstream end of the study site, assuming the two 100-m
reaches act on the input in series, forming a segment. (d) Mass losses and recovery for a hypothetical 100-g solute tracer release at the upstream end of the study site,
assuming that the extended window of detection for a longer study reach yields 25% more mass recovery.

in-stream at location Y. We use the subscript XY to indicate a tracer release at location X observed at location Y
for all variables. The mass recovered at any location can be calculated as:

Meexy = Oy /  Cwr (. e

=0
Mass recovery can also be expressed as a fraction of input mass (fy,) as:

MrecXY

e 3)

frecXY =
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Total and fractional mass losses (M, 4.y and £, ,) can also be calculated as:
Miossxy = Mx — Myecxy )
and
Jiossxy =1 = freexy (5)

Payn et al. (2009) provide a framework to interpret tracer mass losses and calculate reach-scale gross gains (Q;,4,y)
and gross losses (Q, ) Briefly, gross losses of stream water are calculated by considering either gain-before-
loss (i.e., maximum dilution before loss, subscript )

Mioss.xy
OQrossmax = —0—————— (6)
=0 Cxx(t)dt

or loss-before-gain (i.e., minimum dilution before loss, subscript ;)

Mioss.xy
QrossMIN = —— %)
=0 Cxy(t)dt

where M, ¢ is the mass loss along a study reach for an injection at location X observed in-stream at location Y.
Next, the net change in discharge (AQ) can be calculated as:

40 = Oy — Ox (®)
Finally, knowledge of the net change in discharge and the gross losses can be used to calculate gross gains as:
Qcainmax = AQ — Qross.max 9)

and
Ocainmin = A0 — Qross.min (10)

In this study we proceed with interpretation of the loss-before-gain assumption, which assumes the minimum
turnover of stream water caused by gross gains and losses along the study reach (after Covino et al., 2011; Ward,
Wondzell, et al., 2019).

2.2.2. Network Turnover Analysis of the Study Segment

Covino et al. (2011) extended the interpretation of segment-scale channel water balances to river networks,
developing a method to interpret network turnover. Briefly, the discharge in a downstream segment i can be
calculated as:

Qi = Qi1 + QcaIn,i — Oross.i (11)

where the subscript i denotes the values at an individual reach being analyzed and i—1 the upstream reach. The
simultaneous gain and loss of water is assumed to remove water from all upstream segments equally, causing a
volume-weighted replacement of upstream water with newly inflowing water. This is calculated as:

Qi — Qgarn.i

Qij=0i1; 0,

12)

where Q, ; is the discharge in segment i contributed by an upstream segment j, 0, , ; is the stream water contribu-
tion to segment i—/ that entered in segment j, and the fractional term is the proportional contribution to Q, from
all upstream segments. For clarify, the subscripts X and Y are used to refer to analysis of individual reach-scale
experiments while i and j are used when aggregating reach-scale results (from Section 2.2.1) to represent turnover
at larger scales (i.e., segments; this section). This calculation can be completed sequentially from the headwaters
to downstream end of the study segment. The result is an apportionment of the discharge in each study segment
to the location(s) where that water last entered the stream channel.
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2.3. Analysis of Marginal Mass Recovery

If the two 100-m study reaches are assumed to act independently and are combined in series to represent the
single 200-m segment (Figure 2c), the mass recovered from the combined segment is calculated as the effect of
the two segments acting on the upstream input in series:

Mrec3 lLexpected = M3 frec32 frec2| (13)

where M

rec3 1 expecrea 1S the €xpected mass recovery from a slug at location 3 observed at location 1 based on the

linear convolution of the sub-segments. However, in practice this linear combination of segments may not be
observed. Instead, studying a longer reach is expected to extend the WoD and allow increased mass recovery (i.e.,
M rec3lextended >M rec31>

the marginal mass recovery (M,,,,,,

compare Figures 2c and 2d). We term the extra mass recovered in the longer study segment
), calculated as:

Mmarg = M ec31.extended — Myec (14)

Conceptually, M,
the observed C,, or C5, but short enough to return to the stream and contribute to Cj, (i.e., flowpath E in Figure 1)
or flow that bypassed the sensor at location 2 (i.e., flowpath C in Figure 1). Put another way, the timescales of
intermediate storage (7, ) may be expressed as:

represents mass that was stored along flowpaths that were longer than could be detected in

int-
(ta1,132) < tim <131 (15)

where ¢, represents the WoD for an injection at location X observed at location Y. While some marginal mass
recovery is associated with flow that bypassed location 2 in the subsurface and returned to the stream (flowpath
C in Figure 1), we assume this mass is negligible compared to the return of longer flowpaths along the entirety of
the segment. The mass balance for the system of segments (Figure 2) can be written as:

M3 = Mrec3l + Mloss32 + M[osle (16)

where M, is the mass input for the upstream-most injection. Calculations of masses for each individual segment
and associated flowpaths are detailed in the supplement to this study. Briefly, we considered each 100-m reach to
have some intermediate scale mass recovery, which would be observable when studying the larger 200-m reach.
Thus, we have modified the 200-m mass balance to account for that added recovery. Mass losses from the shorter
segments can be calculated as:

Mioss32 = M3(1 = free32)(1 = finz2) (17)
and

Moss21 = M3 [frec32 + (1 - frec}Z)ﬁnt32](1 - frt’021)(1 - fi"121) (18)

Input mass (M;) and recovered mass (M, 5,) are related by:

rec31

Mre¢'3] = M3 [frec32 + (l - f/‘et'32)fim32][frec2] + (1 - frech)fianl]' (19)

Based on the experimental design (Figure 2a), values are known for M5, M, 4|, f,,.3» and f,, ,,. The unknowns

in the system are f;, 3, and f;,,, which partition segment-by-segment losses into M, and M,, for each study
segment. For example, f; , is the fraction of mass in segment 32 that is transported along intermediate-scale
flowpaths that will not be recovered in studying segment 32 but will be recovered in studying segment 31 due to
the longer WoD. We proceed with the assumption that mass beyond the WoD in the two 100-m study segments
is equally likely to return within the WoD for the combined, longer segment (i.e., f;, 3, = f,»,)- Finally, the
mass balances for the individual and combined releases can be combined to yield an analytical solution for the

system.

With the marginal mass recovery calculated, we next calculate an “extended” mass recovery. This “extended”
recovery considers how the 100-m segment would be expected to behave if the WoD were extended to that of
the 200-m segment. In other words, this step extends the empirical 100-m data to its expected, marginally longer

behavior, accounting for the mass actually recovered (e.g., M

rec21) and the marginal mass recovery (e.g., M)
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50 T T T T —~ Put another way, we can estimate the mass that would have been recovered
A. for a marginally longer WoD in each 100-m segment as:
/ M ec21 extended = Mrecat + Muparg2i (20)
40 1 P 1
o ) M, ec32.extended = Mrec3z + Mparg32 201
o~ /
E 30 | / _ where M, vy o viengeq TEPTESENLS the mass recovery in segment XY that would
T / O be realized if the 100-m study had the WoD associated with the 200-m study.
8 Y O In turn, analysis of mass losses, channel water balance, and turnover calcu-
- ) lations can all be updated using these extended values (i.e., analysis using
'\3 207 ) 4 o | Equations 4—12 replicated with the extended values).
H—_o o0 @
10+ OO/O/O g o | 3. Results
) QQ/) 8 o > 3.1. Marginal Mass Recovery and Channel Water Balance
/ Ol | | | The fraction of tracer mass loss in 200-m reaches is generally greater in
0 magnitude than their component 100-m reaches (Figure 3a). However,
— 50 B ' ' 'O ' 4 total mass loss for the convolved 2 X 100-m case is always greater than the
°\° ! o observed mass loss in each of the 200-m segments (Figure 3b). This increased
~ / mass recovery indicates some mass that was lost from the 100-m studies was
g 40 / i recovered in the 200-m study with its longer WoD, confirming the presence
8 / of marginal mass recovery, M, .. We found an average of 26.2% of mass
- presumed to be lost from the 100-m studies was ultimately recovered in the
é 30t O 4 ] 200-m study segment (range 6.5%—63.1%, median 20.7%, standard deviation
T 4 17.2%; Figure 4a). These marginal recoveries represent an average of 4.3% of
g J/ total tracer mass (range 1.3%—10.1%, median 3.4%, standard deviation 2.6%;
©° 20t} o (? o 1 Figure 4a) recovered in the 200-m studies that was lost in the 2 X 100-m
E O O 9 interpretation. Increased mass recovery yields decreased magnitudes of gross
(o) & o gains and losses for each of the 200-m reaches considered (Figure 4b). Addi-
(J“ 10 | o / J tionally, gross gains and losses for the extended 100-m reaches are always
3 / lower in magnitude than their empirically observed counterparts, as expected
Ke) / for M,,,, > 0 (Figure 4c). Finally, to confirm these finding were not specific
ha / . | ! . to the flow condition studied we also analyzed three comparable data sets
00 10 20 30 40 50 from the same study site under different discharges (presented in Kelleher

Figure 3. Comparison of the fraction of injected mass loss (f;,,,) observed for

f

lo

.+ 200-m (%)

200-m study reaches (x-axis) in comparison to the same study reach studied

as two 100-m reaches considered (a) individually, and (b) convolved in series

as a segment. The convolution of two 100-m reaches to represent the 200-m

overpredicts mass loss in all 14 replicates (i.e., more mass is recovered for the
200-m empirical study that would be expected). This systematic overprediction
of losses is the result of marginal mass recovery in the 200-m reach.

etal., 2013; Patil et al., 2013; Payn et al., 2009; Ward, Payn, et al., 2013; Ward
et al., 2016). Increased window of detection for 200-m reaches compared to
100-m reaches was documented for more than 96% of experiments in the
larger data set (Figure S2 in Supporting Information S1). Similarly, marginal
mass recovery was documented for 75% of cases presented in the larger data
set (Payn & Ward, 2022; Figure S3 in Supporting Information S1).

3.2. Network Turnover

The systematic overestimations of Q, .. and Q,,\ in the 100-m reaches are
amplified when results are aggregated along the study segment to predict

stream water turnover. The empirical mass recoveries yield higher magnitudes for Q, ,.cand Q;,, in each segment

than their extended counterparts (visible as the differences in heights of individual segments within stacked bars

of Figure 5a). The result of increased magnitudes is more rapid replacement of upstream waters by downstream

inflows for the empirical data in comparison to the extended values. If turnover is overpredicted, then predictions

of stream water residence time in the channel will be shorter when compared to extended interpretations, with

more outflowing water being attributed to locations closer to the outlet. This effect accumulates along the full

length of the stream channel, yielding two related patterns. First, the persistence of upstream waters along the

segment is systematically underestimated using empirical data (visible by the preponderance of upstream, “bluer”

bars below 0 in Figure 5b). For example, discharge at the outlet from the upstream-most segment is calculated as
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Figure 4. (a) Magnitude of marginal mass recovery for each 200-m reach compared to its component 100-m reaches, expressed as total percent of the tracer released.
(b) Gross gains (positive bars) and losses (negative bars) for the observed 200-m experiments and what would be expected based on linear convolution of the underlying
100-m reaches. Convolution of two 100-m segments always yields larger magnitudes of gross gains and losses than are inferred from 200-m studies. (c) Gross gains and
losses for 100-m segments using the observed and extended mass balance calculations.

about 0.03 L s~! based on empirical observations, compared to nearly 0.1 L s~! based on extended calculations.
At the basin outlet, contributions from the upper 2000-m are underestimated by nearly 50% based on empirical
data compared to the extended interpretation. Next, the overpredicted turnover from empirical data requires that
downstream contributions are overestimated, yielding a systematic overprediction of the contributions of down-
stream reaches to the stream water composition (visible by the preponderance of downstream, “yellower” bars
above 0 in Figure 5b). For example, at the downstream end of the study segment (right-most bars in Figure 5),
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Figure 5. (a) Channel water composition for each segment based on the location of gross gains where water entered the channel, as represented by their color. For
each segment, the left stack of bars is derived from the observed mass recoveries, while the right stack includes the marginal mass recoveries. The height of each
bar within a “stack” denotes the discharge originating from a given spatial location. While overall patterns are visually similar, differences within the bars show the
impact of marginal mass recovery. (b) Differences between the observed and extended mass recoveries for each segment. Values above zero indicate observed values
over-estimate contributions, while negative indicate observed values under-estimate contributions to discharge.
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inflows from the lower 800-m of the study segment are overestimated at the catchment outlet by about 20%. Thus,
while general patterns of turnover are visually similar (Figure 5a), the expected composition of the water in the
stream is quite different (Figure 5b) between observed and extended cases.

4. Discussion

4.1. Does Marginal Mass Recovery Change Our Understanding of Reach- and Segment-Scale Channel
Water Balance and Network Turnover?

We found the marginal mass recovery (average 4.3% of total tracer) represents an average of 26% of mass that
was otherwise lost to unknown fates (i.e., our “black box” in the introduction). In other words, 26% of mass that
was previously lost can now be attributed to flowpaths with timescales that are longer than the 100-m WoD but
shorter than the 200-m WoD. Thus, not only can the fate of more mass be explained, but it can be assigned to a
particular subset of storage timescales. Additionally, the mass that remains lost can now be confidently assigned
to timescales longer than the WoD for the 200-m reach. For studies whose primary objective is to characterize
the stream transport processes of advection and longitudinal dispersion, marginal mass recovery is likely incon-
sequential, as such studies have been a cornerstone of research for decades and not apparently suffered due to
relatively small mass losses (Fischer, 1979). However, for studies attempting to allocate the age composition of
catchment outflows (Harman et al., 2016; Ward, Kurz, et al., 2019; Ward, Wondzell, et al., 2019), marginal mass
recovery informs a previously unobserved suite of timescales. We expect that marginal mass recovery will be
most important for studies concerned with the fate of water in streams at the reach-scale and longer.

Beyond timescales and ages of water, the flowpaths associated with marginal mass recovery may also impact our
interpretations of biogeochemical functioning of study reaches and segments. The biogeochemical importance of
flowpaths associated with marginal mass recovery will primarily depend on the timescale of the these flowpaths
in comparison to the timescale of the process of interest. Thus, we consider the implications of our findings
related to physical processes and timescales for potentially associated biogeochemical functions. For example,
consider a rapid process (e.g., with a half-life i.e., 1-2 order of magnitude faster than the WoD). We would expect
that reaction would be substantially completed along all flowpaths within the 100-m WoD. In that case, a 4.3%
increase in the marginal mass recovery could increase the estimated amount of mass expected to be transformed
by the reactive process by as much as 4.3%. Generalizing, for rapid processes, marginal mass recovery will be
directly proportional to our inferred amount of transformations occurring in a reach. In this case (where function
is biased toward the head of the flowpath), marginal mass recovery will yield a directly proportional increase in
realized function per unit of marginal mass recovered. In contrast, consider a typically-slower process in the study
reach, such as denitrification (where extensive anaerobic conditions must be present to allow bulk reduction of
NO,~ to occur), following oxygen consumption. Thus, we would expect such a process to occur preferentially at
the distal ends of longer residence time flow paths, particularly locations that are longer in transit time than the
WoD. By expanding the WoD to include longer flowpaths, we disproportionately add flowpaths that are longer
and more likely to have active denitrification to the population of flowpaths we are interpreting. In this case
(where function is biased toward longer flowpaths), marginal mass recovery will yield a disproportionately large
increase in a function per unit of marginal mass recovered.

Aggregation of errors from reach-scale studies biases segment- and network-scale predictions of their hydrologic
turnover and transit times (Figure 5). That we see substantial and variable marginal mass recovery along the
study segment suggests that this change is hydrologically relevant, particularly to our ability to extend reach-scale
results to estimate turnover for segments or even river networks. One common strategy to upscaling in river corri-
dors is to represent the river as a series of shorter reaches and then route water and solutes through those reaches
in series to represent segments and networks (Covino et al., 2011; Gomez-Velez & Harvey, 2014; Gomez-Velez
et al., 2015; Kiel & Cardenas, 2014; Mallard et al., 2014). These approaches rely upon the assumption that
the processes controlling transport, transformation, or loss do not change as the spatial scale of interest grows.
Put another way, we commonly assume the dominant processes measured at one scale can be directly aggre-
gated along the network to represent larger spatial scales without any other processes emerging as important.
However, our findings here document that segment-scale results are directly related to the scale of a study that
is chosen, consistent with Schmadel et al. (2016). Indeed, we show that even our marginal mass recovery may
have a substantial impact on the inferred composition of water along a river segment (Figure 5). Thus, turnover
interpreted directly from empirical studies presents a case of maximum plausible turnover, which has the result
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Figure 6. Evolving interpretation of stream solute tracer studies in the

past 50 years. Tracer studies were initially used to estimate mixing and
dispersion (a), and later transient storage (b). More recent work has extended
interpretations to channel water balance (c) and partitioning recovered tracer
into fractions with dominant transport by transient storage (d). In this study,
we demonstrate manipulation of the window of detection to further assign
mass to a range of timescales (e), which could be readily extended with
increasingly long reaches and/or sensitivity to different tracers (f). In all cases,
the quantitative values provided are intended as illustrative, relative values and
not presenting any specific data set.

of minimizing the persistence of upstream contribution and amplifying the
proportion of downstream contributions to streamflow. The longer the WoD
can be extended, and marginal mass recovery increased, the more persistent
upstream inflows will be along a gaining river corridor.

4.2. Past Advances and Future Directions for Stream Solute Tracer
Studies

The WoD has fundamentally defined the way solute tracer studies are inter-
preted for more than 50 years. Early work focused on the recovered solute
tracer, including measurement of advective and dispersive processes and the
study of mixing zones (e.g., Fischer, 1979; Figure 6a). Comparisons of mass
recovery were the basis to assess net gains of stream water via dilution or
used to inform losses of reactive compounds (e.g., Newbold et al., 1981).
The observed time series (Figure 6b), rather than the total masses, are
the basis for studies using the popular transient storage model (Bencala
& Walters, 1983; Knapp & Kelleher, 2020; Runkel, 1998), and a host of
other modeling approaches (Haggerty & Reeves, 2002; Rathore et al., 2021;
Worman et al., 2002) and empirical calculations (Covino et al., 2010). Still,
these advances came with the often unstated recognition that the empir-
ical data themselves were subject to limitation (J. W. Harvey et al., 1996;
Wagner & Harvey, 1997). The interpretation of tracer mass beyond the WoD
has, too, been the subject of inquiry. For example, Payn et al. (2009) imple-
mented a channel water balance, building upon concepts outlined by Harvey
et al. (1996). Most recently, partitioning recovered mass into that which is
primarily associated with advection and dispersion from that which is primar-
ily associated with transient storage further subdivide recovered mass based
on process domain (Mason et al., 2012; Wlostowski et al., 2017; Figure 6d).

In this study we pioneer the interpretation of co-located studies with differ-
ent WoDs to define and characterize a suite of intermediate timescale flow-
paths (empirically in Figure 4a; Figure 5; conceptually in Figure 6e). Using
our experimental design, we are now able to divide formerly lost mass into

that which is recovered in a marginally longer WoD (M, ). Ultimately, we

nar,
are empirically documenting another “bin” of timescalegs and associated
solute masses that extend our interpretations in time (Figure 6e). All prior
approaches (Figures 6a—6d) are still valid and appropriate, and we admit-
tedly still cannot precisely account for the fate of all unrecovered mass (e.g.,
we cannot differentiate between all classes of flowpaths in Figure 1). Still,
this advance demonstrates that by manipulating the experimental design of a
solute tracer study - in this case considering both 100- and 200-m segments
- enables interpretation of flowpaths that would not have been considered
if only conducting studies at a fixed length. Moreover, this experimental
design is not limited to two overlapping segments as we considered here.
This approach could be readily extended to consider a series of increasingly
longer, overlapping study segments that would enable further resolution at
timescales beyond the traditional WoD (Figure 6f) until practical detection
limitations are reached for a given solute tracer.

For future studies, especially those that will use empirical data as a basis for
estimation of network turnover along segments or networks (after Covino
etal., 2011; Mallard et al., 2014), we recommend that assessment of marginal

mass recovery is conducted. This could be implemented through multiple overlapping reaches (as demonstrated

in our findings), by releasing different masses or types of tracer to extend detection limits for a fixed study

segment, or using instruments of varied detection limits in a single reach. Most importantly, we also emphasize
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here that spatially longer study reaches are expected to capture temporally longer flowpaths, so increased study
reach length is recommended as a general strategy. For studies where channel water balance and subsequent
network turnover are not the focus, assessment of marginal mass losses may still offer some benefit. For exam-
ple, while it does not definitively account for the fate of all mass, our approach does generate a realistic range
of plausible mass recoveries that provide some estimate beyond the traditional WoD. This allows for a range of
plausible segment-scale calculations to be generated, acknowledging the inherent uncertainties in selecting study
segments instead of taking the WoD as a fixed limitation that must be “worked around” instead of “worked with”.

4.3. Outstanding Uncertainties and Aggregation of Error in Scaling

We contend that marginal mass recovery provides useful reach-scale information about a solute tracer study
and how to interpret results, but emphasize here that this strategy does not yield complete understanding of
reaches and their exchanges. Consequently, reach-scale studies are incomplete and may not be appropriate for
direct convolution to represent longer segments and networks. Marginal mass recovery enables researchers to
ask “What would change in my interpretation if my study designs were incrementally different?” and assess the
sensitivity of their perceptual models or quantitative predictions to marginal changes at the limits of empirical
detection. Still, other sources of error will persist including measurement of tracer masses, equipment calibration,
incomplete mixing in streams, and assumptions that a sensor- or sample-based measurement occurs in a repre-
sentative location in the cross-section of a stream or river. Perhaps most importantly, stream discharge is a critical
variable in channel water balance and mass recovery estimates. Error in discharge measurements (due to any of
the previously cited potential sources of error if dilution gauging is used) will have a directly proportional impact
on inferred mass recovery. Thus, in addition to assessment of marginal mass recovery, we strongly recommend
additional care is given to calculation of discharge. This could be realized by making discharge measurements
independently of the tracer (e.g., via velocity gauging or co-location a station with an established stream gauge),
building a stage-discharge relationship from several replication dilution gauging experiments, using multiple
in-stream sensors to validate complete mixing (e.g., Clow & Fleming, 2008), or otherwise assessing uncertainty
in discharge and propagating that through calculations (Emmanuelson et al., 2022; Ward, Wondzell, et al., 2019).
Any error in study of an individual segment may propagate through the analysis, and small errors could be ampli-
fied in the convolution of reaches to represent study segments. We also note that our analyses assume steady-state
discharge conditions; unsteady discharge would further complicate analysis and meaningful interpretation of
empirical results.

Beyond error at the reach scale, the analysis of network turnover highlights the potentially compounding and
propagating of error that is possible as we represent segments and networks as a series of reaches operating in
serial (as in Covino et al., 2011; Gomez-Velez & Harvey, 2014; J. Harvey et al., 2019; Kiel & Cardenas, 2014;
Figure 6). Indeed, this representation of segments requires several assumptions that are not always explicitly
stated nor justified. First, the approach requires that the reach-scale experiments are, themselves, an appropriate
scale to characterize the most important processes. In the case of hyporheic exchange, one practical consequence
is assuming that unmeasured flowpaths beyond the WoD are unimportant. Next, the approach requires that the
processes that are integrated by the recovered tracer at the reach-scale are characterized by the empirical data. Put
another way, the reach itself must be a representative sampling of the processes that are important. This has been
assumed by fixing study reach lengths (as in this study and Schmadel et al., 2016), advective timescales (e.g.,
Ward, Zarnetske, et al., 2019), establishing a standardized length-scale (Runkel, 2002), or assuming that a scale
established by one discipline will be relevant for another (e.g., 20 wetted channel widths as a reach-scale from
geomorphologists as a basis for planning solute tracer studies; Ward, Zarnetske, et al., 2019, Ward, Wondzell,
et al., 2019). To our knowledge, none of these assumptions has been explicitly tested in the field for solute
tracer studies. Finally, this approach assumes that no new controls will emerge as important as spatial scales are
increased.

5. Conclusions

Our overarching goal was to identify if and how marginally extended the window of detection, and thereby
extended empirical mass recovery to a broader suite of flowpaths, would change our understanding of reach- and
segment-scale transport in river corridors. We found that shorter (100-m) reaches did not systematically bias
toward more or less mass recovery than the 200-m reaches they were located within. Marginal mass recovery was
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able to explain an average of about 26% of lost tracer mass, representing an average of 4.3% of total solute tracer
mass (range 1.3%-10.1%) across our replicates. This change in mass recovery was important, as we found repre-
senting a 200-m reach as a series of 2 X 100-m reaches systematically underestimate mass recovery. Consequently,
studies without marginal mass recovery overestimated magnitudes of gross gains and losses in the marginally
longer 200-m reaches in all cases. Moreover, this bias was amplified when we represented segments as a series
of reaches, leading to interpretations that underestimated the persistence of distal segments and overestimated the
importance of gains occurring near the catchment outlet.

Ultimately, some amount of solute mass loss to unknown fates is to be expected in any solute tracer study given
detection limits and complex, multi-scale flowpath networks. Thus, we suggest that researchers embrace the
window of detection, taking advantage of experimental design to assess marginal mass recovery. This provides
context for interpretation of empirical data, yielding a quantitative basis for assessment of uncertainty associ-
ated with detection limits. Moreover, if tracers, sensitivities, or experimental designs are planned appropriately,
marginal mass recovery could be used to systematically probe flowpaths with longer duration (e.g., Figure 6f),
informing transport at previously unobserved timescales.

Finally, the use of reach-scale understanding as a basis for representation of segments (as a series of reaches)
or network (as a series of segments) is being used as one basis to make predictions at large spatial scales (e.g.,
Covino et al., 2011; Gomez-Velez et al., 2015; Kiel & Cardenas, 2014). However, we encourage caution in
aggregating reaches to represent segments and network, as this implicitly assumes (a) that reach-scale results are
complete in their representation of timescales and processes; (b) reach-scale results appropriately integrate all
smaller-scale controls relevant for the process(es) of interest; and (c) no new controls emerge at larger spatial
scales that would not be apparent in reach-scale studies. On balance, we expect that short reach-scale studies
will truncate more of the true, underlying transit time distribution and exacerbate errors associated with scaling.

Data Availability Statement

Stream solute tracer experiments including solute slug masses, release times and locations, and the observed
in-stream timeseries are available in Payn and Ward (2022).
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