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[11 Subsurface flow from hillslopes is widely recognized as an important contributor to
streamflow generation; however, processes that control how and when hillslopes connect to
streams remain unclear. We investigated stream and hillslope runoff dynamics through a
wet-up period in watershed 10 of the H. J. Andrews Experimental Forest in the western
Cascades of Oregon where the riparian zone has been removed by debris flows. We
examined the controls on hillslope-stream connectivity on the basis of observations of
hydrometric, stable isotope, and applied tracer responses and computed transit times for
multiple runoff components for a series of storms during the wet-up phase of the 2002—2003
winter rainy season. Hillslope discharge was distinctly threshold-like with a near linear
response and average quick flow ratio of 0.58 when antecedent rainfall was greater than
20 mm. Hillslope and stream stormflow varied temporally and showed strong hysteretic
relationships. Event water mean transit times (8—34 h) and rapid breakthrough from
applied hillslope tracer additions demonstrated that subsurface contributing areas extend
far upslope during events. Despite rapid hillslope transport processes during events, soil
water and runoff mean transit times during nonstorm conditions were greater than the
time scale of storm events. Soil water mean transit times ranged between 10 and 25 days.
Hillslope seepage and catchment base flow mean transit times were between 1 and 2 years.

We describe a conceptual model that captures variable physical flow pathways, their
synchronicity, threshold activation, hysteresis, and transit times through changing
antecedent wetness conditions that illustrate the different stages of hillslope and stream

connectivity.

Citation: McGuire, K. J., and J. J. McDonnell (2010), Hydrological connectivity of hillslopes and streams: Characteristic time
scales and nonlinearities, Water Resour. Res., 46, W10543, doi:10.1029/2010WR009341.

1. Introduction

[2] Although it is generally acknowledged that subsurface
flow dominates runoff in forested catchments, specific
pathways, residence times and sources of water often remain
unclear [Bonell, 1998; Kirchner, 2006; Lischeid, 2008]. In
particular, the processes that hydrologically connect uplands
with the stream network are still not well understood or
quantified [Bracken and Croke, 2007; Ali and Roy, 2009;
Hopp and McDonnell, 2009]. Hydrological connectivity
between uplands (also known as the hillslopes) and the
stream or riparian network has been defined in many ways,
but perhaps it is most commonly used to describe when
water tables develop between the hillslope and riparian zone
[Vidon and Hill, 2004; Ocampo et al., 2006] and result in a
measurable runoff response [Bracken and Croke, 2007].
Recent studies have shown that the hillslope connection
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depends on catchment wetness, soil properties and surface
and bedrock topography [Freer et al., 1997; Sidle et al.,
2000; Buttle et al., 2004; Jencso et al., 2009; Detty and
McGuire, 2010a] and in some cases, hillslopes only rarely
connect to the stream environment [ Tromp-van Meerveld and
McDonnell, 2006a]. This hydrologic coupling between hill-
slopes and the riparian zone or stream network is prereq-
uisite for the delivery of solutes downslope to the stream
[Hooper et al., 1998; Stieglitz et al., 2003; Burt and Pinay,
2005] and represents an important emergent behavior at the
landscape scale. Nevertheless, quantifying these connections
at the catchment scale is difficult because hillslope con-
tributions are often initiated only after exceeding a storage
threshold [Spence and Woo, 2003; Buttle et al., 2004; Kim
et al., 2004; Tromp-van Meerveld and McDonnell, 2006a,
2006b; Detty and McGuire, 2010b] or they are obscured by
throughflow spatial variability and preferential flow [Woods
and Rowe, 1996; Hopp and McDonnell, 2009]. Most prob-
lematic for understanding and quantifying the hillslope-
stream connection is the presence of riparian zones that water
from the hillslope must pass through prior to contributing to
streamflow [Robson et al., 1992; McGlynn and McDonnell,
2003]. Riparian zones both modulate and obscure hillslope
signals. Devising new ways to detect, quantify and under-
stand the linkages between processes in the uplands and the
aquatic environment remains one of the most pressing chal-

W10543 1 of 17


http://dx.doi.org/10.1029/2010WR009341

W10543 MCGUIRE AND MCDONNELL: HYDROLOGICAL CONNECTIVITY OF HILLSLOPES AND STREAMS

lenges in environmental hydrology [e.g., see Ali and Roy,
2009].

[3] Here we take advantage of a catchment with an
unobstructed hillslope signal where the riparian zone has
been largely removed from a history of debris flows. The
catchment runoff response therefore expresses a relatively
unmodified input of multiple hillslope segments with no
riparian aquifer influence impeding hydrologic connectivity
(i.e., when hillslopes contribute runoff). We further leverage
the very clear seasonality of our site with distinct and
extended wet and dry seasons that accentuate connectivity
presence and absence. We focus on a well-studied planar
sideslope (first reported on by Harr [1977]) during a wet-up
period that begins with extremely dry soil conditions and
progressively increases in wetness. We then quantify the
hillslope contributing area that connects and delivers water
and solute to the stream network.

[4] Hydrologic connectivity is often dynamic in that
connections/disconnections occur seasonally and episodi-
cally during events. Even though a connection may occur
between a hillslope and the stream or between two regions
of the landscape, it does not necessarily suggest that water
travels between those regions over the time scale of an
event. Therefore in addition to characterizing connections
between the hillslope and stream and potential runoff gener-
ation, it is necessary to quantify the transport time scale or
transit times of water as it moves from the hillslope to the
stream. Since runoff can be in the form of event water (i.c.,
runoff derived from the rainfall or snowmelt event itself) or
preevent water (i.e., runoff derived from water stored in the
catchment prior to the event), the transit times of these separate
runoff components become important metrics of hydrologic
connectivity. In this study, we base our observations and
constrain our conceptualization of hillslope-stream con-
nectivity on hydrometric, stable isotope, and applied tracer
responses following recommendations by Bonell [1998]
and Burns [2002] and compute transit time distributions
for various runoff components. These data resources allow
us to reject many possible behaviors to decipher and explore
the physical controls on runoff generation and hillslope-
stream connectivity on a well-studied hillslope. Consequently,
we test the following null hypotheses: (1) the hillslope
runoff is linearly related to the catchment runoff, (2) hill-
slopes are not capable of transporting solutes (tracer) to the
stream from upslope areas over the time scale of a storm
event, (3) event water contributions are similar for the hill-
slope and catchment, and (4) hillslope transit time increases
downslope and is similar to the stream when it reaches the
slope base.

[5s] By testing these hypotheses we attempt to constrain a
new conceptualization of hydrological connectivity of hill-
slopes and streams, aimed for the first time at characteristic
time scales and nonlinearities.

2. Site Area and Methods

[6] The study was conducted in watershed 10 (WSIO0,
10.2 ha) at the H. J. Andrews Experimental Forest (HJA) in
the west central Cascade Mountains of Oregon, USA (44.2°N,
122.25°W) (Figure 1). WS10 was the location of intensive
forest ecological research as part of the U.S. International
Biological Program’s Coniferous Forest Biome project
[Sollins et al., 1980; Gholz et al., 1984; Triska et al., 1984]
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and is currently part of the NSF Long-Term Ecological
Research (LTER) program at the HJA. Elevations range from
473 m at the flume to 680 m at the catchment divide.
Annual precipitation is 2220 mm (averaged from 1990 to
2002), about 80% of which falls between October and April
during frequent, long-duration, low- to moderate-intensity
frontal storms. The climate is Mediterranean with strong
contrasts between summer and winter precipitation amounts
[Greenland, 1994]. The catchment experiences a gradual
wet-up period from about October to December and there-
after maintains very high wetness until late spring. Snow
accumulations are common, but seldom persist longer than 1—
2 weeks and generally melt within 1-2 days. No major snow
accumulation was observed during this study. On average,
56% of the annual precipitation becomes runoff. Summer low
flows are approximately 0.2 L's ' (<0.01 mmh ') and typical
winter storms obtain peak flows of approximately 40 L s
(1.4 mm h™"). The largest storm on record produced a
peak flow of 246 L s ' (8.7 mm h™'). The vegetation is
dominated by a naturally regenerated second growth Douglas
fir (Pseudotsuga menziesii) stand resulting from a 1975 clear-
cut harvest.

[7] The catchment is steep with slopes ranging from 30 to
over 45° and contains residual and colluvial clay loam soils
(Typic Dystrocryepts) derived from andesitic tuffs (30%)
and coarse breccias (70%) comprising the Little Butte For-
mation formed as the result of ashfall and pyroclasitic flows
from Oligocene-Early Miocene volcanic activity [Swanson
and James, 1975; James, 1978]. Average soil depth is
approximately 130 cm. Surface soils are well aggregated
with textures that vary from gravelly, silty clay loam to very
gravelly clay loam; however, lower depths (70-110 cm)
exhibit more massive blocky structure with less aggregation
than surface soils [Harr, 1977; Sollins et al., 1981]. Beneath
the weakly developed A and B horizons is partially
weathered parent material (saprolite) ranging in thickness
from 1 to 7 m (~3.7 m on average) [Harr and McCorison,
1979; Sollins and McCorison, 1981].

[8] The catchment experiences periodic debris flows (e.g.,
as recently 1986 and 1996) that maintain a stream channel
that is scoured to bedrock over the lower 60% of its length.
The upper portion of the channel contains a narrow (<1 m),
and in some cases, deeply incised near-stream area with
frequent sections of exposed bedrock. In general, the
channel width ranges from 0.25 m in the upper reaches to
1.0-1.5 m at the catchment’s base [Triska et al., 1984]. The
overall slope of the stream channel is 24°. Thus, WS10
represents a catchment dominated by hillslopes with negli-
gible storage of water in riparian sediments. Well-defined
seeps have been identified flowing from the base of the
hillslope soils into the stream channel [Harr, 1977; Triska
et al., 1984]. These seeps are highly localized zones of
saturated soil related to the microtopography of the
unweathered bedrock near the stream or to the presence of
small vertical, andesitic dikes approximately 5 m wide,
located within the basin [Swanson and James, 1975; Harr,
1977]. While the seepage areas remain isolated during and
between events, we observed a linear increase in discharge
downstream during a constant rate stream tracer experiment
at low flow, suggesting a uniform contribution of hillslopes
within the catchment.

[s] Our hillslope study area was located on the south
aspect of WS10, 91 m upstream from the stream gauging
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Figure 1.

Map of WS10 showing the location of instrumentation and hillslope study area. THE WS10

weir is located at 44.2169°N and 122.2611°W, and the hillslope weir is located at 44.2175°N and

122.2589°W.

station (Figure 1) [McGuire et al.,2007; van Verseveld et al.,
2009]. This site was reestablished from early 1970s era
benchmark studies [Harr and Ranken, 1972; Harr, 1977,
Sollins and McCorison, 1981; Sollins et al., 1981]. The slope
is representative of the two main planar hillslopes that com-
pose the overall v-shaped catchment (WS10). The 125 m long
stream-to-ridge slope is slightly convex and its gradient
averages 37°, ranging from 27° near the ridge to 48° adja-
cent to the stream. Elevation ranges from 480 to 565 m.
Harr and Ranken [1972] excavated eleven soil pits on the
study slope (Figure 1) and collected 452 soil cores from the
pits. The cores were analyzed for hydrologic properties
including hydraulic conductivity, porosity, pore size distri-
bution, moisture characteristics, and stone content [Ranken,
1974; Harr, 1977]. Hydraulic conductivity is sufficiently
high that only the stream channel and bedrock surfaces pro-
duce overland flow. The main rationale for selecting this
study slope was the richness of local data resources from these
previous studies and the ability to be able to build on this
knowledge base, specifically the studies by Harr and Ranken.

2.1. Instrumentation

[10] A 10 m long trench was constructed to measure
subsurface throughflow at the location of a seep that had
been previously gauged in the early to mid-1970s [Harr,
1977; Triska et al., 1984]. The trench was constructed by
intercepting subsurface water from a natural seepage face,
which was routed to a calibrated 15° V notch weir that

recorded stage at 10 min time intervals using a 1 mm
resolution capacitance water level recorder (TruTrack, Inc.,
model WT-HR). Discharge from the trench was measured
from 1 September 2002 to 21 January 2003 and thereafter
predicted using regression with WS10 discharge due to
gauge failure. Precipitation was measured with a tipping
bucket (15.39 cm diameter orifice, 0.2 mm resolution) and
storage gauge (8.9 cm diameter orifice) observed on an
event basis in a small canopy opening on the hillslope. The
drainage area of the hillslope was delineated from a total
station topographic survey of the entire hillslope (0.2 ha)
and verified by a water balance calculation (i.e., compared
similarly to the WS10 balance).

[11] Storm events were defined as periods of major rain-
fall separated by at least 24 h of rainfall intensities averaging
less than 0.1 mm h™'. Hydrographs for the trench outflow
and WS10 flume were separated into quick flow (QF) and
delayed flow using the Hewlett and Hibbert [1967] method
by projecting a line with a constant slope 0of 0.55L's ' km >h™"
from the initiation of stormflow. The quick flow or the
stormflow portion of the hydrograph was finally expressed
as mm and runoff or quick flow ratios (Q;/P) were calcu-
lated for each storm. Cumulative precipitation prior to each
storm was summed over 7, 14, and 30 days (AP;, APy4, and
APj3() to represent antecedent conditions.

[12] Soil water content (#) was measured using water
content reflectometers (WCR) (CS615, Campbell Scientific,
Inc.) installed horizontally at 3 depths (30, 70, and 100 cm)
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in 3 soil pits in lower portion of the hillslope (Figure 1). The
nests were located 15, 20 and 25 m from the slope base. The
WCRs were calibrated using soil cores extracted from
several locations at the H. J. Andrews, including WS10
[Czarnomski et al., 2005; G. W. Moore et al., unpublished
data, 2003]. No temperature effects were noted for the
water content reflectometers under typical field temperature
ranges [Czarnomski et al., 2005]. Transient saturation in the
soil profile was measured by 27 wells with short (15 cm)
screened intervals instrumented with capacitance water level
recorders (TruTrack, Inc., model WTDL 8000). Most of the
wells were installed to bedrock; however, about a quarter of
them were installed in the soil profile to depths where Ranken
[1974] observed sharp saturated hydraulic conductivity
contrasts. The capacitance water level recorders in the pie-
zometers were only able to detect water levels >7.5 cm from
the bottom of the well. Suction lysimeters were installed in
fours nests along a hillslope transect (Figure 1). Each nest
contained approximate 30, 70 and 90 cm depths, except site
A, where bedrock was <90 cm deep.

2.2. Tracers

[13] Two line source tracers were applied to the hillslope
immediately before a large winter rainstorm (66 mm, 49 h
duration) that began on 9 December 2002 at 21:30 [see
McGuire et al., 2007]. 20.9 g of amino G acid monopotassium
salt (AGA), a fluorescent dye [Smart and Laidlaw, 1977],
and 4.0 kg of bromide (as LiBr solution) were applied 19 and
33 m from the trench, respectively. Both tracers were mon-
itored continuously at the trench for the first 9 days of the
experiment. AGA was monitored using a field fluorometer
(10-AU, Turner Designs, Inc., Sunnyvale, CA) equipped
with along wavelength optical kit, temperature compensa-
tion, flow-through cell, and data logger. Bromide was also
measured in situ with an ion-selective electrode for Br-
(TempHion®, Instrumentation Northwest, Inc.) until 31
March 2003. Grab sampling extended the AGA break-
through for 100 days and it provided additional samples
for calibrating the Br selective electrode (N = 107, R? =
0.99). Both tracers were monitored until concentrations
during storm events were at background levels (~100 days).
Background concentrations of dissolved organic carbon can
interfere with AGA fluorescence. Maximum observed
background AGA concentrations reached about 10 ug L™
during an event in November 2002.

[14] Oxygen-18 (‘*0) samples were collected weekly at
the hillslope trench (I November 2001 to 11 February
2003), WS10 (13 February 2001 to 4 February 2003), and as
bulk precipitation (1 January 2000 to 11 February 2003).
Soil water samples from the lysimeters were collected at
time intervals between daily and weekly from 2 October
2002 until 11 February 2003. Storm samples were collected
between 2 and 4 h intervals from the hillslope and WS10 for
several storms during the fall 2002 to winter 2003 period.
Rainfall was sampled sequentially (4.4 mm increments) over
this period for '"®0 using samplers as described by Kennedy
et al. [1979]. All samples were analyzed at the USGS Stable
Isotope Laboratory in Menlo Park, California using an
automated version of the CO,—H,0 equilibration technique
of Epstein and Mayeda [1953]. The 6'0 values are reported
in per mil (%o) relative to a standard as 6 80 = (R /R, — 1) X
1000, where R, and R, are the '*0/'°0 ratios for the sample
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and standard (VSMOW), respectively. The analytical pre-
cision (o) was 0.11%o0 on the basis of submitted blind
duplicate samples.

2.3. Modeling

[15] Hydrograph separation and transit time models were
used to quantify the proportions of event and preevent water
and to estimate transit times of various runoff components
within the hillslope and catchment. The TRANSEP (transfer
function-hydrograph separation) model was used to estimate
the event water contributions and transit time distributions
[Weiler et al., 2003; Johnson et al., 2007; Lyon et al., 2008,
2009; Lyon and Troch, 2010]. TRANSEP embraces the
temporal event water signal and does not assume that rain-
fall instantaneously reach the stream (or hillslope trench). In
conventional hydrograph separation models, bulk rainfall
composition is used as the event water component, which
can influence the separation during the early portion of an
event by rain that has not yet fallen [e.g., see McDonnell et al.,
1990; Pionke et al., 1993]. Instead, TRANSEP lags event
water contributions according to an assumed transit time
distribution (TTD) and thus more realistically represents the
nature of event water contributions [Joerin et al., 2002;
Laudon et al., 2002; Renshaw et al., 2003; Weiler et al., 2003;
Lyon et al., 2008]. In this study, we used two different TTDs:
a two parallel linear reservoir model and a gamma model
depending on which model best fit the §'%0 data and had
identifiable parameters (see Weiler et al. [2003] for additional
details regarding the model).

[16] We examined the transit time of soil water within
several slope positions, hillslope runoff, and stream base
flow using a lumped parameter convolution model to
interpret observed §'30 variations [Stewart and McDonnell,
1991; Murray and Buttle, 2005; McGuire and McDonnell,
2006]. The transit time models predict output §'°0 (i.c.,
soil water, seepage, or stream flow) as a weighted sum of the
past 6'®0 input composition. The weighting function or
transit time distribution (TTD) describes the time it takes
water to travel from the ground surface to an outflow
location (soil water, seepage, or stream flow). The TTD that
gives the best fit between observed and simulated output
880 is assumed to represent the flow system [McGuire and
McDonnell, 2006].

[17] The transfer of approximately three months of
daily 6'®0 inputs into the soil was described using a TTD
representing a one-dimensional solution to the advection-
dispersion equation under volumetrically sampled conditions
for a semi-infinite medium [Kreft and Zuber, 1978; Stewart
and McDonnell, 1991]. This TTD was selected because
shallow soil water flow at this site is largely vertical [see
Harr, 1977]. The transit time model for WS10 is discussed
elsewhere [McGuire et al., 2005]; however, it generally
follows the same approach as the soil water transit time
models, except that an exponential distribution was used for
the TTD. The hillslope transit time was estimated using the
same method as WS10.

3. Results

3.1. Threshold Runoff Response

[18] A series of 18 storms were monitored during the wet-
up phase of the 20022003 winter rainy season (Table 1 and
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Table 1. Storm Characteristics for Events During the Fall 2002 to Winter 2003 Wet-Up Period

Quick
Beginning of 30 min Flow
Precipitation Gross Maximum Antecedent Antecedent M
Local Duration Precipitation® Intensity Precipitation, Precipitation,
Date Time (h) (mm) (mm/h) 14 day (mm) 30 day (mm) Hillslope WS10
Storm 1 16 Sep 2002 1810 25 23 4.1 9 0 NA NA
Storm 2 29 Sep 2002 0750 44.2 29 5.6 23 0 NA NA
Storm 3 3 Oct 2002 0910 15.5 13 3.6 29 52 NA NA
Storm 4 7 Nov 2002 1230 107.5 177 7.6 19 19 0.02 0.03
Storm 5 16 Nov 2002 1000 61.8 31 6.1 177 179 0.04 0.07
Storm 6 9 Dec 2002 2130 49.5 66 6.6 33 101 0.10 0.15
Storm 7 12 Dec 2002° 1450 94 96 6.1 85 140 NA NA
Storm 8 20 Dec 2002 0230 82.5 60 7.1 168 180 0.23 0.21
Storm 9 29 Dec 2002 2100 88.3 79 5.1 194 310 0.42 0.41
Storm 10 2 Jan 2003 0530 60.2 66 6.6 225 392 0.14 0.36
Storm 11 11 Jan 2003 0320 79.8 51 6.6 186 425 0.23 0.19
Storm 12 21 Jan 2003¢ 1100 40.2 23 8.6 51 282 0.03 0.05
Storm 13 24 Jan 2003 0150 83.8 98 6.6 74 304 0.33 0.44
Storm 14 29 Jan 2003 0710 148.3 152 8.6 121 312 0.38 0.56
Storm 15 15 Feb 2003 1100 170 140 5.1 15 282 0.16 0.25
Storm 16 5 Mar 2003 0210 307 230 7.1 81 174 0.40 0.61
Storm 17 19 Mar 2003 1330 100.2 126 4.1 247 352 0.33 0.49
Storm 18 24 Mar 2003 2000 68.8 84 7.6 173 412 0.31 0.47
Mean 0.22 0.31

aStorm events are defined as periods of major rainfall separated by at least 24 h of rainfall intensities averaging <0.1 mm/h.

Quick flow ratios (Qp/P) were determined by projecting a linear 0.55 L s ' km 2 h™! slope from the onset of storm runoff [Hewlett and Hibbert, 1967].
Q/P is shown as not applicable (NA) if the separation was not possible or if Q/P is greater than calculated channel interception for WS10.

°A complex low rainfall intensity storm and hydrograph occurred during this period.

YFrom this date onward, hillslope discharge was predicted from a regression equation using WS10 due to gauge failure.

Figure 2). Three distinct phases can be seen in Figure 2:
(1) a dry period when soil moisture was steady, (2) an inter-
mediate transition when soil moisture responds to precipi-
tation and when base flow increased at both the hillslope
and WS10, and (3) a wet period when base flow levels of
soil moisture, hillslope outflow, and WS10 discharge all
increased and maintained higher levels.

[19] Gross precipitation amounts ranged from 13 to
230 mm with 30 min maximum intensities of 9 mm h™".
During the early part of this period, several fall storm events
caused small responses in both hillslope and WS10 runoff
(storms 1 to 3). The storm runoff for these events for WS10
could be explained entirely by channel interception of storm
rainfall (i.e., on the basis of measurements of bankfull width
at 10 m intervals, 767 m?). However, a hillslope runoff
response was observed for each of these events indicating
that a small portion of the hillslope contributed to storm-
flow even though soil moisture response was negligible.
One exception to this was a <2 mm rain burst on 27 October
(Figure 2), where only WS10 responded to channel intercep-
tion inputs and hillslope runoff remained constant.

[20] Hillslope seepage was sustained throughout the dry
fall period (i.e., from 1 September to 1 November) and
constituted about 15% of the discharge on a volumetric basis
at the WS10 outlet. Hillslope contribution to WS10 volu-
metric discharge dropped dramatically after a major storm on
7 November to an average contribution of approximately 2%
of WS10 for the remainder of the study. The transition period,
beginning with storm event 4, signified the initial soil mois-
ture response on the hillslope (Figure 2) and the first event
with a determinable Q. The hillslope O was 3.5 mm and
WS10 Of was 5.3 mm. Q/P generally increased through
time after this event (Figure 3a) with total storm precipitation
explaining most of the temporal variance. Quick flow was not

produced at either the trench or catchment for rainfall
amounts less than 30 mm. Antecedent precipitation, as the
14 day cumulative precipitation prior to a storm (APy4),
did not appear to significantly influence the observed near
linear relationship between rainfall amount and hillslope
quick flow that occurred after the 30 mm threshold
(Figure 3b). The exception to this was when the AP,
was less than 20 mm, and then the values plotted below
the overall trend (Figure 3b). Otherwise, quick flow ratios
for WS10 exceeded 30% when total storm precipitation
was greater than about 65 mm. Other AP indices (e.g., 7
or 30 day) did not describe the nature of the rainfall-Qp
relationship any better than AP4.

[21] Some insight into the threshold hillslope processes
can be obtained through analysis of soil moisture dynamics
() within the hillslope. Soil moisture at 30 cm responded
relatively quickly to rainfall, reflecting a primarily vertical
infiltration wetting front. There were no apparent differences
in response times of shallow  measurements between the
three slope positions. In contrast, # measured at 100 cm in
the soil profile at all three positions exhibited marked time
lags compared trench outflow (Figure 4) and were correlated
to Qp/P (r = —0.66 to —0.70, p value < 0.04).

[22] The first storm with an observable 6 response at the
100 cm depth was event 5, which responded 1 to 19 h after
the peak of hillslope throughflow (Figures 2 and 4). How-
ever, the soil moisture sensor located at the upper site at
100 cm depth showed no response to this event, while the
midposition 100 cm depth lagged the seepage response
more than the lower site. Storm 6, which occurred on
9 December, increased WS10 base flow by more than an
order of magnitude and shifted 6 to levels that were main-
tained throughout the rest of the winter period (wet phase,
Figures 2 and 4). Thereafter, soil moisture responses at all
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Figure 2. Time series of the hydrologic conditions of the study period: (a) precipitation, (b) volumetric
water content (¢) from the lower nest of water content reflectometers, and (c) discharge from the hillslope
and catchment. The shading indicates the wetting phases during this study period: the dry period is char-
acterized by no soil moisture response, the transition period corresponds to an increase in hillslope soil
moisture and stream base flow, and the wet period represents elevated base flow conditions and approx-
imate synchronization between hillslope and stream discharge. The numbers in Figure 2¢ identify storms

that are referred to in the text and in Table 1.

sites were nearly synchronized with the hillslope peak
runoff (Figure 4). Soil moisture responses generally peaked
prior to the hillslope peak runoff by approximately 5 h. The
general order of soil moisture response for each hillslope
position began with the lower site and became more delayed
for each upslope site, which suggested that the hillslope
wetted up from the bottom (Figure 4). While saturation was
not directly observed using the soil moisture sensors at any
time during this study (i.e., # did not plateau), observed
values of 6 at 100 cm during storms between events 8 and 11
indicated soils reached near saturation. Soil moisture content
at the lowest site was generally higher compared to the
upslope positions.

[23] During the winter period when antecedent wetness
was high, soil moisture at 100 cm depth lagged rainfall
intensities (defined as the time of mass center) on average
by 0.3, 0.3, and 0.5 h for the lower, middle, and upper slope
water content reflectometers (WCRs), respectively, indicat-
ing a rapid moisture response in the lower soil profile.
Estimated vertical fluxes for the two upper WCRs (i.e., the
10 and 30 cm sensors) exceed saturated hydraulic conduc-
tivity (reported by Ranken [1974]) by approximately a factor
10 (average soil profile K, = 45 cm hh.

[24] No saturated zones were detected by any of the wells
during the study period. While our observations were lim-
ited by the number of wells we deployed (27) and the water
level recorder detection limit (7.5 cm), it is striking that
transient water tables were not observed. Thin saturated
zones (<5 cm) were periodically observed at the bedrock-

soil interface in wells located above the seep and in other
near-stream wells that were used for sampling water during
storms.

3.2. Hillslope-Catchment Runoff Hysteresis

[25] Stormflow from the hillslope and WS10 with a
determinable Ox/P were examined in sequence (commenc-
ing after the 3 month summer dry period, Figure 2) to
understand the timing of hillslope contribution and hill-
slope-stream coupling through the wet-up period. Figure 5
shows the temporal dynamics of hillslope and stream cou-
pling during our study period. During the first event with a
measurable Qx/P (storm 4), the hillslope and stream were
synchronized through the entire 3 day storm event, which
had low Qg/P values of 2 and 3% for the hillslope and
WSI10, respectively. Four days later, another storm occurred
approximately doubling Qx/P, during which the hillslope
discharge led the WS10 hydrograph revealing a hysteretic
relationship between the two runoff responses. This effect
became more pronounced during storm 6 when Qx/P was 10
and 15% for the hillslope and WS10, respectively.

[26] The hillslope and WS10 were completely synchro-
nized and contributed equal unit area discharge to the storm
hydrograph throughout storm 8 (Figure 5). Interestingly,
during storm 9, the hysteresis pattern reversed. This occurred
when Qp/P was at the highest observed value for the hill-
slope and again doubled Q/P of the previous storm event
(see Table 1). Also during this period, the time lag between
peak soil moisture response and hillslope discharge was
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for Ox/P = 0.05 and 0.6. A linear fit (dashed line) to storms with AP4 > 20 mm with a slope 0.58 is
shown in Figures 3b and 3c.

T T
2 < 1
S 2 167
g9 ]
= = 4
3 «© 15 ]
oo I 1
} }
T T
(e]
= iy
Q£ / @
= == = - Q.
2 k] 20 e . ko)
g 8 .\ ;o) %
\ =
Q /
E o 105, / ] ] g
S O ™~ . 2
° 3 / TSN ! /ia‘ <
&5 o V'S AR
TR == 7 I\ — A
E 5 LN Q‘ o ﬁ,,,f,ré‘// g,g—., — M0 o - =—n o
22 R g
o © -10f \D/ o 4] 3
g o 2
[ORNS =
S -o- °
= g -20H kﬂow 1] 2
° id g
—-A— Upper observation depth =100 cm| y o
T 1 1 1

_30 L L L
Nov 15 Nov30 Deci15 Dec30 Jan14 Jan29 Feb 13 Feb28

Figure 4. (a) Quick flow ratios for storms 5—16 observed at the hillslope trench and (b) soil moisture time
lags compared to the hillslope runoff measured at the trench. Soil moisture measurements were recorded
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upper (triangles) slope positions representing 15, 20, and 25 m from the slope base, respectively. Soil mois-
ture time lags >0 indicate peak responses affer the peak of the outflow measured at the trench downslope,
and time lags <0 indicate peak responses before the peak of the hillslope outflow.
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greatest (soil moisture responses peaked 5 to 10 h prior to
the discharge peak) (Figure 4). Of/P for WS10 decreased
slightly for the next storm (storm 10) to 36% and the hill-
slope-WS10 discharge pattern remained anticlockwise. As
QOr/P decreased back to values similar to storm 8, the rela-
tionship began to approach the clockwise hysteresis pattern
again (storm 11). Comparison between the hillslope and
WS10 was not possible after storm 11, since the hillslope
runoff gauge failed after that storm.

3.3. Hillslope Tracer Response

[27] We applied tracers 19 and 33 m from the trench to
test the degree of connectivity between the hillslope and
stream as suggested by the hydrometrics and determine
potential mode of transport (matrix or preferential flow)

Q[mmh™]

0.25

in our hillslope soils [McGuire et al., 2007]. Tracers were
applied prior to a major rainfall event that began on 9
December 2002 at 21:30 (defines the start of the experiment
and ¢ = 0 for the timing of tracer and soil moisture response).
Tracer breakthrough was extremely rapid and almost iden-
tical for both tracers even though Br was applied 14 m
farther upslope than AGA (Figure 6). Tracer concentrations
peaked 40.4 and 40.3 h after the start of rainfall, for AGA
and Br, while the time of midrise on the breakthrough
curve was 37.3 and 38.4 h for AGA and Br, respectively.
Peak soil moisture from the two lower slope positions and
peak hillslope throughflow all occurred 38.8 h from ¢ = 0,
while peak soil moisture from the upper site coincided with
the peak breakthrough concentrations (40.2 h). This suggests
that a continuous hydrologic connection of near-saturated
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Br~ [mg/L]
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o o
Amino G [ug/L]

—_
o

0
Dec 10 Dec 12

Dec 14

Dec 16 Dec 18

Figure 6. (a) Hillslope rainfall and runoff measured by the throughflow trench. (b) Tracer breakthrough
curves of bromide (Br ) and amino G acid (AGA), which were applied as line source additions 33 and
19 m, respectively, from the hillslope throughflow trench.
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Figure 7. TRANSEP isotope hydrograph separations for storm 5 for (left) WS10 and (right) the hill-
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ute to stormflow [see Weiler et al., 2003]. Note that both sites received the same precipitation isotopic
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region.

soils occurred on the lower 25 m of hillslope at ~40 h during
this storm. In addition, the response times indicate that
subsurface flow velocities were between 0.47 to 0.51 m h™'
and 0.82 to 0.86 m h™' for the AGA and Br , respectively,
and are thus capable of transporting water over at least this
slope distance.

[28] During the first 10 days of the experiment, both AGA
and Br concentrations were high and responsive to rainfall
with smoother Br concentrations indicating greater dis-
persion of the line source applied further upslope compared
to the AGA tracer applied lower on the slope (Figure 6).
After this period, the concentrations began to slowly recede.
Overall, 19 and 53% of the applied tracer mass was
recovered for AGA and Br , respectively, after 100 days of
monitoring when tracers reached background levels. Due to
difficulties in quantifying background concentrations [see
Smart and Laidlaw, 1977], the AGA recovery is uncertain
and likely overestimated. Nevertheless, this does not affect
the finding of coincident breakthrough, since AGA con-
centrations were at least 4 times greater than potential
background concentration estimates at the peak break-
through time.

3.4. Event Water Contributions

[29] The fraction of event water comprising the hydro-
graph at peak flow was generally less than 30% (Table 2).
On the basis of only two storms, the fraction of event water
decreased with larger stormflow contribution (i.e., Q/P) for
both the hillslope and stream (Table 2). The rainfall isotopic
composition varied significantly through the storm periods
(Figure 7), which led to high uncertainties [ Genereux, 1998]
using conventional isotope hydrograph separation methods
[Sklash, 1990; Buttle, 1994]. For that reason, and to extract
more information from the isotope record of these storms,
the TRANSEP modeling approach was used. In the example
TRANSEP simulation shown in Figure 7, it is clear that the
hillslope and catchment responded differently to the same
8'80 rainfall input. The hillslope tracer response was lagged
and considerably damped compared to the stream signal
even though the hillslope runoff recessions decreased more
rapidly. Generally, event water contributions were lower at
the hillslope compared to WS10 (Table 2). Figure 8 shows
the event water transit time distributions (TTDs) for two
hillslope storms (events 5 and 8) and three WS10 storms
(events 4, 5, and 8). These were obtained by a fitting pro-
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Table 2. Isotope Hydrograph Separation Results
Number of Peak Flow  Mean Event Mean
Runoff Event Water Water Model Absolute Error
Storm Date  Model* 6'%0 Samples MTT® (h) (%) (%) Efficiency® (%o)
Hillslope
Storm 5 16 Nov Gamma 14 15 13 22 0.85 0.04
Storm 8 20 Dec  TPLR 38 14 9 6 0.48 0.18
WS10
Storm 4 7 Nov TPLR 50 28 11 11 0.78 0.13
Storm 5 16 Nov Gamma 13 8 34 27 0.90 0.07
Storm 8 20 Dec  TPLR 40 34 15 10 0.50 0.16

*Event water transit times were estimated using the TRANSEP model [Weiler et al. 2003].
"Mean transit time (MTT) is calculated numerically from a multiparameter transfer function.

“Nash-Sutcliffe efficiency [Nash and Sutcliffe, 1970].

cedure; goodness-of-fit statistics are shown in Table 2 along
with the estimated mean transit times (MTT) of event water.
Estimated MTTs ranged from 8 to 34 h. Hillslope event
water contribution was lagged considerably compared to
WS10 for storm 5 (Figures 7 and 8), with slightly lower
event water proportions (22 and 27% for hillslope and
WS10 mean event water contribution, respectively).

3.5. Soil Water, Hillslope Runoff, and Catchment
Transit Times

[30] Event water percentages represented a minor portion
(<30%) of the overall runoff. Thus, the origin of the pre-
event water fraction, which dominates the hydrograph
during wet and dry conditions, is of greater interest for
understanding how hillslopes are linked to their streams.
Figure 9 illustrates an example data set and simulation for one
of the suction lysimeters (D70). The marked rainfall and soil
water '®O depletion that occurred during mid-December
(Figure 9) allowed for high modeling efficiencies (Table 3).
The soil water MTTs are conservatively high estimates, since
the time associated with each sample was the end of the
collection period, which would tend to attenuate the §'%0
signal of preferential flow that may have been collected in
the suction lysimeters. The TTDs for each lysimeter are
shown in Figure 10. Estimated mean transit times for shal-
low soils (30 cm) were approximately 13 days, while deeper
soils (70 and 90 cm) were 22 days. Dispersion was inversely
correlated to lysimeter depth (Figure 10 and Table 3) (r =
—0.73, p value = 0.011) and MTT estimates were positively
correlated to lysimeter depth (r = 0.87, p value = 0.001), but
there was little correlation with lysimeter slope distance or
distance to the stream (r = 0.45, p value = 0.177). The
estimated MTTs were slightly less than turnover times cal-
culated from a water balance. Total rainfall over the
lysimeter collection period (~90 days) was about 900 mm
and the average water content for the upper meter of soil was
about 33% (storage ~ 300 mm). Therefore, assuming steady
state conditions, the turnover time for 90 cm of soil would
be approximately 30 days (90 days/[900 mm/300 mm] =
30 days). MTTs determined from the isotope analysis seem
reasonable, but indicate some contribution of more rapid
pathways than the water balance estimate might suggest.
Both estimates imply that more than 2 pore volumes were
replaced within the soil over our study period and suggest
that most of the soil water was mobile.

[31] Catchment and hillslope water transit times were
significantly longer than soil water MTTs. MTTs estimated

for WS10 and the hillslope were 1.2 and 1.8 years,
respectively (Table 3). Exponential TTDs were assumed to
represent the spatial integration of flow paths at the catch-
ment and hillslope scales. These values were determined
from models representing nonstorm conditions and thus,
largely reflect base flow conditions. Transit times estimated
for WS10 and other basins in the HJA showed no correla-
tion to catchment area, but were strongly correlated to
median flow path length and gradient determined from
topographic analyses, indicating the importance of hillslope
contributing areas (for detailed discussion of these data, see
McGuire et al. [2005]). While the estimated MTT for the
hillslope was 0.6 years longer than its catchment (WS10),
parameter uncertainty (Table 3) suggests that the values are
indistinguishable, especially considering that about 35%
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Figure 8. Event water transit time distributions for storms
4, 5, and 8 for (a) the hillslope and (b) the catchment.
Mean event water percentage are shown for each storm
(see Table 2).
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Figure 9. (a) Daily rainfall and (b) an example 6'0 simulation for lysimeter D70 modeled using a one-
dimensional advection-dispersion model. The mean transit time (7,,) for this simulation is 19 (+3.1) days
with a Peclet number, Pe, (1/D,) of 7.1 (£0.27) (i.e., a fitting parameter describing ratio of advective to
dispersive time scales). The Nash-Sutcliffe efficiency [Nash and Sutcliffe, 1970], E, is 0.92. The ana-
lytical precision of §'*O (0.11%o) is less than the size of the plotted circle for soil water §'*O.

fewer samples were collected from the hillslope compared to
WS10 (i.e., hillslope sample collection began later in study).

4. Discussion

[32] We have described factors that control hydrologically
the connection between hillslopes and streams. Previously,
much of the difficulty in deciphering hillslope response in
the stream is due to the riparian zone modulation of these
inputs. Our use of watershed 10 at the H. J. Andrews
Experimental Forest enabled a natural experimental design
that provided an explicit and unambiguous hillslope hydro-
logic signal to the stream channel. Our approach using
combined hydrometric, stable isotope, applied tracer and
computed transit times allowed to decipher the physical
controls on runoff generation and hillslope-stream connec-
tivity on this hillslope.

[33] We reject hypothesis 1 that the hillslope runoff is
linearly related to the catchment runoff. Our results showed
clearly there are hysteretic effects that dominate hillslope-
stream connectivity at our site. In addition, a threshold
response between precipitation and stormflow was observed
for both the hillslope and catchment. We also reject
hypothesis 2 that hillslopes are not capable of transporting
solutes (tracer) to the stream from upslope areas over the
time scale of a storm event. Our measured subsurface
velocities were between about 0.5 and 0.8 m h™' and show
clearly, transport over significant length scales (>80 m) that
occur over the time scales of typical events (e.g., 100 h). We
reject hypothesis 3 that event water contributions are similar
for the hillslope and catchment. Hillslope event water ratios
were consistently less than catchment values and mean

transit times were different between the hillslope and
catchment with no apparent patterns in their magnitude.
Finally, we reject hypothesis 4 that hillslope transit time
increases downslope and is similar to the stream when it
reaches the slope base. Transit times in the soil varied only
with depth vertically in the profile, on the order of 15 to
25 days. Measured transit times for flow at hillslope and at
the catchment outlet were on the order of 1-2 years, sug-
gesting deep flow contributions. Below we explore the how
these findings relate to past work at our site, help to describe
the nature and extent of hydrologic connectivity at our site,
and result in a new conceptual model for hillslope-stream
connectivity based on transit times.

4.1. Nonlinear Hillslope Contributions: An Update
to Harr [1977]

[34] The nature of hillslope runoff initiation was not
studied by Harr [1977], since field observations were made
during only winter conditions when the hillslopes were
already producing runoff. Harr [1977] focused on the hydro-
metric characterization of subsurface stormflow in WS10
during wet winter conditions. The major findings from that
study that relate to this work were (1) subsurface saturated
areas expanded upslope and generally persisted over the
lower 12-15 m of the hillslope, (2) transient saturation
occurred at midslope to upslope locations at the soil-saprolite
interface (persisted for <20 h), (3) subsurface fluxes in these
saturated zones were high (i.e., 10-25 cm h™') in midslope
to upslope locations if connected to the more permanently
saturated zones at the based of the slope, (4) unsaturated
flow dominated over all but the lower 12—15 m of the hill-
slope with water flux directed more laterally downslope
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Table 3. Mean Transit Times for Soil Water and Base Flow at the
Hillslope and Catchment Scales

Mean
Absolute
Sampler Model Error
Identification® Model® MTT*® Dt,,d Efficiency®  (%o)
Soil Water®

A30-1 DM 14 (#4.6) 0.24 (£0.17) 0.85 0.71

A30-1 DM 14 (#6.6) 0.29 (+£0.31) 0.80 0.83

A32 DM 10 (#2.8) 0.18 (+£0.10) 0.86 0.86

A34 DM 12 (£3.0) 0.19 (x0.11) 0.86 0.81

A70 DM 22 (£3.3) 0.08 (£0.07) 0.89 0.63

B30 DM 12 (#3.2) 0.17 (£0.10) 0.83 0.82

B70 DM 24 (#1.8) 0.03 (+£0.01) 0.80 0.88

B95 DM 20 (£2.2) 0.08 (£0.04) 0.94 0.43
C30¢ - - - - -

D30 DM 16 (£2.2) 0.08 (£0.04) 0.93 0.46

D70 DM 19 (#3.1) 0.14 (£0.07) 0.92 0.45

D92 DM 25 (£2.8)  0.03 (£0.02) 0.72 0.57

Base Flow
Hillslope EM 1.8 (£0.43) 0.67 0.08
ws1o" EM 1.2 (£0.29) 0.49 0.15

ISampler identification, designated as A, B, D, and D for lower,
midlower, midupper, and upper relative slope positions (see Figure 1)
with sampling depth (cm) indicated by the number (e.g., A32 = lower slope
position at 32 cm depth).

DM, dispersion model of transit times; EM, exponential model of transit
times.

“Mean transit time (MTT) in months or years for soil water and base flow,
respectively. Values in parentheses indicate 207, as an approximation of
the 95% confidence limit.

9Dispersion parameter (D,,) for soil water. Values in parentheses indicate
+20,, as an approximation of the 95% confidence limit.

“Nash-Sutcliffe efficiency [Nash and Sutcliffe, 1970].

‘Based on the approach of Stewart and McDonnell [1991].

€No suitable model was found to fit the data.

"From McGuire et al. [2005].

during storms and vertically between storms, and (5) stream-
flow responded to rainfall inputs prior to hillslope response.

[35] More recent studies on steep hillslopes elsewhere
have also shown the importance of unsaturated flow
[McDonnell, 1990; Wilson et al., 1991; Torres et al., 1998],
the perching of transient saturated zones at soil-bedrock or
saprolite interfaces [Hammermeister et al., 1982; Woods
and Rowe, 1996; Freer et al., 2002; Buttle, 1994], and the
modulation of subsurface water fluxes between vertical and
lateral directions between and during storms, respectively
[Hoover, 1985; Jackson, 1992].

[36] Even though saturation (>7.5 cm) in the soil profile
was not directly measured in our study, it was periodically
observed during wet conditions (Figure 2) in nonrecording
wells and suggested by the high soil water content measured
at 100 cm depth. Maximum saturated thickness observed by
Harr (HJA LTER program and Forest Science Data Bank-
HFO1, unpublished data, 1975) and van Verseveld [2007]
never exceeded 25 cm in the soil profile during similar
types of events, indicating only thin zones of saturation
developed during wet, storm conditions in these very high
drainable porosity soils. The location of saturation devel-
opment occurred over the low hydraulic conductivity sap-
rolite or bedrock [Ranken, 1974; Harr, 1977].

[37] In our study, we measured hillslope runoff from dry
to wet conditions and found a threshold rainfall amount was
necessary to initiate hillslope runoff and thus establish a
hillslope-stream connection. While rainfall events of less

W10543

than 30 mm generated some streamflow in WS10, those
events did not generate significant subsurface stormflow at
the trenched hillslope. Instead events <30 mm that occurred
through the fall period, contributed to soil water recharge
reducing soil water deficits. Threshold stormflow effects
that occur after about 20 mm rainfall have been also
observed in other humid Pacific Rim studies [Mosley, 1979;
Sidle et al., 1995; Tani, 1997] and elsewhere [Whipkey,
1965; Peters et al., 1995; Buttle et al., 2004]. In our
work, like many of the other published studies, antecedent
wetness appears to play a secondary role in terms of this
threshold rainfall amount. Our antecedent wetness control
appears to be at the seasonal time scale, linked to the broad
wet then dry season dynamics.

[38] The striking hysteresis patterns between hillslope and
catchment runoff reveal greater complexity in how hillslope
runoff contributes to streams than was suggested by Harr
[1977]. Harr and other investigators [e.g., Weyman, 1970,
1973; Turton et al., 1992; McGlynn et al., 2004] have found
that hillslope runoff is often delayed compared to stream-
flow. This might suggest that hillslope subsurface flow results
from transient saturated conditions that develop after soil
moisture deficits are filled causing the peak of hillslope
runoff to follow that of the stream. Our results show a more
complex interaction between the hillslope and catchment
runoff through a range of high-frequency changes in ante-
cedent conditions. During the transition phase (Figures 2
and 5), the hillslope leads the WS10 hydrograph and con-
tributes a greater proportion of flow on the rising limb of the
WS10 hydrograph. As antecedent wetness increases, the
hysteresis pattern is reversed (Figure 5). While some studies
have shown that hillslope runoff can peak prior to stream-
flow [Peters et al., 1995; Kim et al., 2004] and others have
shown that hillslope runoff peak at the time of peak stream-
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Figure 10. Soil water transit time distributions for sites A
(lower slope), B (middle slope), and D (upper slope) for three
different soil depths (a) 30-34, (b) 70, and (c) 92-95 cm.
Additional details are given in Table 3.
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flow [Mosley, 1979] or after peak streamflow [Kendall et al.,
1999], no study that we are aware of shows hillslope-
streamflow hysteresis patterns that change direction over
time.

[39] Our observations are consistent with the hydro-
geomorphic model of Sidle et al. [2000], where during wet
conditions, subsurface flow expands over greater slope
distances, preferential flow commences (see discussion
below), and moisture deficits are differentially exceeded in
various hillslopes within the catchment [cf. Jencso et al.,
2009]. Buttle et al. [2004] and Tromp-van Meerveld and
McDonnell [2006b] demonstrated recently that differential
rates of filling of bedrock detention storage exert a nonlinear
control on hillslope runoff contribution. Their work and our
observed 30 mm threshold for hillslope subsurface flow
initiation would suggest that the hysteresis loop reversal
may be due to differential storage effects in other hillslopes
that produce more rapid contributions compared to the
gauged slope. We cannot confirm or refute the bedrock
detention storage hypothesis; however, other processes such
as bedrock exfiltration or enhanced connectivity of upslope
regions that may lag in their contribution to the slope base
(e.g., after networks are established [Lehmann et al., 2007])
may also explain the observed hysteretic pattern between the
hillslope and catchment runoff. Moreover, similar processes
may explain the threshold response between precipitation
and quick flow at the catchment outlet.

4.2. Nature and Extent of Hillslope-Stream
Connections

[40] The nature and extent of hillslope and stream con-
nectivity evolves through time as shallow processes become
activated with increasing wetness and storm size. The
importance of hillslope contributions to stream networks is
often neglected during low-flow conditions when potential
hillslope contributions are masked by the near-stream stor-
age of groundwater. Our results indicate that hillslope
contributions to the stream can be significant as shown by
the large volumetric flow contribution of a single hillslope
during the dry period (i.e., 15% of the total WS10 dis-
charge). Localized seepage areas, such as this, would not be
seen in most catchments due to the presence of near-stream
storage zones, which were removed in WS10 by debris
flows, exposing hillslope seepage areas. These seepage
areas may be important for hyporheic processes [Battin,
1999; Bencala, 2000] and biogeochemical transformations
that occur at the terrestrial-aquatic interface [Cirmo and
McDonnell, 1997].

[41] After the catchment wet-up occurred, the hillslope
contribution to the stream represented 2% of the total WS10
discharge, similar to the ratio of the hillslope drainage area
to WS10 catchment area, and thus, a near 1:1 specific dis-
charge relationship (see Figure 5). During wet periods,
connectivity within the hillslope increased as the saturated
zone expanded upward from the base of the slope at the soil-
saprolite interface. At this interface, soil moisture remained
near saturation (~85%) [Ranken, 1974] and consequently,
was more easily converted to saturated conditions compared
to shallower soil (30—70 cm), which might have been between
50 and 70% of saturation. Soil moisture responses at this
depth were extremely rapid, as indicated by the 0.3 to 0.5 h
response time of our 100 cm water content reflectometers.
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[42] Studies on hillslopes with similarly high permeability
and porosity soils that largely remain unsaturated, have
suggested that rainfall intensities on relatively wet soils can
produce pressure waves that cause rapid moisture response
in the unsaturated zone [Torres et al., 1998]. While soil
moisture lag time estimates calculated from the centroid of
rainfall inputs simplifies the convoluted pressure response to
the rainfall intensity distribution, it does suggest rapid soil
moisture changes occur at depth in the soil profile within the
lower portion of the hillslope. The precise mechanism
delivering water to this depth remains unclear. A pressure
wave translation to depth augmenting soil moisture response
cannot be rejected [see Torres, 2002]. On the other hand, the
rapid Br breakthrough and the observed coincident soil
moisture response suggest advective preferential flow
transport is most plausible. Opportunities for solute trans-
port from remote regions of the catchment seem feasible and
increase over the time course of an event as transient satu-
rated areas connect.

[43] Subsurface flow pore water velocities determined
from our tracer experiment were similar to values observed
by Tsuboyama et al. [1994] and Sidle et al. [1995] (0.508 m
h™") for plot-scale C1™ additions over a range of antecedent
wetness conditions and application rates. Anderson et al.
[1997] observed rather high velocities (3.6 m h™') of Br~
that was transported through saturated subsoils and bedrock.
However, they did not observe any preferential flow through
unsaturated soils and suggested a plug flow mechanism for
soil water transport. Harr [1977] estimated that saturated
zone Darcy fluxes directed entirely downslope could be
between 0.1 and 0.25 m h™" if midslope to upslope saturated
areas along the subsoil contact were continuous and
connected. Assuming 6 is about 0.55 for saturated soils,
pore water velocities would approximate velocities deter-
mined by our tracer breakthrough curves. This suggests that
either contiguous saturated conditions existed between the
tracer application and the trench and/or that preferential flow
within predominantly unsaturated soils delivered tracer to
the trench.

[44] Nevertheless, new water contributions from the hill-
slope and rapid tracer breakthrough observed at the slope
base from the applied tracer experiment demonstrate that
these hillslopes become hydrologically connected and con-
tribute runoff from significant distances upslope. This is
particularly striking since our experimental hillslope is
unambiguously planar.

4.3. Transit Time as a Dynamic Connectivity Concept

[45] The runoff response from WS10 is extremely rapid
and appears to be among the highest quick flow ratios
reported in the literature [Hewlett and Hibbert, 1967; Harr,
1977; McGlynn et al., 2002]. Yet, stormflow is dominated
by preevent water with an average transit time exceeding
1 year (assuming that base flow was the a major contributor
to preevent water). These observations are at the core of
Kirchner’s [2003] old water paradox, where catchments
promptly respond to rainfall events, but yield old water. Our
results suggest that there are multiple sources of this “old”
water, each with their own respective age distribution. For
example, soil water transit times in the unsaturated zone
were much younger (10-25 days) than base flow transit
time (>1 year), but older than sources activated during storms,
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times contributing to runoff through three wetness phases. The hillslope is represented by a soil layer (S),
a subsoil layer (SS) (weathered bedrock), and bedrock (BR) and shows hypothesized flow pathways dur-
ing three different antecedent wetness stages (dry, transitional, and wet). Residence time components

change under different wetness conditions and are

illustrated by the conceptual reservoirs denoted with

mean transit times; ;, and 6,,, designate tracer input and output signals, and the parameters « and 3 indi-
cate the proportions of event water and deep subsurface water, respectively. Note that the illustrations are

not drawn to scale.

which were reflected by the breakthrough of applied tracers
and mean event water transit times (<30 h). We have devel-
oped a new conceptual model that illustrates how changes in
hydrologic connectivity correspond to changes in the domi-
nant source of water and hence dynamically control the water
transit time discharging to the stream (Figure 11).

[46] The soil water TTDs show no evidence of downslope
aging (consistent with Asano et al. [2002] and contrary to
Stewart and McDonnell [1991]) and indicate a gradual
vertical movement of water through upper soils between
storms, which effectively “prime” the system with preevent
water that is relatively young compared to bedrock seepage
(Figures 11a, middle and 11b, middle). Soil water can then
contribute to runoff through vertical and lateral preferential
flow, as evidenced by the Br tracer experiment, and
through the expanding saturated zone development during
storms that tends to occur at major hydraulic conductivity
contrasts (e.g., saprolite interface) (Figures 11a, middle and
11b, bottom). The latter soil water contribution process will

14

likely cause mixing with stored soil water and subsequently
change the composition of lateral flow emulating older
water [cf. McDonnell, 1990]. This effect would lessen over
time as soil pore volumes are flushed multiple times yield-
ing a more constant younger water source. Transit time
estimates by McGuire et al. [2007] based on a simulation
model that included dynamic interaction between the
unsaturated and saturated zones representing largely inter-
flow during events were between 54 and 69 days for the
entire hillslope. These estimates are much younger than the
isotope based estimates for base flow and suggest that soil
water is a more dominant contribution to runoff that might
be expected to increase as catchment wetness increases. This
suggests that the shallow reservoir in Figures 11a (bottom)
and 11b (bottom) is the primary control on transit time
during wet periods or events.

[47] Estimated event water transit time distributions
indicated a rapid response from preferential flow processes
compared to the transit time distributions during drier con-
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ditions, which were delayed due to transport through
unsaturated soils (Figure 7). This suggests that the transit
time of event water contributions likely vary over time even
though evidence from only a few storms was presented in
this study. The breakthrough of applied tracer also indicates
that event water contributes from considerable upslope
distances, which provides hillslope runoff to streamflow at
the time scale of a storm event.

[48] While, the integration of transit time distributions
from each of these sources would likely reveal a similar
distribution as introduced by Kirchner et al. [2001], where
runoff contains short-term responsive behavior and simul-
taneous long-term persistence or memory to past inputs, it is
unclear how each of these sources with their respective
transit time distributions are aggregated to produce the
characteristic hillslope- or catchment-scale transit time dis-
tributions (i.e., how the values for parameters « and ( in
Figures 11a (bottom) and 11b (bottom) vary).

5. Concluding Remarks

[49] We examined the temporal dynamics of hillslope and
catchment runoff responses using combined hydrometric,
isotopic, and applied tracer approaches. We found that the
hillslope runoff is nonlinearly related to the catchment
runoff, hillslopes are capable of transporting solutes (tracer)
to the stream from upslope areas over the time scale of a
storm event, event water contributions are smaller for the
hillslope than the catchment, and hillslope transit times can
be longer than the catchment average. The nonlinear
evolving relationship between hillslope runoff and stream-
flow through a wet-up period was controlled by moisture
thresholds and expansion of saturated areas upslope. Satu-
rated area expansion within a thin zone above weathered
bedrock was inferred through soil moisture patterns, applied
tracer breakthrough, large quick flow ratios, and previous
studies at this site. Event water transit time distributions and
rapid breakthrough from an applied upslope tracer addition,
demonstrated that contributing areas extend far upslope
during events. Despite these rapid transport processes and
some contribution of event water from upslope regions, we
found soil water and runoff mean transit times that were
greater that the time scale of storm events. Soil water mean
transit times exhibited no evidence of downslope aging and
were between 10 and 25 days for shallow and deep soil,
respectively. On the other hand, transit times of runoff from
the hillslope and the catchment during nonstorm conditions
were similarly between 1 and 2 years old. Our new dynamic
conceptual model is based on variable physical flow path-
ways and transit times through changing antecedent wetness
conditions—suggesting the importance of considering length
and time scales in hydrologic connectivity studies.
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