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Abstract:

Processes controlling streamflow generation were determined using geochemical tracers for water years 2004-2007 at eight
headwater catchments at the Kings River Experimental Watersheds in southern Sierra Nevada. Four catchments are snow-
dominated, and four receive a mix of rain and snow. Results of diagnostic tools of mixing models indicate that Ca**, Mg**, K*
and C1~ behaved conservatively in the streamflow at all catchments, reflecting mixing of three endmembers. Using endmember
mixing analysis, the endmembers were determined to be snowmelt runoff (including rain on snow), subsurface flow and fall
storm runoff. In seven of the eight catchments, streamflow was dominated by subsurface flow, with an average relative
contribution (% of streamflow discharge) greater than 60%. Snowmelt runoff contributed less than 40%, and fall storm runoff
less than 7% on average. Streamflow peaked 2—4 weeks earlier at mixed rain—snow than snow-dominated catchments, but relative
endmember contributions were not significantly different between the two groups of catchments. Both soil water in the
unsaturated zone and regional groundwater were not significant contributors to streamflow. The contributions of snowmelt runoff
and subsurface flow, when expressed as discharge, were linearly correlated with streamflow discharge (R* of 0.85-0.99). These
results suggest that subsurface flow is generated from the soil-bedrock interface through preferential pathways and is not very
sensitive to snow-rain proportions. Thus, a declining of the snow-rain ratio under a warming climate should not systematically
affect the processes controlling the streamflow generation at these catchments. Copyright © 2012 John Wiley & Sons, Ltd.
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INTRODUCTION

Precipitation has been changing in volume, intensity and
form (e.g. rain and snow) throughout many regions of the
world because of climate warming (Dore, 2005; IPCC,
2007). In the mountains of the western United States,
trends toward less precipitation falling as snow (e.g.
Cayan et al., 2001; Mote et al., 2005; Knowles et al.,
2006) and the melting of snow earlier in the year (e.g.
Stewart et al., 2004; Bales et al., 2006; Rauscher et al.,
2008) are expected to continue. The 1 April snow depth at
index sites has decreased by 20%—40% since the 1950s at
moderate elevations (1500-2200m) in Sierra Nevada
(Mote et al., 2005). Observations and modelling results
have shown that less snow and earlier snowmelt lead to a
shift in peak river runoff toward late winter and early
spring, away from summer when water demand is highest
(e.g. Barnett et al., 2005; Stewart et al., 2005). However, it is
still unclear how the decline in snow relative to rain
systematically affects subsurface water storage and stream-
flow generation (e.g. Stewart et al., 2005; Kundzewicz et al.,
2007). This hydrologic insight is critical for water resource
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management and has important implications for water
supplies at local to global scales.

The mechanisms of streamflow generation have been
well studied for both rain-dominated and snow-dominated
catchments across a wide range of climate, geology and
vegetation. Many studies have shown that shallow
subsurface flow, including lateral flow, lateral subsurface
flow, through flow and interflow, is usually one of the
important pathways in streamflow generation in small,
forested catchments, regardless of snow or rain domin-
ance (e.g. Hogan and Blum, 2003; Beighley et al., 2005;
Tromp-van Meerveld and McDonnell, 2006; Redding
and Devito, 2010). For example, a few studies from an
870-m” ponderosa pine hillslope at Los Alamos have
indicated that lateral subsurface flow is an important flow
process that controls snowmelt runoff at hillslope scales in
semiarid environments (Wilcox et al., 1997; Newman et al.,
1998, 2004). The importance of this process at catchment
scales in semiarid regions with a seasonal snow cover has
also been recognized (McNamara et al., 2005; Liu et al.,
2008a, b; Frisbee et al., 2011). However, notably lacking
from these studies is a direct comparison to examine how the
response of subsurface flow to snow and rain differs across
catchments in the same region with similar geology,
vegetation and soil. A mixed snow-rain versus snow-
dominated catchments in a given area may imply less in-
catchment seasonal storage, shorter in-catchment residence
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times and earlier seasonal change of soil storage (Bales
et al., 2011; Hunsaker et al., 2012). These discrepancies
may cause differences in the processes that control
streamflow generation in those catchments.

The objectives of the study reported here were to
quantitatively determine the dominant processes controlling
streamflow across snow-dominated and rain-dominated
headwater catchments and to understand how changes in
the snow-rain proportion affect streamflow generation.

METHODS

Research area

This study was conducted in eight forested catchments
that make up the Kings River Experimental Watersheds, a
watershed-level, integrated ecosystem project for long-
term research on nested headwater streams in the southern
Sierra Nevada (Figure 1). The Kings River Experimental
Watersheds is operated by the Forest Service’s Pacific
Southwest Research Station. Four catchments are located
at the Providence site, and four catchments are located at
the Bull site within the Sierra National Forest, northeast
of Fresno, California (Figure 1). The four catchments at
the Providence site range in size from 0.49 to 1.32km*
and in elevation from 1479 to 2113 m, whereas the four
catchments at the Bull site range in size from 0.53 to
2.28 km? and in elevation from 2055 to 2490 m (Table I).

Glenn Meadow
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%
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Table 1. Catchment characteristics

Catchment Area Elevation (m) Mean Slope,

name (km?) % of rise
Mean Minimum Maximum

Providence
P301 0.99 1979 1803 2113 19.9
P303 1.32 1900 1727 2017 22.9
P304 0.49 1882 1755 1979 23.0
D102 1.21 1754 1479 1981 32.8

Bull
B201 0.53 2259 2150 2382 21.3
B203 1.38 2377 2195 2488 20.2
B204 1.67 2365 2192 2490 19.8
T003 2.28 2293 2055 2465 26.7

Annual precipitation was 75-90% snow in the high-
elevation Bull catchments (water years 2004 to 2007) and
was up to 80% rain in the lower-elevation Providence
catchments (Hunsaker er al., 2012). For the same
period, mean air temperatures were 7.8 and 6.8°C at
the lower-Providence and upper-Bull meteorological
stations, respectively. Soils are well drained, mixed,
frigid Dystric Xeropsamment, formed from decomposed
granite (Dahlgren et al., 1997), including Shaver and
Gerle-Cagwin soil at the Providence catchments and
Cagwin soils at the Bull catchments (Giger and Schmitt,
1993). Litter depth and depth to bedrock vary across the
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Figure 1. Study area, showing locations of eight catchments, stream gauges (stream sampling sites), meteorological stations (snowmelt sampling sites),
piezometers, wells and springs. Most groundwater wells are located outside the map and indicated by directions and distances
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study area, but all soils have similar texture and water
percolation rate (Bales er al., 2011). The Providence
catchments are largely mixed conifer forest, with some
chaparral, barren and meadow. The Bull catchments also
are mainly mixed conifer forests, with a higher proportion
of red fir at higher elevations.

The study area and its vicinity are made up of granitic,
metamorphic and volcanic rocks, with some glacial-till
materials. Clay mineralogy is dominated by hydroxyl-Al
interlayered vermiculite and gibbsite, as a result of the
weathering of feldspar and plagioclase under intense
leaching environment (Dahlgren et al., 1997). This
weathering process may cause much higher cationic
concentrations (e.g. Ca**, Mg?* and Na*) in subsurface
water than in rainwater and snowmelt. This weathering
environment is also very effective at removing Si in spite
of the cold soil temperatures, resulting in Si-depleted
minerals. Quantitative pit and surface soil samples
indicated that the higher-elevation Bull watersheds had
significantly greater C, N and B contents in soils but lower
extractable P, Ca®*, Mg”* and Na* contents than the lower-
elevation Providence watersheds (Johnson et al., 2011).

Sample collection and analysis

Streamflow samples were collected biweekly at the outlets
of the eight catchments from fall 2003 to fall 2007 (Figure 1).
Samples were either grabbed by hand or collected by
automated ISCO samplers to increase sampling frequency
during a storm. The ISCO samplers were triggered when
streamflow discharge exceeded a certain value and provided
samples several hours apart during storm events.

Soil water was collected from Prenart samplers at two
depths, 13 and 26 cm. Prenart soil samplers are suction-cup
lysimeters that are made of porous teflon mixed with silica
flour or stainless steel powder (for more information, refer to
http://www.prenart.dk/sampler.php). Each pair of samplers
was placed symmetrically at 2, 4 and 6 m away from the tree
trunk, but under the canopy, and one in the open at each depth.
Prenart samplers were deployed at all Providence catchments.

Snowmelt was collected using plastic sampling bottles
placed at four meteorological stations (Figure 1). Each bottle
has a funnel to gather snow and allow meltwater to flow into
the bottle. Bottles were placed before a significant storm
came and collected right after the storm ended.

Samples were also collected in 2008 and 2009 from
piezometers, spring and groundwater wells in several
locations (Figure 1). Groundwater was collected from
drinking-water wells at Glen Meadow, Dinkey Creek, the
Pacific Gas and Energy (PG & E) work centre, and the Blue
Canyon Work Center two to three times in August 2008 and
October 2009. A sample collected from a tank (used for
supplying drinking water to local residents) near Dinkey
Creek was actually from a nearby well. Samples were taken
once in October 2009 from a spring at B201 and two 1.5-m
depth soil piezometers at B201 and P301 meadows.

Samples collected from wells, the spring and piezometers
in 2008—2009 were analyzed for major cations (Ca**, Mg**,
Na*, K*) and anions (Cl~, NO5, SO3 ) using a Dionex
2000 Ion Chromatograph (IC) at the Environmental
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Analytical Laboratory of the University of California,
Merced. Analytical precision (1o standard deviation) for
all ions was less than 1%, and detection limit less than
1 peql™'. All other samples were analyzed for major cations
and anions by using IC at the Pacific Southwest Research
Station, Riverside, CA. Precision is also less than 1% for
ionic concentrations. Acid neutralizing capacity (ANC) was
calculated as the difference between the total concentrations
of cations and anions, all in peq1™".

Endmember mixing analysis and diagnostic tools of
mixing models

Contributions of endmembers to streamflow were
determined using tracer-based endmember mixing ana-
lysis (EMMA) in combination with the diagnostic tools of
mixing models (DTMM), following Liu et al. (2008a).
DTMM, developed by Hooper (2003), is used (i) to
identify solutes that undergo chemical processes within
and en route to streams and that behave conservatively
upon mixing of various sources of water (endmembers)
and (ii) to determine the number of endmembers needed
for the mixing of conservative solutes. DTMM distin-
guishes whether solute correlations are controlled by
chemical equilibria that are nonlinear (solute concentra-
tions are associated with each other through polynomial
functions) and mixing that is linear (solute concentrations
are associated with each other by a linear function under
one or more dimensions in U-space). Principal component
analysis (PCA) is used to test which solutes are not
associated linearly and which ones are, and under how
many U-space dimensions. Those solutes with polyno-
mial relationships indicate the predominance of a
chemical reaction in their formation. Those with linear
relationships suggest that their concentrations in the
streamflow are a mixture of various endmembers. The
number of U-space dimensions for the linear expressions
of conservative solutes is one less than the number of
endmembers needed for the mixing.

EMMA was then used with the determined conservative
tracers to identify endmembers and quantify the contributions
of endmembers to streamflow, following Christophersen and
Hooper (1992) and Liu et al. (2004). PCA was performed
again to extract eigenvectors by using a correlation matrix
(not the original ionic concentrations) of conservative
tracers (not all solutes as used in the DTMM) that were
determined using DTMM. The PCA scores were used to
solve for endmember contributions, a procedure mathem-
atically the same as using two tracers for a three-component
mixing model (e.g. Rice and Hornberger, 1998).

Three criteria were used to identify eligible end-
members from potential ones, following Liu er al.
(2008a). First, eligible endmembers must form a convex
polygon (e.g. a triangle in the case of three endmembers)
to bind most, if not all, streamflow samples. Second, the
distance of all eligible endmembers between original
compositions (S-space) and U-space orthogonal projec-
tions should be reasonably short for all tracers used in the
analysis. The threshold values are not available in
literature, but in the past studies of Liu et al. (2004,
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2008a, b), endmembers with the relative distances (% of
the measured ionic concentrations) less than 50%-60%
for all tracers worked very well, except for fresh snow
with very low ionic concentrations. Third, streamflow
chemistry must be well recreated for conservative tracers
by using the results of EMMA.

RESULTS
Hydrology and meteorology

Annual precipitation measured at four meteorological
stations along an elevation gradient of 1750 to 2463 m
was essentially the same (Figure 2A). Annual mean
precipitation was 95, 178, 198 and 76 cm in water years
2004, 2005, 2006 and 2007, respectively. Precipitation
primarily occurred from December to March, as seen
from a sharp increase of cumulative daily precipitation
(Figure 2A). Less than 10% of the annual precipitation
occurred after April but before the fall wet season
each year.

Snow started accumulating in November or December
and attained a maximum depth in early spring at all
stations (Figure 2B). The maximum depth occurred at the
Upper Bull meteorological station, with 266, 380, 397
and 210cm on 1 March in 2004, 24 March in 2005,
5 April in 2006 and 28 February in 2007, respectively.
The maximum depth at other stations was less than 70%
of those at the Upper Bull station. Snow depth declined
almost monotonically as snow started melting. The
snowpack was depleted 2-3 months after the maximum
accumulation at the Upper Bul, but 4—6 weeks earlier at
the other stations.

F. LIU, C. HUNSAKER AND RC. BALES

After maximum snow accumulation, streamflow runoff
increased rapidly at all catchments, particularly in the
relatively wet years 2005 and 2006 (Figure 2C). After
snowpack depletion, cumulative runoff increased slightly
with time. The annual runoff was much higher in 2005
and 2006, than in 2004 and 2007, at all catchments. The
annual runoff also varied significantly among catchments,
usually higher at B203 and B204 and lower at P303 and
D102. For example, annual runoff was 38 and 12cm at
B203 and P303 in 2004 and 130 and 60 cm in 2005 at the
same catchments, respectively. Streamflow discharge
peaked 24 weeks earlier at the Providence than at the
Bull catchments during the snowmelt period, i.e. from the
times of maximum snow depth to snow depletion (bottom
panels of Figure 3). Isolated streamflow peaks also
occurred during winter and spring before the maximum
snow accumulation, with some peak discharges even
higher than those during the snowmelt period.

Ionic concentrations

Mean ionic concentrations of Ca**, Mg**, Na* and K* in
streamflow were significantly higher at the Providence than
at the Bull catchments (Table II). Mean concentrations of
Ca®* were greater than 200 peql™" (1o >50peql™") at
the Providence catchments, but less than 160 ueqlf1
(lo<35 ueqlfl) at the Bull catchments. Mean Cl™
concentrations were slightly higher at the Providence than
at the Bull catchments, but SO?( concentrations were
slightly lower.

The temporal variation of ionic concentrations gener-
ally followed the opposite pattern of streamflow dis-
charge, with lower concentrations at higher flows during
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Figure 2. Hydrometeological data from water years 2004 to 2007 for (a) daily cumulative precipitation at four meteorological stations, (b) daily snow
depth at the same stations, with peak and snow depletion dates at the Upper Bull station indicated and (c) daily cumulative runoff at eight catchments.
Grey highlighted periods are from peak snow depth to snow depletion at the Upper Bull station
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Figure 3. Concentrations of selected ions from water years 2004 to 2007 in streamflow at eight catchments in Providence and Bull, along with
streamflow discharge, all in common logarithmic scales. Data points appear too intense, and thus, symbols are not used for clarity. Date-marked peaks
were discussed in text. Grey highlighted periods are from peak snow depth to snow depletion at the Upper Bull station

snowmelt and higher concentrations at low discharges, as
demonstrated by Ca**, K* and C1~ in Figure 3. However,
isolated peaks of high ionic concentrations, particularly
those of K* and CI~, occurred following a transient
increase in streamflow discharge during late summer and
fall or even in winter (Figure 3). In contrast, spring rain
storms did not show these isolated peaks in ionic
concentrations. At the Providence catchments, ionic
concentrations were generally lowest at P301 and highest
at P304; at Bull, ionic concentrations were lowest at B203
and highest at T003, particularly for Ca®* (Figure 3).

Mean ionic concentrations in snowmelt were much lower
than in streamflow at both Providence and Bull catchments,
but those in soil water were higher than in streamflow for all
ions except Na* and SO;~ (Table II). The mean
concentration of Ca®* in snowmelt was 27 peql~", about
10% of that in streamflow at the Providence catchments,
while that of soil water was 398 peq 1", at least 20% higher
than that in streamflow. The mean concentration of Na* in
soil water was 16 peq 1", twice that in snowmelt, but much
lower than that in streamflow (45-171peql™"). Ionic
concentrations in soil water varied significantly over time
and locations, with 1o values close to or greater than the
mean values (Table II).

Mean ionic concentrations in meadow soil water and
the B201 spring were greater than those in snowmelt but
lower than those in streamflow (Table II). For instance,
the mean concentration of Ca’* was 81peql™' at a
meadow piezometer at B201, three times that in
snowmelt, but about 30% of that in streamflow. Mean

Copyright © 2012 John Wiley & Sons, Ltd.

ionic concentrations in groundwater wells varied signifi-
cantly; for example, Ca®* was 426 ueql™' in a well at
Dinkey Creek Ranger Station and 1124 peql™" in a well
at Blue Canyon Work Center (Table II).

Conservative tracers and number of endmembers

Streamflow chemical data were grouped into Provi-
dence and Bull datasets in order to determine conserva-
tive tracers and the number of endmembers by using
DTMM. The distribution of the residuals between
measured and projected values over the measured ionic
concentrations indicated that a two-dimensional (2-D)
mixing space was needed for the conservative mixing of
streamflow chemistry at both Providence and Bull catch-
ments (Figure 4). Ca®*, Mg**, K*, C1I” and ANC were found
to be conservative in streams at both sites. The R* values
of the residual distributions were significantly lower for
2-D than 1-D for Ca**, K*, CI” and ANC. For example, the
R? values of CI- were 0.71 and 0.18 for 1-D versus
2-D at the Providence catchments; the respective values
were 0.58 and 0.08 for Bull catchments. The residuals of
SOF~ in 2-D showed a linear relationship with the
measured ionic concentrations (R°=0.31 at the Provi-
dence catchments, and 0.54 at the Bull catchments). Even
though the R values in 2-D were much lower for Na* than
for SO, 0.25 and 0.13 at the Providence and Bull
catchments, respectively, the pattern of the Na* residual
distributions and the residual magnitudes did not change
much from 1-D to 2-D, indicating that Na*, similar to
SO3™, did not behave completely conservative upon

Hydrol. Process. 27, 1959-1972 (2013)
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mixing. It is thus deemed that concentrations of Ca®*,
Mg**, K*, CI” and ANC in the streamflow were primarily
caused by a mixing of three endmembers.

The same analysis was also performed for each
individual catchment by using their own chemical data
in the streamflow (data not shown). Conservative tracers
and the number of endmembers of all individual
catchments were consistent with the previous results.
Note that NO3 and PO3~ were not included in previous
analysis because their concentrations were below the
analytical detection limits for a considerable portion of
the samples. The DTMM requires that all species have
measured values for all samples included in the analysis.
Note also that the slopes of linear regressions for
the distributions of residuals over the measured values
had the same magnitude as the R? values, because the
eigenvectors used to project the chemical concentrations
in the streamflow were extracted using the chemical
concentrations in the streamflow standardized to be zero
mean and unit standard deviation.

Identification of endmembers for endmember mixing analysis

Mixing diagrams were constructed using the first two
PCA projections with which eigenvectors were extracted
from the correlations of four conservative tracers, Ca2+, Mg2+,
K" and Cl™ in the streamflow at both the Providence and
Bull catchments (Figures 5 and 6), following Christophersen
and Hooper (1992), Liu et al. (2004, 2008a, b) and Frisbee
etal. (2011). All potential endmembers were also projected
using the same eigenvectors as for the streamflow. ANC was
not used in the analysis because it was calculated as the
difference between the total cationic and anionic concentra-
tions, and its precision and accuracy could not be
quantitatively evaluated.

Most streamflow samples at both the Providence and
Bull catchments are lined up in the mixing diagrams
along an axis, with values for the streamflow samples
collected during the snowmelt period close to values for
the snowmelt collected at meteorological stations and
with values for the streamflow samples collected in fall
lying closer to the subsurface flow end of the axis
(Figures 5 and 6). Thus, snowmelt runoff and subsurface
flow were apparently two major endmembers contributing
to streamflow. The streamflow samples scattered to the
lower-right of the axis were also collected in fall. They
were collected during storms and, essentially, those
samples with isolated peaks of ionic concentrations in
Figure 3. For example, the collection of streamflow
samples on 17 October 2004 and 5 October 2006 (marked
in Figure 3) occurred right after a storm of~5.0 and
1.0 cm. The third endmember was thus a fall storm runoff.

Snowmelt runoff was characterized by ionic concentra-
tions in snowmelt for all catchments at both Providence
and Bull (Figures 5 and 6). Snowmelt is well positioned
as a vertex to form a potential triangle to bind most of the
streamflow samples. The relative distances between the
S-space and U-space for ionic concentrations in snowmelt
are 10% to 70%. The distance values are much larger than
those in the meadow piezometer and spring (Table III) but
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diagnostic tools of the mixing models in 1-D and 2-D mixing spaces

are comparable to the values reported for snowmelt
elsewhere, e.g. for the Green Lake 4 catchment in the
Rocky Mountains (Liu er al., 2004) and the Valles
Caldera in New Mexico (Liu et al., 2008a). The large
distances are primarily caused by lower ionic concentra-
tions in snowmelt (Table II). Note that rain storms also
occurred in spring when there was snow on the ground,
and streamflow discharge responded spontaneously; but
ionic concentrations did not respond with isolated peaks
(Figures 2 and 3). Unlike rain storms in fall, rain on snow

Copyright © 2012 John Wiley & Sons, Ltd.

was chemically inseparable from snowmelt, and the
runoff it generated was thus included as part of the
snowmelt runoff.

A streamflow sample collected in the fall with the highest
ionic concentrations was selected to characterize fall storm
runoff, namely the one collected on 5 October 2006 at P304
for Providence catchments and on 17 October 2004 at B201
for the Bull catchments. The U-space and S-space distance
was less than 5% and 10% for those two samples,
respectively (Table III).
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Figure 6. The same as Figure 5, except for the Bull catchments

Subsurface flow was characterized by streamflow
samples collected during low discharges, following Liu
et al. (2008a, b). The selection of streamflow samples for
subsurface flow at each catchment in Table III was made
on the basis of their geometrical positions in Figures 5
and 6 and the spatial endmember distances. The distances
are usually less than 10% for all ions, except Cl™
(Table III). Similar to ionic concentrations in snowmelt,

Copyright © 2012 John Wiley & Sons, Ltd.

the large distances for ClI= is likely caused by its
relatively low concentrations (Table II).

Endmember contributions

Relative contributions of snowmelt runoff (% of
streamflow) were less than 35% on average from 2004
to 2007 at the Providence catchments, with higher values
(mean + 1o standard deviation) at P301 (33 £16) and
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Table III. Mean spatial distance ( 1o, if available) between S-space
of ionic concentrations in streamflow for conservative tracers in poten
of the measured ion

1967

and U-space calculated by ionic concentrations and eigenvectors
tial endmembers. Note that the distance was normalized as percent
ic concentrations

Potential endmembers Providence (%) Bull (%)

Ca**  Mg*> K* ClI™ ca** Mg* K* Cl-
Snowmelt 64 (15) 79 (12) 24 (21) 48 (36) 36 (11) 32 (15) 9 (5) 71 (43)
Soil water 33 (61) 29 (30) 40 (8) 758 (2975) 25 (27) 18 (15) 35 (12) 1206 (4073)
Piezometer B201 8 10 3 5 16 20 20 10
Piezometer P301 19 56 24 106 16 32 43 92
Spring B201 16 29 0 1 38 57 24 11
Dinkey Creek tank 23 63 8 16 24 58 37 73
Dinkey Creek well 38 (1) 2054 13 (10) 37 (16) 29 (1) 135(9) 90 (8) 287 (18)
Glen Meadow well 25 (1) 64 (53) 64 (3) 51 (1) 31 4 89 (55) 20(12) 111 (13)
Pacific Gas and Energy well 101 66 1276 42 59 525 850 54
Blue Canyon well 73 (2) 10 (6) 1445 (183) 43 (0) 32 (12) 68 (88) 996 (46) 53 (4)
Streamflow samples collected during low flow as potential endmembers to characterize groundwater for each catchment
P301 (7/28/2004)/B201 (8/8/2007) 8 11 1 1 4 6 9 53
P303 (9/27/2005)/B203 (2/17/2005) 1 0 3 6 6 6 24 18
P304 (7/28/2004)/B204 (1/20/2005) 3 3 2 4 2 2 2 22
D102 (10/16/2003)/T003 (8/8/2007) 9 12 3 6 0 0 7 33

Streamflow samples collected in the late fall as potential endmembers to characterize rainstorm runoff for the Providence and Bull catchments

P304 (10/5/2006)/B201 (10/17/2004) 1 1 5

4 9 7 8 8

P303 (35 19) than at P304 (24 15) and D102
(26 14) (Table 1V). The mean contributions of the
subsurface flow varied between 60% and 70% at all of the
Providence catchments, with 1o standard deviations
ranging from 17% to 20%. Fall storm runoff contributed
less than 10% at all catchments. The Student’s ¢-tests (two
samples assuming unequal variances) showed that the mean
contributions are not significantly different at P301 and
P303 and at P304 and D102, respectively, for both snowmelt
runoff and subsurface flow (p > 0.05 for two tails).
Snowmelt runoff contributed, on average, less than
40% of the streamflow from 2004 to 2007 at all Bull
catchments except B201, with 32( 21), 38( 17) and 32
( 16) at B203, B204 and TO003, respectively (Table IV).
The mean contribution of the snowmelt runoff was 56
( 18)% at B201. The mean contributions of the
subsurface flow varied between 60% and 66% for
B203, B204 and TO003, with 1o standard deviations
ranging from 16% to 20%, but 42( 18)% for B201. Fall
storm runoff contributed less than 4% on average at all
catchments. The Student’s r-tests showed that the mean
contributions are not significantly different for B203 and

Table IV. Mean relative (percent) endmember contributions
( lo) to streamflow from 2004 to 2007

Catchment Streamflow  Snowmelt Fall storm  Subsurface
ds™  runoff (%) runoff (%)  flow (%)
P301 37 33 (16) 5(8) 63 (18)
P303 51 35 (19) 4 (8) 61 (20)
P304 15 24 (15) 7 (13) 69 (20)
D102 40 26 (14) 8 (9) 66 (17)
B201 27 54 (18) 4 (11) 42 (18)
B203 86 32 (21 3(8) 65 (20)
B204 79 38 (17) 24 60 (17)
T003 90 32 (16) 23 66 (16)

Copyright © 2012 John Wiley & Sons, Ltd.

TO03 (p >0.05 for two tails) for both snowmelt runoff
and subsurface flow. More interestingly, the mean relative
contributions of the snowmelt runoff and subsurface flow
were not significantly different (p > 0.05) between some
catchments across the Providence and Bull sites,
including any pairs of B203, T003, P301 and P303 and
between B204 and P303 (Figure 7).

Correlation of endmember contributions with streamflow

Contributions of snowmelt runoff and subsurface flow,
by discharge magnitude rather than percent, were linearly
correlated with the total streamflow discharge at both the
Providence and Bull catchments (Figures 8 and 9). The R
values were 0.85-0.99 and 0.91-0.96 (p <0.001) for
snowmelt runoff and subsurface flow, respectively. The
regression slopes varied from 0.45 to 0.75 for snowmelt
runoff and from 0.25 to 0.53 for subsurface flow. The
intercepts were all negative for the snowmelt runoff, with
a magnitude equal to or less than 12, and all positive for
subsurface flow, with a value less than 7.1. There were a
few outliers for the subsurface flow in some of the
catchments (Figure 9). These outliers mainly occurred on
three days, 31 December in 2005, 2 January in 2006 and
28 February in 2006. It was presumably a result of
analytical errors on ionic concentrations rather than
instrumental errors on streamflow discharge, as there
were no obvious outliers for snowmelt runoff.

DISCUSSION

Mechanism of streamflow generation across snow-rain
transition

Streamflow was dominated by subsurface flow in these
small, snow-rain transition zone catchments, with a mean
relative contribution greater than 60% from 2004 to 2007,
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except for B201 (Table IV). The importance of the
subsurface flow in streamflow generation is consistent
with many studies from small, forested catchments in
northern America with both snow-dominated and rain-
dominated hydrology (e.g. Wilcox et al., 1997; Newman
et al., 1998, 2004; Hogan and Blum, 2003; Tromp-van
Meerveld and McDonnell, 2006). However, the contribu-
tions of subsurface flow to streamflow reported here are
generally higher than those in the other reports. For
example, subsurface flow accounted for only 40% of
streamflow at the Hubbard Brook Experimental Forest
(Hogan and Blum, 2003). Lateral subsurface flow
occurred at an aspen-forested hillslope on the Boreal
Plain only when precipitation is greater than 15 mm
(Redding and Devito, 2008).

The contributions of the subsurface flow were highly
correlated to streamflow discharge (Figure 9), indicating
that subsurface water was rapidly delivered to streams in
response to rainfall and snowmelt events. Soils at these
catchments are dominated by sandy and loamy-sand
textural classes, which are coarsely structured, with a sand
fraction averaging above 0.70 (Bales et al., 2011). This
coarse soil structure may have resulted in the relatively
high contributions of subsurface flow. The mean depth of
soils from 87 soil pits is 75 and 77 cm for the Providence
and Bull catchments, respectively (Johnson et al., 2011).
Thus, subsurface flow was most likely generated from the
shallow soil-bedrock interface through preferential path-
ways, consistent with the mechanism reported by others
for the Mediterranean and humid climates (e.g. Tromp-
van Meerveld and McDonnell, 2006; Fiori et al., 2007;
Redding and Devito, 2010; Graham and Lin, 2011). On
the other hand, soil-pit excavations indicate that soil
thickness can vary from less than 50 cm to greater than

Copyright © 2012 John Wiley & Sons, Ltd.

150 cm across short distances (Bales et al., 2011). The
bedrock is also highly weathered and consists of
unconsolidated deep regolith, where hard bedrock is not
typically encountered within a 150-cm depth (Bales et al.,
2011). These observations suggest that bedrock depres-
sions or hollows may exist at these catchments and may
play a significant role in regulating subsurface flow, as
proposed for the Panola Mountain Research Watershed
by Freer et al. (1997). Water infiltrating through
preferential pathways, such as macropores, may have
filled those hollows and then may have been released
together with preevent water already stored in the hollows
to streams, a ‘fill and spill’ mechanism suggested for the
same Panola Mountain watershed by Tromp-van Meerveld
and McDonnell (2006). We hypothesize that bedrock
geomorphology at B201 is significantly different from the
other catchments and that it is this difference that caused the
lower percentage of subsurface flow at B201. However,
confirming this hypothesis will depend on further data on
bedrock geomorphology at these catchments.

Soil water in the unsaturated zone did not play a
significant role in streamflow generation. Soil water was
not identified as a contributing endmember, and its ionic
concentrations were significantly different from those in
the streamflow, piezometer and springs (Table II). Soil
water chemistry of more than 800 samples was tested in
EMMA by treating each individual sample as a potential
endmember, but none of them qualified as a contributing
endmember on the basis of their positions in the mixing
diagrams and projected endmember distances (data not
presented). The calculation of water balance at the
watershed scale by Bales et al. (2011) showed that soil
moisture equivalent to that stored above 1m in depth is
basically all consumed for evapotranspiration, consistent
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Figure 8. Correlation between snowmelt runoff and streamflow discharge at each catchment

with Barnard et al. (2010) for the H. J. Andrews
Experimental Forest in Oregon. The volumetric water
content of soil down to 1 m in depth varied between 20%
and 30% during the snowmelt periods and below 10%
after those periods. The high ionic concentrations in soil
water were apparently caused by evapotranspiration. This
argument is also consistent with a stable isotope study in
an Oregon forest, where it was found that water entering
the stream comes from preferential pathways and that soil
water consumed by trees does not participate in
translatory flow or significantly contribute to streamflow
(Brooks et al., 2009).

Also, different from a large watershed in the southern
Rocky Mountains reported by Frisbee et al. (2011), these
small catchments in southern Sierra Nevada were not fed
by regional groundwater flow. Deep groundwater, such as
those sampled in the Glen Meadow and the Blue Canyon
well, was not a contributor to streamflow at these
catchments (Figure 5).

Copyright © 2012 John Wiley & Sons, Ltd.

Will a change in snow—-rain ratio affect streamflow
generation?

Streamflow generation was apparently not controlled
by the proportion of snow versus rain at these catchments,
as the mean relative contributions to streamflow were not
significantly different between higher-elevation Bull and
lower-elevation Providence catchments for both snowmelt
runoff and subsurface flow (Figure 7). Thus, even if the
snow-rain ratio at the higher-elevation Bull catchments
decreases in the future because of climate warming, the
mechanism of streamflow generation at the Bull catchments
is not expected to change systematically or significantly.
Note that the difference between this statement and
statements regarding the timing of streamflow peaks in
spring with declining snow in mountains. Less snow and
earlier snowmelt have led to a shift in peak river runoff
toward late winter and early spring in the US West (e.g.
Barnett et al., 2005; Stewart et al., 2005) and at these eight
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Figure 9. Correlation between subsurface flow and streamflow discharge at each catchment. Dark red squares are outliers

catchments (Hunsaker et al., 2012). Our argument here in
this report means that even if, in a warmer climate,
streamflow peaks earlier, the percent contributions of
subsurface flow relative to snowmelt runoff (again which
includes rain on snow) will not change significantly.

This result, however, was derived from these small,
forested catchments located in a relatively narrow
elevation range in Sierra Nevada. It is unclear how
declines in the snow-rain proportion affect deep ground-
water recharge or mountain-block recharge, as defined by
Wilson and Guan (2004). As catchment size increases
significantly, regional, long groundwater flowpaths may
become increasingly important, as demonstrated by
Frisbee et al. (2011), and streamflow regimes may change
significantly with a change in the snow-rain ratio.

Also note that rain on snow was accounted the same
way as snowmelt by the definition of snowmelt runoff in
this study because they are chemically undistinguished.
One might think that because rain on snow and snowmelt

Copyright © 2012 John Wiley & Sons, Ltd.

cannot be separated in the EMMA, the EMMA results
would not support a robust examination of changes in
streamflow generation associated with the snow-rain
ratio. In fact, this is not correct. If rain on snow indeed
generates different flowpaths from snowmelt, the responses
of streamflow chemistry should be different. Say. if rain on
snow would generate more subsurface flow than snowmelt,
ionic concentrations in streamflow samples with rain on
snow should be higher than those with snowmelt because
ionic concentrations in subsurface water are higher. With
higher ionic concentrations in streamflow having rain on
snow, more subsurface flow contributions would be
detected in EMMA even if the same chemical signatures
are used for both rain on snow and snowmelt.

Evaluation of EMMA results

The selection of endmembers for both the Providence
and Bull catchments and numerical solutions of EMMA
were quantitatively evaluated by recreating streamflow
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chemistry using the products of relative contributions
of EMMA and ionic concentrations of endmembers
(Figure 10), following Christophersen and Hooper
(1992) and Liu et al. (2004). This recreation is not self-
recurring because the relative contributions of EMMA
were determined by correlations of ionic concentrations
rather than ionic concentrations themselves (Liu et al.,
2008a). The concentrations of Ca®* and Mg** were very
well recreated for both Providence and Bull catchments,
with a slope near 1.0 and R? greater than 0.92 between
measured and recreated values. The concentrations of K*
and Cl- were also very well recreated for Bull
catchments, but R? values were much lower for
Providence catchments. The lower R? values of K* and
Cl™ at the Providence catchments were caused by a
number of outliers. The ANC was reasonably well
recreated for both Providence and Bull catchments, with
a slope near 1.0 and R*>0.92, even though it was not
used in EMMA. The recreation of Na® was also
reasonably good, with an R® of 0.83 and 0.71 for
Providence and Bull catchments, respectively. Na* did
not behave completely conservatively (Figure 4), and
thus, an ideal recreation was not expected. Nonetheless,
the recreation of streamflow chemistry enhanced the
confidence of the endmember selection.

A single streamflow sample collected in October at
P304 and B201 was used to characterize fall storm runoff
for all Providence and Bull catchments, respectively
(Figures 5 and 6). The sensitivity of the EMMA results to
ionic concentrations of fall storm runoff was tested by
replacing this sample by a stream sample collected in

Copyright © 2012 John Wiley & Sons, Ltd.

October at their own catchment (results not presented). It
turns out that the EMMA results for all three endmembers
are not very sensitive to ionic concentrations of fall storm
runoff. The differences in relative contributions were less
than 1% for snowmelt runoff and subsurface flow and less
than 2% for fall storm runoff.

The geometrical position of soil water in the mixing
diagram suggests that it could be a contributing endmember
to streamflow instead of fall storm runoff at the Providence
catchments (Figure 5). By using soil water rather than fall
storm runoff in EMMA, the recreation of streamflow
chemistry was very poor for K* and C1™ at the Providence
catchments, with an R* value of 0.55 and 0.44, respectively.
This result is consistent with the large spatial distance
projected for C1™ using streamflow eigenvectors (Table III).

CONCLUSIONS

Streamflow is dominated by subsurface flow in small,
forested, headwater catchments across the snow-rain
transition elevations in the southern Sierra Nevada.
Subsurface water is primarily formed by relatively rapid
infiltration of snowmelt and rainwater to the interface of
lower soil horizons and bedrock through preferential
pathways, stored in hollows and delivered to streams by the
“fill and spill’ mechanism. Both near-surface runoff and
subsurface flow are very responsive to snowmelt and
rainstorm events and are strongly linearly correlated with
streamflow discharge. With changes in snow—rain propor-
tions, systematic changes in the relative contributions of
subsurface flow to snowmelt runoff (including rain on
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snow) are not expected under current land use and
vegetation coverage in the southern Sierra Nevada head-
water catchments.
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