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Abstract:

This study examined hyporheic exchange flow and transient storage processes within a steep headwater stream, using both
hydrometric and tracer approaches. Vertical hydraulic gradients varied systematically with location within step-pool units,
with upwelling located in a relatively narrow zone immediately below the step. Downward hydraulic gradients were greatest
immediately above channel steps, and in that zone, gradients were also correlated with step height. Hydraulic conductivity
tended to be lower in downwelling zones than in upwelling and neutral locations. Transient storage areas determined from
reach-scale tracer tests tended to increase with discharge, whereas transient exchange coefficients were not correlated with
discharge. Transient storage exchange fluxes estimated from the reach-scale tracer tests were an order of magnitude greater
than hyporheic exchange fluxes estimated by scaling up local estimates based on Darcy’s Law and piezometer measurements.
This difference could be explained by the presence of lateral hyporheic flow paths and/or the influences of transient storage
in pools. Tracer injections into infiltrometers using Rhodamine WT and sodium chloride allowed visual determination of
hyporheic discharge zones and calculation of residence times for hyporheic flow through the step (pool inflow) and transport
through the downstream pool (pool outflow). These tests indicated that residence time in pools can be comparable to hyporheic
residence times, although the lack of replication in time and space limits the drawing of strong inferences. Copyright © 2009

John Wiley & Sons, Ltd.
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INTRODUCTION

Solutes in streams are subject to downstream transport
by advection and dispersion, and can also be retained
within a reach by transient storage processes, including
hyporheic exchange and retention in pools and dead
zones. In steep streams, hyporheic exchange flow is
driven by variations in hydraulic head gradients resulting
from in-stream structural complexity created from large
woody debris (e.g. log jams) and geomorphic features
such as step-pool sequences or breaks in topography
(Harvey and Bencala, 1993). Variations in longitudinal
gradient in step-pool and riffle-pool sequences drive
small-scale exchange flow both vertically and laterally
into the riparian zone (e.g. Harvey and Bencala, 1993;
Vervier et al., 1993; Morrice et al., 1997; Hill et al.,
1998; Storey et al., 2003; Anderson et al., 2005; Gooseff
et al., 2006). Channel-unit features, such as side channels,
meander bends, gravel bars and boulder or log-steps also
drive exchange (Wondzell and Swanson, 1996).
Field-based and modelling studies of step-pool and
riffle-pool channels have demonstrated that channel-unit
spacing, size and sequence are important controls on
exchange flow patterns (Anderson et al., 2005; Goos-
eff et al., 2006), suggesting that a scaling relation to
identify zones of hyporheic discharge (i.e. upwelling or
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outwelling) and recharge (i.e. downwelling) based on
channel-unit geometry would be a useful tool for char-
acterising and predicting exchange flow, as called for by
Bencala (2000). However, upwelling of hyporheic water
below steps in the Lookout Creek basin (Oregon, USA)
has not been observed despite predictions from ground-
water flow models that upwelling should occur (Anderson
et al., 2005; Gooseff et al., 2006; Wondzell, 2006). These
results suggest that hyporheic discharge may occur by
different mechanisms, including lateral inflow across the
banks or outwelling from the step wall.

Transient storage processes are typically studied at
the reach scale using a transient storage model (TSM)
consisting of a one-dimensional advection—dispersion
equation with an additional term for transient storage,
such as One-Dimensional Transport with Inflow and Stor-
age (OTIS)) and OTIS-P (Bencala and Walters, 1983;
Runkel, 1998). The TSM provides reach-scale estimates
of the solute transport processes of advection, dispersion,
transient storage and lateral inflow, by simulating the
breakthrough curves (BTCs) generated from stream tracer
injections (e.g. D’Angelo et al., 1993; Harvey and Ben-
cala, 1993; Morrice et al., 1997; Mulholland et al., 1997,
Gooseff et al., 2003). Solute transport processes inferred
from TSM studies vary with discharge at the reach scale
(e.g. Legrand-Marcq and Laudelout, 1985; D’Angelo
et al., 1993; Harvey et al., 1996; Morrice et al., 1997,
Hart et al., 1999; Patschke, 1999; Zarnetske et al., 2007);
however, conflicting responses have been reported. For
example, studies have observed a decrease in transient
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storage area (As) and an increase in the transient stor-
age exchange coefficient («) with increasing discharge
(D’Angelo et al., 1993; Harvey et al., 1996). Contrary
to these findings, Hart et al. (1999) and Legrand-Marcq
and Laudelout (1985) reported that transient storage area
remained constant with discharge. Wondzell (2006) cau-
tioned that these apparent changes in hydraulic parame-
ters with discharge may be an artifact of the experimental
method.

These conflicting results highlight the uncertainty sur-
rounding the response of transient storage parameters to
discharge in headwater streams. Part of this uncertainty
has been attributed to the TSM approach, which is sensi-
tive to experimental design (Wagner and Harvey, 1997)
and parameter fitting routines (Runkel, 1998). As a result,
Wondzell (2006) cautioned that TSM comparisons should
be restricted to stream tracer experiments performed
within different reaches of a single stream under compa-
rable flow conditions. However, a fundamental problem
in the interpretation of TSM studies is the separation of
transient storage into hyporheic and surface-storage com-
ponents. Gooseff er al. (2003) tried to disentangle these
two processes by comparing results from two reaches,
a bedrock reach with minimal hyporheic exchange and
another dominated by hyporheic exchange. However, dis-
entangling these processes within a single reach remains
a significant research challenge. One potential approach
is to combine reach-scale tracer tests with observations
at the channel-unit scale, including both hydrometric
and tracer approaches, as implemented by Stofleth et al.
(2008) in a sand-bed stream.

The overall objective of this study was to conduct
hydrometric and tracer studies at both the channel unit
and reach scales to shed light on the spatio-temporal
variability and relative roles of hyporheic exchange and
transient storage in pools in a steep headwater stream.
Specific objectives were (1) to determine where zones
of hyporheic discharge and recharge are located within
the stream channel; (2) to develop empirical relations
between hydraulic gradients and channel-unit geometry,
specifically step spacing and downstream step height;
(3) to explore the differences in hydraulic conductiv-
ity between reaches and downwelling versus upwelling
zones; (4) to compare estimates of hydraulic conductivity
based on piezometer slug tests to values based on direct
measurement of bed infiltration; (5) to document tran-
sient storage processes in pools and compare these with
reach-scale estimates; (6) to examine how solute trans-
port processes vary with discharge; and (7) to attempt
to scale up water fluxes calculated at the local scale to
estimate reach-scale hyporheic exchange.

METHODS
Study site

This study was conducted within a 100 m section of
East Creek, a second-order stream draining a 100 ha
catchment located in the University of British Columbia
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Malcolm Knapp Research Forest (MKRF) (49°16" N,
122°34" W, Figure 1). The area has a maritime cli-
mate with wet mild winters and warm dry summers.
Mean annual precipitation at the University of British
Columbia Research Forest headquarters (147 m eleva-
tion) is 2184 mm (Environment Canada, 1993), of which
70% falls, primarily as rain, between October and April
due to Pacific frontal systems. Snowfall comprises only
5% of the total annual precipitation at the headquarters.
Streamflow typically responds rapidly to rainfall. Periods
of low flow dominate during the summer months (base
flow <1 1/s). Runoff generation processes are dominated
by subsurface flow and, to a lesser extent, saturation over-
land flow (Thompson and Moore, 1996; Hutchinson and
Moore, 2000).

Soils within the catchment are dominantly highly
permeable podzols formed from glacial till, averaging
about 1 m deep and underlain by basal till over granitic
bedrock (Klinka and Krajina, 1986). In some locations,
the soils directly overlie bedrock.

Vegetation along East Creek is dominated by Douglas-
fir (Pseudotsuga menziesii) and western red cedar (Thuja
plicata), which are approximately 130 years old. Red
alder (Alnus rubra) occurs along the stream banks in
patches. Selective forest harvesting occurred adjacent to
the stream in the 1970s, but instream large wood pieces
were retained in the stream. Structural complexity from
in-stream large wood pieces and heterogeneous substrate
deposition has contributed to the formation of distinct
pool-cascade sequences with both boulder and log steps.

A large sediment dam divides the reach into two
sections (upper and lower reach), each about 45 m
long. Stream morphology in the upper reach consists
of low gradient (approximately 4%) riffle-run and pool
sequences with natural log steps, and the substrate is
composed of fine to coarse gravel and medium size
cobbles. The lower reach has a gradient of approximately
12% and contains pool-cascade sequences with boulder
and log steps. Fine-to-medium gravels in deposition areas
behind steps and large anchor cobbles and boulders
contribute to a spatially heterogeneous substrate. Both
reaches have bankfull widths of 2-5-3-0 m. Sediment
transport processes in East Creek vary seasonally with
discharge. Since 2003, approximately 10—15 sediment
mobilising events per year have been observed, of which
3—4 peak rainfall events during the fall and winter
months of each year move the majority of sediment (J.
Caulkins, pers. comm.).

Measurements from piezometers and infiltrometers

Piezometers were installed in a dense network near the
centre of the stream channel at multiple depths (0—15,
15-30, 30-50 cm) both parallel and perpendicular to
the main axis of the wetted stream channel (Figure 1).
Two types of stream bed piezometers were used: alu-
minum piezometers for taking water chemistry samples
and measuring hydraulic gradients (n = 28) and plastic
piezometers to measure hydraulic gradients and hydraulic
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Figure 1. Study location within the East Creek catchment of the University of British Columbia Malcolm Knapp Research Forest

conductivity (n = 41). Plastic piezometers consisted of a
0-7 cm inside diameter (i.d.) PVC pipe, 60 cm in length,
with a 5 cm slot zone screened with nylon mesh. Alu-
minum piezometers were constructed using a 1 cm i.d.
aluminum tube, approximately 60 cm in length, with a
slot zone of 5 cm. The location and elevation of all
piezometers were surveyed using a Leica Geosystems
total station.
Water levels in the piezometers were measured using
a ‘dip stick’ with electrical contacts on the lower end,
connected to a buzzer that sounded when the contacts
reached a water surface. Vertical hydraulic gradients
(VHG, cm cm™') in the streambed were calculated as
follows:
Ah
VHG = —,
Al
where A# is the elevation of the water in the piezometer
minus the elevation of the stream water surface (cm),
and Al is the distance between the surface of the stream
bed and the middle of the slot zone (cm) (Baxter et al.,

2003). Positive VHG indicates upwelling hyporheic or

ey
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groundwater; negative VHG indicates downwelling flow.
Neutral piezometers were defined as having |VHG]
<0-05 cm cm™!, which bounds the uncertainty of VHG
measurements (Guenther, 2007).

Piezometers were also used to measure saturated
hydraulic conductivity of the bed sediments using
a falling head slug test (Freeze and Cherry, 1979).
Hydraulic conductivity (K) was computed based on
an equation derived by Hvorslev (1951) and modified
by Baxter et al. (2003) for closed-bottom perforated
piezometers.

Direct measurements of stream bed infiltration rates
(IRs) were conducted using constant-head infiltrometers
constructed from ~20 cm long sections of 7-5 cm i.d.
PVC pipe. A hole drilled into the PVC pipe at mid length
was used to connect the pipe to a Mariotte cylinder using
a piece of tygon tubing (Figure 2). The PVC pipe was
installed into the stream bed such that the mid-length
opening to the PVC pipe was level with the stream
bed. The Mariotte cylinders maintained a constant head
in the infiltrometers. Infiltrometers were installed into
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20 cm

Figure 2. Streambed infiltrometer. Adapted from Martin (1996)

the stream bed in five downwelling locations (Figure 1).
Given the coarse nature of the stream bed, we were only
able to install the infiltrometers in areas where the bed
was dominantly sand and fine gravel to maximise the
likelihood that we could achieve a good seal while min-
imising disturbance to the stream bed. During operation,
we maintained the water level within the infiltrome-
ter to be slightly lower than outside to avoid having a
hydraulic gradient that could drive leakage and thus over-
estimate the IRs. Consequently, if there is any bias in
the measurements, it would tend to be in the direction of
underestimating infiltration. During all infiltrometer mea-
surements, water velocities in the stream channel were
sufficiently low that the infiltrometer did not visibly alter
flow velocity or stage.
The IR was calculated as follows:

s

IR = 5
At (ry)

2)

where Ah is the change in water level in the Mariotte
tube (cm) during an interval; At (s); ry, r, and r; are the
inside radius of the Mariotte reservoir (cm), the outside
radius of the bubbler tube in the Mariotte reservoir (cm)
and the inside radius of the infiltrometer tube (cm),
respectively. Uncertainties in the IRs were computed by
standard equations for propagation of probable errors,
based on estimated probable errors in the measured
quantities (h, At, r|, r, and r;). A piezometer was co-
located with each infiltrometer to allow estimation of
hydraulic conductivity as Ky = IR + |[VHG].

Modelling spatial patterns of VHG

Measured VHG was used to map zones of hyporheic
discharge (upwelling) and recharge (downwelling) along
the stream profile in ArcGIS version 9-1. A geometric
scaling relation was developed to describe gradients as a
function of location in the stream channel. The general
form of the hypothesised relation is:

VHG = f ()Z( SH) , 3)
where X is the distance from the upstream end of the
pool to the piezometer (m), L is the distance from
the upstream end of the pool to the edge of the step
downstream of the pool (m) and SH is the height of
the downstream step (m), as defined by Zimmermann
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Figure 3. Geometric scaling relationship between step height (SH), the

distance from the upstream end of the pool to the piezometer (X) and

the distance from the upstream end of the pool to the edge of the step
downstream of the pool (L)

and Church (2001) and shown in Figure 3. It was
hypothesised that VHG should be negatively related
to X/L, with positive gradients (upwelling flow) for
values near 0 and increasingly negative gradients as
X/L approaches 1. Furthermore, it was hypothesised
that hydraulic gradients in the downwelling zone should
be negatively associated with SH. That is, higher steps
should exhibit stronger downwelling gradients. A total of
seven channel units were used for the analysis.

Statistical analysis

Spearman’s rank correlation coefficient (r;) (Kutner
et al., 2004) was used to examine whether VHG and IR
at each site varied with discharge. Spearman’s correlation
coefficient was also used to compare the relationship
between hydraulic retention time and channel friction
factor.

A linear mixed-effects model (Maindonald and Braun,
2007) was used to examine the spatial variability in
hydraulic gradients and hydraulic conductivity using the
‘Ime4’ function in R 2.7-1 for unbalanced experimental
designs (R Development Core Team, 2007). A mixed-
effects model was necessary to accommodate the hier-
archical structure of the data; piezometers were nested
within step-pool units, and thus do not represent fully
independent observations due to the possibility of intra-
unit correlation. In the linear models, the response vari-
ables were the mean hydraulic gradient or hydraulic con-
ductivity for each piezometer. In the models for hydraulic
gradient, predictor variables included step height, channel
position and channel unit. Channel position was coded as
a factor, with levels based on the following intervals for
X/L: 0-0-0-2, 0-2-0-4, 0-4-0-6, 0-6—0-8 and 0-8—1-0.
Channel unit was considered a random effect (n = 7) as
we wanted to draw inferences beyond the specific units
studied, whereas SH and channel position (five levels)
were fixed effects.

In the model for hydraulic conductivities, predic-
tor variables included channel unit (random) and flow
direction (upwelling, neutral and downwelling; fixed).
Hydraulic conductivities were log transformed before
analysis. A significance level of 0-05 was used for all
analyses.

Hydrol. Process. 23, 2671-2685 (2009)
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Channel-unit tracer injections

Tracer injection experiments involving Rhodamine
WT (RWT) were conducted at three infiltrometers to
identify visually the location of hyporheic discharge
within individual channel units. Injection experiments
were conducted at infiltrometers 1-4 and I-5 in the lower
reach on six occasions (July 11, August 14, August
21, September 27/28 and October 6) as well as at
infiltrometer I-1 in the upper reach on four dates (July
12, August 23, September 28 and October 6). Locations
of infiltrometers are shown in Figure 1.

Sodium chloride (NaCl) was injected into infiltrometer
I-5 to quantify separate residence time distributions
within the hyporheic and pool storage zones on four
occasions. A solution of 1 1 deionised water and 20 g
of salt was added directly to the infiltrometer at the
rate of infiltration. Electrical conductivity (EC) was
monitored around the infiltrometer to ensure that no
solution was leaking through the streambed sediments.
EC was continuously measured at two locations within
the downstream pool using WTW conductivity probes.
One probe was installed 2-5 m downstream from the
injection site at the start of the pool (or pool inflow)
along with a second probe installed a further 2-2 m
downstream at the end of the pool (or pool outflow). Both
probes were installed at the water—streambed interface
adjacent to piezometers 68 and 66, respectively. Because
EC increases linearly with salt concentration, it is an
economical alternative to direct measurements of chloride
(Gooseff and McGlynn, 2005; Wondzell, 2006). The
DIN 19266 non-linear calibration built into the WTW
meter was used to correct the EC values to a standard
temperature of 25 °C. Injections were performed on four
dates.

The mean residence time (MRT) for hyporheic flow
through the step was estimated by finding the location of
the centre of mass of the BTC at the start of the pool,
assuming that the tracer input could be treated as being
instantaneous. To estimate MRT within the pool, a simple
approach based on linear reservoir theory was applied,
which assumes that the pool behaves as a continuously
stirred tank reactor (CSTR) (Chapra, 1997). Complete
mixing of the solute and steady-state water flow for the
duration of the tracer injection experiment were assumed.
A mass balance for the pool can be expressed as follows:

dM (1)
dt

= Qin(t) - QOut(t)’ 4)

where M (¢) is the mass of tracer in pool (kg), i, (¢) is the
input of tracer (kg/s) and gy (¢) is the output (kg/s). Mass
can be related to tracer concentration using the equations:

&)
(6)

M(t) =V x c(t),
Gout (1) = Q X cour(?),

where V is the volume of water in pool (m?), c(¢) is the
concentration of tracer in the pool at time ¢ (kg/m?), Q
is the water discharge at the outlet of the pool (m%/s)

Copyright © 2009 John Wiley & Sons, Ltd.
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and coy(?) is the tracer concentration at the outlet. Using
CSTR theory, the MRT of solutes within the system can
be expressed as:
Vv 1
MRT = — = —,
0 k
where k is a first-order exchange coefficient (s7!).
Towards the end of the experiment, tracer discharge to
the pool will become small, and the relationship between
concentration and time can be modelled as a first-order
reaction:

)

dc(t) _
Fre 3)

Integrating Equation (8), subject to the initial condition
c(ty) = ¢o, yields:

—k x c(b).

—k(t—t9)

)

where ¢y is the concentration at time = #y, which is an
arbitrarily selected time. Equation (9) can be transformed
by taking logarithms of both sides to yield:

In[c(t)] = In[co] — k(¢ — 19).

c(t) = cpe

(10)

If a plot of the logarithm of concentration against time
yields a straight line, Equation (10) holds true, and k can
be calculated as the slope of a straight line fitted to the
linear portion of the log-transformed BTC.

Stream tracer injections

Stream tracer experiments were conducted to compare
solute transport processes within the morphologically
distinct upper and lower reaches. BTCs were sampled
at upper and lower reach boundaries. Solute injections
occurred far enough upstream of the upper sampling loca-
tion to ensure full mixing (Figure 1). Sample locations
were the same for all flow conditions. However, dur-
ing higher flow conditions (Q > 10 1/s), the upper reach
injection point was used to generate BTCs for both study
reaches; at lower flows, separate injections were per-
formed for the two reaches. A concentrated solution of
NaCl was added at a constant rate using a Mariotte bottle
consisting of a 30 1 carboy (Moore, 2004a). During low
flow conditions (Aug 11 to Oct 23), a battery-operated
Solinst Model 410 peristaltic pump was used to conduct
longer duration injections.

Streamwater EC was measured as a surrogate for tracer
concentration during stream tracer tests using WTW
conductivity meters (models 340, 340i and 350i). The
LF340 and 340i WTW conductivity meters were attached
to a Campbell Scientific CR510 data logger to record
measurements. EC values measured using the WTW 350i
meter were recorded to the meter’s internal memory. All
instruments logged EC every 30 s.

Tracer was injected until a steady-state plateau was
reached (Stream Solute Workshop, 1990). Once steady-
state was achieved, as determined as a constant conduc-
tivity reading for more than 10 min at the farthest down-
stream location, the injection was stopped and conductiv-
ity recordings continued until the stream water returned
to background.

Hydrol. Process. 23, 2671-2685 (2009)
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Conductivity meters were also placed at the inflow and
outflow location of three pool sub-units during two reach-
scale tracer injections (September 29, 30). BTCs from
two pools located in the upper reach (Pool 1, 2) and one
pool (Pool 3) located in the lower reach were used to
quantify pool storage and residence time (Figure 1). Each
pool was simulated as a distinct ‘reach’ using OTIS-P
(Runkel, 1998).

Streamflow and lateral inflows

Streamflow was calculated at the reach boundaries
using the plateau EC reading following the approach used
in constant-rate salt injection (Moore, 2004b). Lateral
inflow rates were estimated as the difference in discharge
measured at the upstream and downstream sampling
locations (Figure 1):

st - Qus

oL

== == 11
L (11)
where Oy is the net lateral inflow rate (I s~' m™1), Qqs
and Q are streamflow (1/s) measured at the downstream
and upstream locations within the reach, respectively and
L, is the reach length (m).

Transient storage modelling

BTCs generated from stream tracer experiments con-
ducted at the reach scale and the scale of individual
pools were analysed using OTIS-P. The model uses a
non-linear least squares method to determine optimal
parameter values for main channel cross-sectional area
(A, m?), transient storage zone cross-sectional area (As,
m?), longitudinal dispersion coefficient (D, m? s~!) and
the transient storage zone exchange coefficient (o, s™!).

Model parameters estimated using OTIS-P were used
to derive the following quantities to allow comparison
between the reaches: (1) hydraulic uptake length (Mul-
holland et al., 1997), (2) hydraulic residence time (or
contact time) in the storage zone and stream (Thackston
and Schnelle, 1970), (3) the hydraulic retention factor

E. B. SCORDO AND R. D. MOORE

(Morrice et al., 1997), (4) the standardised storage zone
area (Stream Solute Workshop, 1990; D’Angelo et al.,
1993), (5) the Darcy-Weisbach friction factor (Harvey
et al. 2003) and (6) the fraction of median travel time
due to storage (%F2%, Runkel, 2002) using equations
summarised in Table I. The standardised storage zone
area (Ag/A) is the ratio of storage cross-sectional area
to stream cross-sectional area and is the mathematical
equivalent of the ratio of storage zone and stream resi-
dence times.

The Damkohler number (Dal) was computed to pro-
vide insight into the information content of the BTCs:

a(l +A/A,)L
u b

Dal = (12)
where L is length of the stream reach (m). Wagner
and Harvey (1997) showed that when Dal deviates
from 1-0, the uncertainty in the modelled parameters
increases. High values may occur because exchange with
the streambed is relatively fast compared with the water
velocity or the reach length may be too long. Small
Dal (<0-1) could result from (1) high stream velocity,
(2) long exchange time scale as indicated by a low « and
Ag/A ratio and/or (3) too short a reach length.

Scaling local bed infiltration estimates to the stream
reach

Vertical flux rates were calculated by multiplying the
geometric mean hydraulic conductivity for each piezome-
ter (n =2-6 observations) by the hydraulic gradient
for several observation dates (June 19, Sept 21, Sept
30 and Oct 20). A linear relation was fitted between
the computed vertical flux and X/L for each date and
stream reach. These relations were used to scale up local
fluxes to the channel reach by, first, mapping contours
of X/L at intervals of 0-2 and determining the areas
of the stream bed between pairs of contours. For inter-
vals of X/L where downwelling into the bed occurred
(X/L = 0-4-0-6, 0-6-0-8, 0-8—1-0), the predicted flux
rate associated with the median value of X/L for each

Table 1. Derived quantities from transient storage model parameters

Parameter Metric Units Citation
Storage zone residence times (7 o) 1% min Thackston and Schnelle (1970)
Stream residence times (7 ') é min Thackston and Schnelle (1970)
Uptake length (Spyq) [% m Mulholland et al. (1997)
Retention factor (R),) g;"’d’ sm™! Morrice et al. (1997)
N
Standardised storage zone area % — Stream Solute Workshop (1990)
and D’Angelo et al. (1993)
Storage exchange flux (gs) oA m?/s Harvey et al. (1996) and Harvey
and Wagner (2000)
Darcy-Weisbach friction factor (f) Si‘fs Harvey et al. (2003)
Fraction of median travel time down a 200 m W % Runkel (2002) and Lautz and

reach due to transient storage (% F2%)

Siegel (2007)

Copyright © 2009 John Wiley & Sons, Ltd.
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Figure 4. Daily precipitation, maximum and minimum daily temperatures, measured discharge and net lateral inflow from tracer injections conducted
during the study period of May to October 2006. Discharge values represent streamflow measured at the lower reach boundary. Note log scale for
Q and Qp .. Climate data recorded at the Haney-University of British Columbia Research Forest Admin climate station (Environment Canada)

category (i.e. 0-5, 0-7 and 0-9) was multiplied by the con-
tributing area (m?) for the category; these fluxes were
then summed to yield a channel-unit flux rate (m?/s).
Three channel units per reach were analysed. The total
water flux (m?/s) into the streambed at the local scale
was calculated as the sum of all channel-unit water
fluxes (n = 3) divided by the reach length (50 m). The
total scaled flux was compared with reach-scale esti-
mates of transient storage exchange derived from OTIS-P
(m?/s).

RESULTS

Study period overview

The study period was warmer and drier than the
30 year norm. Stream tracer experiments were conducted
from May 31 to October 20, 2006. Measured streamflow
ranged from 0-21 I/s on September 13 to 30-6 1/s on
May 31 (Figure 4). Discharges were too high by early
November (>200 I/s) to continue the study. Uncertainties
in measured discharge varied between 3 and 7% for all
flow conditions. BTCs were modelled using OTIS-P only
for tracer injections where both the upper and lower reach
boundary concentrations reached plateau (n = 10).

Copyright © 2009 John Wiley & Sons, Ltd.

Hydraulic gradients, hydraulic conductivity and bed
infiltration

Strong negative hydraulic gradients typically occurred
immediately upstream of a step or riffle indicating
infiltration into the stream bed. Zones of hyporheic
discharge, or upwelling (as indicated by a positive VHG),
were confined to the upper portion of the step-pool units
(X/L = 0-0 to 0-4). For X/L > 0-2, there was a trend to
increasingly negative hydraulic gradients with increasing
distance from the head of the channel unit (Figure 5).

A sequential analysis of variance using three linear
mixed-effects models confirmed that position within the
stream channel (as defined by the category of X/L)
explained a significant fraction of the observed variability
in hydraulic gradients (Table II). The addition of down-
stream step-height to the base model, which included
channel unit as a random effect, did not significantly
improve the model (Table II). Examination of Figure 5
suggests that VHG is negatively correlated with SH only
for X/L between 0-8 and 1-0, i.e. immediately upstream
of the step. A mixed-model analysis including data only
for that category of X/L confirmed the significance of the
negative relation, which had a slope of —0-74 m~! (p =
3 x 107%); that is, the hydraulic gradient would change
by —0-074 m/m for each 10 cm increase in height.
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Table II. Analysis of variance table comparing three linear
mixed-effects models for vertical hydraulic gradients

Model DF x> DFy? p Value
Unit 3

Unit +X/L 7 269 4 2% 107
Unit +X/L+ SH 13 0-9 6 1

Note: The three models are a base model with only channel unit, a second
model with channel-unit and step height (SH) and a third model with
channel unit, step-height and channel position (X/L). A chi-square (x?)
statistic was used to test for significance

The geometric means of conductivities for the lower
and upper reaches were 2-54 x 107 (n = 24) and 2-37 x
10~* m/s (n = 17), respectively. Conductivities appeared
to be higher at neutral and upwelling sites than at down-
welling sites in the lower reach (Figure 6); however, only
three sites in the analysis were considered upwelling sites,
compared with downwelling (n = 21) and neutral sites
(n = 17). A sequential analysis of variance using two
linear mixed-effects models confirmed that flow direc-
tion significantly contributed to the observed variability
in hydraulic conductivity ( X2 = 6-7, p = 0-01, Table III).

IRs and VHGs varied considerably through time
(Figure 7). As expected from Darcy’s law, IRs were
positively correlated with |VHG]|, although with sub-
stantial scatter due, in part, to measurement uncertainty
(Figure 7). The probable errors for infiltration measure-
ments ranged up to £60% of the measured value. Dur-
ing the lowest flow conditions, the stream water level

Table III. Analysis of variance table comparing two linear
mixed-effects models for hydraulic conductivity (log trans-

formed)
Model DF x? DF x? p Value
Reach 2
Reach + Flow direction 3 6-7 1 0-01

Note: The models compared are a base model with only reach as a factor
and a second model with reach and flow direction (upwelling, neutral and
downwelling). Reach (n = 2) was considered a random effect, whereas
flow direction nwas a fixed effect

Copyright © 2009 John Wiley & Sons, Ltd.
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Figure 7. Infiltration rates versus vertical hydraulic gradient

dropped below the minimum level of the bubbler tube in
the Mariotte reservoir, so that we could not maintain the
water level within the infiltrometer at the same level as in
the stream. These conditions resulted in a lack of obser-
vations during mid-to-late August. In two locations, IRs
were significantly correlated with discharge (Table 1V),
including the sediment step (I-3) and boulder step (I-5).
The boulder step (I-5) location also had the strongest
mean VHG (—1-1 cm cm™'). Hydraulic conductivities
computed from IRs were similar to or up to an order of
magnitude lower than those computed from co-located
piezometers (Figure 8).

Tracer injections into infiltrometers

Two different flow pathways were observed within
one channel unit in the lower reach using RWT as a
visual tracer. During two trials (July 11 and Aug 14) at
infiltrometer I-5, RWT infiltrated the bed at the top of the
step, travelled laterally around a large anchor boulder in
the riparian zone and returned to the stream at the base

Hydrol. Process. 23, 2671-2685 (2009)
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of the step within 5—10 min post-injection. During an
injection trial on Sept 27, RWT infiltrated the streambed,
travelled vertically through the step and returned to the
stream at the start of the pool. RWT was visible in the
pool within 9 min, and was still slightly visible within
the pool after 1 h. Vertical hyporheic flow pathways were
also observed at another boulder step channel-unit in the
lower reach (I-4). Hyporheic discharge was not observed
during trials at a log-step channel unit in the upper reach
(I-1), suggesting the presence of much slower flow or
much longer subsurface flow paths.

Only two of the four salt injections into infiltrometer
I-5 yielded ‘clean’ BTCs, with similar areas under the
curves for both the pool inflow and pool outflow. The
other two yielded BTCs with differing areas. We assumed
that during those trials, the EC probe was not properly
positioned to record the BTC at the upstream end of the
pool, and the curves were not analysed further. Following
injection, the EC increased rapidly to a peak concentra-
tion at the pool inflow and pool outflow. Additional minor
peaks in EC are visible on the rising and recession limbs
of the BTCs for each experiment (Figure 9). These peaks
could indicate separate flow pathways with different res-
idence times within the channel unit. The pool behaved
like a CSTR during the later recession portion of the
BTC, as indicated by a straightening of the BTC when
EC as measured during tracer injections (EC;) and cor-
rected for background conductivity (ECy.) was plotted
on a logarithmic scale (Figure 9).

Table IV. Spearman correlation coefficient (ry), associated p
values and number of observations (n) for infiltration rates versus
discharge at each infiltrometer location

Location T p Value n
Log step (I-1) 0-37 0-21 13
Sediment step (I-3) 0-92 0-01 5
Boulder step (I-4) 0-51 0-25 6
Boulder step (I-5) 0-83 0-01 7

Note: Analysis not conducted for I-2 due to insufficient observations.

[ siug test K
7 [ infitrometer K

10

K (10°3 m/s)

-1 2 13 4 |5

Figure 8. Hydraulic conductivity calculated using infiltration rates and
slug-tests for five locations. Values represent the geometric mean =+
standard error

Copyright © 2009 John Wiley & Sons, Ltd.
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Table V. Mean residence times for the pool inflow (hyporheic
zone) and pool storage zones in Pool 4. Vertical hydraulic
gradients (VHG) measured using piezometer 61

Date 0 ds™") VHG (cm/cm) Mean residence
time (min)
Pool Pool
inflow  outflow
September 25 24 —0-96 23-8 26-4
October 5 1-4 —0-89 68-8 712

MRTs varied among the experiments (Table V). For
each trial, MRT was similar for the pool inflow
(hyporheic zone) and pool outflow (surface storage). For
both the pool inflow and pool outflow, MRT appears to
vary inversely with discharge.

Reach-scale tracer injections

With the exception of the May 31 trial, which had the
highest discharge at 30-6 I/s, Dal ranged from about 0-1
to 0-5 and generally decreased with discharge (Table V1),
suggesting that the reach length is reasonable. Lateral
inflow rates increased with discharge (Table VI), but rep-
resented less than a 10% gain of streamflow except when
streamflow was less than 5 1/s. The dispersion coeffi-
cient, transient storage area and stream cross-sectional
area generally increased with discharge (Figure 10) for
both reaches. The transient exchange coefficient («) did
not vary systematically with discharge or between reaches
(Figure 10). Stream velocity increased with discharge
(Figure 11a) and tended to be higher in the upper reach.
The standardised storage zone area also did not show a
clear trend with discharge (Figure 11d). A majority of the
values ranged from approximately 0-10 to 0-30, with the
exception of the May 31 injection with a value of 0-62.

Hydraulic residence time in the stream was higher than
in the storage zone for all tracer injections and did not
appear to vary with discharge for either reach (Table VI).
The average stream residence time was higher in the
lower reach (109 min) compared with the upper reach
(49-8 min). Storage zone residence time was also higher
in the lower reach (31 min) compared with the upper
reach (10-2 min). The hydraulic uptake length increased
as discharge increased for both the upper and lower
reach (Figure 11b). On average, the uptake length was
higher in the upper reach (318 m) than the lower reach
(305 m). The hydraulic retention factor showed no clear
trend with discharge (Figure 11c). Channel friction factor
had a positive but not statistically significant correlation
with retention time (r; = 0-47, n = 10, p value = 0-17).
Transient storage accounted for 3 to 17% of the total
reach travel time based on the metric % F2% and did
not vary substantially between reaches.

For the three individual pools simulated using OTIS-P,
the ratio Ag/A was greater for the pools than the stream
reaches (Table VII). Storage zone residence times varied
over two orders of magnitude, with higher values in the
upper reach.

Hydrol. Process. 23, 2671-2685 (2009)
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Scaling streambed water fluxes

The relations between flux rate and X/L were not
significant within the lower reach; as a result, only the
upper reach was used for the analysis. Water fluxes
calculated at the local scale within multiple step-pool
units in the upper reach varied with flow conditions. The
total computed flux into the bed was greatest during high-
flow conditions on June 19 (Q = 15-4 1/s) compared with
low-flow conditions. The reach scale estimate of transient
storage exchange (gs) was an order of magnitude greater
than the scaled-up estimate of exchange fluxes for all
flow conditions in the upper reach (Table VIII).

DISCUSSION
Patterns of VHGs

VHGs varied in both space and time. Consistent
with previous studies, negative VHG (downwelling) was
observed upstream of obstructions in the channel (i.e.
steps and logs). However, unlike previous studies in
Oregon (Anderson et al., 2005; Gooseff et al., 2006;
Wondzell, 2006), positive VHG (upwelling) was clearly
observed at the upstream end of pools below steps in 3
of the 41 piezometers. Other studies within the Malcolm
Knapp Research Forest have made similar observations
of upwelling (Patschke, 1999; Guenther, 2007).

Copyright © 2009 John Wiley & Sons, Ltd.

Although upwelling was observed in locations where it
was expected in East Creek, the hydraulic gradients were
substantially weaker than in the downstream sections of
the step-pool units (i.e. X/L > 0-6). Given that hyporheic
exchange should be approximately at a steady state dur-
ing extended periods of baseflow, upwelling and down-
welling fluxes should balance. The fact that downwelling
gradients were generally stronger and more spatially
widespread than upwelling gradients could be explained
by one or more of the following: (1) lower hydraulic
conductivities in downwelling zones, (2) discharge being
concentrated along preferred pathways, (3) the presence
of lateral flow paths and (4) substantial discharge through
the step wall. All four are possibilities at East Creek. The
presence of lower conductivities in downwelling zones
is consistent with observations that penetration of fine
sediments into the bed (resulting in clogging of larger
pore spaces) is greater in downwelling areas (Schalchli,
1992; Packman and MacKay, 2003) and is supported by
the results in Figure 6. There is also some support for
the presence of preferred pathways from the unit-scale
tracer experiments, although it is difficult to quantify
how much discharge occurred via these preferred path-
ways. The presence of a lateral component to hyporheic
exchange is possible, particularly at some areas along the
reach, but the study design did not allow the assessment

Hydrol. Process. 23, 2671-2685 (2009)
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1.7

11.0

1-6

192

net lateral inflow; D = dispersion coefficient; A = stream cross-sectional area; Ag = cross-sectional area of storage zone; o = storage zone exchange coefficient.

Note: Solute releases: Q = stream discharge; Qr,

RMSE
As/A

storage zone; Shya = hydraulic uptake length; R, = hydraulic retention factor;

hydraulic residence time for the stream; Tgor

residual mean square error. Derived quantities: u = stream velocity; Ty

Damkohler number

the standardized storage zone coefficient; Dal =

of lateral hyporheic exchange because horizontal gradi-
ents were not measured. Outwelling through the step wall
was not observed during RWT injections into the steps,
but cannot be ruled out as tracer tests were not conducted
at all steps in the study reach.

Zones of hyporheic discharge and recharge varied
systematically with position in the stream channel (as
defined by X/L, Figure 5). Generally, for X/L > 0-2,
negative hydraulic gradients increased with distance to
the step. However, step height did not appear to control
VGH except for piezometers immediately upstream of the
step (where X /L > 0-8) (Figure 5). These results suggest
that the relation between VHG and X /L could be a useful
tool for characterising and predicting hydraulic gradients
in step-pool streams, a need expressed by Bencala (2000).
While channel-unit spacing, size and sequence have been
identified as significant controls on exchange flow in
previous studies (Anderson et al., 2005; Gooseff et al.,
20006), the effect of step height does not appear to have
previously been assessed.

The temporal variability in VHG observed at East
Creek is not uncommon (Thibodeaux and Boyle, 1987;
Baxter and Hauer, 2000), and could reflect discharge-
controlled interactions between flow hydraulics and chan-
nel features as well as changes in hydraulic head patterns
in the riparian zone. However, VHG was not correlated
in a simple way with discharge at East Creek. Other pro-
cesses that could influence VHG in the stream bed are
changes in the wetted area and the effects of precipitation
onto and evaporation from dry areas of the bed.

Solute transport parameters and discharge

In East Creek, Dal values ranged from 0-1 to 0-5 for
all experiments except that with the highest streamflow
as well as the results for Pool 3. Therefore, most
trials were associated with Dal values in the range in
which ‘well-estimated’ parameters are most likely to
be obtained (Wagner and Harvey, 1997). The results
of the OTIS-P simulations were in agreement with the
majority of previous studies, which reported an increase
in dispersion (D) and the channel cross-sectional area
(A) with discharge (Legrand-Marcq and Laudelout, 1985;
D’Angelo et al., 1993; Harvey et al., 1996; Morrice
et al., 1997; Hart et al., 1999; Wondzell, 2006).

The transient storage area determined from the tracer
tests increased with discharge. This increase is consistent
with the observed increase in pool area and thus surface
storage zones with discharge. In addition, increased
discharge was associated with an increase in the wetted
area of the channel and thus a greater area over which
hyporheic recharge could occur.

The transient exchange coefficient remained fairly
constant with discharge. There was some evidence of a
threshold response in the lower reach, as the transient
exchange coefficient increased to a plateau of 2.7 x
1074 s~! at 5.5 I/s and then declined with discharge.
Morrice et al. (1997) also reported a threshold response
in which « increased then decreased with discharge in

Hydrol. Process. 23, 2671-2685 (2009)
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discharge (d) for the upper and lower reaches

a first-order stream. Other studies have reported either
a steady increase (D’Angelo et al., 1993; Harvey et al.,
1996; Hart et al., 1999; Wondzell, 2006) or a decrease in
transient exchange coefficient with discharge (Legrand-
Marcq and Laudelout, 1985; Hart et al., 1999; Patschke,
1999). At East Creek, this complex behaviour might be
related to the changes in the extent of hyporheic recharge
area in relation to the hydraulic conductivity of the bed.
For example, a decrease in « could be associated with an
extension of the wetted channel into areas with a low-bed
conductivity or lower hydraulic gradients. Variations in
a could also result from changes in the configuration of
pool storage zones and their interaction with the flowing
portion of the stream.

Copyright © 2009 John Wiley & Sons, Ltd.

Residence times and retention

Residence times were consistently higher in the lower
reach, which had greater complexity. This result is con-
sistent with observations by Wondzell (2006) that the
storage zone residence times and the hydraulic reten-
tion factor (Ry) were greater in reaches with a few large
steps associated with log jams than in reaches with more
frequent but smaller steps. Retention factors were compa-
rable between the two reaches in East Creek, despite the
upper reach having a greater number of log steps and a
higher degree of incision. The lower reach was generally
less confined than the upper reach, which may explain
the longer residence times observed for transient storage.

Hydrol. Process. 23, 2671-2685 (2009)
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Table VII. Summary of One-Dimensional Transport with Inflow and Storage with Parameter optimization (OTIS-P) parameter
estimates of dispersion coefficient (D), stream cross-sectional area (A), cross-sectional area of storage zone (As) and the storage
zone exchange coefficient () in three pools modelled as individual reaches during reach-scale tracer injections

Reach D (102 m? s A (1072 m?) Ag (1072 m?) a (1074 s7h) Ag/A T (min) T sior (min) Dal
September 29

Reach 1 29 2-8 0-6 3.0 0-21 552 11-6 0-50
Pool 1 2-5 6-3 60-7 3-1 9-61 53-8 516-5 0-80
Pool 2 1-8 0-8 6-1 3.4 7-40 48-5 359-1 0-09
September 30

Reach 2 4.6 6-5 1-3 0-85 0-20 196-5 389 0-17
Pool 3 8-4 2-5 59 145 2-33 1.2 2.7 2-60

Derived quantities included residence times in the stream (7's) and storage zone (Tsior), the standardized storage zone coefficient (Ag/A) and the
Damkohler number (Dal) for the three pools simulations compared with reach scale results

Table VIII. Scaling of transient storage exchange flux estimates from the channel unit and reach scales

Date 0 (1073 m? s b, (107> m s71) b (1072 ms™h) r? p Value gs (1075 m? s71)
Darcy OTIS-P
June 19 159 3.07 —11-2 0-53 0-001 4.5 244
September 21 9-8 1-66 —-593 0-35 0-02 1-4 18:2
September 29 1-0 1-05 —3.25 0-27 0-04 0-6 85
October 20 9.7 3-59 —13-0 0-51 0-002 3.9 325

Q = streamflow at the lower boundary of the reach; by and b; are the intercept and slope of a relation between vertical flux and X/L for the
upper reach; r? and p value are the coefficient of determination and significance of the regression; g, = reach-scale transient storage exchange flux
calculated using Darcy’s law and one-dimensional transport with inflow and storage (OTIS-P)

Although our ability to generalise about transient stor-
age in the pools is limited by the small amount of repli-
cation in time and space, it appears that MRTs in pools
could be a significant component of the transient stor-
age effect modelled by OTIS-P. Therefore, one cannot
safely equate modelled transient storage with storage in
the hyporheic zone in streams with a steep step-pool
morphology.

Scaling hyporheic exchange flow from the channel unit
to the stream reach

Scaled water fluxes computed from Darcy’s law within
multiple channel units in the upper reach varied with flow
conditions (Table VIII). Previous studies have suggested
that at higher discharges (accompanied by higher stages),
the hydraulic potential for downwelling into the bed
increases, thus increasing the potential for hyporheic
exchange flow (e.g. Wondzell, 2006). Although the
scaled-up water fluxes appeared to vary with discharge,
hydraulic gradients and IRs measured at the point scale
did not consistently vary with discharge, as discussed
above.

The ‘scaled-up’ hyporheic exchange flux estimates
based on Darcy’s law were an order of magnitude
lower than the reach-scale estimates of transient storage
exchange from OTIS-P (Table VIII). There are two
possible explanations. First, lateral fluxes or horizontal
exchange flow may have contributed to a portion of the
exchange flow that was not quantified at the channel-
unit scale. Second, the storage exchange flux estimated

Copyright © 2009 John Wiley & Sons, Ltd.

by the TSM combines the effects of hyporheic exchange
and transient storage in pools. This latter possibility is
supported by our unit-scale tracer experiments, which
suggest that residence times in pools can be higher than in
the steps. However, the unit-scale tracer experiments had
limited replication in both time and space, limiting our
ability to draw strong inferences from them. These results
indicate that while hyporheic exchange is not the sole or
even dominant transient storage process in these two step-
pool channels, it appears to play a more important role
than in the sand-bed streams studied by Stofleth er al.
(2008), who found that hyporheic exchange determined
from piezometer measurements accounted for less than
1% of the total transient storage.

CONCLUSIONS

Within step-pool units, there was a systematic pattern
of VHGs, with upwelling located in a relatively narrow
zone immediately below the step. Downward hydraulic
gradients were greatest immediately above channel steps,
and gradients in that zone were also correlated with step
height. Hydraulic gradients varied in time, but did not
exhibit consistent relations with discharge.

Hydraulic conductivity tended to be lower in down-
welling zones than in upwelling and neutral locations.
Hydraulic conductivity determined from falling head tests
conducted at piezometers was similar to or somewhat

Hydrol. Process. 23, 2671-2685 (2009)
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larger than values calculated from infiltrometer measure-
ments, likely reflecting the inherent uncertainty involved
in field measurements of this quantity.

Transient storage areas determined from reach-scale
tracer tests tended to increase with discharge, possibly
associated with the increase in wetted channel width,
which would increase both pool storage and the area of
hyporheic recharge. Transient exchange coefficients were
not correlated with discharge, possibly due to changes in
pool configuration and their interactions with the flow-
ing portion of the channel. The lack of a clear relation
between o and discharge could also reflect the spatial
variation of bed hydraulic conductivity and its chang-
ing influence as the wetted portion of the stream bed
increased and decreased through time.

Transient storage exchange fluxes (gs) estimated from
the reach-scale tracer tests were an order of magnitude
greater than values estimated by scaling up local esti-
mates of hyporheic recharge based on Darcy’s Law and
piezometer measurements. This difference could be due
to one or more of the following: the apparent bias asso-
ciated with the hydraulic conductivities estimated from
the falling head tests, the occurrence of lateral hyporheic
exchange and the role of pools.

Injections of RWT into piezometers were useful for
determining visually the locations of hyporheic discharge,
and revealed that the pathways may vary through time.
Monitoring BTCs following injection of sodium chloride
into piezometers allowed residence time distributions to
be estimated separately for the pool inflow (hyporheic
flow) and transient storage and transport through an indi-
vidual pool. In addition, monitoring BTCs at the inlets
and outlets of pools during reach-scale tracer injections
provided another approach to estimating hydraulic param-
eters for individual pools. While there appears to be sub-
stantial variability, transient storage and MRTs in pools
can be of the same magnitude as for hyporheic exchange.
The analysis of channel-unit-scale tracer BTCs should be
applied in future studies to help generate a better under-
standing of the relative roles of hyporheic exchange and
within-channel transient storage.

Taken together, the results of both hydrometric and
tracer observations reveal that hyporheic exchange and
transient storage processes exhibit substantial variability
and complex patterns in time and space. Future field stud-
ies will need to sample spatially at high resolution, and
also sample a broad range of hydrologic conditions in
relation to stream discharge and lateral inflow, to cap-
ture this complexity and contribute to development of
predictive models (e.g. to assess the effects of changes
in channel morphology). In addition, it would be valu-
able to conduct flume experiments to assist in isolating
the various factors controlling transient storage in steep
streams. Flume studies have proven valuable for study-
ing hyporheic exchange associated with bedforms typical
of lower-gradient channels (e.g. Packman and MacKay,
2003). Geomorphologists have made progress in conduct-
ing experiments to study channel stability and sediment
transport in step-pool units (Curran and Wilcock, 2005;

Copyright © 2009 John Wiley & Sons, Ltd.
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Zimmermann et al., 2008), and it would be valuable to
adapt these step-pool models for quantifying transient
storage processes.
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