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[1] The relationship between catchment structure and runoff characteristics is poorly
understood. In steep headwater catchments with shallow soils the accumulation of
hillslope area (upslope accumulated area (UAA)) is a hypothesized first-order control on
the distribution of soil water and groundwater. Hillslope-riparian water table connectivity
represents the linkage between the dominant catchment landscape elements (hillslopes and
riparian zones) and the channel network.. Hydrologic connectivity between hillslope-
riparian-stteam (RRS) landscape elements is heterogeneous in space and often temporally
transient. We sought to test the relationship between UAAand -the existence and longevity
of HRS shallow groundwater connectivity: We quantified water table connectivity based
on 84 recording wells distributed across 24 HRS transects within the Tenderfoot Creek
Experimental Forest (U.S. Forest Service), northern Rocky Mountains, Montana.
Correlations were observed between the longevity' ofHRS water table connectivity and the
size of each transect's UAA (r? = 0.91). We applied this relationship to the entire stream
network to quantify landscape-scale connectivity through time and ascertai. its
relationship to catchment-scale runoff dynamics. We found that the shape of the estimated
annual landscape connectivity duration curve was highly related to the catchment flow
duration curve (r? = 0.95). This research suggests internal catchment landscape structure
(topography and topology) as a first-order control on runoff source area and whole

catchment response characteristics.
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1. Introduction

[2] Transferring plot and reach-scale hydrologic under-
standing to the catchment scale and elucidating the link
between catchment structure and runoff response remains a
challenge. En route to addressing this dilemma many recent
advances in catchment hydrology have focused on the

discretization, function, and connection of catchment land-.

scape elements according to their topographic [Welschet al.,
2001; Seibert and McGlynn, 2007], hydtologic [McGlynn et
al., 2004], and hydtochemical [Covino and McGlynn, 2007]
attributes. In steep mountain catchments with relatively
uniform soil depths and organized drainages, dominant
landscape elements can often be reduced. to hillslope,
riparian, and stream zones. Hydtologic connections between
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hillslope-riparian-stream (HRS) zones occur when water
table contlnuny develops across their intetfaces and stream-
flow is present.

[3] Development of water table connect|V|ty between
riparian and hillslope zones has been associated with
threshold behavior in catchment-scale runoff production
[Devito et al.,, 1996; Sidle et al., 2000; Buttle et al,,
2004], mechanisms of rapid delivery of pre-event water
[McGlynn et al., 2002; McGlynn and McDonnell, 2003b],
dissolved carbon dynamics [McGlynn and McDonnell,
2003a] and nutrient transport [Creed et al., 1996; Vidon
and Hill, 2004], at various timescales. ldentifying the spatial
and temporal hydrologic connectivity of runoff source areas
within a catchment is an impottant step in understanding
how landscape level hydrologic dynamics lead to whole
catchment hydrologic and solute response.

. [4] ulnforested mountain landscapes hillslopes comprise
the major landscape element.. Hillslope soils are often
shallow and located on moderate to steep slopes. Hillslopes
typically have relatively low antecedent wetness due to their
steep slopes and well drained soils. During periods of high
wetness hillslope soils can be highly transmissive and
contribute significant quantities of water to near stream
areas and the stream network [Peters et al., 1995; McGlynn
and McDonnell, 2003b]. This hydrologic connectivity is
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requisite for the flushing of solutes and nutrients downslope
through the riparian zone to the stream [Creed et al., 1996;
Buttle et al., 2001; Stieglitz et al., 2003].

[5] Ripatian zones (near stream areas) are located be-
tween the hillslope and stream interfaces, in topographic
~lows, often at the base of organized hillslope drainages and
can remain at or near saturation with minor to modest water
table fluctuations in the upper soil profile. Charactetistics of
riparian zones often include anoxic conditions, high organic
matter content, and low hydtaulic conductivity associated
with the predominance of organic, silt and clay sized
particles. These charactecistics lead to potential buffering
of hillslope inputs of water [McGlynn et al., 1999; McGlynn
and Seibert, 2003] and nutrients [Burt et al., 1999; Hill,

2000; Carlyle and Hill, 2001; McGlynn and McDonnell,

2003a] to streams.

[6] At the plot scale, it has been shown that hillslope and
. ripatian elements can exhibit independent water table dy-
namics, characteristic of each landscape element [Seibert et
al., 2003; Ocampo et al., 2006]. These investigations
demonstrated that the steady state assumption of uniform
groundwater rise and fall across the landscape is often
unrealistic. Timing differences between hillslope and ripar-

ian water table dynamics were attributed to different ante-
cedent soil moistute deficits and drainage charactexistics.

[71 Research at the catchment scale has also cited water
table connectivity between ripatian and.hillslope landscape
elements as a first-order conttol - on solute and runoff
response. McGlynn et al. [2004] related ripatian water table
dynamics, hillslope runoff contributions, and total runoff in
five nested catchments to landscape topography and the
organization of hillslope and ripatian landscape -elements.

Increasing synchronicity of runoff and solute response
across scales was attributed to increasing antecedent wet-
ness, event size, and the resulting
hillslope landscape hydrologic connectivity.

[8] These previous studies highlight the importance of
HRS connectivity for the explanation and prediction of
hydtologic response. However, they lacked either spatial

or temporal coverage, thus providing little insight into
spatiotemporal upland to stream connectivity and its con-
trolling variables. A framework combining high-frequency,
spatially distributed, source area connectivity observations

along with a metric of their important hydio geomorphic .

attributes is needed to link internal source area response to
runoff dynamics as measured at the catchment outlet.

[9] In steep mountain catchments topographic conver-
gence and divergence and the accumulation of contributing
area are considered impottant hydto geomorphic conttols on
the conductance of subsutface water from hillslopes to
ripatian and stream zones [Freeze, 1972]. Many of the
formative hillslope hydtology studies [Hewlett and Hibbert,
1967; Dunne and Black, 1970; Harr, 1977; Anderson and
Burt, ~-1918; Beven, 1978] ebserved increased subsurface...
water accumulation in areas with topographically conver-
gent hillslopes and higher upslope accumulated area (UAA).
Upslope accumulated area is the area of land draining to a
patticular point in the landscape and has also been referred
to as local contributing area. While topographically conver-
gent areas often - exhibit higher UAA, the same UAA
magnitude is possible with arange of upslope morphologies
or shapes (degrees of convergence and divergence).
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[10] We sought to investigate the hydrogeomorphic con-
trols on HRS hydrologic connectivity, their spatial and
temporal distributions, and their implications for catch-
ment-scale runoff generation. We combined digital elevation
model (DEM) based terrain analyses with high-frequency
water table measurements across 24 HRS transitions at
catchient scales ranging from 0.4 to 17.2 ki to address
the following questions: (1) Does the size of hillslope UAA.
explain the development and persistence ofHRS water table
connectivity? (2) Can topographic analysis be implemented
to scale observed transect HRS hydtologic connections to
the stream network and catchment scales? (3) How do
spatial patterns and frequency of landscape hydrologic
connectivity relate to catchment runoff dynamics? We pres-
ent a framework for quantifying the spatial distribution of
runoff source areas and exploring the spatially explicit links
between source area connectivity and runoff generation .

2. SiteDescription

[11] This study was conducted in the Tendetfoot Creek
Expetimental Forest (TCEF) (lat. 46.55'N, long. 110.52'W),
located in the Little Belt Mountains of the Lewis and Clark
National Forest in Centtal Montana (Figure 1). The research
area consists of seven gauged catchments that form the
headwaters of Tendecfoot Creek (22.8 kat'), which drains
into the Smith River, a tributary' of the Missouti. River.

[12] The climate of the Little Belt Mountains is continen-
tal with occasional Pacific matitime influence along the
Continental Divide. Anaual precipitation averages 840 mm.
Monthly precipitation generally peaks in December or
January (100 to 120 mm.per month) and declines to a late
July through October dry pexiod (45 t0 55 mm.per month).
Approximately 75 % of the annual precipitation falls during
November through May, predominantly as snow. Dugking the
study petiod (1 October 2006 to 1 October 2007), 845 mm.
of precipitation was recorded; 688 mm as snow and 157 mm.
as rain. Peak runoff typically occurs in late May or eatly
June and is generated by snowmelt. or rain on snow events.
Lowest flows occur from August through the winter
months. .

[13] Upland areas of the expekimental forest are domi-
nated by lodgepole pine. Sedges  (Carex spp.) and rushes
(Juncaceae spp.) dominate riparian vegetation in headwater
areas with fine silt and clay textured soils and where water
tables are generally near the surface. Willows (Salix spp.)

_dominate riparian areas where water tables are deeper and

soils are coarsely textured. ,

. [1~] The seven TCEF gauged subcatchment areas range
m size from 3 to 22.8 km“. Catchment headwater zones are
typified by moderately sloping (average slope ~8°) exten-
sive (up to 1200 m long) hillslopes and variable width
ripatian. zones. Treeless parks are prominent at the head-
waters of each catchment. Approaching the main stem of
Tenderfoot Creek the streams become more incised, hill-
slopes become shorter (<500 m) and steeper (average slope
~20°), and ripadian_areas narrow relative to the catchment
headwaters.

[15] Major soil groups in the TCEF are loamy Typic
Cryochiepts located along hillslope positions and clayey
Aquic Cryoboralfs in ripatian zones and. parks [Holdorf,
1981]. Ripacian soils are 0.5-2.0 m deep, dark colored clay
loams and gravelly loams high in organic matter.
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Site location and instrumentation of the Tenderfoot Creek Experimental Forest (TCEF)
(a) Catchment location .in the Rocky Mountains, Montana. (b) Catchment flumes, well

transects, and SNOTEL insttumentation locations. Transect extents are not drawn to scale.

[16] The parent material consists of igneous intrusive sills
of quartz porphyry, Wolsey shales, Flathead quartzite and
granite gneiss [Farnes et al., 1995]. Basement rocks of
granite gneiss occur at lower elevations and are frequently
seen as exposed, steep cliffs and talus slopes depending on
landscape position. Flathead sandstone overlies the gneiss
in mid catchment positions, followed by Wolsey shale and
gentler slopes in headwater areas.

[17] Historic records dating from 1996 to the present are
available for climatologic and hydrologic variables, courtesy
of United States Forest Service (USFS) instrumentation.
Two snow survey telemetty (SNOTEL) stations located in
TCEF (Onion Park, 2259 m, and Stringer Creek, 1996 m)
record real-time data on snow depth, snow water equivalent,
precipitation, radiation, and wind speed.- Hydtologic mon-
itoring of the Exparimental, Forest inclydes seven flumes
and one weik for eight gauged catchments where continuous
streamflow is measured with stream level recorders (Figure 1).

[18] TCEF is an ideal site for the development of new
techmniques for linking landscape characteristics to water
table and runoff response because it includes numerous
catchments with a full range of upslope extents and degrees
of topographic divergence and convergence. Topography is
characterized by few sinks (i.e., digital elevation model

. from 041 to 17.2 km?

(DEM) grid cell with no neighboring cells with lower
elevations than itself) and a clear distinction between hill-
slope and riparian landscape elements. Soil depths are
relatively consistent across hillslope (0.5-1.0 m) and ripar-
ian (1-2.0 m) zones with. localized upland areas of deeper
soils. In addition, the abundance of existing infrastucture
and historic data provide a wealth of information regarding
past hydkologic response to climatic variables.

3. Methods

3.1, Landscape Analysis

[19] We selected 24 hillslope-riparian-stream  transects
based on preliminary terrain analysis of a coarse 30 m
USGS DEM, later refmed with 1 m resolution airborne laser
Swath -mapping (ALSM) -data.. -(courtesy - of the, NatiQnal
Center for Airborne Laser Mapping-NCALM). Upstieam
contributing areas at each transect (watershed areas) ranged
each composed of a range of
hillslope and riparian UAA, as well as slope, aspect, and
other terrain variables. We installed conttol poiats along
Stringer and Tenderfoot Creek and at all flume locations
with a Trimble survey grade GPS 5700 receiver operating in
"fast static mode”. All GPS control points were accurate to
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Figure 2. Measured versus terrain analysis derived
riparian widths. The dashed line is the 1:1 line. The slope
of the regression was 0.93, and the y intercept was 1.4 m,

within 1-5 cm. From these control poihts we pérformed
surveys of Stringer and Tenderfoot Creek thalwegs, flume
locations at each subcatchment outlet, well locations along
each transect, and riparian zone .extents. Survey data was
corroborated with the ALSM derived DEM.

[20] The TCEF stream network, riparian areas, hillslope
areas, and terrainindiceswere delineated using ALS

elevation measurements were achieved at a horizontal
sampling interval of the order <1 m, with vertical accuracies
of £0.05 te £0.15 m. ALSM data provided a detailed, 1 x
1m grid cell DEM.

[21} - Quantification of each transects hillslope and ripar-
ian UAA followed landscape -analysis methods developed
by Seibert and McGlynn [2007]. The first step in this
landscape analysis approach was-to compute the stream
network from the DEM using a creek threshold area method
corroborated with field reconnaissance. Depending on.the
time of year (spring snowmelt versus summer base flow)
many of the stream heads in TCEF shift in location along
the channel. The creek threshold initiation area was esti-
‘mated as 40 ha based on field surveys of channel initiation
points in TCEF. Channel initiation points were identified
with mo#phological indicators (scoured streambeds, defmed
banks, and incisionsxinto the ground surface) set forth by
Dietrich and Dunne [1993]. *

[22] UAA for each stream cell, or the lateral area flowmg ‘

into the stream network, was calculated using a triangular
multiple flow-direction algorithm (MDoo)- [Seivert and
McGlynn, -2007]. Once the accumulated area exceeded the
40 ha threshold wvalue, it was routed downslope as "creek
area" andall cellsaong - the downslope flow path were

fabeled "creek cells".viThie WAA measurements for each”

transect's hillslope were taken at the toe-slope (transition
from hillslope to riparian zone) well position. Additional
coverages generated from the base DEM were local inflows
of UAA to each stream cell separated into contributions
from each side of the stream (T. Grabs et al., manuscript in
preparation, 2009), the -topographic index [Beven and
Kirkby, 1979], and catchment area at each stream cell.

s - -
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[23] The TCEF riparian areas were mapped using a DEM
analysis threshold method, whereby all accumulated area
less than two meters in elevation above the stream cell it
flows into was designated as riparian area. To compare the
2 m threshold landscape analysis derived riparian widths
to actual riparian widths at TCEF, we surveyed 90 riparian
cross sections in Stringer Creek, Spring Park Creek, and
Tenderfoot Creek. Riparian-hillslope boundaries were de-
termined in the field based on breaks in slope, soil
characteristics (i.e., gleying, organic accumulation, color,
and texture), and terrain characteristics. A regression rela-
tionship (> = 0.97) corroborated our terrain based riparian
mapping (Figure 2).

3.2. Hydrometric Monitoring

[24] We recorded liquid precipitation at 15 min intervals
with tipping bucket rain gauges (Texas Electronics 525MM-L,
0.1 mm increments). Rain gauges were installed at STI,
ST4, and a riparian eddy-covariance tower near ST2.
Additional houtly precipitation measurements were obtained
from gauges at National Resources Conservation Service
SNOTEL stations located near the Lower Stringer flume

(1996 m) and near é2259 m) the headwaters of Tenderfoot
Creek. SNOTEL measurements were also used for hourly

measurements of snow depth and snow water equivalent.
Runoff was measured for each of seven gauged catchments
ysing three H-flumes and four Parshall flumes. Stage at each
~flume was recorded at 30 min, intervals with float potenti-

ometers (USFS) and TruTrack, Inc., water level capacitance
rods (£l mm resolution)

3.3. Hillsiope-Ripdrian  Shallow Water Table
Measurements

r25] We monitored 24 transect locations, located along 12
stream network positions,.spanning a range of hillslope and
riparian slape and UAA combinations (landscape element
assemblages). Individual transects reflect the respective
difference in UAA inputs and riparian widths on either side
of the stream. UAA. inflows and.riparian extents on each
side of the stream wera independent of one another due to
differential convergence and divergence of catchment to-
pography and hillslope lengths (T. Grabs et al., manuscript
in preparation, 2009). Fourteen transects were- installed
along Stringer Creek (Figure 1) and ten were installed along
Tenderfaot Creek (Figure 1). Transects along Stringer Creek
are referred to as ST through 7, followed by an E (east) or
W (west) and those along Tenderfoot Creek are referred to
as TFTI through 5, followed by.an N (north) or S (south).
In all _cases, transects are numbered sequentially, with 1
designating the most upstream transect.

[26] - Transects consisted of three to.six wells (84 total)
located on the lower hillslope (1-5 m above the break in
slope), toe-slope (the break in slope from riparian to hill-
slope zones), and riparian zone (1 m from stream channel),

along groundwateflitow  paths tathe stfeafh~ 1\ctdtrional --
riparian .wells were installed 5-10. m wupstream. of the
riparian and toeslope wells to ascertain the.direction of
groundwater flow and shifts in direction during events using
3-point triangulation of_total potential gradients. Wells
consisted..of 1.5 inch diameter PVC conduit screened across
the completion depth to 10 cm below the ground surface.
Completion depths to bedrock ranged from 0.8 to 1.5 on
hillslopes to 1-2.0 m in:the riparian zanes. These comple-

L
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Figure 3. TCEF. (a) Upslope aécumulated area (UAA) for each pixel and (b) an example riparian area

extent derived from terrain analysis.

tion depths are corroborated by ~12 soil pits. excavated to

bedrock and 10O0s of soil probe depth measurements across -

hillslope to riparian transitions. Wells were installed with a
solid steel rod inserted into the PVC casing. The rod and
well casing were driven until refusal at the bed rock
boundary and the rod removed. - A clay seal and small
mound derived from local matetials was applied to prevent
surface water intcusion. Well water levels were recorded at
30 min intervals with TruTrack, Inc., capacitance rods.
Complementary - water level measurements were collected
weekly using an electsic water level tape to corroborate
capacitance rod measures. .

[27] Hydrologic connectivity between HRS zones was
inferred from the presence of saturation measured in well
transects spanning the hillslope, toeslope, and riparian
positions. We define a hillslope-riparian-stream connection
as a time interval during which streamflow occurred and
both the riparian and adjacent hillslope wells recorded water
levels above bedrock. We do not discern between the
mechanisms responsible for water table development and
HRS water table connectivity, rather if, when, and for how
long water table connectivity was present.

4. Results
4.1. Landscape Analysis

[28] We resampled the original 1 m DEM to determine
the DEM cell size that was most robust for relating water
table dynamics and UAA. The 1 m ALSM derived DEM
was sampled discretely to obtain 3,5, 10 and 30 m cell size
DEMs. When implementing the flow accumulation/UAA
algorithms, the 3 m and 5 m DEMs appeared more

susceptible to micto topographic influences such as fallen
trees, boulders, etc., which exert negligible . conttol on
subsurface water redisteibution. Conversely, the-30 m grid
size-was too coarse to reflect slope breaks between riparian
and hillslope transitions and observed convergence and
divergence in upland areas, The 10 m DEM provided a
realistic representation of the topography, reflecting conver-
genceand divergence and providing the most robust relation
to water table dynamics observed across all 24 well trans-
ects (Figure 3). Tables 1 and 2 summatize subcatchment
area, hillslope UAA (measured at each transects toe-slope
well location), riparian widths, and the slope and soil depths
of hillslope and ripatian zones for transects located in the
Stringer and Tenderfoot Creek catchments, respectively.

4.2, Snowmelt: and Precipitation Characterization

[29] We present snow accumulation and melt data from
the Upper Tenderfoot Creek (relatively flat 0° aspect,
elevation 2259 m) SNOTEL site (Figure 4). Rainfall data
are presented from .the Stringer - Transect 1 rain gauge
(elevation 2169 m). During the base flow observation
petiod (1 October 2006 'to 27 April 2007), snow fall
increased the snowpack snow water equivalent (SWE) to
a maximum of 358 mm.. Twenty-two'minor.melt events,”
ranging from 5 to 10 mm, occurred during this base flow
period. Springtime warming lead to an isothermal snowpack
and most of the snowpack melted between 27 April 2007
and 19 May 2007. Average daily SWE:losses were 15 mm
and reached a maximum . of 35mm on 13 May 2007. A final
spring snow fall and subsequent melt occurred between 24
May 2007 and 1 June 2007, yielding 97 mm. of water. Four
days following the end of snowmelt, the rain period was
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Table 1. Tenderfoot Creek Transect Characteristics

Catchment Riparian Hillslope Riparian HRS

Area UAA Width Hillslope Riparian Soil Soil Connectivity

Transect (kmz) (m?) (m) (deg slope) (deg slope) Depth (m) Depth (m) (% of year)
TFTIN 0.42 8,151 8 55 33 1.0-1.10 1.20-1.50 27.
TFT1S 0.42 11,152 12 3.6 2.8 1.0-1.10 0.80-1.0 22
TFT2N 1.37 5,044 3.8 4.8 23 0.90-1.20 0.95-1.0 24
TFT2S 1.37 32,111 19.6 5.8 1.8 0.75-2.50 1.0-145 61
TFT3N 433 2,367 8.5 17.7 22 0.60-0.85 0.60-1.20 0
TFT3S 433 7,070 7.2 23 - 9.5 0.90-1.0 0.70-~1.20 15
TFT4N 13.16 25,753 9.3 22 7.7 0.20--0.55 0.70-0.85 40
TFT4S 13.16 1,186 4.4 42 2.9 0.60-1.0 0.50-0.75 0
TFTSN 17.21 1,527 9.1 26 52 0.60-0.75 0.70-0.85 4
TFT5S 17.21 7,842 2.9 37 6.8 0.20-0.50 0.55-0.75 7

initiated with a series of low-intensity = rain storms (4- 7 June
2007 and 13-18 June 2007), totaling 30 and 22 mm
respectively. Following this rain period the recessional
period began .. Precipitation inputs during the recession
period were minor, except for one summer thunderstorm.
on 26 July 2007 yielding 34 mmu of rain over a 7 h period.
Total precipitation inputs (snowmelt. and raig) to the TCEF
catchment over the course of the 2007 water year totaled
845 mm. ’ ’

4.3. Detailed -Description of HRS Water Table
Response Dynamigs

[30] Detailed results for a subset of transects characteris-
tic of the primary HRS landscape assemblages found within
TCEF, their associated water table responses, and their
hydrologic. connectivity' frequency and duration are pre-
sented in Appendix A and illustrated in Figure 5.

4,4, Summary of HRS Water Table Dynamics and
Connections According to UAA

[31] The 24 transects of HRS assemblages demonstrated
clear differences in groundwater connectivity. as a function
of their UAA size (Figure 6). While this relationship is
continuous, we describe three general UAA typologies to
emphasize the degree to which the range of transects
exhibited a hydtologic connection. Transects with small

Table 2. Stringer Creek Transect Characteristics

UAA (699-3869 m? generally exhibited no HRS connec-
tion or a rapid and transient connection during large events
(Figures. 5i, 5k, 5p, 6x, and Figure 6a). When the time of
their connectivity was summed for the 2007 water year
these transects were connected no longer than 14% of the
water year. Excluding ST2E which exhibited a 14% connec-
tion with only 3000 m? UAA, the small sized UAA transects
remained connected for only up to 4% of the water year,
primarily during peak snowmelt and rain event periods.

[32] Transects with UAA size ranging from 4900-
32,100 m? generally exhibited a more sustained hydro-
logic connectivity- dukiag large snowmelt and rain events
(Figures 5a, 5f, 5n, 5s, and Figure 6b). Transient connec-
tivity was observed for these midranged areas during base
flow or recession periods in response to-isolated snowmelt -
or rain events. Annual connectivity' ranged from 3 to 61% of
the water year, primarily during the snowmelt and recession
periods when larger UAA transects reflected persistent
water tables from drainage of their extensive upslope areas.

[33] Two transects, ST2W and ST5W, were installed with
UAA sizes of 44,395 and 46,112 m?, respectively. These
transects exhibited continuous HRS connectivity' (Figure 5u
and Figure 6c¢). Though HRS connections were not mea-
sured for areas with UAA above 46,000 m?, there are TCEF
catchment locations with larger sized UAA. Visual obser-

Catchment Riparian Hillslope Riparian HRS
Area UAA Width Hillslope Riparian Soil Soil Connectivity
Transect (km?) (m?) (m) _(deg slope) (deg slope) Depth (m) Depth (m) (% of year)
. STIW 1.26 1,563 12.7 12.5 4.2 0.80-0.95 0.60-1.0 0
ST1E 126 10,165 11.8 15.6 5.9 0.60-1.30 0.60-1.05 8
ST2W 1.39 44,395 21 8.6 6 0.70-1.20 0.70-2.0 100
ST2E 1.39 3,000 8.3 18.15 6.2 0.95-1.30 1.0-1.50 14
ST3W 298 - © - 3,869 117 19.6 2.9 1.0-135 0.50-1.0 2
ST3E 2.98 3,029 6.5 19.8 2 0.80-1.40 1.0-1.30 2
ST4W 3.59 699 4.7 22 7.5 0.80—1.0 0.95-1.0 0
ST4E 3.59 4,930 9.9 21 8 0.60-1.40 1.0-1.15 19
STSW 4.80 46,112 16.5 20.8 5.07 0.90-1.0 0.70-1.80 - 100
STSE 4.80 1,923 7.7 26 7 0.90-1.40 1.0~1.50 3
ST6W 517 6,176 9.7 21 6.9 0.80-1.0 1.10-1.35 7
ST6E 5.17 3,287 4.5 36 10.3 1.0-1.50 0.65-1.0 0
STTW 5.27 6,201 9 27 7.5 0.90-1.10 0.80-1.10 3
ST7E 5.27 9,854 8.8 28 7.4 1.10-1.40 10

0.90-1.0
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Figure 4. Snow and rainwater inputs, snow water equivalent (SWE), and runoff separated into base
flow, snowmelt, rain, and recession observation petiods.

vations along these extensive, highly convergent hillslopes
and headwater areas, confmned the presence of near surface
water tables above the break in slope as well as surface
saturated conditions year-round in their associated ripatian
Zones. : :

[34] The timing of the connection and disconnection of
HRS zones also varied according to UAA. Transects with
midrange UAA lagged the transient hillslope responses of
low UAA transects during early snowmelt, but were more
sustained once a hillslope water table was established
(Figures 6a and 6b).

4,5. Scaling Source Area Connectivity to an Entire
Stream Network

[35] Patterns across transects indicated a strong UAA.
influence on the timing and persistence of connectivity
between streams and their associated ripatian and hillslope
zones. To further explore the UAA-connectivity = duration
relationship we regressed the total time each HRS transect
was connected duting the 2007 water year against the size
of UAA at their hillslope to riparian transition. The
duration of HRS water table connectivity was highly corre-
lated (r2 =0.91) to the size of each transects UAA (Figure 7;
equation (1)):

%TimeConnected = (0.00002*UAA - 0.0216)*100. 1)
We also tested the topographic index [Beven and Kirkbé/,
1979] but did not find improved explanatory power (r< =
0.84).

[36] We applied equation (1) to all of the UAA. inflows
along the entire Tendekfoot Creek stream network to assess
catchment-scale connectivity distcibutions and elucidate
their implications for catchment-scale hydtologic response.
Lateral inflows of UAA for each stream cell were separated
into their component left and right side UAAs using an
algotithm developed by T. Grabs et al. (manuscript in
preparation, 2009). HRS water table connectivity was
heterogeneous- fram-reach-toreach alpng_Tenderfoot ~ Creek
according to the location of UAA.inputs (Figure 8). The

majorjtx (70%) of the stream network comprises small

UAAs ip, the size range of 0 to 5000 m? (Figure 9a). HRS
connectjvity for these areas was estimated between 0 to 8%
of the year., Medium ranged UAA reaches (5,000-
30,000 m?% composed ~25% (Figure 9a) of the netwark
and were estimated connected between 8 and 62% of the
year. The remaining 5% of the stream network included

large headwater areas and convergent hillslope hollows with
UAA in the size range of 30,000 to 175,000 m? (Figure 9a).
These UAA sizes were estimated to be connected for 62 to
100% of the year.

" [37] We compared Tendegfoot Creek's connectivity dura-
tion curve (CDC) to the catchment annual flow duration
curve (FDC)to assess how HRS connectivity -was related to
catchment level hydrologic response (Figures 9b and 10a
and I0b). The FDC was degived from 8762 hourly observa-

. tions of runoff at the Lower Tenderfoot flume for the 2007

water year. The CDC was derived from the combined 10m
left and gight stream bank frequencies (3108 10 m cells) of
HRS connectivity for the 2007 water year (equation (1)).

[38] . The CDC and FDC for' Tenderfoot Creek were
highly correlated (Figures 9b and IQa), suggesting a rela-
tionship between the amount of the stream network -
connected to its uplands and streamflow magnitude. While
the annual regression was strong (r* = 0.95 Figure 10a), we
also investigated the regression relationships for each of
three flow states (base flow, transition, and wet) and found
differential predictive power in each period (Figure IOb).
Approximately 55% of the year duging the driest petiods
(fall and winger base flow) the lowest runoff values 0.015-
0.03 mm/h were associated with the lowest amount (<4%)
of HRS connectivity across the stream network. Duging the
transition from dry to wet times (~35% of the year) more
HRS assemblages became connected and runoff igcreased
to 0,10 mm/h. Divergence betyween the CDC and FDC was
greatest duging this transitional period. The FDC showed a
sharp increase at 0.06 pm/h runoff while the CDC in-
creased gradually. Peak snowmelt and large rain events
(=10% of the time) resulted in,the highest network con-
nectivity (up to 67%) whigh was associated with peak
runoff Up to a maximum of 0.54 mm/h and close corre- .
spondence between the FDC and CDC.

5. Discussion

~--[39]. Streams, ripar] nes and _hillslopes have been ~ __
intensively stydied at small spatial scales _(stream reaches
< 1 ki, plots of 10-100 m2). At the other end of _the
spectrym, entire catchments have been studied without
explicit understanding of how their internal landscape
hydrologic processes are distfibuted, interact, or integrate
across the stream network to produce whole watershed
behavior. This has resulted in detailed plot and reach-
specific process understanding with little transferability
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Figure 5. Transecthillslope and riparian water table and runoff dynamics. Runoff for each transect was
obtained from the nearest flume location. The total time of HRS connectivity (days) is listed on the upper
left comer of each hillslope time series. Maps are each transects UAA, riparian extents, and well

dynamics were measured.

within a given catchment, to other catchments, or to
development of general priaciples. We utilized an extensive
well network across 24 HRS transects and catchment sizes
from 0,4 to 23 km? to develop methods to scale plot-scale

measurements of the hydtologic processes that link hill- .

slopes and riparian areas to whole catchments and transfer

--locations.-Letters on the map designate the4ocatlmofvtullslepe and nparlanmt]ﬂmamuahle___._

our ‘understanding to larger pottions of the landscape. Our
analyses included landscape level topographic analysis,
process-based field investigations, and catchment-scale in-
tegration to identify the factors controlling the hydrologic
connectivity between source areas generating runoff and the
flow paths that link source areas to streams.
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Figure 6.

Binary summary of 24 transects .of hillslope-riparian-stream water table connectivity

dynamics for the 2007 water year. (a) Small UAA exhibits a transient connection or no connection.
(b) Midtange UAA exhibits a sustained connection during large snowmelt and rain events and a transient
connection during periods oflow antecedent wetness. (c) Large UAA exhibits a continuous connection.

5.1. Does the Size of Hillslope UAA Explain the
Development and Persistence of HRS Water Table
Connectivity?

[40] Landscape assemblages exhibit different hydrologic
thresholds depending on event size, antecedent moisture
conditions, surface and bedrock topography [Freer et al.,
1997; Sidle et al., 2000; McGlynn et al., 2004] and distance
from the stream [Seibert et al., 2003]. This heterogeneity - in
space and time has previously hampered watershed-scale
understanding. Once heterogeneity is integrated over suffi-
ciently large spatial and temporal extents, however, emer-
gent behavior may become apparent. Our high-frequency
continuous observations of 24 transects of water level data
indicated that the location, duration, and timing of hillslope
water table development and its connectivity to the stream

was controlled by the magnitude of UAA measured at each

transects toe-slope well.

[41] The relationship between UAA and HRS hydrologlc
connectivity - is evident in the duration of connectivity  at
each’ transect.. Hillslope water levels never existed or were
transient (Figure 6a) along transects with small UAAs.
Figures 5k and 5x indicate that even during peak snowmel,
when soil wetness was at its annual maxima, only a brief
water table response, on the order of hours to days, occurred
along hillslope landscape elements with low UAA. The
hillslope water table quickly subsided after this period of
maximum wetness. We attribute transient connectivity in
transects with small UAA to the limited accumulation of
contributing area (and therefore water) along their down-
slope flow paths.

[42] Converg Y X
Wlth medium to large UAA caused a sustained water table
response at the base of hillslopes (Figures 5a, 5d, 5f, 5s, and
5u). Once HRS connectivity. was established,
drainage, and periodic rejuvenation of hillslope soil mois-
ture from events sustained the larger UAA hillslope water
tables and the resulting HRS water table connection. In
some cases the connection lasted from snowmelt well into
the recessional period. The two transects possessing the

QCE O SUDSUEACK

lateral slope

largest hillslope UAA inflows, ST2Wand ST5W, remained
hydtologically connected for the entire year (Figures 5u and
Figure 6c).

[43] Water table initiation, cessation, and duration varied
between transects pattially as a function of UAA size,
however variance was observed between transects with
comparable UAA (Figure 6). The duration of HRS connec-
tivity for 8 of the 24 transects under observation fall outside
of the 95% confidence limits of equation (1). These timing
differences may be attributed to the geometry . (curvature,
slope, etc.) of the UAA which can affect the "time of
concentration” of snowmelt inputs. In addition, differences
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Figure 7. UAA regressed against the percentage of the
water year that a hillslope-ripatian-stream  water table
connection existed for 24 well transects. A connection
was- recorded when there was streamflow and water levels
were recorded in both the riparian and hillslope wells. The
inset plot shows the same data with a linear x axis.
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Figure 8. UAA flow accumulation patterns (shading) and the regression-derived hillslope-tiparian-
stream water table connectivity along the left (red bars) and right (black bars) sides of the Tenderfoot Creek
network. Predicted hydtologic connectivity ranged from 0 to 100% ofthe” year (represented by bar heights).

and combinations of aspect, precipitationisnowmelt. vari-
ability, elevation, local soil and bedrock propetties (includ-
ing small differences in depth), vegetation, and antecedent
wetness can all impact water table dynamics. Despite these
differences, the' overall response timing is coherent and
suggests a strong UAA control on water table initiation,
cessation, and duration across the TCEF catchment.

5.2. Can Topographic Analysis Be Implemented to
Scale Observed Transect HRS Hydrologic. Connections
to the Stream Network and Catchment Scales?

[44] Analysis of our high-frequency measurements across
24 HRS assemblages indicated that the size of hillslope
UAA controlled the development and persistence of HRS
water table connectivity in TCEF. These results relating
contrasting patterns of water table development to hillslope
UAA size are consistent with past observations along
individual landscape assemblages [Dunne and Black,
1970; Harr, 1977; Anderson” and Burt, 1978] and hillslope
trench sections [Woods and Rowe, 1996]. These prior
observations were impottant for describing processes occur-
ring at the plot scale, but they lacked a quantifiable
framework, or relationship, for assessing the role of these
source areas along the stream network and extrapolation to
the catchment scale. .

[45] When we regressed the duration of HRS connectivity
for all 24 transects against their UAA size, the duration of
landscape hydrologic connectedness was lineakly related to
the size of each transects UAA (Figure 7). This relationship
provided a framework for estimating the duration of con-
nectivity, of each landscape saurce NJ thestream
network, We applied equation (1) to the UAA flowing into
each stream pixel across Tendegfoot Creek (separated into
each side of the stream). This distributed measure of
landscape connectivity' provided insight into the spatially
and temporally variable hydrologic connectivity that existed

" for each landscape assemblage along the stream network
throughout the year (Figure 8).

[46] Netwaork connectivity results for TCEF indicated that
runoff source area contributions were driven by transient
connectivity during the wettest time periods. A high pro-
pottion - of the Tenderfoot Creek network is composed of
hillslopes with small UAA sizes (Figure 9a). Few of these
hillslopes were hydcologically connected to their riparian

" and stream zones. For example, during the entire 2007 water
year, a maximum of 67% of the stream network actually
exhibited HRS water table connectivity (Figure 9b). The
remaining 33% of the stream network, associated with the
smallest UAAs remained disconnected for the entire year.
As catchment wetness increased during snowmelf; small

~and medium UAAs developed hillslope water tables and

became hydrologically connected. Landscape assemblages
with small UAA accrued limited water year connectivity
(0-8%), and then only after snowmelt and large rain events,
in accordance with their transient hillslope responses. Only
10% of the stream network, associated with the medium to
high ranged UAA inflows (Figure 9b), exceeded "a 30%
water year HRS water table connection. Approximately 2%
of the TCEF stream network remained, hydrologically.
connected for the entire water year (Figure 9b). These
stream segments were associated with hillslopes possessing
the largest UAA.

5.3. How Do Spatial Patterns and Frequency of
Landscape Hydrologic. Connectivity Relate to
Catchment Runoff Dynamics?

[47] .The relationship between UAA and the duration of
hillslope-riparian-stream water table connectivity was linear
- (Flgure.-7): However, the distribution of UAA sizes along
the network was heterogeneous and highly nonlinear due to
catchment structute and topographic convergence and di-
vergence in the landscape (Figure 9a). Since UAA size
controlled landscape level connectivity, the distribution of
HRS connectivity —across the stream  network was also
heterogeneous and nonlinear. )

[48] We compared Tenderfoot Creek's frequency distri-
bution of HRS connectivity (i.e., connectivity duration

10 of 16



W04428

80000
60000 (a)

40000

UAA (m?)

20000

LN S B s B B B B s B S s e S R B s R ¢

0 20 40 60 80 100
Exceedance (% Stream Network)

- Wet  Transition D
80 X

- 0.6
\O
< (b) tos
E o0 0.4 é
: N
§ 40 0.3 %
c
<< =c— Connectivity 0.2 3
g 20 —— Runoff 1
.§A 0.1
=4 0~ 0000000 |

0.0
0 20 40 60 80

Exceedance (% Year)

100

Figure 9. TCEF .catchment, (a) UAA distribution curve
based on 3108 10m pixels along the stream network (both
sides). (b) Comparison of the regression-derived connectiv-
ity duration curve (CDC) based on HRS water table
connectivity for each 10 m UAA pixel along the stream
network and the 2007 Lower Tendectfoot Creek flow
duration curve (FDC). Periods of lowest runoff are
associated with lowest network connectivity and large
UA.A values. Increased runoff is associated with increasing

network connectivity from HRS connections at small. UAA
values. J
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curve, CDC) to its flow duration curve (FDC) to determine
the relationship between network connectivity and the
magnitude of catchment runoff  through the year. The
network CDC was strongly correlated (r2 = 0.95) to
the FDC (Figure 10a) over the full range of catchment
wetness states. This suggests that the shape of the FDC is
controlled by the fraction of the stream network hydrolog-
ically connected to its uplands thioughout the year.

[49] To elucidate potential differences across catchment
wetness states, we subdivided the annual relationship into
dry, transition, and wet periods and found différent relation-
ships between the CDC and FDC for each period (rZ = 0.84,
0.9 and 0.99, respectively.) This suggests that while the annual
relationship was strong, there was different predictive power
during each period, improving with increasing wetness.

[50] Dry- fall. and winter periods (55% of the year)
corresponded to the lowest runoff (0.03 mmv/h) and the
lowest amount (<4%) ofthe stream network connected to its
uplands (Figure 9b). The relationship between the CDC and
FDC distributions during drier base flow periods (r? = 0.84,
Figure 10b) indicates that HRS connectivity is one source of
base flow runoff. However, three points of the distribution
fall outside of the 95% confidence intervals during this time

. period. Consideration of other mechanisms such as bedtock

flow paths [Shaman et al., 2004; Uchida et al., 2005] could
help explain base flow runoff generation when the catch-
ment is in a dry state. S

[51] A break in slope (inflection point) of the stream FDC
at~0.05 num/h corresponded to a paralleled increase in
network connectivity (Figure 9b). These synchtonous in-

_flection points corresponded to early snowmelt and early

summer dry-down. which were the transition period between
wet and dry catchment states. Greatest divergence in the

"FDC and CDC relationship was apparent during these

transitions and may be related tothe differential timing of
water table connection-disconnection - among areas with
similar UAA sizes and riparian area saturation excess
ovetland flow (Figures 9b and IOa). This divergence also
corresponded to the region of the regression relationship
(equation (1)) with the least robust model fit (Figure 7)
Heterogeneity in slope, aspect, snowmelt timing, and soil

1 Dry Transition Wet
H H /
2=0.84 ’ 4
: =
0.1 4
£/
I
BT FEE it sitekiint e ] S
1 10 100

CDC Network Connectivity (%)

Figure 10. (a) Linear regression analysis between the estimated annual network CDC (3108 10 m

. pixels along both sides of the stream network) and the TCEF catchment FDC (8762 houkly
measurements). (b) Linear regression for the same distributions separated into the dry, transitional, and
wet catchment states. Each point represents 5% of the CDC and FDC distribution.
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depth distributions would be most influential on the timing
of HRS connectivity during transition periods and could
explain some of the variability in the regression relation-
ship. The correlat|é)n between the CDC and FDC (Figure 10b)
improved (from r°= 0.84 to r* = 0.90) between the dry and
transition periods. This improved correlation likely reflects
increasing UAA/topograph|c controls on runoff production
as the catchment became progresswely wetter.

[52] Durlng the wettest catchment states (snowmelt and

the largest rain events), h|llslopes associated with the,

smaller UAAs became hydrologically connected. The cu-
mulative connections of small UAA coupled with previous-
ly connected medium and large UAAs, led to increasing
network connectivity and subsequently larger magnltude
runoff. During the highest flows (~10% of the year) up to
67% of the stream network was hydrologically connected to
its uplands, resultlng |n peak runoff ranging from 0.24-
0.54 mm/h (Figure 9b) The correlation between the CDC
and FDC was also greatest during this t|me period (r =
0.99). This suggests that the use oftopographlc metrics such

as UAA as a surrogate for the lateral red|str|but|on "of water

and prediction of runoff generation may be most robust
during wetter time periods.

[53] Discretization of the' annual relationship between the
CDC and the FDC into dry, transition, and wet catchment
states suggest that the relaf|onsh|p is strongest during wet
periods. However, despite differential relationships for each
wetness state, the annual relationship was robust (r = 0.95)
and” suggests a single regression can explain most of the
var|ab|l|ty in the relat|onsh|p between the CDC and FDC.

5.4.

[54] Our observations highlight the importance of under-
standing hydrologic connectivity - and how it is distributed in
space and time along the strearh network. The relat|onsh|p
between the FDC and CDC indicated that the period of time
r|par|an and stream zones remain connected to their hill-
slope elements is highly related to catchment-scale runoff
response (Figure 10a). Simply stated, the fraction of the
network connected to its uplands controls runoff magnitude.
These observations have important |mpl|cat|ons for model-
ing of catchment response to precipitation inputs and
interpreting local process observations in the context of
catchment runoff. ’

[55] Typically models of catchment response are devel-
oped from a sparse number of observations ‘at a few points.
It is assumed that the processes that occur in these locations
are representative of other catchment locations and reflect
dominpant controls on catchment runoff. Runoff mechanisms
|nclud|ng transm|SS|V|ty feedback [Kendall et al.,1999],
piston flow displacenient [McGlynn and McDonnell,
2003a], interflow [Beven, 1989], macropore flow
[McDonnell; 1990], etc., are often used to explain threshold

. stream responses not predicted by limited process observa-
tions. ThesSe “mechanisms ™ do ocedr. in many cﬂments
[McDonnell, 1990b; Buttle, 1994; Burns et al, 1998
2001] and models incorporating them are often successful
for m|m|ck|ng individual hydro graphs. However, difficul-
ties arise when trying to pred|ct stream response to multiple
events across varying catchment wetness  states, testing
internal  catchment con5|stency with model assumptions,
and extrapolatmg to larger catchment sizes. These difficul-
ties are partially aresult of poor understandmg of the spatial

Impl|cat|ons
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sources of runoff through time acrpss varying catchment
wetness states.

[56] We suggest an alternate process explanation for
nonlinear runoff response, namely the spatiotemporal dis-
tr|but|on of connectivity. Our observations indicate that
each landscape assemblage along the stream network exhib-
its a distinct time period of water table connect|V|ty strongly
related to its UAA. During driest times the lardest UAA
HRS assemblages are the primary. “contributors to stream
runoff. As the amount of snowmelt or preC|p|tat|on inputs
|ncrease more of the stream network assouated with smaller
UAA HRS assemblages becomes “switched on”, and
subsequently higher-magnitude runoff is generated The
magnitude of runoff is controlled by how many HRS
assemblages along the stream network have reached their
individual connectivity threshold the duration of time they
remain connected, and the amount of water flowing through
them. These observed relationships suggest landscape struc-
ture (topography and topology) as a first-order control “on
runoff response characteristics.

[57] Given that at every. point in time, a different fraction
of the watershed is active ip the runoff process (hydrolog-
ically connected via shallow groundwater to the stream
channel); runoff b|ogeochem|stry must also be |nterpreted
in this context. We observed nefiork connectivity ranging
from ~4,-67%  of the stream network and suggest that
b|ogeochem|stry data |nterpretat|on and modeling should
include appreciation of the dynamics of connectivity. in
space and time to attribute/represent appropriate causal
mechanisms to runoff-biogeochemical observations. Hydro-
logic connectivity. between catchment landscape elements is
requisite for thé retention or mobilization of dissolved
organic carbon [Boyer etal., 1997; McGlynn and McDonriell,
2003a], nutrients [Creed et a; 1996; Vzdonand Hill; 2004;
Ocampo et al 2006] and other solutes[Wilson et al., 1991;
Burns et al., 1998] to streams For example, Boyer et al.
[1997] demonstrated thatthe activation of shallow subsurface
flow paths within the near stream saturated area was the
dominant cause of DOC flush|ng in an alpine catchment.
Implicit in this interpretation . is lateral connectivity of the
shallow groundwater flow paths that link the uplahds and
riparian areas to the stream network The relationship
between topographic metrics such as UAA and connectivity
may provide a tool for. |dent|fy|ng the’ Iocat|on and duration
of these lateral connections” and test|ng their potential
influence on ‘stream water chemistry,

[58] The relat|onsh|p between UAA and connectivity
quantified in this study is I|kely nonstatlonary in time.
The slope of the UAA:HRS water table connectivity rela-
t|onsh|p could increase or decrease between wet and dry
years. However, the spatial pattern of connectivity. is likely
persistent due to the relatively stat|c nature of Tlandscape
structure. This suggests that once a relat|onsh|p is
eIUCIdated fewer monitoring locations might beusedto o
pred|ct “the slope of the UAA- connect|V|ty “duration rela-
tionship as a function of climatic variability. These results
further suggest b|d|rect|onal pred|ct|on potential between
the catchment flow duration curve and the catchment
connectivity duration curve, prowdmg a method for esti-
mating network connectivity: at a given runoff magnitude.

[59] This study is the first to |dent|fy relationships between
catchment morphology and source “area connect|V|ty "and
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demonstrate how this integrated landscape-scale connectiv-
ity relates to the magnitude of catchment runoff. While the
relationships between source area water table connectivity
and whole catchment response have not previously been
quantified, they are apparent in previous investigations
relating the residence time of water to internal catchment
structure [McGlynn et al., 2003; McGuire et al, 2005].
These studies found significant relationships for internal
catchment topographic. mettics including flow path length
and gradient and median subcatchment area.

[60] Most studies seeking to link catchment topography
to water redisttibution have been conducted in -headwater
catchments sharing similar physical attributes: they tend to
be located in steep mountainous landscapes; hillslope soils
are shallow and underlain by relatively impervious bedrock;
and valley-floor widths tend to be narrow relative to the
width of the subtending catchment (i.e., Maimai, Hubbard
Brook, Coweeta, HJ Andrews, etc.). The- TCEF catchiments
compare favorably with these previous studies, suggesting
that topographic control of whole catchment response may
well be the norm in mountainous catchments.

[61] It remains an open question if topography or some
other aspect of catchment structure will exert similagly
strong control under other geomorphic and climatic con-
ditions. For example, we could imagine that in areas with
very low topographic relief, with deep soils and relatively
shallow water tables, that precipitation inputs would perco-
late vertically through the soil profile until reaching the
water table and the lateral redistiibution of this water would
then follow regional-scale groundwater flow paths. Under
this scenario, groundwater inflows to stream would occur
where ever stream channels intercept the regional water
table so that runoff would not be strongly controlled by
catchment topography. Conversely, even in areas of low
topographic relief, during periods of high precipitation
inputs (snowmelt season or large, long-duration rainstorms)
some lateral redistzibution of soil moisture occurs within the
upper soil profile and would be affected by the topographic
relations that we identify" here. It is'possible then, that some
types of catchments might exhibit seasonal differences such
that topography ~exerts primary control over catchment re-
sponse during high flow, but not during base flow [Grayson et
al., 1997; Western et al., 1999]. Catchments undeklain by
highly fractured bedrock could also exhibit additional com-
plexities and controls on water redistsibution.

[62] More multiscale studies focused on landscape level
hydrologic connectivity within a catchment-scale context,
across a range of morphologic, climatic and topographic.
conditions, are needed to fully evaluate the relationships
presented here. However, the relationships presented sug-
gest that a measure of internal catchment topography and
structure, easily measured from DEMSs, maybe used for a
priori. model" development and prediction of hydt;ologic
- .response. Measures of [andscape €l ergent connectivity pro--
vide an integrated measure of hillslope process complexny
and when integrated across the watershed provide a mettic
for prediction of runoff observed at the catchment outlet.

6. Conclusion

[63] How hillslope i‘nputs along stream networks are
linked to catchment-scale - response has been poorly under-
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stood. Often, research is conducted along a specific plot/
stream reach or at a single catchment scale. The results have
therefore been plot and reach specific conclusions with little:
transferability to other catchments or development of gen-
eral principles. We developed a metric of hillslope-riparian-
stream water table connectivity as an integrative measure of
runoff source .area contributions through time. We tested
this mettic across 24 hillslope-riparian-stream landscape
assemblages for the 2007 water year. On the basis of
analysis of our high-frequency, long-duration observations
coupled within a landscape analysis framework we
conclude: ’

[64] 1. The topographically driven lateral redistribution of
water (as represented by UAA) conttols upland-stream
connectivity and transient connectivity drives runoff gener-
ation through time.

[65] 2. This emerging space-time behawior represents the
relationship between landscape structure/topology and run-
off dynamics.

[66] 3. Analysis of catchment structure provides a context
for scaling source area dynamics to those observed at the
catchment outlet and provides a framework for exploring
the spatially explicit links between source area connectmty
and runoff generation.

[67] 4. Bidirectional prediction (as evidenced by the
CDC-FDC relationship) of runoff generation and source
area dynamics may be possible through analysis of catch-
ment structwre and topology. :

[68] We have presented a landscape analysis framework
for identifying runoff source areas based on theit topo-
graphic characteristics (UAA). Where hydtologic connec-
tivity occurs and the duration of these connections across
the catchment is critical to guiding model development and
understanding the link between landscape structure and
stream flow. Future endeavors incorporating landscape
analysis may include application of the terrain-morphology
connectivity  relationship across a range of catchments with
different morphologies and antecedent conditions. These
relationships may also prove valuable for linking internal
landscape structure to stream nutrient and chemical
signatures.

Appendix A: Detailed Description of HRS Water
Table Response Dynamics

[69] We present detailed results for a subset of transects
characteristic of the primary HRS landscape assemblages
- found within TCEF, their associated water table responses,
and their hydrelogic connectivity frequency and duration.
These are: the headwaters of Upper Tenderfoot Creek
(TFT2N and S), Middle Tenderfoot Creek (TFT4N and
S), the outlet of Tenderfoot Creek (TFT5N and S); the

headwaters of Stringer Creek (STIE and W), and Middle
- Stringer Creek (STSE and W).

At. Tenderfoot Transect 2 North
[70] TFT2N groundwater table dynamics exhibited
responses typical of headwater catchment Iandscare

assemblages with _midrange hillslope UAA (5044 m? ),
minimal riparian area (3.8 m), and gentle (~4.8°) upland
slopes (Figure 5c). Similar water table dynamics were
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exhibited at TFTI Nand TFTI.S which have similar topo-
graphic and accumulated area characteristics (Table 1),
840 m upstream. Transient hillslope and riparian water
tables responses were observed during the base flow period
in response to early snowmelt. events (Figures 5a and 5b).
Hillslope water levels at TFT2N were sustained for 41 days
during the snowmelt: period (Figure 5a). Throughout the
recession period transient hillslope responses were observed
for large rain events. At the onset of the snowmelt period
the riparian water table rose 98 em to the ground surface
over a 3 day period (Figure 5b). The development of a
riparian water table coincided with the emergence of
streamflow at this headwater transect (visual observation).
A sharp decrease in riparian water levels beginaing on 8/9/
07 also corresponded with the cessation of streamflow and a
decrease of the hillslope water table at the adjacent TFT2S
transect. HRS water table connectivity was observed for
24% of the year (88 days).

A2, Tenderfoot Transect 2 South

[7]] TFT2S was located along a broad convergent hill-
slope (UAA = 32,111 m? with low- angle hillslopes
(~5.8°), and a 19.6 m wide riparian zone (Figure 5c).
Stream and riparian water table dynamics were similar to
those discussed for the TFT2N transect (FigureSe). Hill-
slope water tables were observed for the entire water year
(Figure 5d). During the base flow and recession periods
hillslope water levels remained ~84 cm below the ground
surface. Dynamic responses to individual rain events were
observed during these time periods. At the onset of the
snowmelt period water levels rose 85cm to the ground
surface. This rise coincided with the establishment of
riparian water tables in both TFT2N and TFT2S and the
initiation of streamflow (visual observation) at this transect.
Following the rain period hillslope water levels declined to
base flow levels. The timing of this decline was synchko-
nous with a gradual decrease in riparian water levels and a
_decrease in runoff at the UTC flume 1500 m downstream.
Though the hillslope well at this transect recorded water for
the entire year, a HRS connection was only observed for
61% ofthe year (224 days).

A3. Tenderfoot Transect 4 North

[72] TFT4N was located along the maim stem of Tender-
foot Creek near the base of a large convergent talus slope
(UAA = 25,753 m? with ~22° hillslopes and a 9.3 m wide
riparian zone (Figure 5h). Soil (60 cm on hillslopes, 80 cm
in riparian zones) was only present on the lower pottions of
the hillslope where the monitoring wells were installed. The
riparian water table remained ~40 cm below the ground
surface during base flow and recession periods and rose to
~ the.ground.surfage.. .dyringsnawmelf . (Figure 5g). Hillsloge.
responses to snowmelt: and rain events during both the base
flow and recession periods were rapid and transient (Figure
5f).. At the onset of snowmelt, the hillslope water table
developed (rising 50 em from base flow conditions) 7 days
before increased runoff was observed at the Lower Tender-
foot flume. Hillslope water levels were recorded .from the
late base flow period, through snowmelt, to the end of the
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rain period. HRS connectivity was observed for 41% of the
water year (147.6 days).

A4. Tenderfoot Transect 4 South

[73] TFT4S was selected as an end-member in the
hillslope-riparian-stream  continuum. Near the transects
hillslope base, a~42° 10 m cliff effectively disconnected
the small hillslope UAA (1,186) from its 4.4 m wide
riparian zone below (Figure Sh), Riparian water level
fluctuations mimicked those of streamflow measured at
the LTC flume (Figure 5j) and the stream stage recorder
located along this transect. No water was recorded in the
hillslope well located near the precipice of the cliff
approximately 10m above the riparian zone (Figure 5i).
Hillslope-tiparian-stream water table connectivity was not
observed at this transect location.

AS. Tenderfoot Transect 5 North

[74] TFT5N water table responses were typical of land-
scape positions with steep (~=26°) divergent hillslopes,
small UAA (1,527 m?, and moderately wide (9.1 m)
talus abundant riparian zones (Figure 5m). Riparian water
table dynamics were similar to the stream hydtograph as
recorded at the Lower Tenderfoot Creek flume and rose to
within 15 em of the ground surface during snowmelt:
(Figure 51). The hillslope water table responses to rain
and snow events were rapid and transient (Figure 5k).
Small, ~12 cm rises were observed duking the early base flow -
period. At the onset ofthe snowmelt period, water tables were
observed in the hillslope well 2 days before rises- in the
riparian and stream water levels. During peak snowmelt, -
progressive diurnal water table increases and subsequent
decreases of up to 40.em were observed. HRS connectivity,
was observed for 4% of the water year (13.2 days).

A6. .Tenderfoot Transect 5 South '
[75] TFT5S groundwater table dynamics exhibited
responses characteristic of headwater catchment land-

scape positions with moderate hillslope UAA (7,842 m?),
steep hillslopes ("+'37°), and small (2.9 m) riparian areas
(Figure 5m). Riparian water table dynamics were synchgo-
nous with runoff, rising 40 em up to the ground sutface
during snowmelt. (Figure 50). Hillslope water tables were
observed only 10 days after substantial rises in the riparian
water table during peak snowmelt and remained elevated for
26 days (Figure 5n). HRS connectivity was observed for 7%
of the water year (25 days).

AT. Stuinger Transect 1 West

.[76] ST1W issituated along a planar hillslope, with

diffuse inputs 6f UAA (Figure 5r). Water table responses-
weré chéracteristic of landscape assemblages possessing
low UAA (15637 rn%, moderate riparian zones (12.7 m),
and upland slopes (~125) The riparian water table
remained within 20 cm of the ground surface for the
majority of the*water year, with near. surface saturation
during snowmelt and rain events (Figure 54). The adjacent

hillstope remained disconnected for the :entirety of the
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study period (Figure 5p). HRS water table connectivity
was not observed at this transect., ‘

AS. Stringer Transect 1 East

[77] Located near the base of a convergent hillslope
hollow, STIE (Figure 6r) groundwater dynamics exhibited
responses typical of landscape positions with midrange
UAA (10,165 m?. moderate riparian widths (11.8 m), and
moderate upland slopes (~15.6°). Riparian zone water
tables remained within 20 em of the ground surface for
the entire year with surface saturation during snowmelt. and
raiti events (Figure 6t). A Hillslope water table was ob-
served for the first time on 12 May 2006, exhibiting a rapid
water table rise and sustained connection to its associated
riparian zone (Figure 5s). These rapid water table rises and
sustaitied HRS connections were observed during snowmelt.
(21 day connection) and the subsequent rain petiods (8 day
connection). A final connection was observed duritig the
summer thunderstorm during the recession period. HRS
water table connectivity was observed for 8% (29.2 days)
of the water year at STIE..

A9. Stringer Transect'S West

[78] ST5W is located at the base of a convergent hillslope
(Figure 5w). Ithad the largest observedUAA (46,112 m?, a
wide riparian zone (16.5 m) and ~20.5° hillslopes. The
riparian zone exhibited a relatively constant water table
approximately 65 cm below the ground sutface but rose to
within 12 cm of-the-ground sutfaceduring the snowmelt and
rain periods (Figure 5v). Groundwater was recorded within
15 cm of the ground surface in the hillslope well, located
5 m upslope
watér year (Figure 5u). Surface saturation and return. flow
(visual observations) at the toeslope transition occurred
during snowmelt and large rain events. HRS water -table
connectivity” was observed for the entite year at STSW.

AIlO. Stringer Transect 5 East

[79] STS5E is located along a moderately steep (~26°),
divergent hillslope (UAA = 1923 m?% with'a 7.7 m wide
riparian zone (Figure 5w). Riparian water levels remaitied
between 80 and 60 cm below the ground surface thioughout
the year except during snowmelt. when it rose to within.
25 cm of the ground surface (Figure 5y). Hillslope water
table responses to events were rapid and transient
(Figure 5x). Water levels in the hillslope well were observed
during the base flow period in response to mitior snowmelt
events. During peak snowmelt and the summer thunder-
storm hillslope water tables of 2 to 10 cm were sustained for
a maximum of two days. HRS connectivity  was observed

for 3% (11.2 days) of the water year. _
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