WATER RESOURCES RESEARCH, VOL. 49, 5473-5486, doi:10.1002/wrcr.20434, 2013

How does rapidly changing discharge during storm events affect
transient storage and channel water balance in a headwater

mountain stream ?
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[1] Measurements of transient storage in coupled surface-water and groundwater systems
are widely made during base flow periods and rarely made during storm flow periods. We
completed 24 sets of slug injections in three contiguous study reaches during a 1.25 year
return interval storm event (discharge ranging from 21.5 to 434 L s~ ') in a net gaining
headwater stream within a steep, constrained valley. Repeated studies over a 9 day period
characterize transient storage and channel water from prestorm conditions through storm
discharge recession. Although the valley floor was always gaining from the hillslopes based
on hydraulic gradients, we observed exchange of water from the stream to the valley floor
throughout the study and flow conditions. Interpretations of transient storage and channel
water balance are complicated by dynamic in-stream and near-stream processes. Metrics of
transient storage and channel water balance were significantly different (95% confidence
level) between the three study reaches and could be identified independently of stream
discharge via analysis of normalized breakthrough curves. These differences suggest that
the morphology of each study reach was the primary control on solute tracer transport.
Unlike discharge, metrics of transient storage and channel water balance did not return to
the prestorm values. We conclude that discharge alone is a poor predictor of tracer transport
in stream networks during storm events. Finally, we propose a perceptual model for our
study site that links hydrologic dynamics in 3-D along the hillslope-riparian-hyporheic-
stream continuum, including down-valley subsurface transport.
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1. Introduction and Background

[2] The bidirectional interaction of streams and their
aquifers is ecologically important [e.g., Brunke and
Gonser, 1997; Krause et al., 2011; Boulton et al., 1998].
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The ecological function of the hyporheic zone has been pri-
marily quantified during stable base flow conditions; how-
ever, the role of these exchanges in biogeochemical
processes is likely altered by hydrological dynamics during
storm events [e.g., Gu et al., 2008 ; Zarnetske et al., 2012].
Unfortunately, little is known about how headwater moun-
tain streams and their riparian and hyporheic zones
exchange water, mass, and energy during storm events.
Current conceptual models lack information about
responses across the stream-hyporheic-riparian-hillslope
continuum during storm events, and lack information about
internal dynamics and processes during storm events. Our
understanding of the exchange of stream water between
surface streams and their hyporheic and riparian zones dur-
ing storm events is based primarily on simple conceptual
models or idealized numerical models [e.g., Wondzell and
Swanson, 1996; Shibata et al., 2004], with only one study
reporting dilution of a constant-rate tracer during a storm
event [Triska et al., 1990]. To the best of our knowledge,
repeated solute tracer studies during storm events to quan-
tify the dynamics of transient storage and channel water
balance (i.e., stream water exchange) during these hydro-
logically dynamic periods have not been reported. The
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objective of this study is to quantify changes in transient
storage and channel water balance during storm events.
Specifically, we will address two questions (1) How do
metrics of transient storage and channel water balance vary
in response to stream discharge changes during storm
events?, and (2) Are solute tracer signals modified by
stream reaches in a predictable pattern, independent of dis-
charge? The term “modify” in this study is used to
describe the change in the observed solute tracer time series
between two observation points on the stream and across
the different storm flow conditions.

[3] A growing body of work considers simultaneous,
bidirectional exchange between the catchment and the
stream during base flow conditions [e.g., Payn et al., 2009;
Jencso et al., 2010; Covino et al., 2011; Ward et al.,
2013b]. These studies primarily employ solute tracer and
water balance approaches. They show that the catchment
form is one primary control on exchange of stream water
and solutes with the near-stream subsurface. Geologic het-
erogeneities and catchment structure both control fluxes in
the riparian zone, commonly represented as fluxes lateral to
the streambed or along hyporheic flow paths [e.g., Jencso
and McGlynn, 2011; Ward et al., 2012; Payn et al., 2012].
At larger scales (e.g., alluvial valleys and/or floodplains),
these exchanges are commonly conceptualized to include a
down-valley subsurface flow that may have longer transit
times [e.g., Woessner, 2002; Poole, 2002; Stanford and
Ward, 1993; Larkin and Sharp, 1992]. Still, solute tracer
persistence in smaller valley bottoms has been observed
and attributed to the bedrock confinement of valley bottom
deposits and steep down-valley topographic gradients
[Ward et al., 2013b; Voltz et al., 2013].

[4] The description of streams at reach and larger scales
as either net gaining or losing is a function of hydraulic
gradients between streams and their aquifers. Within steep
valley bottom environments, exchanges of water among the
stream, hyporheic zone, and riparian zone persist across a
wide range of hydrological conditions [e.g., Ward et al.,
2012; Voltz et al., 2013 ; Wondzell, 2006; Wondzell et al.,
2010]. From the perspective of hillslope hydrology, hyste-
retic responses have been reported linking hillslope dis-
charge and stream discharge [McGuire and McDonnell,
2010]. From the perspective of the stream, movement of
water into the near-stream subsurface is widely studied as
both hyporheic exchange and bank storage across a range
of net gaining and losing conditions [Cardenas, 2009;
Francis et al., 2010; Nowinski et al., 2012]. A recent study
by Voltz et al. [2013] demonstrates that although valley
bottoms may consistently gain water from their hillslopes,
substantial variability in hydraulic gradients near the chan-
nel and within the stream-hyporheic-riparian zone contin-
uum persists during storm events. Their study further
demonstrates that steep, confined systems are dominated by
down-valley flow in the subsurface even during net gaining
conditions. Down-valley flow in the subsurface can be an
important aspect of hyporheic transport in some systems
[Kennedy et al., 1984; Jackman et al., 1984; Castro and
Hornberger, 1991; Runkel et al., 1998]. Finally, many
models assume that the temporal response of the stream
and riparian zone are synchronized at a given location.
However, work by Wondzell et al. [2007, 2010] demon-
strates that the stream integrates a range of temporal signals

based on analysis of diel fluctuations in base flow discharge
and that riparian-hyporheic-stream zones may not provide
synchronized hydrologic and solute transport signals.
Indeed, these temporal lags may give rise to the observed
hysteresis between hillslope discharges and in-stream dis-
charge [e.g., McGuire and McDonnell, 2010].

[5] Solute tracer studies are commonly applied to quan-
tify interactions between streams and their valley bottoms.
Ward et al. [2013b] present a conceptual framework of
stream solute transport that partitions short-term and long-
term storage to more completely characterize solute trans-
port in the stream and the adjacent valley bottom. They
showed that the boundary between short-term and long-
term storage is the maximum temporal scale of tracer re-
covery, commonly called the “window of detection” in
stream tracer studies [Harvey and Bencala, 1993 ; Wagner
and Harvey, 1997; Harvey and Wagner, 2000]. Short-term
storage describes tracer mass that is delayed from advective
transport in the channel, but returns within the window of
detection for a given tracer study (commonly referred to as
“transient storage”). Long-term storage, on the other hand,
describes tracer movement along the suite of flow paths
that do not return to the downstream end of a stream reach
within the window of detection for a given tracer study
(commonly referred to as “channel water balance” or
“gross gains and losses™).

[6] Although both short- and long-term storage are stud-
ied through space under base flow conditions [Payn et al.,
2009, Covino et al., 2011; Ward et al., 2013b], little is
known about their dynamics in response to storm events.
Therefore, we completed a series of stream solute tracer
studies in three contiguous 50 m segments to quantify
short- and long-term storage before, during, and after a
large storm event. Twenty-four solute tracer injections
were completed at each of the four study locations (i.e.,
bounding the upstream and downstream ends of the three
contiguous study reaches) during a 9 day storm event and
recession period. This study quantifies and relates metrics
of stream water exchange with the near-stream subsurface
(short- and long-term storage) to stream discharge and ri-
parian water table conditions during a storm event. Further,
this study considers the role of the tracer study’s window of
detection in interpretations of stream water exchange with
the hyporheic and riparian zones.

2. Methods

2.1. Site Description

[7]1 This study was completed in Watershed 1 (WS1) at
the H. J. Andrews Experimental Forest, located in the west-
ern Cascade Mountains of Oregon, United States (48°10°N,
122°15°W; Figure 1). The catchment has a steep valley
gradient of 11.9% across three study reaches established
for this study and the adjacent valley width is narrow
(<20m). More specifically, Figure 1b shows the average
slope of each study reach was 11.5% for the upstream
reach, 16.6% for the middle reach, and 10.1% for the
downstream reach. The morphology of each reach includes
a series of pools, riffles, and steps. Each study reach was
approximately 50 m in length along the valley axis, with
the downstream-most point located approximately 2 m
upstream of the WSI1 stream gauge (Figure 1b). Many
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Figure 1. (a) Topography for the study catchment. (b)
Profile along the stream centerline for our three study
reaches, and (c) Plan view of the monitoring network in the
middle study reach where water table elevations were
observed.

geomorphic features, including sediment wedges that pro-
mote large head gradients and hyporheic exchange flows
[Kasahara and Wondzell, 2003] were formed by boulders
or large, fallen trees. The catchment ranges in elevation
from 421 to 1018 m above mean sea level and has steep
hillslopes (>50%) above geologically young bedrock
[Swanson and James, 1975]. Valley bottom soils are shal-
low (1-2 m depth) loams [Dyrness, 1969] and have a docu-
mented saturated hydraulic conductivity of 1.7 x 107> m
s~! [Wondzell et al., 2009]. At its outlet, the catchment
drains 95.8 ha and discharge is gauged using a permanent
flume maintained by the U.S. Forest Service. Precipitation
records are from the Primary Meteorological Station at the

H. J. Andrews Experimental Forest, which is approximately
0.5 km from the catchment outlet. The climate at the study
site is characterized by wet, mild winters, and dry, cool
summers. Storm events dominate the spring season, fol-
lowed by generally dry summers, and prolonged base flow
recession. This study took place during the last major storm
event before the 2011 base flow recession period, consist-
ing of precipitation patterns that resulted in two storm
peaks with a minor recession between them (Figure 2). At
the time of the study, the watershed was in recession from
the annual peak flow due to seasonal snowmelt runoff.

[8] Watershed 1 contains a network of 32 shallow,
small-diameter monitoring wells and piezometers installed
in 1997. Wells outside of the stream channel during base
flow were screened over their entire length. In-stream piez-
ometers were screened over their bottom 5 cm, with
screened sections located between 20 and 40 cm below the
streambed. Further details of the well construction and in-
stallation are summarized by Wondzell [2006], and data
collection details in these wells can be found in Voltz et al.
[2013]. A subset of the network was instrumented with
pressure transducers to monitor the potentiometric surface
at 30 min intervals during the study period. Additionally,
in-stream pressure transducers recorded the surface-water
elevation at the intersection of well transects (oriented per-
pendicular to the stream) with the stream channel (Figure
1c). Water-level observations from monitoring wells, piez-
ometers, and in-stream loggers were used to construct plots
of hydraulic head and stream stage at two transects perpen-
dicular to the valley located approximately 5 m from one
another (Figure 1c). Potentiometric surfaces were plotted
from piezometer and monitoring well data (Figure 3).

2.2. Solute Tracer Studies

[¢] Twenty-four conservative tracer slug injections were
completed at each of four locations (Figure 1b) during a 9
day period (1-9 June 2011). These injections resulted in 72
different tracer break through curves (i.e., documented
tracer concentration time series across the three study reach
locations). Sodium chloride (NaCl) was used as the con-
servative tracer, with individual tracer slug mass ranging
from 198 to 1007 g (averaging 593 g). These tracer slug
masses were scaled to use higher masses during higher dis-
charge conditions. Injections were located upstream of fluid
specific conductivity loggers at a distance sufficient for ver-
tical and transverse mixing of the tracer across the stream
cross section. The distance was scaled to have longer mix-
ing lengths during higher discharges [after Payn et al.,
2009], and injections were made where riffles would aid in
lateral mixing. Visual approximation, an accepted practice
in the field, was the chosen method in recognition that this
length would vary with discharge [e.g., Payn et al., 2009;
Ward et al., 2013b]. Although theoretical mixing lengths
can be calculated, accurate discharge estimates can be
made with dilution gauging over smaller mixing lengths
than those predicted by such formulas [e.g., Fischer et al.,
1979; Florkowski et al., 1969]. Furthermore, mixing dis-
tances may not be well predicted by functions of channel
morphology [Day, 1977].

[10] Break through curves were logged using fluid spe-
cific electrical conductivity as a surrogate for concentra-
tion, with dataloggers (Campbell Scientific, Logan, Utah,
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Figure 2. (a) Seasonal discharge from WSI1 at the H. J. Andrews Experimental Forest. (b) Precipitation
and discharge during the study period. Dilution gauging at four points bounded the upstream and down-
stream end of each study segment, with the downstream monitoring location immediately upstream of a
permanently installed gauge station. Dates are MM/DD in 2010. The color scheme presented here is
used for all subsequent figures in the manuscript.

USA) calibrated using a single curve based on known tion methods to characterize the rapidly changing hydro-
masses of tracer dissolved in stream water (as in, e.g., Payn  logic conditions during the storm, and because they contain
et al. [2009]). No grab samples were collected during the the same information as constant rate injections for con-
study. Slug injections were chosen over constant rate injec-  servative tracers [e.g., Payn et al., 2008; Gooseff et al.,
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Figure 3. Water level observations are shown in the stream (blue lines extended horizontally from the
observation point to the bank) and in monitoring wells and piezometers (black lines). Time segments
depicted by each column are indicated by the shaded hydrograph at the top of each column. Darker col-
ored lines represent conditions earlier in the time segment, and fade with equal temporal spacing to the
end of the segment. Blue lines represent surface water elevations, and black lines potentiometric surface.
Arrows indicate the direction of water level movement in each plot. The upstream and downstream seg-
ments are located on the north bank of the stream (left to right looking upstream; Figure 1c).
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2008]. Prior to analysis, background fluid electrical con-
ductivity was subtracted from the observed time series to
isolate the change due to the tracer from pretracer condi-
tions for each breakthrough curve. Background values for
fluid electrical conductivity at the four injection locations
were 38.2 + 1.8, 38.4£5.3,38.6 2.7, and 40.0 = 5.0 uS/
cm throughout the duration of the study (reported as mean
*1 standard deviation, downstream to upstream). It was
not possible to replicate tracer releases during the storm
event given the highly dynamic hydrologic conditions.

[11] Dilution gauging is subject to several sources of
error [e.g., Zellweger et al., 1989]. In this study, high dis-
charge observations at the downstream end of the middle
study reach may have been affected by valley geomorphol-
ogy. This location is at a large bedrock outcrop, where all
down-valley subsurface flow resurfaces. Gauging at this
location may have been more sensitive to underflow than
other stations that were located on alluvial deposits.
Finally, dilution gauging as applied in this study assumes
steady state discharge during the time period between the
tracer injection and the final observation of solute tracer at
the monitoring point.

2.3. Long-Term Storage

[12] Solute tracer data collected in this study were ana-
lyzed using the channel water balance estimates described by
Payn et al. [2009] to evaluate long-term storage conditions.
Briefly, dilution gauging was used to calculate discharge at
the downstream and upstream end of each study reach (Qy
and QOp, respectively), and these discharges were used to cal-
culate a net change in discharge for each reach,
(AQ=0p — Qy). Tracer mass loss (M ogs) between the injec-
tion point and the downstream end of each study reach was
used to quantify gross losses. Mass loss was calculated as

My oss = Min—Mgec (1)

where Mpy is the known tracer mass released into the
stream and My is the recovered tracer mass. The Mrgc i
calculated as

t
Mggc = QD/ Cypdt (2)
0

where Cyp is the background-corrected concentration time
series for the upstream slug at the downstream monitoring
location. Payn et al. [2009] define two end-members that
bound the range of possible behaviors in the stream. The
first assumes maximum dilution of the signal (i.e., all gains
occur before all losses), while the second assumes maxi-
mum loss of tracer (i.e., all losses occur before all gains,

defined as Oy oss,miv and Q1 ossmaxs respectively. Oy oss -
miN and Or oss max are calculated as

Mross

— _LOSS 3

OLoss.MIN fé Colt)di (3)
Myoss

— _Loss 4

OrLoss MAX fé Cop(0)ds 4)

where ¢ is time, and Cy is the background-corrected con-
centration time series for the upstream slug at the upstream

monitoring location. The corresponding gross gains are cal-
Culated by mass balance (QGAIN,MAX = AQ — QLOSS,MAX
and Ogammin = AQ — Oross min)- For cases where a posi-
tive mass loss is calculated in a net gaining segment, we
assume that no tracer mass was lost (i.e., O; oss = 0), and
assign the net change in discharge for the reach to Ogan
[after Payn et al., 2009]. For cases where interpreted gross
loss is smaller than observed net loss, we assume gross loss
equals observed net loss, and zero gross gains. For cases of
a positive mass loss in a net losing stream segment, we
assume the tracer results are erroneous and omit them from
analysis of long-term storage. We have not been able to
identify specific sources of error in the data, nor do we
have an ability to estimate the degree to which other obser-
vations were affected by these errors.

2.4. Short-Term Storage

[13] Although a parametric approach is common when
analyzing stream solute breakthrough curve data (e.g.,
solving the transient storage equations of Bencala and
Walters [1983]), mounting evidence suggests this
approach is limited in its ability to characterize short-term
storage due to high uncertainty and equifinality [e.g.,
Mason et al., 2012; Lees et al., 2000; Wagner and Har-
vey, 1997; C. A. Kelleher et al., Stream characteristics
govern the importance of transient storage processes, sub-
mitted to Water Resources Research, 2013]. Therefore,
we consider two analyses based on the observed break-
through curves rather than a numerical modeling frame-
work. These analyses include transient storage indices and
temporal moment characteristics.

[14] The window of detection is a metric that is sensi-
tive to both the physical system and measurement
technique, and defines the boundary between short- and
long-term storage [e.g., Harvey et al., 1996; Harvey and
Wagner, 2000; Ward et al., 2013b]. We sampled tracer
concentration until it was indistinguishable from back-
ground concentrations in the stream. Next, we calculated
the window of detection as the time elapsed from the first
detection of tracer in the stream above background noise
to the time at which 99% of the recovered solute tracer
signal has passed the observation location (hereafter f99)
[after Ward et al., 2013b; Mason et al., 2012]. We calcu-
lated the time elapsed between the observed breakthrough
curve peak and f99, signifying the time of apparent return
to background tracer concentrations (hereafter the tran-
sient storage index, or TSI) [after Mason et al., 2012]. The
t99 metric does not require the assumption of any distribu-
tion; it is calculated by trapezoidal integration of the
observed time series. The TSI provides an indicator of
transient storage (information contained in the tail of the
breakthrough curve) relative to advective transport (infor-
mation contained in the peak of the breakthrough curve)
[Mason et al., 2012; Harvey et al., 1996]. The TSI is
calculated as:

TSI = tgg — tpeak (5)
[15] The TSI metric may be difficult to compare across

reaches or different discharge conditions within a single
reach. Therefore, we define:
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TSI norm — TSI /tpeak (6)

[16] The TSI,om metric defines the number of advective
timescales elapsed between f,c.c and f99, a metric previ-
ously used by Gooseff et al. [2007] to quantify relative resi-
dence times across multiple reaches and injections. The
TSI,om metric quantifies the effect of processes other than
advection on creating late-time tailing relative to the advec-
tive timescale, providing a metric that is independent of
discharge or stream location.

[17] We also calculated temporal moments for the
observed tracer breakthrough curves to quantify advective
transport (first temporal moment, A;), spreading (second
central moment, [1,), and tailing behavior (skewness, ) of
tracer in the study reaches [after Gupta and Cvetkovic,
2000; Schmid, 2003]. First the normalized concentration
time series (c(?)) was calculated as

Cy(2)

c(t) = f(;gg Co(1)di

()

where Cy(2) is the observed tracer above background levels.
This normalization yields a zeroth temporal moment (M)
of unity for all cases (i.e., the area under each breakthrough
curve is one; to remove differences due to changing slug
masses and peak concentrations in-stream). Next, we calcu-
lated n-th-order temporal moments (M,) and higher-order
central moments (,,,,) as

o

and

fog

My =
0

c(t)(t — My)"dt. 9)

[18] Skewness was calculated by

I
fy:3—3/2. (10)
)

[19] Finally, we normalized ¢ by the modal advective
time in the reach (based on time elapsed between upstream
and downstream peak observations). Normalized time,
thorm, Was calculated as

t

(11)

lhorm =———————————————————
IPEAK,DS — IPEAK,US

where fppak ps and fppak us are the times at which the
tracer peak passes the downstream and upstream loggers,
respectively. The effect of this normalization is that each
breakthrough curve peaks at a normalized time of one. The
objective of this normalization was to compare the unique
signature of each reach on the slug injection, and eliminate
variation due to different slug masses and transport rates
where transient storage across several streams with differ-
ent breakthrough curves is normalized in this manner [after

Gooseff et al., 2007]. This normalization is a comparison of
system behavior that is not confounded by changes in the
advective timescale or tracer mass. Throughout the manu-
script, we use the subscript “norm” in addition to variables
previously defined to denote analysis of the normalized
breakthrough curve (e.g., Ynorm)-

2.5. ANOVA for Metrics of Short- and Long-Term
Storage

[20] We analyzed metrics of short- and long-term storage
for both the observed and normalized breakthrough curves
using a one-way Analysis of Variance (ANOVA). The
objective of this analysis was to determine if the metrics
describing short- and long-term storage differed signifi-
cantly between the study reaches. We used a one-way
ANOVA test to determine if individual reaches were statis-
tically different based on the experimental window of
detection (f99), long-term (channel water balance) and
short-term (TSI, temporal moments) storage. As applied to
the three samples (i.e., the three study reaches), the
ANOVA results indicate whether or not at least one sample
mean is drawn from a different population than the others.

3. Results

3.1.

[21] The tracer-based discharge rates agreed well with
the observations made at the catchment gauge, particularly
for the lowest observed discharges (Figure 2). The largest
deviations in dilution-gauging discharge estimates from the
stream-gauge discharge estimates occurred during the high-
est discharge conditions (Figure 2b). The largest discharge
values observed were during the first peak of the storm
event were approximately 140 and 220% of the peak value
observed at the H.J. Andrews Gauge (observed at the
downstream and upstream ends of the downstream study
reach, respectively). For example, the dilution gauging at
the two downstream-most locations resulted in larger dis-
charge than the gauge station at the discharge peaks (Figure
2). Although the gauge was most recently rebuilt in 1998,
the gauge is calibrated using an unknown set of velocity
rod measurements collected in the 1950s that established
the stage-discharge relationship (D. Henshaw, Andrews
forest streamflow calculation and rating curve summary,
2006, http://andrewsforest.oregonstate.edu/data/studies/hf04/
rating_curve_history.pdf) and its accuracy at these
discharge rates is unknown. During this study, discharge
ranged from 21.5 to 434 L s~ ' at the gauge station. For
water year 2010 (1 October 2009 through 30 September
2010), the average discharge was 32.9 L s ' (range
0.6-608 L s~ '); the flood of record is 2400 L s '
[WondZzell, 2006].

[22] Overall, the stream discharge rapidly responded to
rainfall. The two rainfall events that resulted in the hydro-
graph peaks represented approximately 13 cm of precipita-
tion over a 2 day period, or a 1.25 year return interval
storm event (n =53 years) [Voltz et al., 2013]. The poten-
tiometric surface of the valley bottom environment was
also dynamic during the study period as it responded to the
response to both rainfall on catchment hillslopes and
dynamic flows in the stream. In the monitoring transects,
the potentiometric surface rose in response to the storm
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events and fell after the precipitation. At both locations, the
stream gained water from the hillslope (Figure 3). The
upstream transect shows a persistent potentiometric surface
below that of the stream. The upstream transect is located
where the active channel widens and the valley bottom to-
pography is relatively flat and has a secondary channel. In
contrast, the downstream transect is at a convergent loca-
tion in the channel.
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Figure 4.

3.2. Long-Term Storage

[23] Changes in discharge at the gauge station averaged
0.46% of discharge (range 0.0-2.5%) during the integration
periods for individual dilution gauging measurements.
Given this small change over short timer periods, we
assumed the steady state flow conditions were satisfactorily
met for individual dilution gauging events, and that our
dilution gauging was valid despite the dynamics in
response to rainfall. Net changes in discharge demonstrate
that the stream was generally gaining during the study pe-
riod (58% of all observations), although each segment
exhibited net losing behavior during multiple discharge
conditions (Figure 4a).

[24] The fraction of slug mass lost within a given reach,
a fundamental quantity used to derive long-term storage
fluxes from solute tracer data, varied in a regular pattern
for most study reaches with rising and recessional limbs of
the hydrograph (Figure 4b). For 5 of the 72 tracer time se-
ries, a positive mass loss was observed in a net losing seg-
ment and omitted from further analysis for long-term
storage. In all locations, mass losses from prestorm condi-
tions through the first rising limb and about half of the first
falling limb (i.e., the first five slug injections) are negligi-
ble. Approximately halfway through the first falling limb, a
substantial shift in tracer mass loss was observed in the
downstream and middle reaches.

[25] During the second rising limb, mass loss remained
approximately constant in each study reach. Finally, during
the second recession, mass loss in the middle and down-
stream reaches slowly increased, and was approximately
constant for the final three tracer injections. Peak changes in
the fluid electrical conductivity averaged 58.2 puS/cm (range
11.6-158.3 pS/cm), providing a signal that was at least an
order of magnitude above the variability in background fluid
electrical conductivity during the storm events.

[26] We analyzed long-term storage using the frame-
works of both maximum dilution (gain before loss) and
maximum tracer mass loss (loss before gains). Spatial and
temporal patterns for both were similar. We present results
only for the condition of maximum dilution, as is the

Figure 4. (a) Net changes in flow, AQ, (b) tracer mass
loss, (c) gross losses (Qross), and (d) gross gain (Qgam)
for each study reach. Boxplots and one-way ANOVA
results summarize long-term storage (tracer mass that does
not return to the stream channel within the window of
detection) for each study reach. Long-term storage data and
boxplots are associated with the left-hand Y axes; discharge
with the right-hand y axes. ANOVA results indicate the
probability that at least one sample mean is drawn from a
population with a different mean than the others. If tapered
sections of the boxplots do not overlap, the two medians
are different at the 5% significance level. For example, in
Figure 4c, the tapered sections for the upstream box does
not overlap with the middle nor downstream reach boxes,
so it is significantly different than both of those. Tapered
sections for the middle and downstream boxes do overlap,
so they are not significantly different. Dates are MM/DD in
2010.
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Figure 5. Tracer window of detection (interpreted here at
the time elapsed until 99% of the recovered mass is
observed, f99) was inversely related to discharge in all three
study reaches.

practice for recent studies considering hydrologic turnover
in stream networks [e.g., Covino et al., 2011]. Gross losses
of channel water remain small or zero during the first rising
limb in all reaches (Figure 4c). Gross losses in the down-
stream and middle reaches initially increased during the first
falling limb, and then decreased as the hydrograph reached
the trough between storm flow peaks. Losses in downstream
and middle reaches increased during the second rising limb,
and then slowly decreased as the hydrograph receded to base
flow. Gross gains to the stream for the middle and down-
stream reaches generally increased during the rising limbs
and fell during the receding limbs (Figure 4d). In the down-
stream reach, gross gains of channel water increased briefly
then decreased during the first falling limb. In the middle
reach, gains slowly increased and then decreased during the
first falling limb. In all study segments, the gross gains and
losses reached a nearly constant magnitude during the sec-
ond falling limb of the hydrograph, yet exhibit varied
responses during the storm event (Figures 4¢ and 4d).

3.3. Short-Term Storage

[27] In this study, t99 varied between 0.06 and 1.3 h for
the study reaches, with maximum values corresponding to
low in-stream discharges (Figures 5 and 6a). TSI ranged
from 0.043 to 1.3 h (mean 0.26 h) with larger values corre-
sponding to low in-stream discharges (Figure 6c). Small
increases in magnitudes of TSI were observed during the
temporary recession in discharge between storm peaks in
the upstream and middle reaches. Mean arrival time (M)
was inversely related to discharge with the largest values
(slowest modal transport velocity) associated with the low-
est discharges (Figure 6¢). Temporal variance of the tracer
(1) decreased during the high discharge conditions with
the largest values observed during the low discharge condi-
tions (Figure 6g). Conversely, skewness () increased with
discharge in the upstream reach (Figure 61). Both the mid-
dle and downstream reaches exhibited nearly constant
throughout the study period. These results agree with those
reported by Ward et al. [2013b] along a gradient in base
flow discharge where 799 and discharge were found to be
important controls on metrics of short-term storage.

[28] Analysis of normalized breakthrough curves pro-
vides an assessment independent of 799 and peak concen-
tration in-stream. For the normalized breakthrough curves,
t99 is nearly constant throughout the study period for the
downstream and upstream reaches, and increased slightly
in the middle reach (Figure 6b). Both TSLyorm and M norm
exhibited similar trends (Figures 6d and 6f). The number
of advective timescales elapsed between the peak and the
last detection of tracer, TSI, om, ranged from 1.7 to 17.7
with small TSI, values corresponding to small values of
t99. In contrast to the 1, and ~ trends for observed break-
through curves, the normalized metrics exhibited more
constant values through time, though noise is present in
the relationships (Figures 6h and 6j). All observed and nor-
malized solute tracer breakthrough curves are presented as
supporting information Figure 1.

3.4. Comparison of Short- and Long-Term Storage
Between Reaches

[29] We tested for significant differences among the
different study reaches using a one-way ANOVA for
metrics of both short- and long-term storage (95% confi-
dence level; p <0.05 is significant; see boxplots in Fig-
ures 4 and 6). ANOVA results, as calculated here,
indicate whether or not at least one study reach was sig-
nificantly different from the others. First, we analyzed the
observed breakthrough curves. For long-term storage, the
fraction of slug mass lost was significantly different for
the upstream study reach (p <0.0001). This difference
was maintained for Qross (p=0.018) and QOgamn
(»p=0.0014). Sample population means were not signifi-
cantly different for AQ (p =0.20). For short-term storage,
significant differences exist based on observed break-
through curves for t99 (p =0.0088; downstream reach is
significantly different), TSI (p=0.0051; downstream
reach is significantly different), and v (p <0.0001; all
three reaches are significantly different from each other).
No significant differences were found for M; (p=0.33)
or W, (p=0.39). Next, we analyzed the normalized
breakthrough curves, finding significant differences for
f99.norm ( < 0.0001; all three reaches are significantly dif-
ferent from each other), TSI,om (p <0.0001; all three
reaches are significantly different from each other), M,
norm (@ =0.0019; downstream reach is significantly dif-
ferent from the other two reaches), s norm (p=0.012;
downstream reach is significantly different from the other
two reaches), and Yyorm (2 < 0.0001; all three reaches are
significantly different from each other).

3.5. The Window of Detection as a Control on
Interpreting Short- and Long-Term Storage

[30] Mass losses in the upstream and middle reaches
were nearly independent of f99, while the downstream
reach exhibited variability (Figure 7a). Short-term storage
was strongly related to 799 throughout the storm event and
recession for both the observed (left column in Figure 7)
and normalized (right column in Figure 7) breakthrough
curves. TSI increases linearly with #99, with the greatest
time eclapsed between the advective timescale and fg9
occurring during the slowest transport times (Figures 7c
and 7d). We found increasing M, with increasing t99 (Fig-
ures 7¢ and 7f). Temporal variance (Figures 7g and 7h)
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Figure 6. Metrics of short-term storage for (a, c, e, g, and i) observed and (b, d, f, h, and j) normalized
breakthrough curves. Left-hand plots show metrics of short-term storage for each study reach through
time. Short-term storage data and boxplots are associated with the left-hand Y axes; discharge with the
right-hand y axes. ANOVA results indicate the probability that at least one sample mean is drawn from a
population with a different mean than the others. If tapered sections of the boxplots do not overlap, the two
medians are different at the 5% significance level. For example, no tapered sections overlap in Figure 6j,
indicating significant differences between all three reaches. Dates are MM/DD in 2010 on the X axis.

and skewness (Figures 7i and 7j) increase with #99 suggest-
ing that processes other than advection in the stream chan-
nel (e.g., dispersion) have a greater effect on the solute
signal when they have more time to act on that signal. If
the spreading and tailing are attributed to hyporheic
exchange, this suggests the observable timescales of sub-
surface processes are primarily affected by the advective
velocity of the stream.

4. Discussion

4.1. Linking Short- and Long-Term Storage With
Valley Bottom Hydrology

[31] There was little variation in the direction of riparian
hydraulic gradients lateral to the valley bottom throughout
the storm events of this study (Figure 3, Upstream Tran-
sect). Persistent losing conditions observed at the upstream
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Figure 7. Short-term storage in both (left) observed and (right) normalized breakthrough curves are
strongly related to the window of detection (f99, f99 norm). Metrics of short-term storage considered here
include (a) tracer mass loss, (b and c) transient storage index, (d and ¢) mean arrival time, (f and g) tem-

poral variance, and (h and i) skewness.

transect are inconsistent with the conceptual models that
predict increasing hydraulic gradients toward the stream
during storm events and suppressing hyporheic flow
[Hakenkamp et al., 1993 ; Hynes, 1983 ; Meyer et al., 1988
Palmer, 1993; Vervier et al., 1992; White, 1993]. The
stream appears to always lose water to the subsurface in
some locations, even when the stream stage is rising
(Figure 3, Upstream Transect). We interpret this as evi-
dence of persistent hyporheic exchange driven by local
geomorphology, and as a simultaneous gain of water and
loss of water along hyporheic flow paths from the stream
channel perspective.

[32] Previous studies in the same watershed also demon-
strate that this valley-bottom hydrology behavior is not
unique to this study or event [see Voltz et al., 2013 ; Wond-
zell, 2006; Wondzell et al., 2010]. Voltz et al. [2013]
showed in detail that the gradients in and adjacent to the
stream channel change very little in response to the storm
events in the highly instrumented section of the middle
reach (Figure lc). Their study further found that most loca-
tions in the WS1 valley bottom were dominated by down-

valley hydraulic gradients (parallel to the stream) as
opposed to cross-valley gradients (perpendicular to the
stream) upon which the majority of current conceptual
models are based. During the storm event, Voltz et al.
[2013] report that near-stream hydraulic gradients in some
locations even turn away from the stream channel, increas-
ing the movement of water and tracer from the stream to
the aquifer.

[33] We hypothesize the persistent hyporheic flow paths
observed at the upstream transect in the present study (Fig-
ure 3) are due to the location of this transect near a riffle
and widening section of the valley bottom. In a nearby
steep mountain catchment (Watershed 3, < 1 km from WS1
in the HJ Andrews Experimental Forest), Ward et al.
[2012] found that the physical extent of stream water in the
aquifer during base flow recession was largely invariant,
and that geomorphology was the primary control on
stream-aquifer interactions in this system. There is a grow-
ing body of literature suggesting that valley-bottom geol-
ogy and near surface morphology (e.g., hillslopes, valley
bottom width, underlying bedrock profile and alluvial
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deposit depth) are the dominant controls on stream-aquifer
interactions in steep headwater streams [e.g., Kasahara and
Wondzell, 2003 ; Wondzell, 2006; Wondzell et al., 2010;
Payn et al., 2012; Ward et al., 2012, 2013a]. The present
study suggests that geomorphology of the individual stream
reaches in combination with the hillslopes discharging to
the valley bottom modifies solute tracer time series in a
predictable way, scaled by the overall advective travel time
in the reach. The magnitude of metrics describing the
short-term storage increases with increasing t99; for exam-
ple, skewness grows with increasing f99 because there is
more time for processes other than advection to act on the
signal.

[34] Conceptually, experiments with larger 799 should ex-
hibit increased [, and -, because short-term storage proc-
esses would have more time to act on the solute tracer
signals. The novel storm-event data from this study confirm
this relationship for both observed and normalized break-
through curves (Figure 7). For longer advective timescales,
we found longer mean travel times (Figures 7e and 7f).
Positive relationships between 799 and higher-order central
moments (Figures 7f—71) suggest that increased short-term
storage (evidenced by increased spreading and asymmetric
tailing) occurs during the lowest discharge conditions.
These f99 patterns are also a function of the channel
hydraulics controlled by the geomorphology of the valley
bottom. However, we posit that the different slopes
observed between ~y and #99 are indicative of changes in the
stream and valley bottom morphology. For example, the
relationship between discharge and channel structure in the
upstream reach may allow the active stream channel to
temporarily access portions of the riparian valley bottom
that include many roughness elements, that increase surface
transient storage (e.g., fallen logs, debris jams, shrubs, and
grasses). We attribute the incorporation of these elements
into the active channel as the source of the observed rela-
tionship between #99 and ~y surface transient storage. Inher-
ent in this attribution is that these storage processes affect
transient storage (indicated by a larger ), but not advection
nor longitudinal dispersion (which would appear in values
for M and p,, respectively).

4.2. Stream Reaches Provide Characteristic
Modification to Solute Signals Independently
of In-Stream Discharge Rate

[35] The first major precipitation event caused a shift in
long-term storage that did not return to pre-storm condi-
tions during the study. While hysteretic behavior of
hillslope-riparian-stream interactions has been reported
[e.g., McGlynn and McDonnell, 2003; McGlynn et al.,
2004, McGuire and McDonnell, 2010], these studies have
not been extended to account for the behavior within the ri-
parian and hyporheic zones. This shift in long-term storage
is particularly evident in the patterns in mass loss, where
the middle and downstream reaches show increasing mass
loss during the storm event and its recession. These mass
losses represent substantial increases in Op ogs and corre-
sponding increases in Ogan during the second peak of the
storm event. Furthermore, the storm caused a shift in short-
term storage interpreted from recovered in-stream tracer.
The valley-bottom hydrology was not highly dynamic dur-
ing the storm event based on ground water elevations alone.

However, with the evidence of the tracer studies, it is clear
that both short- and long-term storage were highly variable
during the storm events. Thus, the exchange of water
between streams and their aquifers is highly dynamic dur-
ing storm events and may not be apparent to investigations
solely relying on valley-bottom ground water elevations.
No notable, irreversible changes in the physical morphol-
ogy of the system were observed during the storm event
(e.g., hillslope failures, log falls) to explain this change in
storage. Changes in stage did result in different extents of
the valley bottom becoming active parts of the channel dur-
ing the different periods of the study.

[36] In WSI and across a large range of discharges, the
normalized breakthrough curves showed that each of the
study reaches imparted a unique modification to the
injected solute tracer. While there is not a ubiquitous corre-
lation of all normalized breakthrough curves at an individ-
ual reach, we found unique storage modifications within
each reach that were significantly different from one
another. This is similar to storage dynamics observed by
Zarnetske et al. [2007], who concluded that unique reach
morphologies can act as stronger modifiers of water storage
dynamics than orders-of-magnitude variability in dis-
charge. Further, the observed relationships between dis-
charge and all short-term storage metrics suggests that the
same suite of flow paths is affecting the in-stream solute
signal during all flow conditions, because the effect of these
flow paths on the tracer signal varies as a function of g9
(i.e., the window of detection for each tracer study). More
formally, the process domain (i.e., the region in space and
time over which the morphologic structure of the stream
influences stream hydraulics [Montgomery, 1999]) is nearly
constant through space and time based on our normalized
solute tracer data. The combination of morphology and dis-
charge is unique to each tracer study and gives rise to a
unique window of detection, which confounds the interpre-
tation of short- and long-term storage in our study and
others [e.g., Ward et al., 2013b; Drummond et al., 2012].

4.3. A Dynamic Perceptual Model of the
Hillslope-Riparian-Hyporheic-Stream Continuum

[37] To explain observed metrics of short- and long-term
storage, we pose a three-dimensional (3-D), dynamic, per-
ceptual model as an explanation of the observed patterns of
metrics describing short- and long-term storage that were
observed in this study. The perceptual model is a qualita-
tive representation of dominant processes that are critical to
a description of hydrological system response, and is based
on subjective understanding of hydrological processes
occurring at the field site [e.g., Sivapalan, 2003 ; Wagener
et al., 2007]. We present our perceptual model of the WS1
hillslope-riaparian-hyporheic-stream continuum to explain
the field observations that do not fit within existing concep-
tual models. Further this conceptual mode serves to inte-
grate our understanding of the hydrological processes in
the sense of, for example, McGlynn et al. [1999], acknowl-
edging that continued study is often coupled with refine-
ment and revision of such perceptual models [McGlynn et
al., 2002]. Although the perceptual model includes the
major drivers and feedbacks of the system, the magnitudes
of each are expected to be heterogeneous in space (e.g.,
between study reaches).
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Figure 8. Perceptual model of hillslope-riparian-hyporheic-stream continuum during rising and falling
limbs of storm event. (a) Legend identifying processes represented in the perceptual model. (b) Pre-event
perceptual model. (c—f) Changes in processes through the rising and falling limbs during the study.
Processes that change from the previous plot are represented in red, while the processes from the previous
plot are shown in the faded blue color. Inset represents the location of each panel through the storm event.

[38] Our perceptual model of WSI1 represents the pres-
torm through recession limb period captured by this study,
and the variable flow conditions across the hillslope-
riparian-hyporheic-stream continuum (Figure 8). As the
first storm event occurs and the initial rising limb develops
in the stream, the riparian zone responds rapidly, compress-
ing hyporheic flow path networks and creating generally
gaining conditions evidenced by the low mass loss in all
reaches during the prestorm and first rising limb (Figure
8c). Following the cessation of the first storm event and
during the first falling limb (Figure 8d), the hydraulic gra-
dients from the hillslope and riparian zone to the stream
decrease (Figure 3), allowing increased lateral extent of
hyporheic flow paths and increased tracer mass loss. The
down-valley underflow increases as a result of the catch-
ment response to the precipitation, because the hillslopes
begin discharging to the riparian zone, which is dominated
by down-valley hydraulic gradients in WS1 [Voltz et al.,
2013]. Across the variable flow conditions, the mass lost
from the stream channel is more likely to remain in under-
flow rather than return to the stream, which explains the
increased mass loss during the first falling limb of the study
(Figure 2). During the rising limb of the second precipita-
tion event (Figure 8e), the hillslopes and riparian zones
(with increased antecedent moisture levels due to the first
precipitation event) respond rapidly, increasing hydraulic
gradients toward the stream. This compresses hyporheic
exchange pathways in accordance with several existing
conceptual models [e.g., Hynes, 1983; Meyer et al., 1988;
Vervier et al., 1992; Hakenkamp et al., 1993; Palmer,
1993 ; White, 1993] and explains the plateau in tracer mass
loss (Figure 4). During the second rising limb, the under-
flow is maintained [Voltz et al., 2013], transporting tracer
lost from the stream down-valley in the aquifer, and even-
tually returning the flow and tracer to the stream

downstream of the study reach. Finally, following the ces-
sation of the second storm event (Figure 8f), the hydraulic
gradients from the hillslope to stream relax, allowing the
expansion of the hyporheic zone. The underflow remains
high during this second recession period, because the
upstream catchment is still relaxing back to prestorm con-
ditions and discharging to this convergent location near the
catchment outlet. This extended relaxation period explains
why the observed tracer behavior does not return to pres-
torm conditions (e.g., very low tracer mass loss) during our
study period despite the return of discharge to prestorm
magnitudes (Figure 2).

5. Conclusions

[39] We collected a unique data set of conservative solute
tracer transport before, during, and after a major storm event
in a headwater mountain stream. These data characterize
both short- and long-term storage in the stream and reveal an
improved understanding of how water and solutes move
through the stream network during storm events. The tracer
tests provide evidence of short- and long-term storage, both
representing some amount of interaction between the stream
and groundwater at the reach-averaged scale. We use a vari-
ety of metrics to describe the solute tracer breakthrough
curves (e.g., TSI, #99), and we note here that these are
descriptors only; that do not isolate cause-effect relation-
ships for watershed processes and storage dynamics. Further,
the observations of the valley-bottom head gradients alone
indicate magnitudes and directions of exchange, but are lim-
ited in space. The interpretations of tracer tests alone are
complicated because they span a range of spatial scales.
However, both tracer studies and water table observations
demonstrate dynamic hydrological fluxes during storm
events. Given that hydrodynamics are recognized as a signif-
icant control on biological and chemical systems in streams
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and their ground waters [after Battin, 1999, 2000; Zarnetske
et al., 2011; Ward et al., 2011], the decrease of t99 with
increasing discharge suggests a decreased potential for hypo-
rheic and riparian biogeochemical cycling to affect in-
stream signatures. It is unlikely that static conceptual models
are sufficient to explain the sources of observed in-stream bi-
ological and chemical processes during dynamic flow condi-
tions. Therefore, we developed a new conceptual model for
the dynamics of hillslope-riparian-hyporheic-stream contin-
uum at the site across storm events. Still, further work is
needed, because neither technique in this study nor the com-
bination of them fully captures the time-variable 3-D
exchanges occurring between the stream and its aquifer
across the range of spatial and temporal scales.

[40] Overall, this study demonstrates that: (1) metrics of
short- and long-term storage were highly variable with
stream discharge, largely due to variation in the tracer-based
window of detection; (2) characteristic modifications of sol-
ute tracer signals exist in different study reaches independent
of stream discharge and can be predominantly controlled by
valley-bottom morphology; (3) localized losing conditions
were consistently observed in certain locations even during
the rising limb of the storm hydrograph, demonstrating local
hyporheic flow paths that persist through strongly gaining
conditions at the valley-bottom scale; (4) short- and long-
term storage are complimentary descriptions of stream water
and solute transport, partitioned by the window of detection;
(5) stream discharge responds to storm events and recovers
from them over a shorter timescale than metrics of short-
and long-term storage recover; (6) the exchange of water
between streams and their aquifers is highly dynamic during
storm events and may not be apparent to investigations
solely relying on valley-bottom ground water elevations;
and (7) down-valley flux in the subsurface is an important
component of stream-aquifer interactions that is not repre-
sented in many conceptual models of riparian hydrology.
Understanding the fate of water and solutes in headwater
streams requires in-depth understanding of riparian zone hy-
drology. Short- and long-term storage are complementary
processes that define how solute signals at the upstream end
of a reach are translated to the downstream end, with impli-
cations for solute fate and transport at the network scale.
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