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ABSTRACT: In a Mediterranean climate where much of the precipitation falls during winter, snowpacks serve 
as the primary source of dry season runoff. Increased warming has led to significant changes in hydrology of the 
western United States. An important question in this context is how to best manage forested catchments for 
water and other ecosystem services? Answering this basic question requires detailed understanding of hydro-
logic functioning of these catchments. Here, we depict the differences in hydrologic response of 10 catchments. 
Size of the study catchments ranges from 50 to 475 ha, and they span between 1,782 and 2,373 m elevation in 
the rain-snow transitional zone. Mean annual streamflow ranged from 281 to 408 mm in the low elevation Prov­
idence and 436 to 656 mm in the high elevation Bull catchments, resulting in a 49 mm streamflow increase per 
100 m (R2 = 0.79) elevation gain, despite similar precipitation across the 10 catchments. Although high eleva­
tion Bull catchments received significantly more precipitation as snow and thus experienced a delayed melt, this 
increase in streamflow with elevation was mainly due to a reduction in evapotranspiration (ET) with elevation 
(45 mm/100 m, R2 = 0.65). The reduction in ET was attributed to decline in vegetation density, growing season, 
and atmospheric demand with increasing elevation. These findings suggest changes in streamflow in response to 
climate warming may likely depend on how vegetation responds to those changes in climate. 
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INTRODUCTION in mountain snowpack accumulation and earlier 
snowmelt throughout the western U.S. (Hamlet et al., 
2005; Mote et al., 2005; Harpold et al., 2012). As a 

The Sierra Nevada mountain range in the western result, declines in dry season streamflow (Luce and 
United States (U.S.) has been described as Califor- Holden, 2009; Safeeq et al., 2013), earlier streamflow 
nia’s water tower. In a Mediterranean climate where timing (Stewart et al., 2005; Maurer et al., 2007), and 
much of the annual precipitation falls during the win- altered flood risk due to a potential increase in peak­
ter, snow-capped mountains serve as the primary flow (Hamlet and Lettenmaier, 2007; Tohver et al., 
source of dry season runoff that supports agriculture, 2014; Safeeq et al., 2015a) have been reported across 
industries, urban, and natural ecosystems. However, the region. As temperatures continue to warm, much 
increased warming has led to significant reductions of the region is expected to experience a shift from 
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solid (i.e., snow) to liquid (i.e., rain) phase precipita­
tion (Knowles et al., 2006; Klos et al., 2014; Safeeq 
et al., 2015b). More precipitation falling as rain 
instead of snow will affect total snow accumulation 
and the timing of snowmelt and runoff, potentially 
leading to lower streamflow in late spring and sum­
mer (Berghuijs et al., 2014; Safeeq et al., 2014). How­
ever, within a specific climate region, the actual 
magnitude and timing of streamflow decline will vary 
based on watershed characteristics, such as hydroge­
ology and snowpack dynamics (Tague and Grant, 
2009; Mayer and Naman, 2011; Safeeq et al., 2013, 
2014). Hence, quantitative characterization of stream-
flow (both magnitude and rate) and water yield from 
headwater catchments with respect to their physio­
graphic (e.g., elevation, vegetation, soil) and climatic 
(precipitation and temperature) differences is an 
essential first step in making predictions about future 
water availability. 

The southern Sierra Nevada is dominated by 
Mesozoic granite (Parrish, 2006; Frassetto et al., 
2011). Udic inceptisols and rock outcrop dominate the 
higher elevations of the Sierra Nevada (Soil Survey 
Staff, 2015). Climate and catchment chracteristics in 
the western slopes of the Sierra Nevada mountain 
range vary significantly with elevation that ranges 
from less than 300 to over 4,400 m. While warm foot­
hills (<500 m) receive all of the annual precipitation 
as rainfall, upper elevations are generally dominated 
by snowfall (Klos et al., 2014; Safeeq et al., 2015b). 
The mid-elevations (500-2,500 m) are characterized 
as the rain-snow transitional zone where precipita­
tion phase shifts between rainfall and snowfall 
depending on the temperature (Safeeq et al., 2015b). 
Together, climate gradient and underlying soil/geol­
ogy dictates the vegetation distribution across the 
Sierra Nevada mountain range. The warm and dry 
foothills are dominated by grassland and oak wood­
land. Mixed conifer forest and alpine shrubland domi­
nate the cold and wet mid- and high-elevations of the 
Sierra Nevada. 

Vegetation plays an important role in determining 
catchment water budget through various hydrological 
processes such as interception, infiltration, soil evapo­
ration, and transpiration. In the U.S. alone, forested 
landscapes occupy 33% of the land area and account 
for two-thirds of the freshwater supply to 180 million 
people (Jones et al., 2009). In that regard, effectively 
managing the forested landscape for maximizing 
freshwater supply downstream (i.e., water yield) has 
been a subject of scientific research for decades 
(Bosch and Hewlett, 1982; Troendle et al., 2010; 
Robles et al., 2014). Recently, Grant et al. (2013) 
argued for a greater emphasis on managing forests 
for reducing forest vulnerability to increasing water 
stress under climate change. This is different from 

the often-expressed goal of managing forests to maxi­
mize water yield for downstream human uses. In the­
ory, water yield is inversely related to the amount of 
forest cover because of expected declines in intercep­
tion and transpiration. However, not all studies con­
firm streamflow gain following forest cover 
manipulations (e.g., Stednick, 1996; Andreassian, e

2004; Biederman et al., 2014, 2015). The underlying 
mechanism is rather complex (Troendle et al., 2010) 
and competing hydrologic processes (e.g., intercep­
tion, transpiration, evaporation, sublimation) may 
limit the streamflow response (Biederman et al., 
2014, 2015; Saksa, 2015). Additionally, spatial and 
temporal variability in streamflow and water yield is 
one of the challenging issues in detecting and region­
alizing the effects of forest cover on water yield 
through paired catchment studies (Andreassian, e
2004; Brown et al., 2005) which have been lacking for 
the Sierra Nevada until recently. 

In this study, we utilized a unique dataset from 
the Kings River Experimental Watersheds (KREW) 
to explore the influence of catchment differences in 
topography and vegetation on streamflow and water 
yield. The KREW, a watershed-level, integrated 
ecosystem project for long-term research on nested 
headwater streams, is operated by the U.S. Forest 
Service (USFS) Pacific Southwest Region. Our main 
objective in this study was to identify the primary 
(e.g., climate) and secondary (e.g., landscape chracter­
istics) controls on streamflow and water yield vari­
ability in the KREW catchments. We first compared 
the hydrographs among different catchments and 
highlight the differences in the context of elevation. 
We then extracted key hydrologic signatures (HSs) 
using daily precipitation and streamflow data fol­
lowed by the derivation of physical catchment 
descriptors (PCDs). To gain insight, the HSs were 
analyzed using multidimensional scaling (a multivari­
ate technique to visualize structure of a dataset) and 
corrrelation techniques. The developed understanding 
of spatial patterns of streamflow in the KREW catch­
ments will help better evaluate the effects of forest 
management and climate variability in the headwater 
streams of the Sierra Nevada. 

MATERIALS AND METHODS 

Study Catchments 

The KREW is comprised of eight primary headwa­
ter catchments of the Kings River Basin within the 
Sierra National Forest. Two additional catchments 
(P300 and B200), within which six of the eight 
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primary catchments are nested, were added in 2005/06 
(Figure 1). These catchments are clustered into two 
groups, Providence and Bull. Providence catchments 
(P300, P301, P303, P304, and D102) range in size 
from 49 to 461 ha, and have mean elevations ranging 
from 1,782 to 1,979 m (Table 1). Bull catchments 
(B200, B201, B203, B204, and T003) range in size 
from 53 to 474 ha, and have mean elevation ranging 
from 2,122 to 2,373 m. All catchments but T003 have 

a dominant southwest aspect, whereas T003 faces 
primarily southeast. The average slope of KREW 
catchments ranges from 17 to 27%, with Providence 
catchments marginally being steeper than the Bull 
catchments. The drainage density of these catch­
ments ranges from 4.6 to 10.1 km/km2 and suggests a 
relativily well developed drainage network in the low 
elevation Providence catchments (average drainage 
density = 7.84 km/km2) as compared to the high 
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FIGURE 1. Kings River Experimental Watersheds (KREW) Study Area. KREW catchments are grouped into two sites: the lower elevation
 
Providence site (a) and the higher elevation Bull site (b).
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TABLE 1. Physical Catchment Descriptors (PCDs) of the 10 KREW Catchments (arranged by elevation). 

Drainage Mean Average Average Drainage Mean NDVI 
Catchment Area (ha) Elevation (m) Relief (m) Aspect (degrees) Slope (%) Density (km/km2) (Bare ground1, %)  

Bull 
B203 138 2,373 303 235 18 4.6 0.4627 (4.2) 
B204 167 2,365 289 235 17 5.0 0.4854 (2.3) 
T003 228 2,289 414 142 24 5.5 0.6304 (1.2) 
B201 53 2,257 225 228 18 6.0 0.5413 (1.2) 
B200 474 2,122 367 231 18 5.2 0.5084 (2.2) 
Providence 
P301 99 1,979 318 208 19 7.4 0.6146 (0.0) 
P303 132 1,905 292 233 20 7.4 0.6892 (0.0) 
P304 49 1,899 213 249 22 6.9 0.6910 (0.0) 
P300 461 1,883 424 223 21 7.4 0.6774 (0.0) 
D102 121 1,782 491 246 27 10.1 0.6934 (0.0) 

Note: NDVI, normalized difference vegetation index.
 
1Calculated using 30-m U.S. Geological Survey national land cover data: http://www.mrlc.gov/nlcd2011.php.
 

elevation Bull catchments (average drainage den­
sity = 5.26 km/km2). All catchments have some mea­
dow influnce (Hunsaker et al., 2007). The slightly 
lower drainage densities in high elevation catchments 
could be in part related to the presence of more 
meadows (>2% of land cover). In terms of soil, Shaver 
dominates the lower elevation Providence catchments 
with the exception of P301 which is dominated by 
Gerle-Cagwin. Cagwin soil dominates the higher 
elevation Bull catchments (Johnson et al., 2011; 
Hunsaker et al., 2012). The Shaver and Gerle-Cagwin 
soils in Providence are classified into hydrologic soil 
group B with rooting depth in the range of 102­
203 cm for Shaver and 76-103 cm for Gerle-Cagwin 
soils. Whereas, Cagwin soil in Bull is classified into 
hydrologic soil group A with rooting depth in the 
range of 50-102 cm. The soil parent material for both 
Providence and Bull catchments is granite (Johnson 
et al., 2011). Johnson et al. (2011) provide detailed 
information on physical and chemical properties of 
KREW soil. Land cover is dominated (96-100%) by 
the Sierran mixed-conifer forest which largely con­
sists of red fir (Abies magnifica), white fir (Abies con-
color), ponderosa pine (Pinus ponderosa), Jeffrey pine 
(Pinus jeffreyi), sugar pine (Pinus lambertiana), and 
incense cedar (Calocedrus decurrens). Bare ground, 
mostly rock outcrop in Bull catchments, accounts for 
0-4% of the land cover (Table 1). For the KREW 
experiment, Providence (P301, P303, D102) and Bull 
(B201, B203, B204) catchments were subjected to veg­
etation treatments in the form of selective thinning 
(2012) and/or understory prescribed burning (2013) 
which may have affected the hydrology of these trea­
ted catchments along with portions of P300 and 
B200. However, because of extremely dry conditions 
(Figure 2a) in the years during and following the 
treatments (i.e., 2013 and 2014), the effects of the 
vegetation treatments may have been very minimal. 

Additionally, the actual biomass removed from these 
catchments was below the 20% observed threshold for 
detecting a hydrologic change (Bosch and Hewlett, 
1982; Stednick, 1996; Troendle et al., 2010). 

Data Collection 

Measurements of stream stage from the individual 
catchments were made at 15-min intervals, during 
water years 2004-2014 (except for B200 and P300 
where stage measurements began in water year 2006). 
In 7 of the 10 catchments, stage measurements were 
taken using a combination of one large (30-122 cm 
throat width) and one small (8-15 cm throat width) 
Parshall-Montana flume for measuring high and low 
flows, respectively. Discharge measurements in catch­
ments P300 and T003 were made using V-notch weirs. 
For B200, stream stage was monitored using a pres­
sure transducer only and discharge values were esti­
mated using the rating curve method. The discharge 
measurements for the development of a rating curve 
for B200 were conducted using the Sontek® Flow-
Tracker Handheld ADV® (FlowTracker, San Diego, 
California) flow meter across a range of flows. Contin­
uous stream stage recordings were converted to dis­
charge using the stage-discharge relationships across 
various flow-measuring devices (i.e., flume, weir, and 
FlowTracker). Across all catchments, the ISCO air 
bubbler (ISCOTM 730, Teledyne Isco, Lincoln, 
Nebraska) was used as a primary stage-measurement 
instrument. Electrical-pulse devices (AquarodTM, 
Advanced Measurements and Controls, Inc., Camano 
Island, Washington) and pressure transducers (Tel­
ogTM, Telog Instruments, Victor, New York) were also 
installed to provide backup measurements. Manual 
stage measurements were also conducted during each 
bi-weekly (unless weather forces a delay) field visits 
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FIGURE 2. Interannual Variability in (a) Annual Precipitation, (b) Peak Snow Water Equivalent (SWE), and Annual Streamflow (c) across 
the KREW Meteorological Stations and Catchments. Note: The Bull meteorological stations were not active in 2004. Also, P300 and B200 

stream gages for measuring discharge were established later. The dotted lines in the top plot (a) show long-term averages for precipitation at 
the four KREW meteorological stations and for PRISM data (1981-2010). 

for data download and regular site maintenance (Hun-
saker et al., 2007, 2012). These manual measurements 
were used during the data quality assessment, and 
adjustments were made to the digital discharge data if 
needed. After the quality assessment, all the discharge 
data were converted from 15-min to equivalent daily 
unit discharge in mm/day. 

The KREW also includes four meteorological sta­
tions that were strategically placed to represent lower 
(Lower Providence: 1,730 m and Lower Bull: 2,160 m) 
and higher (Upper Providence: 1,950 m and Upper 
Bull: 2,400 m) elevations within each catchment group 
(Table 2). All of these meteorological stations are 
located on the south-facing slopes (aspect ranges 
between 158° at Lower Providence to 200° Upper Bull) 
and equipped to monitor precipitation, air tempera­
ture, relative humidity, incoming solar radiation, wind 
speed/direction, and snow depth. These sites are 
located in open clearings and therefore not subjected to 
shading from trees or terrain. However, the Lower Bull 
site is surrounded by rock outcrop that may have some 
influence on snow accumulation and melt as compared 

to other sites due to the differences in thermal proper­
ties of rock and soil. Precipitation was measured at 15­
min intervals using BelfortTM 5-780 shielded weighing 
rain gages (Belfort Instrument, Baltimore, Maryland) 
mounted 3 m above the ground on metal frame struc­
tures. A nontoxic, propylene-glycol antifreeze was 
applied to facilitate the snowfall measurements. Simi­
larly, a mineral-based oil layer cover was applied as a 
barrier to prevent direct evaporation from the collec­
tion bucket. The measured precipitation data from 
these four sites were quality assured against manual 
measurements taken during each site visit (bi-weekly 
unless weather forces a delay). We also used digital 
precipitation measurements taken at a nearby 
National Atmospheric Deposition Program (NADP: 
CA28, located a few meters away from the upper Provi­
dence Belfort station) and National Oceanic and Atmo­
spheric Administration (NOAA: Huntington, GHCND: 
USC00044176 and Shaver, GHCND: USR0000CSHA 
lakes) gages during the quality assurance process. In 
addition to precipitation gages, all four sites have 
acoustic snow-depth sensors (Judd CommunicationsTM 
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TABLE 2. Mean and Interannual Variability (SD = standard deviations) in Water Year (WY) Total Precipitation, Precipitation
 
Seasonality (Fall: OND, Winter: JFM, Spring: AMJ, Summer: JAS), and Average Air Temperature (daily)
 

across the Four KREW Meteorological Stations.
 

Precipitation Seasonality Daily Temperature 
(mean ± SD) (mean ± SD) 

(%)1 (oC)2 

WY Precipitation 
Station Elevation (m) (mean ± SD) (mm/year) Fall Winter Spring Summer Fall Winter Spring Summer 

All Years (2004-2014) 
LP 1,730 1,234 ± 514 35 ± 12 48 ± 11 14 ± 7 2 ± 2 6 ± 1 3 ± 1  10  ± 1  18  ± 1 
UP 1,950 1,306 ± 539 34 ± 13 49 ± 12 14 ± 7 2 ± 2 7 ± 1 3 ± 1  11  ± 2  19  ± 1 
LB 2,160 1,392 ± 522 33 ± 11 47 ± 12 18 ± 8 3 ± 2 4 ± 1 2 ± 1 8 ± 1  16  ± 1 
UB 2,400 1,380 ± 549 33 ± 13 49 ± 11 16 ± 8 2 ± 2 4 ± 1 1 ± 1 8 ± 1  16  ± 1 
Dry Years (WYs 2004, 2007, 2012, 2013, 2014) 
LP 1,730 817 ± 128 36 ± 16 48 ± 14 12 ± 7 4 ± 2 6 ± 0 4 ± 1  11  ± 0  19  ± 1 
UP 1,950 854 ± 148 35 ± 19 47 ± 14 14 ± 8 4 ± 2 7 ± 0 4 ± 1  12  ± 0  19  ± 1 
LB 2,160 903 ± 180 32 ± 17 44 ± 12 19 ± 10 5 ± 3 5 ± 0 2 ± 1 9 ± 0  16  ± 1 
UB 2,400 858 ± 169 32 ± 20 48 ± 13 16 ± 9 4 ± 3 4 ± 0 2 ± 1 9 ± 0  16  ± 1 
Average Years (WYs 2008, 2009) 
LP 1,730 1,074 ± 227 30 ± 3  59  ± 10 10 ± 8 2 ± 1 7 ± 0 3 ± 0  11  ± 1  19  ± 1 
UP 1,950 1,207 ± 84 28 ± 6  62  ± 13 9 ± 7 1 ± 1 7 ± 1 3 ± 1  11  ± 1  20  ± 1 
LB 2,160 1,275 ± 225 27 ± 8  62  ± 15 10 ± 8 1 ± 1 5 ± 1 1 ± 1 8 ± 1  17  ± 1 
UB 2,400 1,245 ± 158 29 ± 6  60  ± 14 10 ± 9 1 ± 1 5 ± 0 1 ± 0 8 ± 1  17  ± 1 
Wet Years (WYs 2005, 2006, 2010, 2011) 
LP 1,730 1,837 ± 222 37 ± 9  44  ± 4  19  ± 6 1 ± 1 6 ± 1 3 ± 1 9 ± 1  18  ± 0 
UP 1,950 1,920 ± 294 36 ± 8  45  ± 2  18  ± 6 1 ± 0 6 ± 1 2 ± 1 9 ± 1  18  ± 0 
LB 2,160 1,939 ± 207 36 ± 7  42  ± 4  21  ± 5 1 ± 1 4 ± 1 1 ± 1 7 ± 2  15  ± 0 
UB 2,400 1,970 ± 169 35 ± 7  44  ± 3  20  ± 6 1 ± 1 4 ± 1 0 ± 1 7 ± 2  16  ± 0 

Notes: LP, Lower Providence; UP, Upper Providence; LB, Lower Bull; UB, Upper Bull.
 
1Percent of water year total precipitation falling in each season, due to rounding error numbers may not add up to 100.
 
2Average daily temperature for each season.
 

LLC, Salt Lake City, Utah) installed at 5 m above the 
ground for measuring snow depth. Monthly snow sur­
veys were also conducted (n = 5) by KREW between 
2008-2014 using a 4.13-cm internal diameter snow 
tube (Rickly Hydrological, Inc., Columbus, Ohio). A 
multiplier of 74.737 cm/kg was used to convert the 
measured mass of snow (kg) in the snow tube to snow 
water equivalent (SWE) (cm). We then established 
regression models for Upper Providence and Upper 
Bull sites (R2 > 0.82) by relating the measured average 
snow depths with average SWEs from the snow sur­
veys. The established regression model was then used 
to convert the digitally measured snow depths from 
acoustic snow depth sensors to SWE. Snow surveys 
were not performed at Lower Providence and Lower 
Bull sites. Hence, the regression equations from the 
upper elevation sites were used for converting the digi­
tal snow depth measurements to SWE at lower eleva­
tion sites. 

Physical Catchment Descriptors 

We extracted seven descriptors to help distinguish 
the differences in physical catchment characteristics 
(Table 1). These descriptors include drainage area, 

elevation, relief, aspect, slope, drainage density, and 
normalized difference vegetation index (NDVI). The 
topographic descriptors (i.e., drainage area, elevation, 
relief, aspect, and slope) were derived using a 30-m digi­
tal elevation model obtained from U.S. Geological Sur­
vey repository (available online: http://nationalmap.gov/ 
viewer.html). The drainage density parameters were 
calculated by overlaying the detailed stream network 
layer, digitized from U.S. Geological Survey topographic 
maps (Heather Taylor, USFS, personnel communica­
tion), on each catchment boundary. Differences in vege­
tation among the catchments were represented by the 
Moderate Resolution Imaging Spectrometer (MODIS) 
250-m NDVI data (MYD13Q1 version 5). The raw NDVI 
values were filtered using quality assurance flags and 
then averaged for the 2004-2014 water years. The tem­
porally averaged NDVI values were intersected with 
the catchment boundary layer to extract the mean 
catchment NDVI values. 

Hydrologic Signatures 

We extracted HSs using precipitation and stream-
flow data to characterize hydrologic behavior of 
the catchments. The relevant HSs describing low, 

JAWRA 6 JOURNAL OF THE AMERICAN WATER RESOURCES ASSOCIATION 

http://nationalmap.gov/viewer.html
http://nationalmap.gov/viewer.html


CHARACTERIZING RUNOFF AND WATER YIELD FOR HEADWATER CATCHMENTS IN THE SOUTHERN SIERRA NEVADA 

medium, and high flows, groundwater, and climate 
dependencies were primarily selected from a larger 
list of possible indices described in hydrologic litera­
ture (Kadioglu and Sen, 2001; Olden and Poff, 2003; 
Baker et al., 2004; Stewart et al., 2005; Yadav et al., 
2007; Zheng et al., 2009). The selected HSs are 
described below. 

Runoff Ratio. Runoff ratio (%) is defined as the 
ratio of catchment discharge to precipitation. The 
long-term average annual runoff ratio has been 
used as a metric of water balance separation 
between discharge and evapotranspiration when 
assuming no net change in storage (Olden and Poff, 
2003; Yadav et al., 2007; Sawicz et al., 2011; Hun-
saker et al., 2012). A runoff ratio of 50% indicates 
that the catchment discharge is the same as the 
catchment evapotranspiration. A runoff ratio more 
(less) than 50% indicates that the catchment dis­
charge exceeds (falls behind) the catchment evapo­
transpiration. Although in theory, runoff ratio can 
be calculated on any time-scale of interest (i.e., 
monthly, seasonal, and annual), estimation of runoff 
ratio at a monthly time scale was not possible for 
KREW catchments with a Mediterranean climate 
where the total precipitation during summer months 
is often zero. For this reason we have only esti­
mated the runoff ratio at annual time scales for 
2004-2014. 

Climate Elasticity. Climate elasticity of dis­
charge (e) has been used to describe the sensitivity of 
a catchment’s discharge to changes in precipitation 
and/or temperature (Schaake, 1990; Sankarasubra­
manian et al., 2001; Fu et al., 2007; Safeeq and 
Fares, 2012) and to seperate the individual effects of 
climate and vegetation on hydrologic response (Zhao 
et al., 2010). However, the estimation of climate elas­
ticity using the method as proposed by Schaake 
(1990) and later revised by Sankarasubramanian 
et al. (2001) requires long-term data to avoid numeri­
cal instability (Zheng et al., 2009). In this study, we 
used the revised climate elasticity for a small sample 
size as proposed by Zheng et al. (2009). The revised 
climate elasticity can be given by: 

ðQi - X ðXi - XXÞQÞ ¼ e where i ¼ 1; 2; 3; . . .; n yearsXQ XX 

ð1Þ 
Xwhere Qi is discharge for year i, Q is the average 

discharge over n years, Xi is the climate factor (e.g., 
precipitation or temperature) for year i, XX is the 
n year average value of the climate factor. The elas­
ticity of streamflow e can be estimated as the linear 

ðQi- XQÞ regression coefficient between ðXi - XXÞ= XX and XQ 
using the least squares estimator as: 

P ( )( )nXX Xi - XX Qi -QXi¼1 e ¼ x P ( ) 2 ¼ qx;Q x CQ =CXX nQ 
i¼1 Xi - XX 

where i ¼ 1; 2; 3; . . .  n; years 

ð2Þ 

where qx,Q is the correlation coefficient between X 
and Q; CX and CQ are coefficients of variation of X 
and Q, respectively. Finally, based on the water bal­
ance and Budyko hypothesis (Zheng et al., 2009): 

eP þ eETo ¼ 1 ð3Þ 

where eP and eETo are the precipitation and potential 
evapotranspiration elasticity of discharge, respec­
tivily. As noted by Zheng et al. (2009), this comple­
mentry relationship between eP and eETo may not 
hold to be true for all catchments due to lack of con­
sideration for changes in storage in the Budyko 
hypothesis. 

Baseflow Magnitude and Recession. Baseflow 
index (BFI) and recession constant (k) have been used 
to characterize the drainage efficiency of a catchment. 
The BFI is defined as the ratio of baseflow, the com­
ponent of streamflow that can be attributed to 
groundwater discharge, to total streamflow (Wolock, 
2003). Over the years, multiple algorithms have been 
developed to calculate BFI (e.g., Institute of Hydrol­
ogy, 1980a,b; Arnold et al., 1995; Arnold and Allen, 
1999; Kroll et al., 2004; Eckhardt, 2005). However, 
for the purpose of this study, BFI values were calcu­
lated using the program described in Wahl and Wahl 
(1988, 1995). The BFI program is based on the N-day 
non-overlapping smoothed minima approach (Insti­
tute of Hydrology, 1980a,b; Wahl and Wahl, 1988). 
The estimated BFI values can be quite sensitive to 
the choice of N (Wahl and Wahl, 1995; Miller et al., 
2015). However, we did not perform any sensitivity 
or optimization analysis for N, since our focus was to 
characterize relative differences among catchments 
rather than on the actual BFI value. A default sug­
gested value of N = 5 was used (Wahl and Wahl, 
1995). 

Baseflow recession rates were analyzed using the 
method of Vogel and Kroll (1992). To avoid the effects 
of precipitation and snowmelt on recession rates, only 
recession segments lasting 10 days or longer were 
selected. The beginning of the recession (inflection 
point) was identified following the method of Arnold 
et al. (1995). As suggested by Vogel and Kroll (1992), 
daily flow values were smoothed using a three-day 
moving average window and only accepting pairs of 
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receding flow (Qt, Qt-1) when Qt > 0.7Qt-1 to avoid 
spurious observations. The recession constant k was 
calculated as: 

" # 
m X1 

k ¼ exp flnðQt-1 ½ ð-QtÞ - ln 0:5 Qt þ Qtþ1Þ]g
m 

t¼1 

ð4Þ 

where m is the total number of pairs of consecutive 
daily flow Qt and Qt-1, at each site. Similar to BFI, sev­
eral methods exist for recession analysis and there is a 
considerable debate on appropriate techniques for 
recession analysis (Tallaksen, 1995; Vogel and Kroll, 
1996; Smakhtin, 2001; Sujono et al., 2004; Posavec 
et al., 2006). Estimates of k are comparable using some 
techniques (Sujono et al., 2004; Safeeq et al., 2014) but 
not others (Vogel and Kroll, 1996). Safeeq et al. (2013) 
found a strong correlation between the estimates of k 
and catchment subsurface geologic/aquifer characteris­
tics and used k as a metric for describing groundwater 
influence on hydrologic response in the western U.S. 
streams. This gave us confidence in not only the 
method we used for estimating k but also using the k 
for characterizing the relative differences in subsur­
face properties among the selected catchments. 

The BFI and k are inversely related and influenced 
by the degree of groundwater influence, both in terms 
of magnitude and subsurface flow path length. Catch­
ments with higher groundwater influence and longer 
flow paths have higher BFI and slower recession (i.e., 
lower k values) as compared to quick flow dominated 
catchments (Safeeq et al., 2013). 

Slope of the Flow Duration Curve. The flow 
duration curve (FDC), a cumulative frequency curve 
that shows the percent of time a specified discharge 
value was equaled or exceeded during a given period, 
was derived for each catchment using daily discharge. 
The slope of the FDC can be used as a metric of catch­
ment hydrologic characteristics. A higher slope value 
indicates quick flow and represents rainfall dominated 
catchments with flashy hydrographs and very little 
ability to sustain low flows during dry seasons due to a 
lack of surface (i.e., snowpack) and subsurface (i.e., soil 
and groundwater) storage. In contrast, a low slope 
value indicates groundwater and snowmelt dominated 
catchment with damped quick flow response and sus­
tained low flows during dry seasons. Following Sawicz 
et al. (2011), the slope of the FDC was calculated 
between 33rd and 66th flow percentiles which repre­
sents the relatively linear part of the FDC (Yadav 
et al., 2007; Zhang et al., 2008). 

Magnitude, Timing, and Frequency of Flow. 
Annual one-day minimum, mean, and maximum 

discharge were used to characterize the selected 
catchments in terms of flow magnitude. In addition 
to these, percentile-based (5th, 25th, 75th, and 95th) 
flow magnitude and cumulative flow over each season 
(fall, winter, spring, and summer) and water year 
were also analyzed and used as signatures. Timing of 
flow dates were defined using the center of mass of 
annual flow (CT). A threshold-based approach was 
used to calculate the frequency of a discharge exceed­
ing a given threshold. For this purpose, we calculated 
stream dry days (DD) as the number of days in a 
water year when flow on a given day was less than 
the 7Q10 (the lowest 7-day average flow that occurs 
on average once every 10 years). Similarly, low pulse 
(LP) and high pulse (HP) counts (Olden and Poff, 
2003) were defined and calculated as the number of 
days in a water year when flow on a given day was 
less than 25% and higher than 200% of the mean, 
respectively. 

Precipitation-Streamflow Relationship. Predic­
tive linear models of water year streamflow (Q) using 
precipitation (P) were developed as: 

Q ¼ aP þ b; ð5Þ 

where a is the slope (mm/mm) and b is the y-inter­
cept of the regression line. The x-intercept or in this 
case P-intercept (-b/a) can be used as a metric for 
precipitation threshold for each catchment below 
which, on average, no streamflow would be predicted. 
The regression coefficient a was used to infer the 
responsiveness of streamflow to a unit increase in 
precipitation beyond the initial threshold (i.e., -b/a). 

Statistical Analysis 

To understand the relationship between PCDs and 
HSs in space, Pearson’s product-moment correlations 
were performed. The seven parameters of PCDs and 
eight parameters of HSs were used for the correlation 
analysis (Table 3). We have restricted the correlation 
analysis to eight not time-series HSs (with the excep­
tion of annual streamflow, runoff ratio, and BFI) to 
reduce dimensionality of the correlation matrix. 
Although the choice of HSs for correlation analysis is 
somewhat subjective, the selected eight HSs repre­
sent a range of hydrologic regime types that are rele­
vant for guiding and forming hypotheses for future 
analyses. We used one-way ANOVA and Welch Two 
Sample t-test to evaluate significant differences 
between groups (p-value less than 0.10). 

We also used a nonparametric, multidimensional 
scaling (N-MDS) on Euclidean distance, ordination 
approach to compare the catchment similarity. The 
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SAFEEQ AND HUNSAKER 

N-MDS scaling is a multivariate technique that aims 
to reveal the similarity or dissimilarity in a dataset 
by first reducing the dimensionality of dataset and 
then plotting the data points to one- or two-dimen­
sional space. Catchments that have very similar 
hydrologic response (as measured by HSs or any 
other metrics) will appear as points near each other 
whereas catchments that have very different hydro-
logic response will be further away from each other 
on the plot. The difference in the grouping of points 
can be analyzed for statistical significance based on 
categorical factors. The extracted HSs were rear­
ranged via an iterative optimization procedure to 
minimize stress (a measure of dissimilarities) across 
sites or time periods in a two-dimensional (2D) plot 
(Kruskal, 1964). Proximity of points in the 2D plot 
indicates a higher degree of similarity and vice 
versa. For this analysis, we have only selected the 
18 signatures that were time-series in nature 
(Table 3). Analysis of similarity (ANOSIM) was per­
formed to statistically test the null hypothesis of no 
difference among groups of descriptors. The ANO­
SIM is a nonparametric procedure analogous to anal­
ysis of variance (ANOVA) that tests differences in 
distance in the ordination space of previously defined 
groups against random groups (Arismendi et al., 
2013). The ANOSIM uses R statistics, with value 
ranging between -1 (more similarity between groups 
than within groups) and 1 (more dissimilarity 
between groups than within groups), along with esti­
mated probability (p-value) of rejecting the null 
hypothesis. Since many of the PCDs were cross-cor­
related (as discussed later) with elevation, we have 
used the elevation or Providence vs. Bull as one of 
the primary grouping variables for N-MDS. We also 
used precipitation (average, dry, and wet years) as 
the secondary grouping variable to explore the effect 
of climate variability on catchment hydrologic 
similarity. 

RESULTS 

Total water year precipitation measured across the 
four meteorological stations ranged over three-fold 
among different years (Figure 2a). On average over 
90% of the total annual precipitation across all meteo­
rological stations occurred between October-April (Fig­
ure 3a). The increasing rate of precipitation with 
station elevation varied from zero to as much as 
50 mm/100 m in different years. However, as noted by 
Hunsaker et al. (2012), we found no statistically signif­
icant difference in annual precipitation (one-way 
ANOVA, p = 0.89) among the different meteorological 

stations despite their altitudinal differences. Based on 
the long-term (1981-2010) precipitation anomaly from 
PRISM (Daly et al., 1994), water years 2004, 2007, 
2012, 2013, and 2014 can be characterized as below 
normal or dry, 2008 and 2009 can be characterized as 
normal or average, and 2005, 2006, 2010, and 2011 can 
be characterized as above normal or wet precipitation 
years. As mentioned previously, this classification of 
average, wet, and dry years were based on the recent 
(1980-2010) climatology that may or may not hold true 
for longer climatological time period. On the extreme 
ends, total precipitation during wettest (2011) and dri­
est (2014) water years in the study period was about 
197% and 61% of the PRISM normal, respectively (Fig­
ure 2a). Despite the strong interannual variability, the 
difference in seasonal distribution of annual precipita­
tion (except for summer at Lower Providence, Upper 
Providence, and Lower Bull stations) between average, 
wet, and dry years was statistically not significant 
(Table 2, one-way ANOVA, p > 0.10). The fraction of 
annual precipitation falling during the summer season 
was significantly higher (one-way ANOVA, p < 0.10) 
during the dry years as compared to wet years at 
Lower Providence, Upper Providence, and Lower Bull 
stations. In terms of air temperature, winter and 
spring temperatures were significantly warmer (one­
way ANOVA, p < 0.10) during the dry years than those 
during wet years across all sites. There was no statisti­
cally significant difference (one-way ANOVA, p > 0.10) 
in fall season temperatures across all sites during 
average, wet, and dry years. However, wet year tem­
peratures during summer at all four sites were signifi­
cantly (one-way ANOVA, p < 0.10) colder than those 
during the average years. 

Peak SWE was highly variable among the sites 
despite very similar precipitation regimes (Figure 2b). 
Consistent with an elevation influence, the recorded 
peak SWE was highest at Upper Bull. Although 
Lower Bull site is located at slightly higher elevation 
than Upper Providence and hence colder (Figure 3b), 
peak SWE was greater at the latter site across all 
years. A similar pattern was also observed between 
Lower Bull and Lower Providence during WYs 2009 
and 2012 when recorded peak SWE was greater at 
the lower elevation site. These inconsistent patterns 
could be attributed to the differences in microclimate 
and energy exchange (Marks and Dozier, 1992). For 
example, although Lower Bull is at a higher elevation 
than Upper Providence and warmer by ~2°C in terms 
of mean monthly average temperature across all 
months (Figure 3b), the mean daily average maxi­
mum temperature over the snow accumulation sea­
son (January-March) was 0.40°C colder at the latter 
site (p = 0.10, Welch Two Sample t-test). Lower Bull 
meteorology site is dominated by rock outcrop, with 
very sparse vegetation in the surroundings, which 
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FIGURE 3. Monthly Average for All Years of Data: (a) Precipitation, (b) Mean Monthly Daily Average Air Temperature, 
(c) Snow Water Equivalent (SWE), and (d) Streamflow. 

warms quickly when the sun is out and may have 
influenced the snow accumulation and melt. 

Monthly average SWE at the four sites showed 
contrasting accumulation and melt patterns due to 
differences in elevation (Figure 3c). On average, tim­
ing and magnitude of peak SWE was very similar 
between Lower Providence and Lower Bull. However, 
snow disappeared faster at Lower Providence than 
Lower Bull; although this difference in snow disap­
pearance date was statistically not significant (Fig­
ure 4f). Similarly, timing of snow disappearance was 
indistinguishable between Upper Providence and 
Lower Bull despite higher SWE at the former site. As 
compared to the other sites, average monthly SWE at 
Upper Bull was not only significantly higher but also 
lasted longer (Figure 4). On average, in spite of 
nearly identical precipitation amounts the number of 
snow-on-ground days was 138, 149, 157, and 
204 days/year at Lower Providence, Upper Provi­
dence, Lower Bull, and Upper Bull, respectively (Fig­
ure 4e). Similarly, the average day of snow 
disappearance varied between 200 (18th April), 212 
(30th April), 204 (22nd April), and 239 (27th May) 
days (starting from October 1) at Lower Providence, 
Upper Providence, Lower Bull, and Upper Bull, 
respectively. 

The peak SWE to winter precipitation ratio ranged 
from 28 to 104% at Lower Providence, 36 to 109% at 

Upper Providence, 29 to 104% at Lower Bull, and 87 
to 146% at Upper Bull across all observation years 
(Figure 4b). Over 100% peak SWE to winter precipi­
tation ratio at some sites may be driven by early 
snowfall and rain on snow events during the fall sea­
son. We cannot reject the possibility of precipitation 
under-catch and snowdrift as alternative explana­
tions for >100 peak SWE to winter precipitation ratio, 
especially at higher elevations where snowfall domi­
nates over rainfall. Nonetheless, the peak SWE to 
winter precipitation ratio across sites was signifi­
cantly higher at the Upper Bull site as compared to 
the other three sites. The differences in winter to 
annual precipitation ratio among the four sites were 
statistically not significant (Figure 4a). We found no 
strong correlation (Pearson’s 0.08 ≤ r ≤ 0.45) between 
total WY precipitation and peak SWE to winter pre­
cipitation ratio across all the sites. However, average 
air temperature showed strong negative correlation 
(Pearson’s -0.77 ≤ r ≤ -0.30) with peak SWE to win­
ter precipitation ratio (Figure 4). One exception was 
the Lower Bull site where temperature did not 
explain lower peak SWE to winter precipitation ratio, 
lower snow depth, fewer snow on the ground days, 
and earlier snow disappearance. This may be in part 
due to the differences in solar radiation, the largest 
source of energy contributor for snowmelt in the 
Sierra (Marks and Dozier, 1992), at the four sites. 
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FIGURE 4. Variability in (a) Winter (Pw) to Water Year (Pwy) Precipitation Ratio, (b) Peak SWE (SWE) to Winter Precipitation (Pw) Ratio 
(%), (c) Average Daily Temperature, (d) Average Peak Snow Depth, (e) Number of Days Snow on Ground (SOG), and (f) Day of Snow Disap­
pearance (SD) across the Four KREW Meteorological Stations. The bar graph shows the annual mean and error bar represents ± one stan­
dard deviation. The dotted horizontal lines show the mean value across the four stations. The same letters on the bar graph indicate 
statistically no significant differences between the stations (based on one-way ANOVA and post hoc Tukey’s HSD tests, p < 0.05). 

On average, Lower Bull (162 w/m2) received higher 
incoming solar radiation (measured using CM3 Pyra­
nometer, Kipp & Zonen, Inc., Delft, The Netherlands) 
than Lower Providence (160 w/m2), Upper Providence 
(144 w/m2), and Upper Bull (151 w/m2). 

Bull catchments, on average, had higher stream-
flow than the Providence catchments across all HSs 
(Table 3). In terms of flow seasonality, Bull catch­
ments not only showed higher flow during winter 
months but also during the summer months (Fig­
ure 3d). One exception was P304, which showed high­
est Qmin, Q5, Q25, QFall, and QSummer among all the 
catchments (Table 3). Additionally, the low pulse 
count was lower in P304 as compared to the rest of 
the catchments. Among the Providence catchments 
P301 consistently generated higher streamflow except 
during the dry years when P304 streamflow exceeded 
P301 (Figure 2c). Moreover, when a wet or above nor­
mal precipitation year was immediately followed by a 
dry or below normal precipitation year (e.g., 2007 and 
2012), P304 showed significantly higher streamflow 

than other Providence catchments, and was compara­
ble to the Bull catchments (Figure 2c). This distinc­
tive hydrologic behavior of P304 can be explained by 
relatively large groundwater storage as reflected by 
highest BFI, slowest flow recession (k), and gentlest 
FDC slope among all catchments (Table 3). In Provi­
dence, the centroid of flow timing (CT) was, on aver­
age, two weeks earlier than Bull. We found no 
systematic pattern in average stream dry days (DD) 
and high pulse count. On a seasonal time scale, the 
streamflow variability among different catchments 
was smaller during fall (r = 12.5 mm), winter 
(r = 17.8 mm), and summer (r = 18.2 mm) than those 
in spring (r = 108.1 mm). 

Consistent with streamflow, Bull catchments along 
with P304 had the higher runoff ratio as compared to 
the other Providence catchments (Table 3). Irrespec­
tive of elevation, all catchments had a positive pre­
cipitation-intercept in the relationship between 
precipitation and discharge (Figure 5), which indicates 
that a minimum amount of precipitation is required to 
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FIGURE 5. Annual Streamflow-Precipitation Relationship for (a) Providence and (b) Bull Catchments along with the Least Square Best Fit
 
Line (c) Slope and (d) Precipitation-Intercept for Individual Catchments. The horizontal dotted lines on the bar plot show the mean value for
 

Providence (yellow to brown colors) and Bull (blue to green colors) catchments separately.
 

generate any discharge. The mean precipitation 
threshold is slightly higher (661 mm) for Providence 
than Bull (589 mm) catchments but the difference was 
not statistically significant (p = 0.58, Welch Two Sam­
ple t-test). Catchment responsiviness to precipitation, 
as measured by the slope of P-Q relationship, was 
highly variable among different catchments with slope 
values significantly higher (p = 0.07, Welch Two Sam­
ple t-test) for Bull than for Providence catchments. 
Additionally, in all catchments average annual runoff 
ratio never exceeded the 50% threshold, indicating 
that the catchment discharge falls behind the catch­
ment evapotranspiration (Table 3). 

The relationships, as measured by the Pearson’s cor­
relation (r), between the PCDs and selected (Table 3) 
HSs are shown in Figure 6. It is worth mentioning that 
many of the PCDs are cross-correlated with each other. 
Catchment slope, aspect, drainage density, and NDVI 
showed negative correlation with elevation and may 
require disentangling the co-linearity of the system. 
Similarly, a positive cross-correlation exists between 
drainage area and relief. We, also found no significant 
correlation between HSs and catchment relief or aspect. 

Drainage area and catchment slope were only corre­
lated with BFI and recession constant, respectively. 
Hence, for simplicity, we described the variability in 
HSs with respect to elevation and NDVI only. In the set 
of HSs used, BFI showed strong negative correlation 
(r = -0.82) with the drainage area (Figure 6). Runoff 
ratio, P-Q slope, and annual streamflow showed 
significant positive (0.76 < r < 0.89) and negative 
(-0.87 < r < -0.75) correlation with elevation and 
NDVI, respectively. There was a non-significant nega­
tive correlation (r = -0.54) between precipiation elastic­
ity of streamflow (i.e., eP) and elevation. Recession 
constant, was significantly correlated (r = -0.61) with 
catchment NDVI. Slope of the FDC and P-intercept 
showed no significant correlation with any of the PCDs. 

The increase in annual streamflow as well as run­
off ratio with elevation were further investigated by 
examining the rate of increase under various precipi­
tation regimes (i.e., average, wet, and dry years). On 
average, mean annual streamflow increased by 
49 mm per 100 m increase in elevation (Figure 7a). 
This increase in streamflow with elevation was about 
four-fold higher in wet years (76 mm per 100 m 
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FIGURE 6. Correlation Matrix Showing the Dependence between Physical Catchment Descriptors (PCDs) and Hydrologic Signatures (HSs). 
The strength of the correlation is shown by the size of filled circles (positive: open circles and negative: filled red circles). The statistically 

significant (p < 0.10) correlations are marked with cross sign. 

elevation gain) as compared to those during dry years 
(20 mm per 100 m elevation gain). Similarly, on aver­
age a 3% increase in runoff ratio (4% during wet 
years and 2% during dry years) was observed with 
100 m increase in elevation (Figure 7b). The average 
increase in streamflow with elevation was very simi­
lar to that of the reduction in evapotranspiration 
with elevation (Figure 7c). 

Overall, the selected HSs (Table 3) exhibited a 
strong variability, based on the ordination plot from 
the N-MDS analysis of Euclidian distances, in both 
space and time (Figure 8). Pairwise ANOSIM results 
indicated that both groups of HSs, catchment (i.e., 
Providence and Bull) or climate (i.e., average, wet 
and dry), were statistically dissimilar (p < 0.01). 
However, the degree of dissimilarity among the HSs 
due to variability in climate was higher than those 
due to variability in physical catchment characteris­
tics between Providence and Bull. Although, the 
spread and overlap of descriptors were very similar 
between Providence and Bull catchments, N-MDS 
results show a slightly higher degree of dissimilarity 

for Bull than Providence (Figure 8a). In terms of cli­
mate, selected HSs during the average climate 
regime show significant overlap with wet and dry cli­
mate (Figure 8b). There was a high dissimilarity 
among HSs between wet and dry climate. Noticeably, 
irrespective of climate regime or catchment type, 
Providence catchment P304 (number 8 in Figure 8) 
stands out as an outlier. In terms of the ordination 
plot, there was very little overlap (i.e., high degree of 
dissimilarity) of HSs from P304 with those from other 
catchments. 

DISCUSSION 

Catchment Similarity 

In general, HSs showed considerable variability 
within Providence and Bull catchments and across 
the elevation gradient. Although climate variability 
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FIGURE 7. Elevation Dependence of Average Annual 
(a) Streamflow, (b) Runoff Ratio, and (c) Evapotranspiration. 

appears to be the first order control on dissimilarity 
of HSs, effects of small-scale differences in soil and 
subsurface flow characteristics on hydrologic func­
tioning of these catchments cannot be ignored. For 
example, presence of slow recession and higher base 
flow in P304, which is climatologically similar to the 
other Providence catchments, mediated the HSs and 
separates the catchment into a different class that is 
distinct from both Providence and Bull catchments 
(Table 3, Figure 8). This unique hydrologic function­
ing of P304 as reflected by slow recession and higher 
base flow and other metrics can be attributed to sev­
eral factors. The channel is narrow and the stream 
has not downcut to reach a bedrock base, as have 
most of our other KREW streams in places, which 
may enhance base flow. Also, the percent of rock in 
the coarse soil (particle size > 2 mm) is significantly 
lower (<20%) for P304 as compared to other Provi­
dence catchments (30-50%) and may lead to differ­
ences in the hydraulic conductivity. The slower 

FIGURE 8. Nonparametric, multidimensional scaling (N-MDS) on 
Euclidian Distance (stress < 0.10) Showing the Degree of Similarity 
among the Descriptors of Hydrologic Signature across All the 
KREW Catchments and Water Years (2004-2014). The dissimilarity 
matrixes were calculated using the 18 hydrologic signatures listed 
in Table 2. Ellipses around each group of descriptors were drawn 
at 95% confidence level. Dots are identified by catchment with 1 
(B203), 2 (B204), 3 (T003), 4 (B201), 5 (B200), 6 (P301), 7 (P303), 8 
(P304), 9 (P300), and 10 (D102). 

recession and high base flow in P304 can also be 
attributed to a small man-made dam upstream of the 
weir, which became a meadow over time. Nonethe­
less, these small-scale catchment soil and geologic dif­
ferences may play a bigger role on some HSs than 
others (Table 3). Therefore, interpretation of HSs in 
the context of forest management or any other form 
of landscape disturbance (e.g., tree mortality and fire) 
based on spatial proximity or grouping could be mis­
leading. Also, the choice and selection of HSs could 
be the key in interpreting the hydrologic impact of 
landscape disturbances. 
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Increase in Streamflow with Elevation 

As noted by Hunsaker et al. (2012), increase in 
streamflow with elevation, despite similar precipita­
tion, can be explained by higher precipitation falling 
as snow, lower sublimation, and decline in evapotran­
spiration with increasing catchment elevation. The 
higher elevation catchments are more energy limited 
as compared to lower elevation catchments leading to 
higher snow fraction and a shorter growing season 
(Goulden et al., 2012; Goulden and Bales, 2014). As 
evident from the higher SWE/Pw ratio at Upper Bull 
(Figure 4b), the sublimation losses are limited at high 
elevations due to colder temperatures. Additionally, 
the soil is less developed and drains rapidly in high 
elevation catchments. Hence, despite the fact that 
snow stays longer at higher elevations, and thus the 
melt water is available for plant use, the average 
evapotranspiration declines rapidly above 2,000 m 
elevation (Lundquist and Loheide, 2011; Goulden 
et al., 2012). In KREW, average evapotranspiration is 
32% lower in upper elevation (>2,000 m) Bull catch­
ments as compared to lower elevation (<2,000) Provi­
dence catchments. Using the empirical relationship 
between NDVI and evapotranspiration developed by 
Goulden et al. (2012), we estimated a decline of evap­
otranspiration in KREW catchments by 45 mm per 
100-m elevation gain (Figure 7c). This rate of evapo­
transpiration decline with elevation is slightly lower 
than the rate of streamflow increase with elevation 
(i.e., 49 mm per 100-m elevation gain). 

The snow fraction (percentage of the total precipi­
tation in each year falling as snow) in the Sierra 
Nevada, which increases with increasing elevation, is 
highly sensitive to changes in temperature. Safeeq 
et al. (2015b) state a 10% decrease in snow fraction 
for every 1°C rise in temperature. As temperatures 
warm, a decline in annual snow fraction has been 
shown to cause a decline in streamflow. Berghuijs 
et al. (2014) showed 0.37 mm/mm on average 
increase in precipitation-normalized streamflow to a 
unit increase in snow fraction. For the KREW, if we 
ignore the uncertainty associated with the empiri­
cally derived evapotranspiration, the additional 
(4 mm per 100-m elevation gain) increase of stream-
flow can be solely attributed to a proportionally 
higher snow to precipitation ratio. On average the 
peak SWE to precipitation ratio among the four 
KREW meteorological stations increased by 3% per 
100-m elevation gain (R2 = 0.5). This increase in peak 
SWE/precipitation ratio with elevation, mainly attrib­
uted to greater proportion of precipitation falling as 
snow and lower sublimation, is rather small and 
alone cannot explain the increase in streamflow with 
elevation (Figure 7). Reduced evapotranspiration 
with elevation, both in response to shorter growing 

season and lower NDVI (declines by: 0.04/100 m ele­
vation gain, R2 = 0.73), seems to be a primary factor 
in regulating streamflow. Hence, any further decline 
in snow fraction under a warmer climate and its 
effect on streamflow will likely be driven by the 
response of evapotranspiration with reduced snow 
cover and the associated feedbacks. As predicted by 
numerical models in the Sierra Nevada, less snow, 
higher sublimation, and earlier snowmelt with a war­
mer climate will increase forest water stress and 
reduce net primary productivity (Tague et al., 2009; 
Tague and Peng, 2013). If these model (i.e., Tague 
et al., 2009; Tague and Peng, 2013) results hold true, 
then the forests may be most affected by the reduced 
snow fraction scenario. 

Patterns of Precipitation Elasticity Streamflow (eP) 
between Providence and Bull Catchments 

Consistent with previous findings (Chiew, 2006; 
Zheng et al., 2009), we report an inverse relationship 
between the precipitation elasticity of streamflow and 
catchment runoff ratio (Figure 6). However, the spa­
tial pattern of eP reveals significant differences 
between the Providence and Bull catchments. With 
the exception of P304, the catchment with the highest 
groundwater influence (Table 3), all Providence 
catchments show significantly (p = 0.004, Welch Two 
Sample t-test) higher eP as compared to Bull catch­
ments. This indicates that despite the deeper soil and 
higher soil water storage in lower elevation catch­
ments (Bales et al., 2015) the proportional change in 
annual streamflow is more dependent on proportional 
change in annual precipitation. In contrast, the pro­
portional change in annual streamflow with respect 
to proportional change in annual precipitation (i.e., 
eP) in the higher elevation Bull catchments is very 
similar to a groundwater dominated catchment (i.e., 
P304). This lower value of eP in high elevation catch­
ments, despite a lack of subsurface storage due to 
shallow soils, can be attributed to delayed snowmelt 
and lower evapotranspiration. Both delayed snowmelt 
and lower evapotranspiration can enhance the carry­
over storage and increase the streamflow persistence 
in the following year. However, earlier snowmelt and 
higher evapotranspiration limits the carryover stor­
age in Providence catchments (with the exception of 
P304) despite the deeper soil with a higher potential 
for subsurface water storage. 

The role of delayed snowmelt and lower evapotran­
spiration in buffering the streamflow sensitivity to 
precipitation, as evident from eP in high elevation 
Bull catchments, are likely to change in the future. 
Under warmer climate with reduced snowpack, ear­
lier melt, and increased evapotranspiration these 
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high elevation catchments with shallow soil may 
likely lose their ability to carryover storage and buf­
fer subsequent year streamflow. In fact, because of 
shallow soils these high elevation catchments may 
show greater stress to climate warming than lower 
elevation catchments, especially if changes in snow-
pack are driven by both higher temperatures and 
reduced precipitation (Pierce and Cayan, 2013; Goul­
den and Bales, 2014). These empirical inferences are 
consistent with results from numerical modeling 
showing increased drought stress under a warming 
climate in snow dominated catchments (Tague and 
Peng, 2013). 

Water is stored or moves between only a few com­
partments of the forest ecosystem: soil, surface water, 
vegetation, groundwater, and the atmosphere. In 
addition to direct evaporation/sublimation, under sim­
ilar climate and hydrologic conditions the amount 
and type of vegetation governs how much surface and 
soil water is transpired to the atmosphere and thus 
reduced in these compartments. Tree and shrub den­
sities in the Sierra Nevada are very high for various 
reasons including 80 or more years of fire suppression 
and 40 years of challenges during planning and 
implementing mechanical thinning and/or timber 
harvest projects (Long et al., 2014). Multiple stressors 
affect the health of southern Sierra Nevada forests: 
air pollution, the density of the vegetation, and low 
precipitation years. The only one of these stressors 
that forest management can directly influence is the 
amount and type of vegetation on the land through 
timber harvesting, mechanical forest thinning, and 
prescribed fire. These management activities can 
improve forest health and possibly increase water 
yield from forest streams (Bales et al., 2011; Robles 
et al., 2014; Saksa, 2015). However, responsible man­
agement needs to balance multiple ecosystem services 
such as water quality and quantity, wildlife habitat, 
vegetation diversity and condition, and recreational 
use (Long et al., 2014). Prior to the establishment of 
KREW there was very little data on the variability of 
water quantity and quality in headwater streams of 
the Sierra Nevada, and thus little information to 
guide forest managers in the design of management 
treatments to benefit ecosystems and humans (Hun-
saker et al., 2014). 

CONCLUSIONS 

Evaluations of streamflow-based HSs were per­
formed in 10 southern Sierra Nevada catchments 
with the goal of describing their hydrologic function­
ing and informing forest management. In general, 

temporal variability in climate exerts first order con­
trol on the functioning of these catchments, respec­
tively. However, in some cases the small-scale 
variability in soil and geologic characteristics may 
buffer against climate variability (e.g., catchment 
P304). We find an increase in streamflow by elevation 
that is closely matched by the decline in evapotran­
spiration with increasing elevation. The effect of 
increasing snowfall ratio (with elevation) on stream-
flow (Figure 4) was much lower than previously 
reported by Berghuijs et al. (2014). However, the 
presence of snowpack that melts late in the season, 
reduced evapotranspiration due to lower vegetation 
density (Table 1), and shorter growing season may 
mediate the streamflow sensitivity to precipitation 
(i.e., eP) through carryover storage even in the 
absence of deeper soil. While it is still unclear how 
evapotranspiration will respond to warming tempera­
ture (Goulden and Bales, 2014) and reduced snow-
pack in these catchments, reduction in snowpack 
magnitude and earlier shift in timing will likely 
undermine the streamflow persistence by reducing 
the carryover storage. 

About 50-60% of California’s surface water comes 
from the Sierra Nevada, and a high proportion of this 
water comes from forested headwater streams (first 
through third order streams). Thus forest vegetation 
in the mountains plays an important role in Califor­
nia’s water supply. The 10 years of data presented 
here include a sampling of wet, dry, and average 
water years; thus for the first time, we can observe 
how first through third order streams respond to 
these highly variable weather conditions in the Sierra 
Nevada. KREW takes measurements on 10 streams 
in two groups, to improve robustness of the sample 
size for a landscape study. A better understanding of 
how similar (or different) adjacent and hierarchical 
catchments behave under varying weather conditions 
helps scientists know how reliable extrapolations can 
be to local, regional, and national headwater systems 
with similar soils, topography, and climate. Also, the 
two watershed groups at KREW span the current 
rain-snow transition zone, which makes these find­
ings useful for climate change investigations in the 
Sierra Nevada and elsewhere. These detailed data 
also are extremely useful for modeling exercises of 
climate change and forest density, and several model­
ing efforts are in progress. 
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