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Abstract Quantifying how watershed structure influences the exchanges of water among component
parts of a watershed, particularly the connection between uplands, valley bottoms, and in-stream hydro-
logic exchange, remains a challenge. However, this understanding is critical for ascertaining the source
areas and temporal contributions of water and associated biogeochemical constituents in streams. We used
dilution gauging, mass recovery, and recording discharge stations to characterize streamflow dynamics
across 52 reaches, from peak snowmelt to base flow, in the Tenderfoot Creek Experimental forest, Montana,
USA. We found that watershed-contributing area was only a significant predictor of net changes in stream-
flow at high moisture states and larger spatial scales. However, at the scale of individual stream reaches, the
lateral contributing area in conjunction with underlying lithology and vegetation densities were significant
predictors of gross hydrologic gains to the stream. Reach lateral contributing areas underlain by more per-
meable sandstone yielded less water across flow states relative to those with granite gneiss. Additionally,
increases in the frequency of steps across each stream reach contributed to greater hydrologic gross losses.
Together, gross gains and losses of water along individual reaches resulted in net changes of discharge that
cumulatively scale to the observed outlet discharge dynamics. Our results provide a framework for under-
standing how hillslope topography, geology, vegetation, and valley bottom structure contribute to the
exchange of water and cumulative increases of stream flow across watersheds of increasing size.

1. Introduction

Quantifying how watershed structure and organization influences the redistribution of precipitation
between hillslopes valley bottoms, and streams has been a continuous research theme in watershed hydrol-
ogy [e.g., Horton, 1914; Hewlett and Hibbert, 1967; Uchida et al., 2005]. In order to address this challenge,
many studies have identified the factors that organize runoff and streamflow dynamics from individual
experimental hillslopes, stream reaches, or at the scale of entire watersheds. However, we have yet to
develop a framework to quantify the relative role of these factors for stream discharge across spatial scales
and differing wetness states [Dooge, 1986; Bl€oschl and Sivapalan, 1995; Bonell, 1998; McDonnell et al., 2007;
Wagner et al., 2007]. This context is necessary for improving our estimates of the timing and magnitude of
streamflow as well as hydrologic exchange, biogeochemical cycling, and watershed sensitivity to climate
change across differing settings.

In order to better quantify the role of landscape structure for runoff generation at smaller scales, many stud-
ies have focused on landscape discretization of watersheds into hillslopes, riparian areas (valley bottoms),
and stream networks [Sidle et al., 2000; McGlynn and Seibert, 2003; McGlynn et al., 2004; Jencso et al., 2009].
At the hillslope scale, the timing and magnitude of water delivery from uplands to streams has been
described in terms of hydrologic connectivity: the development of shallow subsurface flow that leads to
water table continuity across hillslope, riparian, and stream landscape positions [McGlynn et al., 2004; Jencso
et al., 2009]. Recent work has shown that the duration of hydrologic connectivity between hillslopes and
adjacent stream reaches can be related to upslope contributing area [Jencso et al., 2009]. As antecedent
moisture conditions decrease, hillslope contributing areas can become disconnected from their adjacent
valley bottoms and the channel network [Jencso et al., 2009; Smith et al., 2013; Nippgen et al., 2015]. During
drier time periods the difference between the total watershed area and the actual watershed area that is
actively contributing water to streamflow increases [D’Odorico and Rigon, 2003; Jencso et al., 2009; Smith
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et al., 2013; Nippgen et al., 2011, 2015]. With the exception of a few large hillslopes, low flows may be largely
derived from storage in the valley bottom or riparian areas [Jencso et al., 2010] and/or deeper groundwater
contributions [Hornberger et al., 1998].

Beyond hydrologic connectivity in the shallow subsurface, hydrogeologists have long considered nested
geologic flow pathways and how they might reemerge as streamflow [i.e., Toth, 1963]. Previous investiga-
tions [Onda et al., 2001; Uchida et al., 2005] and recent studies performed in benchmark experimental hill-
slopes where bedrock had previously been assumed to be impermeable (e.g., Panola and MaiMai) have
indicated significant potential for the exchange of water between the shallow subsurface and underlying
bedrock [Graham et al., 2010; Gabrielli et al., 2012; Tromp-van Meerveld et al., 2007]. These studies suggest
that the underlying lithology of a watershed may act as either a sink or source for shallow subsurface flow
across different time scales [Generaux et al., 1993; Tague and Grant, 2004; Jencso and McGlynn, 2011; Payn
et al., 2012; Creutzfeldt et al., 2014].

In near stream areas where deeper groundwater flow and shallow subsurface flow from the uplands likely
converge, valley bottoms, riparian zones, and stream geomorphology may play a disproportionate role (due
to their relative extents) in the transfer of water between uplands and stream networks [McGlynn et al., 2004;
Jencso et al., 2010]. Across a given stream reach, water can enter and leave the channel [Kennedy et al., 1984;
Triska et al., 1989; Harvey and Bencala, 1993; Harvey et al., 1996; Payn et al., 2009] resulting in hydrologic
exchange. The degree of exchange has been related to streamflow velocity [Covino et al., 2011; Mallard et al.,
2014] and channel and valley bottom storage states [Harvey et al., 1996; Ward et al., 2012]. Both stream flow
velocity and storage state are dynamic in space and time and have been found to be influenced by channel
and valley bottom structure [Harvey and Bencala, 1993; Vidon and Smith, 2007; Payn et al., 2009; Ward et al.,
2014]. Structural features in the valley bottom that affect the channel water balance occur over a range of
scales and also can be dependent on the underlying lithology of the reach [Bencala et al., 2011].

Hydrologic exchange potential can be quantified by gross gains and losses of water over a reach and has
been used to examine valley bottom function, particularly for biogeochemical cycling in the hyporheic zone
[Hayashi and Rosenberry, 2002]. Gross gains and losses are often studied together as hyporheic exchange.
While exchange and the extent of the hyporheic zone have been considered in the context of dynamic val-
ley hydraulic gradients through watershed moisture states [e.g., Ward et al., 2012] these analyses are typi-
cally constrained to the valley bottom [e.g., Harvey and Bencala, 1993; Triska et al., 1989; Payn et al., 2009;
Ward et al., 2014]. It remains unclear how inputs of water from adjacent hillslopes may influence spatial pat-
terns and magnitudes of stream gains and losses. Furthermore, field and modeling studies of hydrologic
exchange typically only consider one or two reaches and rarely incorporate continuous reaches across a
stream network.

Discharge measured at the outlet or at any point along the stream network of a watershed is an integration
of exchanges between flow pathways across a wide range of spatial and temporal scales. This study aims to
advance our understanding of how these processes are integrated across a watershed. To this end, we ask:
How does watershed structure influence the gains and losses (hydrologic exchange) of water between hill-
slopes, valley bottoms, and streams across space and time? In order to address this question we measured
streamflow at high spatial and temporal resolution in 52 reaches across the Tenderfoot Creek Experimental
Forest (TCEF) in the 2013 water year. In addition, we performed mass recovery experiments across four flow
states to measure the gross channel water balance in 14 reaches of one subwatershed. Using these observa-
tions, we developed a framework for evaluating the evolving controls on streamflow timing and magnitude
from the reach to watershed scales.

2. Site Description

2.1. General Description and Climate
The Tenderfoot Creek Experimental Forest (TCEF) is located in the Little Belt mountains of central Montana
(Figure 1; latitude: 468550N, longitude: 1108520W) which are headwaters of the Smith River, a tributary of the
Missouri River. The TCEF is subalpine with an elevation range of 1838–2421 m. There are 11 subwatersheds,
which compose the larger Tenderfoot Creek watershed (22.8 km2; Figure 1). This research focused on the
main stem of Tenderfoot Creek and four of the subwatersheds: Bubbling (3.1 km2), Sun (3.6 km2), Spring
Park (4 km2), and Stringer (5.5 km2).
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The climate of the TCEF is continental with a periodic maritime influence. Nippgen et al. [2011] calculated an
elevation weighted average annual precipitation at the TCEF of 790 mm (1996–2009 water years), 70% of
which occurs in the form of snow. Peak precipitation typically occurs in the winter as snow which results in
a snowmelt dominated hydrologic response. Peak flows occur during snowmelt in May through early June
and recede to base flow by mid to late July. Base flow continues through the fall and winter but is punctu-
ated by small flow increases in September–October until a continuous snowpack develops. The average
annual temperature is 1.48C. In the 2013 water year (when this study was conducted) the TCEF received a
total of 940 mm of precipitation (Natural Resources Conservation Service SNOTEL Site #1008, Onion Park).

Vegetation at the TCEF is dominated by Lodgepole pine (Pinus contorta) with limited subalpine fir (Abies
lasiocarpa) and Engelman spruce (Picea engelmannii) [Mincemoyer and Birdsall, 2006]. Four percent of the
watershed area is considered riparian [Jencso et al., 2009]. Upland meadows or parks make up 5.3% of the
watershed area [Schmidt and Friede, 1996]. Two subwatersheds: Sun and Spring Park underwent harvesting
treatments in 2000 in the form of stand thinning and patch cutting over a total of 764 ha. The treated area
in the Spring Park watershed totaled 127 ha or 32% of the watershed area. In Sun 162 ha were treated, 45%
of the watershed area [Hood et al., 2012].

2.2. TCEF Soils and Lithology
Soils at the TCEF are relatively homogenous (0.5–1.5 m in depth) [Jencso et al., 2009] with localized areas of
deeper soils in upslope locations. Hillslope soils are typically loamy skeletal, mixed typic Cryochrepts. Ripar-
ian and park soils are clayey, mixed Aquic Cryoboralfs [Holdorf, 1981]. The geologic characterization of the
TCEF watersheds is based on United States Geological Service (USGS) surveys [Reynolds, 1995]. Three main
rock types underlie the TCEF: Gneiss, Flathead Sandstone, and Woolsey Shale (Figure 1). We verified and
mapped the location of contacts between each rock type at outcrops along stream networks within each
study watershed.

Early Proterozoic gneiss occurs at lowest elevations, along the Main Stem stream and at the outlets of the
sub watersheds. The gneiss is medium to coarsely crystalline hornblende biotite gneiss with interspersed

Figure 1. (a) Site map and location of the Tenderfoot Creek Experimental Forest. Points on the map represent locations of the stilling wells
and flumes where discharge was measured. Lines represent the contributing area to each discharge measurement point. Each subwa-
tershed is signified by a color. Stringer: blue, Spring Park: green, Sun: orange, Bubbling: pink. Lighter shades of each watershed indicate
stilling wells closer to the watershed outlet. This color convention is used in subsequent figures. (b) Geologic map of the TCEF [after Reyn-
olds, 1995] with points at stilling wells and flumes.
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dikes of pink orthoclase feldspar with plagioclase feldspar and quartz, parallel to the gneissic foliation [Reyn-
olds, 1995]. The Gneiss fractures in blocks and forms cliffs, present along the Main Stem and lower Bubbling
creeks. There is limited potential for water movement in this unit through irregular fractures and open vugs
in quartz-rich laminae [Reynolds, 1995].

Flathead Sandstone overlays the Gneiss at middle watershed elevations, which is a fine to coarse grained
sandstone cemented with quartz. The sandstone is interbedded with a sandy siltstone several centimeters
thick, increasing in quantity at the top of the unit. It is firmly cemented, forms steep slopes, and has low per-
meability. However, the top of this unit is uniformly fractured and is likely the primary location for ground-
water movement and storage in the watershed [Reynolds, 1995].

Middle Cambrian Wolsey shale rests on top of the Flathead sandstone at higher elevations. The Wolsey
shale is made up of predominantly gray and greenish gray clayey siltstone, claystone, and sandy siltstone
lower in the unit. The rock has low permeability but is very fractured, typically platy, characteristic of shale
[Reynolds, 1995]. Parks over this unit generally become saturated with water in the spring, which then per-
colates down and reemerges as seeps and springs along the contact with the sandstone. The seeps and
springs are often located near the stream initiation points in the watersheds [Payn et al., 2012].

3. Methods

3.1. Stage Measurements
The TCEF is equipped with flumes located at the outlet of each subwatershed with additional flumes
located midway in the Stringer and Main Stem watersheds (H-Flumes: Stringer, middle Stringer, Bubbling;
Parshall Flumes: Sun, Spring Park, Lower Tenderfoot, and upper Tenderfoot). All flumes continuously record
hourly water levels in stilling wells connected to the flumes [Farnes and McCaughey, 1995]. We augmented
the existing streamflow monitoring network by installing 43 in-stream stilling wells at �250 m valley distan-
ces in the Main Stem, Stringer, Spring Park, Sun, and Bubbling subwatersheds (Figure 1). Stream locations
for each stilling well were chosen at locations that would show an appreciable increase in stage with dis-
charge and where the channel geometry was deemed to be stable through time [Sauer and Turnipseed,
2010]. Stilling wells consisted of a fence post driven in to the stream bottom, with a 2 inch diameter
screened section of pvc pipe attached and resting on the channel bottom. Within the stilling well, capaci-
tance rods (TruTrack Inc., Christchurch, NZ) were installed to measure hourly water levels and water temper-
ature (61 mm accuracy). Capacitance rods were deployed in the field from 10 May to 30 September 2013
and downloaded at bi-weekly intervals.

3.2. Discharge Calculations
We used the dilution gaging method to measure an instantaneous discharge at each stilling well and USFS
flume [Day, 1976]. Dilution gauging is a widely accepted method of measuring streamflow and works partic-
ularly well in small, high-gradient streams with irregular stream bottoms such as the TCEF [Day, 1976;
Zellweger et al., 1989]. It involves instantaneously injecting a known quantity of conservative tracer (in this
case NaCl in solution) above a measurement point [Covino et al., 2011]. The injected salt fully mixes in the
water column along a short mixing length, the distance between the injection point and the measurement
point. Along the short mixing length, it is assumed that discharge is constant and no tracer is lost [Kilpatrick
and Cobb, 1985]. An electrical conductivity probe with data logger was placed in the thalweg at the mea-
surement point to measure the specific conductivity (SC) breakthrough curve (Campbell CR1000 data logger
and CS-547A temperature/conductivity probe, Campbell Scientific, Inc., Logan, UT, USA).

Each dilution gauging measurement results in a recorded breakthrough curve of the increase in SC as the
dissolved NaCl moves past the measurement point. We integrated under the breakthrough curve to calcu-
late the total increase in SC and then used a known relationship between SC and Cl2 to calculate a volume
of water or discharge (equation (1)) [Covino et al., 2011]:

Q5
TMAÐ t

0 Tc tð Þdt
; (1)

where Q is discharge, TMA is the tracer (NaCl) mass added, and TC is the background corrected tracer con-
centration. To evaluate the precision of our dilution gauging measurements we performed 42 replicate
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dilution gauging discharge measurements across several flow states throughout the season. Replicates
were a second dilution gauging measurement at the same location after the initial dilution gauging experi-
ment was performed; the second slug was introduced 15 min after the stream returned to background. The
average precision was 1.5% of discharge with a maximum replication error of 9.6% and a minimum error of
0.02% of measured discharge.

3.3. Stage–Discharge Rating Curves
Dilution gauging was performed as many times as possible at each stilling well in order to build a stage-
discharge rating curve for each stilling well and verify rating curves at the USFS flumes (6–12 measurements
at each location across the annual hydrograph). Discharge measurements were performed most frequently
during snowmelt and recession and at reduced frequency at low flow because discharge was not changing
as rapidly (Figure 2). During each dilution gauging measurement, stage was manually measured to verify
the recorded stage at each capacitance rod. For each stilling well, we performed regression analyses
between the measured discharge values and observed stages across the full range of flow states. All of the
resulting rating curves exhibited significant power law relationships (R2 range: 0.94–0.98). We applied each
regression equation to the recorded hourly stage data to calculate hourly discharge at each stilling well
from 10 May to 30 September 2013 (Figure 2, left). To avoid error, no calculated discharge data were used

Figure 2. Hydrographs of each stilling well within the TCEF subwatersheds during the 2013 season. The left column depicts absolute dis-
charge and the right column depicts area normalized discharge. Gray lines behind each hydrograph indicate times at which direct meas-
urements of discharge were completed. Subwatersheds from top to bottom include: the Main Stem of Tenderfoot Creek, Stringer Creek,
Spring Park, Sun Creek, and Bubbling. Lights shades in each watershed indicate measurement points closer to the watershed outlet.
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for our analysis if it was above the highest manually measured discharge. Because we were able to perform
dilution gauging close to peak snowmelt, very little data were omitted (a maximum of five consecutive
days). Hourly time series were normalized by contributing area to compare differences in runoff between
locations within and across subwatersheds (Figure 2, right). We also used hourly time series to calculate
weekly and daily average discharges at each stilling well in order to examine discharge trends through
time.

3.4. Mass Recovery
In addition to measuring discharge, we used the mass recovery method [Harvey and Bencala, 1993; Harvey
et al., 1996; Triska et al., 1989] to measure gross hydrologic gains and losses along stream reaches in the
Stringer Creek watershed. We define a stream reach as the stream section between two gauging locations,
which is distinct from and much longer than a mixing length defined above. A gross gain is the total
amount of water that entered over the stream reach, and a gross loss is the total amount of water that left
the stream channel over that reach. The balance of the two is the net discharge. A net discharge can be
determined from calculating the difference in discharge from the top and bottom of a reach, however it
does not provide any information on the gross exchange or gain and loss of water [Covino and McGlynn,
2007; Payn et al., 2009; Covino et al., 2011].

First we measured discharge at the top and bottom of a reach using the dilution gauging method to deter-
mine the net discharge of the reach (DQ, net Q). Then, at the top of the reach a greater mass of NaCl was
injected and the breakthrough curve of the injection was measured at the base of the reach. Along the
reach, water enters (diluting the NaCl) and exits the channel (with its associated NaCl), thus not all of the
NaCl mass would be observed at the bottom of the reach.

The breakthrough curve at the base of the reach is directly related to the proportion of salt recovered at the
base of the reach (equation (2)) [Covino et al., 2011]. The mass of tracer lost (Mlost) was calculated by sub-
tracting the tracer mass recovered at the bottom of the study reach (Mrec) from the tracer mass added at
the top of the reach (Mtop) where Q is discharge at the base of the reach:

Mlost5Mtop2Mrec5Mtop2Q
ðt

0
Tc tð Þdt: (2)

The discharge lost (Qlost) in each reach was calculated as the product of the percent of tracer mass lost by
the average discharge in the reach. Using an average discharge assumes concurrent gain and loss within a
reach [Payn et al., 2009; Exner-Kittridge et al., 2014].

Discharge gained was then calculated through mass balance:

Qgain5DQ1Qlost: (3)

Gross gains and losses were normalized by 100 m of stream length to facilitate comparison across uneven
length reaches. We performed four sets of mass recovery experiments in the Stringer Creek watershed dur-
ing the 2013 field season across 14 stream reaches: 20 June, 27 June, 15 July, and 20 September. Discharge
at the outlet of the watershed at these times was 494, 207, 70, and 27 L/s, respectively.

3.5. Spatial Analyses of Discharge and Exchange
We sought to understand how spatial and temporal dynamics in stream discharge related to variability in
watershed structure both at large watershed scales and across increasingly smaller subwatershed sizes. To
do so, we calculated watershed contributing areas from the reach to watershed scale using 10 m light
detection and ranging (LiDAR) derived digital elevation model (DEM). Additionally, we calculated a number
of terrain metrics using the DEM, geologic mapping by Reynolds [1995], vegetation characteristics derived
from LiDAR returns, and optical and field survey data of the TCEF stream morphology.

We calculated the contributing area to each gauging location and flume using a unidirectional flow direc-
tion algorithm (D-8) [O’Callaghan and Mark, 1984]. The topographically based contributing areas were sepa-
rated in two ways: total contributing area, which is the entire watershed area contributing water to the
gauging location (all area upstream of that point), and lateral contributing area, which we define as the hill-
slope area contributing water specifically to the stream reach (between the gauging location and the next
upstream gauging location). We define a watershed as one of each of the five watersheds that compose the
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TCEF: Main Stem, Stringer, Spring Park, Sun, and Bubbling. A subwatershed is the progressive division of
each watershed at the stilling wells located within it; the total contributing area draining to each stilling
well. The lateral contributing area is the area contributing only to the stream reach between gauging loca-
tions as defined earlier in this paragraph. For each lateral contributing area, we derived 14 distributed topo-
graphic indices that represent water redistribution and exchange (Tables 1 and 2).

Measures of the channel structure were performed with optical surveys and visual assessments of the domi-
nant stream reach morphology from the outlet to the channel initiation (R. Payn and K. G. Jencso, Stream
channel survey of Stringer Creek, unpublished data). Benchmarks were installed using survey grade GPS
(Trimble 5700, 5 mm horizontal and vertical accuracy) and control points along the stream network. From
those points, optical surveys were performed for the channel and transitions between unique stream geo-
morphic features that included riffles, runs, pools, steps, and cascades [Montgomery and Buffington, 1997].
Streambed elevations at the beginning and end of each feature were also recorded. We digitized and cate-
gorized the survey data by the geomorphic features listed above, where each feature had information on
the location, elevation loss, and the stream length over which it was observed. Across each reach, counts of
the number of features by geomorphic type were also recorded. Because the reaches were not uniform in
length we normalized the feature count per 100 m of stream in order to make comparisons across the
reaches. These survey data were used to calculate all metrics except dominant geology in Table 2.

Table 1. The Predictor Variables Used in Stepwise Multiple Linear Regression Analyses With Observations of Stream Gross Gains in the
Stringer Creek Watersheda

Reach
Number

Dominant
Geology

Lateral
Contributing

Area (km2)

Median
Slope

(radians)
Median
DFC (m)

Median
GTC

Median
Insolation
(w/m2 yr)

Median
Tree

Density

Riparian
Area
(m2)

Median
Elevation

(m)

1 Gneiss 0.23 0.17 266.07 0.34 3406.41 0.24 6,300 2,123
2 Gneiss 0.19 0.15 280.22 0.32 3421.40 0.31 3,600 2,135
3 Gneiss 0.13 0.22 266.07 0.26 3359.41 0.32 2,800 2,132
4 Gneiss 0.24 0.18 260.31 0.26 3476.08 0.31 6,200 2,149
5 Gneiss 0.80 0.15 402.09 0.14 3484.92 0.31 10,100 2,208
6 Sandstone 0.11 0.23 216.89 0.25 3406.91 0.39 3,000 2,156
7 Sandstone 0.19 0.17 306.47 0.19 3421.68 0.34 3,500 2,176
8 Sandstone 0.32 0.13 409.42 0.17 3483.93 0.31 4,600 2,198
9 Sandstone 0.28 0.15 308.41 0.18 3447.46 0.35 7,300 2,198
10 Sandstone 0.51 0.18 512.72 0.15 3426.12 0.31 8,200 2,244
11 Sandstone 1.03 0.09 472.65 0.08 3478.50 0.30 16,100 2,227
12 Sandstone 0.09 0.19 244.13 0.16 3425.15 0.40 4,200 2,213
13 Sandstone 0.13 0.19 376.21 0.14 3415.44 0.38 2,700 2,239
14 Sandstone 0.73 0.16 555.11 0.14 3432.08 0.28 6,400 2,274

aDFC is distance from creek and GTC is the gradient to creek.

Table 2. The Predictor Variables Used in Stepwise Multiple Linear Regression Analyses With Observations of Stream Gross Losses in the
Stringer Creek Watershed

Reach
Number

Reach
Geology

Nonnormalized
Step Count

Normalized
Step Count

Normalized
Elevation
Loss (m)

Median
Channel

Slope

Standard
Deviation of

Channel
Slope

1 Gneiss 33 9.64 0.0473 0.0942 0.12
2 Gneiss 21 8.66 0.0305 0.0863 0.16
3 Gneiss 12 8.05 0.0384 0.1148 0.18
4 Gneiss 31 8.26 0.0408 0.1152 0.18
5 Gneiss 15 7.90 0.0395 0.1007 0.19
6 Sandstone 10 3.25 0.0110 0.0953 0.18
7 Sandstone 17 4.98 0.0185 0.1021 0.15
8 Sandstone 10 3.96 0.0117 0.0718 0.11
9 Sandstone 5 1.46 0.0053 0.0623 0.10
10 Sandstone 8 2.86 0.0075 0.0520 0.11
11 Sandstone 19 4.17 0.0090 0.0624 0.11
12 Sandstone 6 0.90 0.0021 0.0649 0.12
13 Sandstone 8 2.82 0.0095 0.0611 0.13
14 Sandstone 8 2.16 0.0058 0.0564 0.12
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At the scale of the TCEF watersheds we used corre-
lation analysis to evaluate the relationships
between weekly and daily averages of total dis-
charge, as well as the net discharge with total con-
tributing area and each of the lateral contributing
areas, respectively. We also implemented stepwise
multiple regression analysis to test how incremental
changes in gross gains and losses within the
Stringer Creek watershed related to 15 indices that
have been shown to influence runoff generation
and streamflow (Tables 1 and 2). The stepwise mul-
tiple regression analysis between these values and
the gross gains and losses for each reach were per-
formed in the statistical program R. Model good-
ness of fit for each combination of variables was
assessed using Akaike’s information criterion (AIC).
The predictors were dropped or added according
to a respective increase or decrease in the AIC for
each modeled time period. The predictors selected
for each regression equation were those that were
significant (P< 0.05) for explaining the differences
in gains and losses across the Stringer Creek
reaches.

4. Results

4.1. Discharge Time Series
In general, stream discharge (Q) increased with
watershed area within and across each of the TCEF
watersheds (Figure 2). If increasing contributing
area explained all of the variability in discharge,
then runoff (discharge normalized by area) should
be similar at each of our monitoring locations. How-
ever, certain watersheds and subwatersheds pro-
duced more streamflow per unit area than others
(Figure 2, right). The Stringer watershed had the
highest runoff, peak flow values were �1.4 mm/h;
Bubbling and Sun had the lowest around 0.8 mm/h.

Within both the Stringer and Sun watersheds, gauging locations had more similar runoff during high flow:
all areas in those watersheds yielded a similar amount of streamflow per unit area (range of 0.27 mm/h in
Sun and 0.33 mm/h in Stringer). There was more variability in runoff within the Spring Park and Bubbling
watersheds (range of 0.69 mm/h in Spring Park and 0.56 mm/h in Bubbling). During low flow periods (Fig-
ure 3), there was an even larger difference in runoff between the gauging locations and the degree of diver-
gence increased as the season progressed. We observed several orders of magnitude difference in
discharge per unit area at low flow both within and across watersheds. In addition, some of the gauging
locations had extremely low runoff values by the end of season relative to other locations with similar con-
tributing area. These were frequently the gauging locations closest to channel initiation, particularly in the
Spring Park and Sun watersheds (Figures 3c and 3d, respectively). We also observed ephemeral flow at the
headwaters of two watersheds: the Main Stem and Bubbling (Figures 3a and 3e, respectively). In the Main
Stem, the channel network contracted below the uppermost gauging location beginning on 20 July. In Bub-
bling, there was no streamflow at the three uppermost gauging locations by 6 June. The next downstream
gauging location in Bubbling had continuous flow throughout the year, but it was too low (<1 L/s) to accu-
rately measure by the first week of August.

Figure 3. Runoff time series of each stilling well in the 2013 sea-
son by subwatershed: Main Stem, Stringer, Spring Park, Sun, and
Bubbling from top to bottom. Lighter shades indicate points
closer to the watershed outlet. Note logged y axis. There is at
least an order of magnitude difference in area normalized dis-
charge across stilling wells for each subwatershed during high
flow, which increases toward low flow. Headwater stilling wells in
the Main Stem and Bubbling watersheds are ephemeral.
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4.2. Discharge Variability at the Watershed and
Subwatershed Scales
We performed linear regression between total contrib-
uting area and a weekly average Q for all of the gaug-
ing locations in Stringer, Spring Park, Sun, and
Bubbling at three contrasting flow states and found
significant, positive relationships (Figure 4). Here, we
used a weekly average discharge in order to capture a
general behavior of each flow state: peak snowmelt
(Figure 4a, 944 L/s), recession (Figure 4b, 171 L/s), and
late season base flow (Figure 4c, 28 L/s). All streams in
the TCEF generally increase in discharge moving
downstream, therefore this relationship was necessar-
ily positive because it is derived from absolute dis-
charge and total contributing area to each point and
incorporates the discharge and contributing area of
every point upstream (i.e., aggregate watershed
behavior).

The slope of the relationship between total watershed
area and weekly average Q declined with declining
flow states; there was less Q per unit area (Figure 4).
Additionally, the goodness of fit of the contributing
area–Q relationship decreased through flow states
from an R2 of 0.77 at snowmelt to 0.45 by base flow
(Figure 4). Across all of the flow states there was scat-
ter about the linear relationship and this became more
pronounced toward the base flow time period. By the
low flow period, many gauging locations had very little
Q, even with contributing areas close to 4 km2 (Figure
4). We also observed different rates at which discharge
increased with total contributing area within and
across the subwatersheds (Figure 4; dashed lines for
each subwatershed).

4.3. Scaling of the Contributing Area Discharge Relationship
Our preliminary results indicated a high degree of variability in yield across subwatersheds and time peri-
ods. To evaluate this behavior across multiple nested scales we used a stepwise aggregation of lateral con-
tributing area (area contributing directly to the gauging location) and the net discharge (the net amount of
water that entered or left between the upstream and downstream gauging locations). This illustrates how
the relationship between lateral contributing area and net discharge progresses from high to low flow
states and from large to small spatial scales (Figure 5).

The relationships between lateral contributing area and change in Q were only significant at the watershed
scale (Figure 5a) and when the watersheds were divided in half during high flow (Figure 5b, top). We began
to observe negative changes in discharge at the half watershed scale (Figure 5b). At a given flow state,
smaller areas generally resulted in less inflows to the channel (Figure 5, left to right in a row). However,
across the smallest divisions of lateral contributing area (Figure 5d) we also observed negative changes in
discharge. A negative change in discharge indicated that there was substantial loss of water across a reach
that exceeded the water entering the reach from the adjacent hillslopes.

4.4. Reach Scale Water Balance
Generally, we observed more exchange (the balance of gross gains and losses) closer to the outlet (Figure
6, reaches 1–5) relative to the upstream reaches (Figure 6, reaches 6–14). This pattern was consistent across
flow states, but the absolute volume of exchange decreased over the course of the snowmelt recession.
Additionally, most reaches were consistently net gaining or losing with one exception being reach 12,

Figure 4. Linear regressions between total watershed con-
tributing area and weekly average discharge at (a) peak
snowmelt, (b) recession, and (c) base flow in the 2013 season
with all stilling wells in the Stringer, Bubbling, Spring Park,
and Sun watersheds combined. The regressions indicate
decreased yield over time (decreasing slope) and increased
variance in the discharge-area relationship. Dashed gray lines
show the differences in discharge accumulation with water-
shed area across each of the subwatersheds.
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which was strongly losing during the highest flow (Figure 6a) but strongly gaining at all other measurement
times (Figures 6b–6d).

Stepwise multiple regression analysis indicated that increases in the reach lateral contributing area and the
dominant underlying lithology type were the only significant predictors of the volume of gross gains across
the channel network (Table 3; R2 5 0.70–0.85, P 5<0.01–0.049) for the first three flow periods following
snowmelt (494, 207, and 70 L/s). During the lowest flow period in fall (September) the addition of vegeta-
tion density with lateral area and stream reach lithology explained 87% of the variance in stream gross
gains (Table 3). Increased vegetation densities were associated with greater gross gains and an additional
18% increase in the variance explained, relative to a regression model with only lateral area and lithology.
Importantly, the coefficient for vegetation density, the change in gross gain with 1 unit increase in density if
contributing area and rock type are held constant, was positive (38.25).

The relationships between contributing area and gains separated by dominant rock type were particularly
strong for sandstone dominated reaches at higher flows: R2 5 0.84 and 0.89 (Figures 7a and 7b, respec-
tively). By late season base flow, very little water was contributed to streams from the reaches underlain by
sandstone, the slope of this relationship was only 1.3 L/s per km2 (Figure 7d). The slope of each relationship
for both groups of reaches decreased with lower flow states: 126.1–17.7 L/s per km2 in gneiss and 77.9–
1.3 L/s per km2 in sandstone (Figure 7). The slope of the regression for gneiss dominated reaches was
always much higher than sandstone dominated reaches.

Figure 5. The relationship between lateral contributing area and net in discharge across spatial scales and flow states. Flow states progress
from snowmelt in the top row, recession in the middle row, and base flow on the bottom row, indicated by hydrographs in Figure 5d.
Flow states are the same as those presented in Figure 4. Spatial scales progress from large (left) to small lateral contributing areas (right);
(a) subwatersheds of the TCEF, (b) subwatersheds divided in half, (c) two stilling wells combined, and (d) individual stilling wells. In Figure
5a, net discharge is simply outlet discharge. In subsequent panels, net discharge is the difference between upstream discharge and dis-
charge at the subwatershed ‘‘outlet.’’ Plots with bold outlines have significant relationships between lateral contributing area and the
change in discharge. There is only a significant relationship between lateral contributing area and change in discharge at the subwa-
tershed scale (a) and the subwatersheds divided in half at highest flow (b, top row). More negative changes in discharge are observed at
increasingly smaller scales (b–d).
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The normalized count of steps across each reach was the only significant predictor of gross loss across all
flow states (Figure 8). These relationships were significant at the 0.05 alpha level except at the 70 L/s flow
state, which was significant at the 0.01 alpha level with an R2 of 0.43. The slope of the relationship declined

Figure 6. Gross gains (positive bars) and gross losses (negative bars) per 100 m across consecutive stream reaches in the Stringer watershed
for the 2013 season. White bars are the net discharge that result from the gross gain and loss within each reach. Bar colors are representative
of the dominant underlying lithology of the reach, purple is gneiss while orange is sandstone. Reaches with lower numbers are closer to the
outlet. Measurements were made at (a) 6/20, 494 L/s outlet Q; (b) 6/27, 207 L/s outlet Q; (c) 7/15, 70 L/s outlet Q; (d) 9/20, 27 L/s outlet Q. The
left column is on a fixed y scale and the right column is the same data but scaled to the maximum gain/loss of each measurement time period.

Table 3. Results From Stepwise Multiple Linear Models of Landscape Structure and Stream Gross Gainsa

Flow Period (L/s) Adjusted Multiple r2 Intercept Lateral Area Lithology Tree Density

494 0.70 120.78
<0.01

90.78
<0.01

260.07
<0.01

–

207 0.85 60.87
<0.01

42.12
<0.01

231.29
<0.01

–

70 0.69 25.76
<0.01

13.85
<0.01

212.68
<0.01

–

27 0.86 3.6
<0.01

3.42
0.049

211.00
<0.01

38.25
<0.01

aEach model is listed in order of decreasing streamflow. Regression coefficients are listed with their associated P value (italics). A miss-
ing value indicates that the predictor was not retained in the final model. Variables that were not found to be significant (Table 1) dur-
ing any time period were omitted.
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with reduced flow states (from 4.21 to
0.58 L/s per step). Regressions were per-
formed with all reaches, not separated by
dominant geology. We combined the nor-
malized step and cascade feature counts
from the Stringer creek survey data (here-
after collectively referred to as steps)
because both types have abrupt head drops
[Montgomery and Buffington, 1997]. There
were more steps per stream length lower in
the watershed in locations where gneiss was
present. In addition, the total elevation
change associated with these features in
each reach was greater closer to the outlet
(Figure 8, symbol size). However, this did not
improve predictions of gross loss in a reach.
For example, the largest gross loss in the sec-
ond mass recovery experiment was in a
reach with less total elevation loss than the
next two largest volumetric gross losses (Fig-
ure 8b).

5. Discussion

In this study, we aimed to identify the domi-
nant watershed properties that influence the
timing and magnitude of stream flow and
how this scales from the reach to the entire
watershed. Common elements that have
been shown to influence spatiotemporal var-
iability in streamflow include topographic
characteristics such as contributing area
[e.g., Anderson and Burt, 1978; Beven and
Kirkby, 1979; Wood et al., 1988; Jencso et al.,
2009], vegetation [Rodriguez-Iturbe and
Porporato, 2004; Nippgen et al., 2015], subsur-
face characteristics such as bedrock structure
[e.g., Huff et al., 1982; Freer et al., 2002;
Uchida et al., 2005], and differences in valley
bottom–stream geomorphology [Harvey and

Bencala, 1993; Ward et al., 2012; Wondzell, 2006] that can promote bi-directional exchanges (gains and
losses) of water between streams and valley bottom systems. However, we have not yet resolved how chan-
nel and valley hydrologic exchange can modulate hillslope contributions to streams or how this leads to dif-
ferences in watershed scale discharge dynamics.

At the scale of large watersheds, a common approach to account for spatial and temporal variability of con-
tributions to streamflow has been to further divide subwatersheds into topographically based contributing
areas. Previous work has highlighted the challenge of scaling discharge with contributing area and difficul-
ties in transferring these relationships to alternative basins with different climate, topography, lithology,
and vegetation characteristics [e.g., Wood et al., 1988; Smith, 1992; Gupta et al., 1996, 1994; Seyfried and
Wilcox, 1995; Wood et al., 1988; Eaton et al., 2002; Yue and Gan, 2009]. Across the TCEF watersheds, there
were significant and positive linear relationships between total watershed contributing area and total dis-
charge that weakened over the course of the seasonal hydrograph recession (Figure 4). This was expected
since the compound effect of inflows from all upstream contributing area in conjunction with those associ-
ated with new lateral area contributing directly to the reach result in a positive relationship.

Figure 7. Linear regressions between lateral contributing area and gross
hydrologic gains classified by dominant lithology (purple: gneiss, orange:
sandstone) at four time periods across the 2013 water year: 6/20, 6/27, 7/
15 and 9/20. Gneiss dominated reaches consistently yield more water
than those dominated by sandstone lithology. Gross gains decrease with
decreasing flow state across all reaches, however lateral contributing area
remains a significant predictor of gross gains at all measurement periods.
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In order to better isolate spatiotemporal variability
in the contributions to streamflow, we progressively
subdivided watershed contributing area and quan-
tified the relationship between contributing area
and net discharge, an approach that has previously
been used at both large [e.g., Eaton et al., 2002; Yue
and Gan, 2009] and small scales [e.g., Wood et al.,
1988]. We found that the relationship between net
discharge and contributing area is only significant
at scales of 1.5 km2 and larger (Figure 5), which is
consistent with the findings of Wood et al. [1988].
At scales smaller than this we observe negative
changes in discharge suggesting substantial loss of
flow from the stream reach (Figures 5b–5d). Even
some of the aggregated stream reaches (�1 km
long, 1.5 km2 contributing area) lost more water
from the channel network than was gained from
the lateral contributing areas (resulting in a nega-
tive change in discharge). These contributing areas
may have intersected longer, more intermediate
flow paths in the valley system [Toth, 1963],
whereby water that was lost from a stream reach
returned further downstream. For example, Payn
et al. [2012] concluded that losses from upstream
reaches traveling along intermediate flow paths
reemerge downstream and contribute to more dis-
charge than expected from the downstream lateral
areas. Additionally, the influence of hydrologic
exchange between the stream and valley ground-
water system on net discharge may also increase as
flow state decreases; we observed proportionally
more negative changes in discharge with decreas-
ing flow states and subwatershed sizes (Figures 5b–
5d). This highlights the need to consider how vari-
ability in hillslope contributions and channel losses
to the valley groundwater system may contribute
to aggregate discharge dynamics.

5.1. How Does Upland and Stream Structure
Lead to Differences in the Gross Channel Water
Balance and Cumulative Discharge Dynamics?
5.1.1. Combined Topographic and Geologic
Controls on Stream Reach Gross Gains
The significant and positive linear relationships
between gross gains of water and lateral contribut-

ing area highlight the importance of considering the channel water balance when quantifying the potential
for hillslope contributions to stream discharge (i.e., gross gains versus net increase in discharge). Hillslope
contributions to peak runoff in the TCEF are dominated by shallow subsurface flow that is strongly topo-
graphically controlled [Jencso et al., 2009]. During snowmelt, soils become saturated and there was develop-
ment of a shallow subsurface water table connecting all but the smallest hillslopes to adjacent valley
bottoms and stream reaches [Jencso et al., 2009; Nippgen et al., 2015]. This is reflected in the strong relation-
ship and steep slope between lateral contributing area and gross gains at this time period (Figure 7a). Dur-
ing the recession from peak snowmelt runoff and decreasing overall watershed moisture state, hillslopes
with smaller contributing areas become hydrologically disconnected and the slope of the relationship

Figure 8. The linear relationship between gross losses and a
count of the number of steps in each reach (normalized per
100 m) derived from survey data in the Stringer Creek watershed
(orange: sandstone dominated reaches, purple: gneiss dominated
reaches). Losses were calculated from mass recovery experiments
performed across flow states in the 2013 water year on 6/20, 6/
27, 7/15, and 9/20. This suggests that stream morphology con-
trols volumetric gross losses once water enters the stream net-
work. Each symbol size is scaled by the sum of elevation lost over
all steps in the reach.
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between discharge and contributing area began to decrease (Figures 7b and 7c). By late season (low base
flow), modeling by Smith et al. [2013] estimated that only approximately 5% of the stream network was
hydrologically connected to the uplands via shallow subsurface flow. Very little water per unit contributing
area was being delivered to the stream network (Figure 7d). During this time period, reach characteristics
such as individual large contributing areas (large convergent hillslopes that have continuous hydrologic
connectivity) may become more influential on spatial patterns of discharge gains [Anderson and Burt, 1978;
Jencso et al., 2010; Smith et al., 2013; Nippgen et al., 2015].

The dominant underlying lithology was also an important consideration for the magnitude of gross gain to
each stream reach, as previously suggested by Payn et al. [2012]. Two different relationships were apparent
depending on whether the lower portions of each reach lateral contributing area was underlain by gneiss
or sandstone (Figure 7). Areas underlain by sandstone yielded much less water than those underlain by
gneiss. The largest disparity between yields from areas with different rock types was late in the season. In
the sandstone there was almost no increase in gross gain with increase in contributing area (slope 1.3 L/s
km2, Figure 7d). This suggested that hillslopes underlain by sandstone were contributing little to no water
to streamflow late in the season.

There are numerous plausible explanations for the differences in stream gains associated with lateral
contributing areas across the different geologic settings. For example, differences in the permeability of
each rock type may have influenced the partitioning of water between deep and shallow groundwater
flow paths that eventually become stream flow [Graham et al., 2010; Jencso and McGlynn, 2011; Gabrielli
et al., 2012; Payn et al., 2012; Creutzfeldt et al., 2014]. In this case, decreased yields in areas underlain by
sandstone (Figure 7) may be related to the permeability of the sandstone unit, which is higher than the
gneiss due to grain size distributions, the nature of the cementation, and a regular fracture network at
the surface [Reynolds, 1995]. In addition, Payn et al. [2012] concluded that in Stringer, when water mov-
ing within the sandstone encounters the relatively impermeable gneiss at lithological transitions, it will
likely emerge again in the shallow subsurface as seeps or springs or directly as streamflow (e.g., Figure
6, reach 5). It is also possible that differences in soil hydraulic conductivity could exist across the sand-
stone and gneiss parent material. This could contribute to order of magnitude differences in water
fluxes to downslope locations during time periods of unsaturated flow (throughflow) and transitions to
saturated soil wetness states (subsurface flow) [Soulsby et al., 2004, 2006; Tromp-van Meerveld and
McDonnell, 2006; Tetzlaff et al., 2014; Gannon et al., 2014]. Without additional lines of inference (e.g., iso-
topic or chemical tracers, deep groundwater wells, and geophysical measurements), it is difficult to sep-
arate the relative contributions from the shallow subsurface and deeper geologic flow paths that
converge within the valley bottoms.

Previous analysis across 15 of the 24 shallow groundwater transects in the TCEF suggested that increased
vegetation densities contributed to higher magnitude transpiration and decreases in annual hydrologic
connectivity along hillslope flow paths [Emanuel et al., 2013]. However, our multiple linear regression analy-
sis indicated that increased vegetation density was associated with stream gains, but only during the lowest
flow period. These contrasting results may highlight the role of vegetation for seasonal differences in the
partitioning of evaporation and transpiration across upslope flow paths. For example, decreases in soil
water potential during the drier time period could have contributed to decreased transpiration through sto-
matal closure [Rodriguez-Iturbe and Porporato, 2004; Porporato et al., 2004; Emanuel et al., 2010]. At the same
time, the increased leaf area associated with dense forest stands may have reduced soil water evaporation
through shading of incoming radiation and resulted in concomitant increases in throughflow downslope. It
should be noted that 7 of the 24 hillslope well transects in the Emanuel et al. [2013] study did not follow the
overall trend and indicated greater durations of hydrologic connectivity with increasing tree density. It was
suggested that increased upslope contributing area and bedrock seeps at some transects (the seven that
did not follow the global relationship) may have contributed to more plant available water and higher vege-
tation densities along upslope flow paths.

Previous hillslope scale and theoretical studies in the TCEF have also suggested the influence of alternative
factors. These have included variability in snowpack melt timing and magnitudes that influence recharge to
the shallow subsurface [Smith et al., 2013] and differences in hillslope flow path gradients that led to differ-
ences in the rate of water delivery to the stream network [Jencso and McGlynn, 2011; Nippgen et al., 2015].
In this study these additional factors resulted in decreased model parsimony without a significant increase
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in predictive power of stream gains (Table 1). This highlights potential differences between plot, hillslope,
and watershed scale studies. Findings of one may not easily translate to the other, calling to our attention
the importance of understanding the scaling of streamflow generation mechanisms.
5.1.2. The Role of Stream Geomorphology for Gross Losses From the Channel to the Valley
Because the streams of the TCEF are high gradient, low-sinuosity, and the beds have coarse substrate with
stable channel geometry (very little bed-load transport) the primary type of exchange in this system was
that driven by differences in total hydraulic head; as indicated by the significant negative relationship
between the normalized count of steps in each reach and volumetric loss (Figure 8). The interaction
between streams and the hyporheic zone were likely driven by total head gradients that are dictated by dif-
ferences in elevation of the water surface due to longitudinal streambed topography [Harvey and Bencala,
1993]. While other types of hyporheic exchange [Wondzell and Gooseff, 2013] could have played a role in
how much water was lost to valley flow paths, the number of steps creating a higher hydraulic head
appears to be the primary driver of stream losses in the reaches investigated at the TCEF. This suggested
that once water entered the stream and valley system from the uplands (Figure 7), it was the topography of
the streambed itself that promoted local losses from the stream to the valley and ultimately contributed to
changes in net Q at the bottom of the reach (Figure 6).

Losses due to changes in head over steps can be considered vertical losses from the stream into the bed,
and appear to be the main mechanism of exchange in high gradient, rocky stream types such as the TCEF
[Wondzell, 2006]. Transient exchange could also play a role at different points in the season depending on
the height of the stream surface relative to the height of the adjacent riparian water table [Harvey and Ben-
cala, 1993; Lewandowski et al., 2009]. During snowmelt when channel water surface elevation and riparian
water tables are high, horizontal losses could occur due to overbank flow and activation of side channels
[Poole et al., 2006]. These processes might explain some of the increased variability that we observe about
the relationship between steps and gross loss during our highest flow measurements (Figure 8a). Interest-
ingly, the measurement period where steps had the least explanatory power was not the highest or lowest
flow, but during the late snowmelt recession at 70 L/s (Figure 8c). We hypothesize that at this point, hydro-
logic connectivity between hillslopes and valley bottoms decreased, resulting in riparian water level declines
and decreased near stream hydraulic gradients. This could contribute to increased horizontal exchange as
valley flow paths evolve in a downstream direction and water tables and stream stage approach equilibrium
[Harvey et al., 1996]. Once conditions approached steady state during base flow, there was a significant rela-
tionship between the normalized count of steps and volumetric loss of stream water (Figure 8d).

Across all scales, from a reach to an entire stream network, geologic structure and valley bottom morphol-
ogy can be significant controls on the gross channel water balance [Wondzell, 2006; Covino et al., 2011; Mal-
lard et al., 2014]. Our results suggested a strong linkage between the propensity for volumetric loss and the
spatial patterns of stream morphology. In the upper portions of the watershed underlain by sandstone,
there were fewer steps per 100 m of stream and less change in elevation (<5 m lost over the entire reach).
This resulted in less volumetric loss from these upper reaches relative to lower reaches, particularly at the
highest and lowest measured flow states (Figures 8a and 8d). Conversely, lower in the watershed where
reaches are underlain by gneiss, the valley and channel slopes were much steeper. There were more steps
and more elevation loss creating higher hydraulic heads and increased gross loss from these reaches (Figure
8). The structure of the channel evolved moving from the headwaters with sandstone lithology to the outlet
with gneiss and gross loss evolved with it in a predictable way across all flow states. This suggests a strong
linkage between valley bottom topographic structure influenced by underlying geology, stream morphol-
ogy, and hydrologic exchange dynamics.

5.2. Implications
One major focus of hydrologic research has been how the organization of landscape structure leads to variabili-
ty in the sources and timing of streamflow within and across watersheds. Every watershed, hillslope, and valley
system is unique, which is true even for adjacent watersheds in the same geomorphic setting at the TCEF. How-
ever, this work provides insight into the dominant influences on exchange between hillslopes, underlying lithol-
ogy, valley systems, and streams across spatial scales and flow states. We provide evidence for how geology
and vegetation can influence the yield from one contributing area to the next (Figure 7), a critical consideration
for model selection and parameter identification [Wagener and Wheater, 2006]. The addition of bedrock, topog-
raphy, vegetation, and valley bottom controls on event and base flow contributions to streams may improve

Water Resources Research 10.1002/2015WR017972

BERGSTROM ET AL. UPLAND AND VALLEY BOTTOM INFLUENCES ON STREAM WATER BALANCE 15



our ability to constrain spatially explicit predictions of streamflow generation in ungauged basins [Sivapalan,
2003]. Additionally, our multiscale analyses highlight the spatial scales at which local and nonlocal watershed
characteristics may control water delivery to streams [Bl€oschl and Sivapalan, 1995].

This research provides a link between network scale hydrologic exchange and the uplands of the water-
shed. In hillslope or small watershed hydrologic studies, bedrock is often considered a no-flow boundary
[Kampf and Burges, 2007]. However, we know that shallow subsurface flow can recharge deeper geologic
flow paths [Generaux et al., 1993], as indicated by bedrock type dependent yields to steams and the contri-
butions of seeps and springs [Tague and Grant, 2004; Jencso and McGlynn, 2011; Creutzfeldt et al., 2014].
Under changing climate, it will be increasingly important to identify the spatial distribution of geologic sour-
ces and sinks of streamflow, storage capacity, and interactions with the shallow subsurface and valley bot-
toms in order to estimate watershed sensitivity to future conditions [Tague and Grant, 2004].

Improved understanding of gross gains and hydrologic exchange along a stream network can also help
improve our understanding and interpretation of watershed biogeochemistry. Often, field studies of hydro-
logic exchange only consider one or two reaches and rarely incorporate continuous reaches across a stream
network [e.g., Triska et al., 1989; Harvey and Bencala, 1993; Ward et al., 2014]. Previous spatially distributed net-
work scale estimates of exchange and nutrient uptake have been developed using modeled or extrapolated
discharge and velocity [e.g., Mallard et al., 2014; Hall et al., 2013]. Our direct measurements of hydrologic
exchange made across an entire watershed and through a range of flow states (Figure 6) allowed us to relate
these dynamics more directly to the physical structure of a watershed: both the uplands (Figure 7) and the
valley system (Figure 8). Joint consideration of upland and valley bottom influences on exchange may help to
improve stream network scale estimates of nutrient cycling through explicit accounting of hydrologic turn-
over using easily measured parameters. This can be used to advance our understanding of valley function
[Hayashi and Rosenberry, 2002] and the role of hillslopes and riparian zones for buffering volumetric contribu-
tions and chemical signatures along the stream network [McGlynn et al., 2004; Jencso et al., 2010].

6. Conclusion

We measured streamflow at high spatial and temporal resolution in five watersheds in the TCEF in order to
understand how streamflow scales with watershed area across flow states as well as the dominant water-
shed characteristics influencing these relationships. We found that discharge scaled with contributing area
only at the larger watershed scales and that the quality of the relationship degraded with decreasing flow
state. Reach net discharge could not be accounted for based on lateral contributing area alone because the
net discharge does not account for the total amount of water entering and leaving the reach. However,
using the gross channel water balance, we were better able to constrain topographic, geologic and vegeta-
tion influences on streamflow dynamics. The reach lateral contributing area and its vegetation and underly-
ing lithology strongly correlated to gross gains to the channel network. Lateral contributing area and
underlying geology related to the magnitude and duration of hydrologic connectivity between uplands
and the stream. More densely vegetated areas had slightly higher gross gains during late base flow. Gross
losses were influenced by the local channel topography and head drops that promote loss of surface water
to valley flow paths. These findings help connect reach scale processes within channel networks to larger
scale watershed storage and streamflow dynamics. Additionally, we have provided evidence of how large
scale watershed characteristics such as topography and geology can influence small-scale stream exchange
with the valley bottom. This contributed to our understanding of processes influencing the variability of
stream flow dynamics, both delivery of water to the streams from the uplands as well as in-channel hydro-
logic exchange, across spatial scales and flow states.
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