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ABSTRACT

EFFECT OF MOUNTAIN PINE BEETLE KILL ON STREAMFLOW GENERATION MECHANISMS

The mountain pine beetle (Dendroctonus ponderosae) is an endemic species to Colorado, but a recent
epidemic resulted in the mortality of millions of acres of lodgepole pine forest in Colorado since 2002. This study
examined the effect of the mountain pine beetle kill on streamflow generation mechanisms using different tracer
methods. Eleven nested watersheds with varying level of beetle-killed forest area (47.1% to 97.4%) were chosen for
study. Groundwater, surface water, and precipitation samples were taken and analyzed for stable isotope

composition (*H and '30), specific conductivity, and chloride concentrations.

Four methods were employed to partition sources of streamflow, or streamflow generation mechanisms
(SGM), in beetle-killed watersheds. Stable isotopes (*H and '*0) were used to determine mean fractional
contribution of each source (groundwater, rain, and snow) to streamflow. Rain and snow contribution were
negatively correlated with beetle-killed forest area (p=0.08 and p=0.35 respectively). Groundwater was positively
correlated with increasing beetle-killed forest area (p=0.23). Specific conductivity and chloride were each used in a
2-component (groundwater and precipitation) hydrograph separation. Using specific conductivity, beetle kill was
negatively correlated with average groundwater contribution (p = -0.13), but the result was not significant (p =
0.71). Using chloride, the results were correlated (p=0.19), but not significant (p = 0.58). Specific conductivity and
chloride measurements were then coupled in a 3-component (groundwater, rain, and snow) end member mixing
analysis (EMMA). Beetle-killed forest area and fractional groundwater contribution were positively correlated
(p=0.26), but not significant (p = 0.43). Watershed characteristics were examined to determine potential metrics of
groundwater contribution. Mean watershed elevation displayed a significant negative correlation with mean

groundwater contribution (p = 0.08).

il



ACKNOWLEDGEMENTS

This work is the result of the help and advice of many people. Firstly, I would like to thank my advisor, Dr.
John Stednick, for his indispensable guidance and encouragement throughout the pursuit of my master’s degree. 1
would like to acknowledge Dr. Steven R. Fassnacht and Dr. Jeffrey Niemann for taking time out of their busy
schedules to serve as my committee members and provide valuable feedback. Funding for this project was made
available by the National Science Foundation grant: Water Quality and Supply Impacts from Climate-Induced Insect
Tree Mortality.

I would also to thank my friends and fellow graduate students for their support, particularly Anna Pfohl for
her help with data collection in the field. Finally, I would like to thank my family, John, Ann, and Katie Wehner, for

their unwavering support of my education.

il



TABLE OF CONTENTS

ABSTRACT ..ottt et ettt et b e s h e bt eh e eh et et e bt bbbt e h b ettt st b e bt bt et et be e enes ii
ACKNOWLEDGEMENTS ..ottt sttt ettt st eh et ettt et besbe bt et et et e st e e bt ebeebe et ennenee iii
LIST OF TABLES ...ttt ettt ettt sttt a e st e et et e et e e bt e et eh e e aeem s e e et e bt eeeebeemeeneensenseabeeaeebeeneeneeneansenes v
LIST OF FIGURES ...ttt ettt ettt et e et e e bt e h e e bt em e em s e s e e e e bt eeeebeem e emt et e et e ebeeaeebeeneansenseseasesneas vi
INTRODUCTION ...ttt sttt ettt et b et eat et et e b e st be bt ebe st e st et et e e bt sb e bt ebeebt et et e b saeebesbeeueentensenee 1
Timber Harvesting: Streamflow Generation MeChaniSMS ..........cccueeviieiieiiieeiie e eee e eee et eaee e eaeesveeenaee s 2
Mountain Pine Beetle: Streamflow Generation MeChaniSmS..........cocueieerieriieniiniinienieseteeeee e 3

N E 1o (e K0 oSl 1 1) Loy 2RSSR 5
Chemical Hydrograph SEParation .............cceeciicieroierieniesiieie et etee st eteeaesaeseesseesseeseenseessesssessseseensesnsesnsesnnesnes 8
SPECIIC CONAUCTIVITY ..ottt ettt ettt ettt et e et e et e et e e ta e et e e tae e st e atbeantteessaeensseensseensseas 9
CRIOTIAR ........oee ettt ettt ettt ettt e st e et e e e tb e e tb e e s tb e e st e e sebeessbeessbeesabeessbeensseessbaessseessseensseenes 10

End Member Mixing AnalySis (EMMA)..........c.ccccoociioiiiiiieeeeeeeee ettt 10
HYPOTHESIS AND STUDY OBJIECTIVES: .. .ottt sttt ettt s 12
IMETHODS ...ttt ettt et h bt at et et e b e bt e bt e bt e bt st e st et e st e b e sb e bt e bt ea b et et et e saeebeebeebe et eneen 13
NSl B Lol er 01510 s RSOSSN 13

| 101 () o) 2P PSRPPRUPRRPPRRNt 16
Chemical Hydrograph SeParation ...........cccooiiiieriiiiiieeiee ettt ettt sttt e ettt e st et e sbeenaeenteens 18
SPECIIC CONAUCTIVITY ...ttt ettt et e et e et e et e et e e sbbeeabaeeasaeenbaeenseeesseeensaeensaeenseeennes 18
CRIOTIAR ...ttt ettt et ettt ettt e et e et e e e tb e e tb e e s tb e e abeessbeeesbeessbeesabeessbeensseessbaensseessseensseenes 18

End Member Mixing AnalySis (EMMA)............ccccooiioiiieiieeeeeeeee ettt 20
RESULTS AND DISCUSSION .....oottiiitiitietieteit ettt sttt sttt ettt sb ettt st beshe bt eateate s et e besbesbeebeeneeneeneen 21
| 10100 o) 2O OO OO UPROUPPROTUPRRRRPRNt 21
Chemical Hydrograph SEParation .............cccecuerierieriieriieieeiestieseestestestesete st eteenteessesssesseeseesesssesnnesseesseenseensenns 28
SPECIIC CONAUCTIVITY ...ttt ettt et et e et e et e et e e abeeestaeeabaeenbaeesbaeensaeesbeeensaesnsaeenseeennes 28
CRIOTIAR ..ottt ettt ettt ettt e et e et e e s tb e e tt e e e tb e e tbeesebeessbeessbeesabeestbeensseessbaensseessbeennseees 31

End Member Mixing AnalySis (EMMA)..........c.ccccoooiioiiiiiieeeeee ettt 31
Chemical Hydrograph Separation DiSCUSSION..........cc.ieuiriierieriieriieiteeiteseesetesteeteeteeeesseesseesseesesssessesseesseesseensenns 33
SPECIIC CONAUCTIVITY ...ttt ettt ettt e et e et e et e e sbaeeabeeesbaeenbaeeasaeesbeeensaesnsaeenseeennes 33
CRIOTIAR ..ottt ettt et e ettt e et e et e e et e e tb e e e tb e e abeestbeeabeestbeesabeessbeensseessbeensseensseensseees 34

End Member Mixing ANQIysis (EMMA).............cccoooueiiiiiiiiiiiit ettt 35
WaterShed PRy SIO@IAPNY . ....iiiiieiiie ettt ettt e st e ettt e sabeetbeesase e taeesaesnsseessessseensaeensaeenseennns 37
CONCLUSIONS ...ttt ettt b e bt bt e s et et s bt e bt s bt e bt e bt ea b et e st e bt sbe e bt e bt eut et et e benaeebeebeebeenteneen 39
RECOMMENDATIONS. ...ttt ettt ettt ettt st h e st eh et es et st e b sb e bt e bt eat et et et e sae e bt ebeebeeneeneen 40
LITERATURE CITED ....c.eiutiiitiieiiestett ettt st ettt st b e sa e b ettt et sae bt ebe bt et eneen 41
APPENDIX ...ttt h ettt b bbbt e a et et b e bbbt e h st ettt h e bt bt e bt et e b bbbt e be bt entenee 47

v



Table 1.

Table 2.

Table 3.

Table 4.

Table 5.

Table 6.

LIST OF TABLES

Watershed names, site ID, watershed area, average elevation, and percent of total watershed area affected

by the mountain pine beetle for aCh SIE. .......cieviieiiiiieiieieeee e e 14
Difference between mean groundwater and surface water isotope compositions and associated two-tailed p-
VALUES. ..ttt ettt et ettt st b e s bt e h e ea st b e bbbt h e bt et et e bt h e bbbt st ea b et e et bbbt ebeenbenten 23
Mean source water contributions for each study conducted using stable isotopes (2H and 180) in the Rocky
Mountains of North-Central Colorado. .........cocueiieiiiiiiiiii ettt s 27
Source water contributions for each study period at Willow Creek above the Reservoir (WCR), resampled
for dates between April and October and re-analyzed using SIAR. ........cccoovieviieiiieciieceeceeceeee e 27
Difference between mean groundwater and surface water specific conductivity (uS/cm) and chloride
concentration (mg/L) with a two-tailed p-value for each Site..........cceevviiiiieriiiiiiieceeceee e 28
Watershed characteristics and correlation with fractional groundwater contribution. .............cceeveveereeeenenne. 37



LIST OF FIGURES

Figure 1. Mean source water contribution vs. cumulative beetle-killed area for 17 watersheds in Grand, Eagle, and

Summit County, Colorado (from Menger, 2015). ......cccueriieiiieeiieieeiereee ettt 8
Figure 2. Watershed location (above), site locations (right), and beetle kill extent (left) in Willow Creek Watershed,
Grand COUNLY, CO...ouiiiiiiiiieiieeitert ettt te st e st et e bt e bessaesseesseesseanseenseasseassessaenseenseenseensesnsesssesssanseenseensenns 15

Figure 3. Isotopic composition of source waters (a) including precipitation data collected from 2011 to 2015 with a
LMWL for the Colorado Rocky Mountains (Menger, 2015) and b.) groundwater and surface water isotope

compositions for all of the sites during water year 2015, plotted with the LMWL (Menger, 2015). ............ 23
Figure 4. Average rain, snow, and groundwater contribution to streamflow vs. beetle-killed forest area (%) for 5

subwatersheds in Willow Creek watershed from April-October 2015.........coeevieviieniiiiieeieceecee e 24
Figure 5. Rain, snow, and groundwater contribution to streamflow at Willow Creek above Reservoir (WCR) over

the SAMPIING SCASOM. ....eviiiieiieiieie et etestte st et et e teettesteebeeseesseeseesseesseenseanseassesssesseenseensesnsesnsesseesseenseenseans 24

Figure 6. Snow water equivalent, temperature, and precipitation over the 2015 water year. SnoTEL site 869
historical daily data (NRCS, 2015). Temperature data from GRAND LAKE 6 SSW station

(http://www.ncdc.noaa.gov/). The extent of Figure 5 is ShOWN I GIEY......covervieriieiiieiieieeiesieieeieeee e 25
Figure 7. Fractional groundwater contribution vs. beetle kill forest area (%) using specific conductivity (p=-0.13,
p=0.71), chloride (p=0.19, p=0.58), and end member mixing analysis (p=0.26, p=0.43)........cceecvereverrrnure. 29
Figure 8. Fractional groundwater contribution and discharge for each sampling date at WCR using each tracer
1001511 1o 1o F OO OO OO 30
Figure 9. Mixing diagram for WCR including the specific conductivity and chloride concentrations of each source
and the stream (ShOWN 0N @ 10 SCALL). ......eeuiiiiiiiiiiieie et st 33
Figure 10. Fractional source contribution vs. elevation (m) for 5 watersheds in Willow Creek. ........c.ccocceceveeiennne. 38

Figure 11. Mean elevation vs. beetle-killed forest area for 5 sub-watersheds assessed for isotopic composition.......38

vi



INTRODUCTION

The mountain pine beetle (Dendroctonus ponderosae), an endemic species to western North America, has
increased in population to epidemic levels in the Rocky Mountains, killing extensive areas of lodgepole pine (Pinus
contorta) forests from 2002 to 2012. Between 1996 and 2013, the mountain pine beetle killed approximately 3.4
million acres of forest in Colorado (CSFS, 2014). Bark beetle activity increases when critical thresholds have been
breached, which may be intensified by climate change, drought, and warmer winter temperatures (Raffa et al.,
2008). While mountain pine beetle populations have been decreasing in Colorado due to lack of host trees (CSFS,

2014), it is important to understand the effect of the mountain pine beetle kill on water resources of the west.

The process that brings about tree mortality is a blue stain fungi (Grosmannia claviger) in the xylem tissue
that transports water from the roots to the canopy (Hubbard et al., 2013). The mountain pine beetle carries this
fungus, called “blue stain” due to the color it causes in beetle-killed wood, infecting the tree when it creates bore
holes to feed on phloem (Ballard et al., 1984). After bark beetle infestation, a pine tree will undergo three distinct
phases with different hydrological implications. During the year when needles are green, the tree will transpire,
drawing water from the root zone, and the canopy will intercept precipitation and shade the ground (Wulder et al.,
2006; Mikkelson et al., 2013a). Next is the red phase where the needles turn red but remain on the tree, and
transpiration has ceased. After approximately 3-5 years, the tree will enter the grey phase and drop its needles
(Wulder et al., 2006). After the grey phase, trees begin to fall, which can begin 5 to 14 years after infestation
(Mitchell and Preisler, 1998), although the timing of tree fall may depend on soil moisture conditions and weather
events (Lewis and Hartley, 2006; Wulder et al., 2006; Klutsch et al., 2009). Within the first few years after needle

drop, light becomes more available due to reduced canopy, beginning forest regeneration (Collins et al., 2011).

Many of the forested watersheds affected by the beetle kill are important drinking and irrigation water
sources for the North American west, where water resources are highly valued. The mountain pine beetle may affect
the hydrology of infested watersheds due to changes in water uptake and canopy cover. Studies on tree harvesting
show increases in water yield after vegetation loss or removal (Stednick, 1996; Surfleet and Skaugset, 2013).
Similarly, the loss of transpiration associated with bark beetle infestation results in increased streamflow. Early

studies have shown that forested watersheds affected by bark beetles can result in increased water yield. The first



study on streamflow response to beetle infestation indicated increases in streamflow due to beetle infestation in the
White River (infested) compared to the Elk River (healthy) (Love, 1955). The White River had experienced about
60% forest mortality. Paired-watershed analysis of streamflow for a 25-year period (1941-1965) showed increased
streamflow and peak flow (Bethlahmy, 1974). Including the Yampa River in the analysis showed that the White and
Yampa rivers both yielded more stream flow than expected, and the largest increases occurred 15 years after

infestation (Bethlahmy, 1974).

Early studies on bark beetle infestation suggest increases in water yield following infestation, but these
studies did not explore streamflow generation mechanisms. Timber harvesting, which involves tree removal, may be

a helpful paradigm to predict changes in streamflow generation mechanisms following bark beetle-kill.

Timber Harvesting: Streamflow Generation Mechanisms

Other types of vegetation loss, such as tree harvesting, and corresponding changed streamflow generation
mechanisms have been highly studied and may reveal information about beetle killed watersheds. The vegetation
removal associated with timber harvesting brings about changes in the hydrologic cycle, affecting streamflow

generation mechanisms.

Tree removal from timber harvest brings about a decrease in canopy cover and decreasing interception
(Keppeler, 1998; Roth et al., 2007). Timber harvest also brings about a reduction in transpiration and increases in
soil evaporation due to increased solar radiation from the reduced canopy (Sun et al., 2001). The net result of these
changes is an increase in groundwater level after timber harvest. Observed increases in summer low flows after
timber harvest may be attributed to groundwater (Hornbeck, 1993; Hornbeck 1997). Increased peak flows are
apparent after timber harvesting in in snowmelt-dominated watersheds (Troendle and King, 1985). Increases in
SWE from decreased canopy sublimation are partially offset by increased solar radiation (Stednick, 1996). In total,
tree harvesting has increased annual stream flows, peak flows, and annual snowpack (SWE) (Troendle and King,
1985; Troendle and King, 1987; Troendle and Reuss, 1997) and an increase in snowmelt rate (Murray and Buttle,
2003). In the Rocky Mountain region, as little as 15% of forest basal area removed can generate an observable

response in annual water yield (Stednick, 1996).



Similarities between MPB and tree harvesting include decreases in canopy cover, interception, and
transpiration. MPB-killed forests may show similar changes to the hydrologic cycle. However, recent studies have
suggested that the hydrologic response to beetle kill may be different from that of timber harvesting (Bearup et al.,
2014; Maggart, 2014; Menger, 2015). Streamflow changes resulting from the mountain pine beetle occur over the
course of a few years, while the effects of tree harvesting are immediate (Pugh and Gordon, 2013). In addition, tree
harvesting involves removal of the tree bole, while the beetle kill leaves the tree intact. Logging operations often
include soil disturbance from compaction and road construction (Adams et al., 2012; Mikkelson et al., 2013b). Bark
beetles also tend to affect forests over larger temporal and spatial scales than forest fires or logging (Bearup et al.,
2014). As a result, tree harvesting and mountain pine beetle-killed trees affect the water and energy budgets
differently. In order to draw conclusions about the mountain pine beetle infestation’s effect on hydrology, it is

necessary to study bark-beetle infested forests.

Mountain Pine Beetle: Streamflow Generation Mechanisms

Tree mortality resulting from with the mountain pine beetle infestation brings about changes in hydrologic
processes. Changes in the water and energy budget due to cessation of transpiration and canopy loss affect
groundwater levels, snowpack, and snowmelt. Drawing conclusions about these processes and their effects on

streamflow generation at the watershed scale may be difficult at the watershed scale.

Soil water will increase under the grey phase due to increased infiltration from forest litter (Martin and
Moody, 2001) in addition to increased water availability from decreased evapotranspiration and interception (Pugh
and Gordon, 2013). Increases in surface evaporation also occur as a result of canopy loss (Mikkelson et al., 2013b;
Biederman et al., 2014). However, modeling studies predict decreases in overall evapotranspiration (Chen et al.,
2015) and increases in soil moisture (Mikkelson et al., 2013b). Field studies confirm predicted increases in soil
moisture (Clow et al., 2011), but changes may only be significant in summer months (Moorehouse et al., 2008).
These effects will result in increases in overall groundwater storage, as more water reaches the soil surface and less
water is taken up by vegetation. In addition, the decreased canopy cover will bring about increased evaporative loss
from the soil surface due to increases in solar radiation that reaches the surface. This may result in decreased soil
moisture and depleted groundwater levels, but most studies report overall increases in groundwater levels after bark

beetle infestation. In the forest regeneration stage, however, transpiration rates increase, resulting in lower



groundwater levels, soil moisture (Pugh and Gordon, 2013; Bearup et al., 2014), and water yields (Linveh et al.,
2015). Thus, predicting responses using energy and water budgets becomes complicated. As a result, it may be
helpful to use isotopic and chemical tracer techniques to quantify streamflow generation mechanisms as relative

source contribution to streamflow in beetle-killed watersheds.

Snowpack snow water equivalent (SWE) will increase after canopy loss resulting from the bark beetle kill.
The snowpack will lose less to canopy sublimation due to the decrease in canopy interception (Boon, 2011; Pugh
and Small, 2012; Pugh and Gordon, 2013). However, wind energy, which can increase surface sublimation rates,
will increase as the canopy and stand is lost until regeneration, increasing snowpack ablation (Bergen, 1971).
Overall, snow accumulation increases in bark beetle-killed forests due to decreased canopy interception (Boon,
2011; Mikkelson et al., 2013a). However, in some cases, increased snow ablation may offset increased snow

accumulation (Biederman et al., 2012; Pugh and Small, 2012).

The tree canopy controls incoming solar radiation to the forest floor (Perrot et al., 2014). Snowmelt is
largely controlled by this energy input as well as the surface albedo of the snow, which is affected by forest debris or
litter (Pugh and Gordon, 2013). Albedo will decrease during the red phase due to the dropping of needles and
increase in the grey and tree fall phase. Therefore, snowmelt energy will increase gradually after the green phase due
to loss of canopy (Pugh and Gordon, 2013; Mikkelson et al., 2013a). Due to the changes in canopy structure,
snowmelt occurs sooner in beetle-killed forests, resulting in an earlier date of peak flow (Perrot et al., 2014). In the
headwaters of the Colorado River in north central Colorado, snowpack ablation occurred one week earlier in red
phase stands compared to living stands (Pugh and Small, 2012). In the Jack Creek watershed in southwestern MT,
snow melt rate also advanced one to two weeks due to reduced soil moisture deficit and reductions in canopy cover

(Potts, 1984).

Total basin response to beetle kill proves to be more difficult to generalize than tree-scale processes
(Adams et al., 2012; Mikkelson et al., 2013b). Early paired watershed studies indicated an increase in annual water
yield in watersheds affected by bark beetles (Love, 1955; Bethlahmy, 1974). However, other attempts to detect
changes in the hydrology and energy budget of a beetle-killed watershed suggest that it may be more complicated
than the conceptual response suggests. A double-mass analysis in Jack Creek watershed (southwestern Montana)

after a mountain pine beetle epidemic that ranged from 50 to 60% mortality among commercial timber and 35%



mortality in the total growing stock showed a 15% increase in water yield, but this result was not significant (Potts,

1984).

Some recent studies on the western slope of the Rocky Mountains in Colorado also found that bark beetle
infestation has no significant correlation with fractional groundwater contribution (Maggart, 2014; Menger, 2015).
Analysis of peak flow, date of peak flow, and annual water yield in 21 watersheds all displayed stationarity, even
after a watershed was infested with bark beetles (Maggart, 2014). However, other recent research in the Colorado
Rocky Mountains suggest increases in annual water yield between 8 and 13% due to greater snow accumulation and
decreased overall evapotranspiration (Linveh et al., 2015). In addition, annual mean relative contributions of snow,
rain, and groundwater measured by isotopy were not significantly affected by degree of beetle kill (by area)

(Maggart, 2014; Menger, 2015).

Stable Isotope Hydrology

Stable isotopes may provide information about streamflow response in beetle-killed watersheds. Stable
isotopes as hydrologic tracers can reveal information about the origin and processes that have acted upon surface
waters (Faure and Mensing, 2005). Stable, heavy isotopes of oxygen and hydrogen, '®0 and ?H, can act as
conservative tracers for determining the relative contribution of different source waters. This analysis relies on the
mechanism of isotopic fractionation, in which different reservoirs of water undergo processes that alter the isotope
composition. As a result, in a given region, groundwater, precipitation as rain, and precipitation as snow will have
distinct 2H and '®0 isotopic composition (Faure and Mensing, 2005). In addition '®0 and 2H are referred to as
environmental tracers, meaning that they are present in the environment and there is no experimental control over
their presence, but they still can reveal important information about the mechanisms involved in streamflow

generation (Gupta, 2010).

The isotopic enrichment of ?H and 'O are commonly measured relative to the Standard Mean Ocean Water
(SMOW) and reported in units of per mil (%o) (Craig, 1961). The °H and §'30 values of meteroric precipitation are
both negative, meaning that SMOW is more enriched in the heavy isotopes than meteoric waters (Faure and

Mensing, 2005). Enrichment can be calculated using equation 1 (Dansgaard, 1964).



Rsample—Rsmow
§= 2 7« 103%0

Equation 1
Rsmow

Where J, expressed in per mil, is the enrichment of a particular isotope relative to a standard, Rsamplc is the isotope
ratio of the sample and Rsmow is the isotope ratio of standard mean ocean water (SMOW). Unless excessive
evaporation has occurred, this enrichment follows a predictable linear pattern called the Global Meteoric Water Line
(GMWL), which provides a relation between 2H and !0 for meteoric waters around the world (Equation 2) (Craig,

1961).
86%H =850 + 10 Equation 2

Where 4 is the isotopic enrichment of 2H and '30 relative to SMOW. Local deviations from the GMWL can occur.
In areas with low relative humidity, the slope of the meteoric water line decreases due to partial evaporation of water
droplets falling in the sky, so it is helpful to develop of Local Meteoric Water Line (LMWL), when available (Gat,

2010).

Meteoric waters tend to show greater depletions of heavy isotopes at higher latitudes as Rayleigh
fractionation occurs and vapor is removed from poleward-moving air (Craig, 1961). Rayleigh fractionation can be
described by equation 3 (Faure and Mensing, 2005). In addition, waters show greater depletion at high elevations

and at locations farther inland due to the previous removal of vapor (Gat, 2010).
R, = Ryf<1 Equation 3

Where R, is the isotope ratio of water vapor remaining in an air mass in which condensation is occurring, R,’ is the
isotope ratio in the air mass before any condensation has occurred, f'is the fraction of vapor remaining in the air

mass, and « is the fractionation factor, defined by the isotope ratio of the liquid divided by the isotope ratio of vapor.

Because the isotopic composition of precipitation is based on temperature and original vapor source, the
isotopic composition of rain changes over the season. Throughout the summer, rain becomes more enriched in the
heavier isotopes of oxygen and hydrogen (?H and '*0) due to an enriched vapor source, higher condensation
temperatures, and higher rates of evaporation during rainfall (Ingraham, 1998). As a result, it may not be
appropriate to use a mean value for the isotopic composition of rain over a season. Just as the isotopic composition

of precipitation can change over time, the isotopic composition of snowmelt can change over time. Hydrograph



separations usually use an average value of § 130, but the §'%0 value of snowmelt may differ from the §'%0 value of
the snowpack (Hermann and Stichler, 1981; Taylor et al., 2001). At equilibrium, the 8'30 enrichment of water is
lower than ice, so as snowmelt percolates through the snowpack and reaches equilibrium, the snowpack becomes
more enriched in 0. As snowmelt progresses, the '*0 enrichment of snowmelt increases by 1-4%o (Feng et al.,

2002). This evolution should be considered in hydrograph separations using isotopic tracers when possible.

When there are n+1 different sources, fully constrained hydrograph separations can usually be performed

with n isotope system tracers using equations 4 and 5 (Phillips and Gregg, 2003).

5mixture = anA + fBaB + "'fn+16n+1 Equation 4

fatfo+ ot fra=1 Equation 5

Stable Isotope Analysis in R (SIAR) uses information on the distribution of source isotope composition to determine
feasible contribution proportions to a target (Parnell and Jackson, 2015). It fits a Bayesian model based upon a
Gaussian distribution, and the output is based upon 95%, 75%, and 50% Bayesian credibility models (Parnell and
Jackson, 2015). It was created originally to determine the composition of organisms’ diets, but has been used in
other stable isotope applications, such as hydrology (Menger, 2015). Stable isotopes, therefore, can provide

information about the contribution of different sources to streamflow in beetle-killed watersheds.

The application of stable isotope hydrology to investigating the hydrologic effects of the mountain pine
beetle infestation may be helpful in understanding the streamflow mechanisms involved. Stable isotopes were used
for source partitioning in the Western Slope of the Rocky Mountains in Colorado (Maggart, 2014; Menger, 2015)
(Figure 1). Instead of using end member mixing analysis, these studies employed mixing models such as IsoSource
(Phillips and Gregg, 2003) and SIAR (Parnell and Jackson, 2015) to construct feasible ranges of relative source
contribution. No significant correlation between beetle kill and relative source contribution was found using *H and

130 (Maggart, 2014; Menger, 2015) (Figure 1).
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Figure 1. Mean source water contribution vs. cumulative beetle-killed area for 17 watersheds in Grand, Eagle, and
Summit County, Colorado (from Menger, 2015).
Chemical Hydrograph Separation

In addition to the use of stable isotopes in mixing analysis, chemical hydrograph separation can provide
useful information about changes in source contribution mechanisms in beetle-killed watersheds. Traditionally,
hydrograph separations have been limited to graphical approaches. While the widespread availability of discharge
data is an advantage for graphical approaches, chemical hydrograph separations can provide more precise, reliable
estimations of the contribution of different sources of water to streamflow (Miller et al., 2014). In fact, chemical
hydrograph separations sometimes produce more reliable results than environmental isotopes due to temporal
variability in isotopic compositions or indistinguishability in isotopic composition between sources (Hooper and
Shoemaker, 1986). There are limited studies using hydrograph separation techniques to examine the effects of bark
beetle infestation on hydrology (Bearup et al., 2014). However, existing research on event-based hydrograph
separation in beetle-killed watersheds suggests increases in surface and subsurface flow, indicating both increased
contribution from precipitation and groundwater at the event-scale in beetle-infested watersheds (Beudert et al.,
2007). Therefore, hydrograph separation techniques may be useful tools for understanding the hydrologic effects of
bark beetle infestation in snowmelt-dominated watersheds. Effective hydrologic tracers should be easily measured

and conservative so that conclusions may be drawn about the composition of stream water using mixing equations.



Specific Conductivity

Specific conductivity may be the most effective single parameter to perform a chemical hydrograph separation
(Caissie et al., 1996). Specific conductance is a measurement of a solution’s ability to conduct an electrical current
(Cox et al., 2007). Many studies have employed ionic concentrations and specific conductivity exclusively in order
to differentiate streamflow sources (Kunkle, 1965; Nakamura, 1971; Zeman and Slaymaker, 1975; Miller et al.,

2014).

Specific conductivity (SC) displays an inverse relation with discharge (Caissie et al., 1996). The specific
conductivity of water reveals the extent of that water’s interaction with soil (Kronholm and Capel, 2015).
Precipitation in Colorado usually has a specific conductivity of less than 10 uS/cm
(http://nadp.isws.illinois.edu/data/ntn/). As the length of a water source’s interaction with the soil increases, specific
conductivity increases, so groundwater has a distinctively higher conductivity than surface runoff and direct
precipitation (Pilgrim et al., 1979; Winter et al., 1998). A typical value of SC for groundwater is approximately 500
uS/cm, while surface waters with little influence from groundwater show values of approximately 100 uS/cm (Hem,
1985). In snowmelt-dominated watersheds, the stream specific conductivity will increase over time as snowmelt

slows and streamflow is predominately composed of groundwater.

Specific conductivity is easily measured in-sifu, which makes it feasible for most studies. Specific
conductivity has been used to determine groundwater discharge during flood events and to verify hydrometric
measurements to compute groundwater discharge to a stream during base flow (Kunkle, 1965). Over a large
temporal and spatial scale, baseflow contribution in snowmelt-dominated streams was estimated using continuous
specific conductivity and discharge data (Miller et al., 2014). The study used two end members (runoff and
baseflow), which may be appropriate in larger watersheds. The runoff end member was taken to be 33 uS/cm and
the baseflow end member was taken to be the in-stream SC value during low-flow due to variability in groundwater
SC values. In the Upper Colorado River Basin, baseflow was found to contribute to 13-45% of discharge during the
snowmelt period and 40-86% of discharge during low flow period (Miller et al., 2014). Specific conductivity along
with discharge measurements, in this case, proved to be an effective tool to describe streamflow generation

mechanisms.



Chloride

Chloride can also be used as a conservative tracer in hydrograph separations. Many studies have used
chloride to attempt hydrograph separations for stormflow (Rice and Hornberger, 1988; Caissie et al., 1996;
Munyaneza et al., 2012). “New” water, or stormflow, can be separated from “old” water, or groundwater using
chloride measurements (Peters and Radcliffe, 1998). However, fewer studies have been conducted using chloride to
separate streamflow sources in snowmelt-dominated watersheds over longer periods of time (Liu et al., 2004). In
addition, no studies have used chloride to conduct hydrograph separations in beetle-killed watersheds. However,
chloride may provide a useful tool, in combination with specific conductivity, to determine source contributions in
beetle-killed watersheds. Chloride is a mobile anion and does not participate in many common geochemical
reactions, which makes it ideal for use as a conservative tracer (Hem, 1985). Specific conductivity may provide a
simple method for hydrograph separation, but results can be verified by other conservative tracers, such as chloride

(Covino and McGlynn, 2007).

For source separations with chloride to be successful, each source must have discernably different
concentrations. In addition, chloride levels must be high enough to exceed the minimum detection limit of the
equipment, which is not always the case (Caissie et al., 1996). In addition, the sample from each source must be
representative of the whole source, which may present a problem when hyporheic exchange brings about direct
exchange between surface and groundwater. When there are more than two possible sources to streamflow,

combining hydrologic tracers can be helpful in determining relative source contribution.

End Member Mixing Analysis (EMMA)

In some cases, it may be helpful to combine tracers (like chloride and specific conductivity) in order to
quantify source contributions to streamflow. Many source separation studies use end member mixing analysis
(EMMA) to quantify the contribution of different sources to stream flow (Hooper and Shoemaker, 1986; Liu et al.,

2004; Kronholm and Capel, 2015).

QS*CS=Ql*C1+Q2*C2+Q3*C3"'+Q7’l*cﬂ. Equat10n6

Qs= 01+ Q2+ Q5.+ 0y Equation 7
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Where Qs is stream discharge, C;is in-stream concentration, and Q,, and C, represent the water contribution and
concentration from each end member, or source. EMMA requires continuous discharge measurements,
concentration of one or more constituents (Kronholm and Capel, 2015), and can be conducted using equations 6 and
7 (Hooper and Shoemaker, 1986). EMMA includes the identification of conservative tracers and possible end
members through principal component analysis (Liu et al., 2004). Principal component analysis involves the
determination of which tracers account for the most variation, or those that are not highly correlated, and these are
used in EMMA (Christopherson and Hooper, 1992). End member mixing analysis, complete with principal
component analysis, can provide a better estimation of true source contribution to streamflow than simply randomly
choosing conservative tracers (Liu et al., 2004). Streamflow values of tracers should fall between source tracer
concentrations, as it represents a mix of sources (Liu et al., 2004). EMMA requires the use of n-/ tracers, where n is
the number of possible end members included in the analysis. EMMA also requires discernable differences in source
chemical composition in order to produce reliable results as compared to graphical approaches (Kronholm and

Capel, 2015).

In two small watersheds in Rocky Mountain National Park, '30 and electrical conductivity were used to
perform a three-component hydrograph separation (Bearup et al., 2014). The two watersheds exhibited different
levels and stages of mountain pine beetle infestation. Using a paired watershed approach, it was found that greater
fractions of groundwater contribute to streamflow after infestation and in watersheds with larger areas affected by
MPB (Bearup et al., 2014). This increase is attributed to transpiration loss and decreased SWE in MPB-affected

watersheds.
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Hypothesis and Study Objectives:
It was hypothesized that hydrologic changes associated with the mountain pine beetle kill have changed
streamflow generation mechanisms (SGM), and that these changes are measureable using isotopic and chemical

tracers. Specific objectives were to determine if SGM under beetle-killed forests can be separated using:

1. ?H and '%0 isotopes of source waters.

2. Specific conductivity of source waters and a two-component hydrograph separation method.

3. Chloride concentration of source waters and a two-component hydrograph separation method.

4. Chloride and specific conductivity in EMMA.

12



METHODS

Site Description:

This study was conducted over the 2015 water year, using 11 subwatersheds of the Willow Creek upstream
of Willow Creek Reservoir, Grand County, CO (Figure 2). This area is dominantly lodgepole pine forests with
varying degrees of bark beetle infestation (Figure 2). The watershed area consists mostly of United States Forest
Service land, with little development in the area, aside from off highway vehicle (OHV) activity. These sites were
chosen due the area of beetle kill (Table 1) and site access. The watersheds are nested and enter Willow Creek
Reservoir (WCR) (Figure 2). The annual hydrograph for these watersheds is snowmelt dominated, with peak flows
resulting from spring snowmelt. Between 2005 and 2015, peak flows ranged from 11-47 m*/s at WCR

(northernwater.org).

A Geographic Information System (GIS) was used to calculate watershed area, elevation, forest layers, and
MPB kill layers. Elevation was obtained from a 10-meter resolution digital elevation model (USGS, 2013). The
mountain pine beetle kill layer for 2002 to 2014 was obtained by the USFS Aerial Detection survey (USDA, 2014),

and the forests layer was obtained from the 2005 National Land Cover Data set (USGS, 2005).
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Table 1. Watershed names, site ID, watershed area, average elevation, and percent of total watershed area affected
by the mountain pine beetle for each site.

Site Site ID | Area (ki) | gzzgaf‘(’m) Bee(ti/‘(’))Ki” i;’ézs(t;g
Stillwater Pass SWP 8.4 3148 47.1 98.2
Willow Creek above Trout WCT 47 3100 64.4 95.3
Trout Creek TC 13.5 2931 91 100
Pass Creek PC 24.9 2985 87 93.5
Mulstay Creek MC 5.8 3048 97.3 96.3
Willow Creek below Mulstay Creek BMC 115.8 3012 77.8 96.3
Kauffman Creek KC 12.8 3013 89.1 91.6
Buffalo Creek BC 29.6 2841 97.4 100
Willow Creek below Buffalo Creek BBC 192.7 2957 83.7 97.2
Cabin Creek CcC 27.3 2956 933 100
Willow Creek above Reservoir WCR 3259 2919 86.1 96
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Figure 2. Watershed location (above), site locations (right), and beetle kill extent (left) in Willow Creek Watershed,
Grand County, CO.
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Isotopy

Field Procedures

Surface, groundwater, and precipitation samples were taken between April and October 2015,
approximately semi-monthly (Table A-1). For surface water samples, 20 mL polypropylene scintillation bottles were
submerged and capped under water to avoid air bubbles. Ground water samples were obtained using PVC or
stainless steel piezometers and a vacuum pump. Piezometers were shallow (<Im deep) and located in the riparian
zone. The twenty mL polypropylene scintillation bottles were filled for isotope analysis and capped tightly to

prevent air entrapment, which can lead to fractionation.

Precipitation (rain and snow) samples were taken at Willow Creek Pass near the SnoTel station (869).
Previous work revealed that the isotopic compositions of precipitation do not vary spatially in this region (Maggart,
2014). The snow sample was collected in a plastic bag and allowed to melt before filling the sample bottle. Rain
samples were collected using the International Atomic Energy Agency precipitation sampler of a brown one-liter
polypropylene bottle, sawing the top off, and placing it one meter above ground level (IAEA, 1997). A layer of
paraffin oil was used to prevent evaporation and isotopic enrichment of the precipitation sample. The paraffin oil
was allowed to separate from the sample in the lab. The 20 mL samples of groundwater, surface water, and

precipitation were analyzed at the University of Wyoming Stable Isotope Facility (UWYSIF, 2015).

Data Analysis

Stable Isotope Analysis in R (SIAR) requires isotopic data of a target and its sources and fits a Bayesian
model to potential sources based on a Gaussian likelihood (Parnell and Jackson, 2015). The model requires an input
of streamflow isotope composition for each sample date and mean and standard deviations of source isotope
compositions. The model then runs a Markov Chain Monte Carlo (MCMC) simulation with a dirichlet prior
distribution on the mean. SIAR was run separately for each study watershed, using the site’s streamflow
compositions as a target file and rain, snow, and site groundwater data as source files. Due to the small sample size
rain (n=5) and snow (n=1) collected, precipitation isotope data from 2011-2012 in the region supplemented the 2015
data (Maggart, 2014). These precipitation data were used to create a local meteoric water line (LMWL).

Groundwater and surface water samples were plotted along with this line to observe trends.
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In order to determine whether the groundwater and surface water samples were sufficiently different in
isotopic composition, a two-tailed t-test for differences between the means was performed. Mean surface water was

subtracted from mean groundwater at each site, and a p-value for Ho: tgroundwater = Wstream Was calculated.

Mean source contributions throughout the sampling period were determined using mean values for rain
and groundwater. The target file includes all isotope measurements of the stream water (for both 2H and '#0), while
the source file includes the mean and standard error of each source isotope composition (for both 2H and '30).
Default settings on the program were used, with 500,000 iterations and the first 50,000 were discarded (Inger et al.,
nd). The output of the model includes intervals of 50%, 75%, and 95% Bayesian credibility standards for relative

contribution of each source.

These relative contributions of each source were plotted for each watershed against % area of beetle kill.
Statistical significance of this line was assessed using Spearman’s rank order correlation. Spearman correlation
differs from the traditional Pearson correlation because the correlation coefficient, p, is 1 when the two variables are
monotonically related, even if the relation is not linear. Spearman’s rank order coefficient, p, is calculated using
equation 8 (McDonald, 2014). The variables are first ranked in descending order and then assigned a rank (x;, y;)
based on the ordinal position.

p= Lixi—X)(¥i—y)

= Equation 8
T2 5 i-7) d

Statistical significance, the p-value, of the correlation coefficient is determined by Student’s t-distribution.

The relative contribution of each source was also determined at different sampling dates for the
downstream site (WCR). Due to wide seasonal variation in rain isotope composition, a relative contribution was
determined for each day a rain sample was taken. The target file included the stream isotope composition for that
day; while the source file included the snow isotope composition sampled on April 18, 2015, mean groundwater

isotope composition for the season, and the rain sample corresponding to that day.
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Chemical Hydrograph Separation
Specific Conductivity
Field Procedures
Surface water and groundwater specific conductivity and temperature were measured in-situ using a SPER
Scientific® 840039 temperature-correcting conductivity meter. Snow specific conductivity was measured in the lab

after melting. Rain specific conductivity was measured in the lab after separating the sample from paraffin oil.

Data Analysis

Groundwater and surface water specific conductivity values were compiled and plotted for each site over
time to visually assess results. In order to determine whether the groundwater and surface water samples were
sufficiently different in specific conductivity values, a two-tailed t-test for differences between the means was
performed. Mean surface water was subtracted from mean groundwater at each site, and a p-value for Ho: tgroundwater

= stream Was determined.

Specific conductivity was used in a one-tracer, two-component hydrograph separation to determine relative
source contributions to streamflow (Pinder and Jones, 1969; Sklash and Farvolden, 1979). Using the equations (9-

10) below, mean fractional groundwater contributions were calculated at each site.

SCstream = fprecipitation * SCprecipitation + fgw * Sng Equation 9

1= fprecipitation + fgw Equation 10

Where SC is the specific conductivity and f'is the fractional contribution of each source (groundwater and
precipitation). Mean source contribution was analyzed for correlation with beetle kill area using Spearman’s rank
order correlation (Wessa, 2015). In addition, fractional contribution of groundwater was determined at each

sampling date. The results were plotted over time at each site to assess temporal patterns of streamflow generation.

Chloride

Field Procedures
Each 125 mL polypropylene sample bottle intended for chloride measurements of surface water was triple-

rinsed before filling. Due to small values of groundwater in the piezometers, clean 100 mL polypropylene bottles
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were filled directly with groundwater and stored in a cooler. Snow samples were collected in Ziploc® plastic bags
and allowed to melt before being measured for chloride. Rain samples were allowed to separate from paraffin oil

before being assessed for chloride.

Lab Procedures

Chloride was measured in the laboratory using a Hach sensION+ 9652 Chloride Ion Specific Electrode®
(ISE). 25 mL samples were mixed with a chloride ionic strength adjuster to minimize interference with other ions
and placed on a stir plate. Using an Orion® model 290A meter and a set of chloride standards, electrical potential
was measured (mV) and related to the negative log of chloride concentration in each sample. A separate calibration

curve was generated for each set of samples to account for drift in probe measurements over time.

Data Analysis

Chloride was used in a two-component hydrograph separation to determine relative source contributions to
streamflow (Pinder and Jones, 1969; Sklash and Farvolden, 1979). In order to determine whether the groundwater
and surface water samples displayed significantly different chloride concentrations, a two-tailed t-test for differences
between the means was performed. Using the equations (11-12) below and chloride values, relative source
contributions were assessed for each sampling date. Precipitation sample concentrations were obtained from NADP

chloride measurements at Buffalo Pass (NTN site: CO 97) (NADP, 2015).

Cl_stream - fprecipitation * Cl_precipitation + fgw * Cl_gw Equatlon 11

1= fprecipitation + fgw Equation 12

Mean source contribution was analyzed for correlation with beetle kill area using Spearman’s rank order correlation
(Wessa, 2015).

Because both chloride and isotopic (*H and '*0) enrichment are evaporation-driven processes, the results of
these methods were compared. Fractional groundwater contribution using isotopy was plotted against fractional
groundwater contribution using chloride and assessed for correlation using Spearman’s rank order correlation.

Temporal patterns in groundwater contribution were also assessed using this method. Fractional contribution

was determined for each sampling date at WCR, and values were plotted over time with discharge.
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End Member Mixing Analysis (EMMA)

Chloride and specific conductivity measurements were combined to determine the relative contribution of
each source to streamflow. Mixing diagrams were created, in order to assess if the three source values formed
bounds around streamflow values (Liu et al., 2004). Specific conductivity was plotted vs. chloride concentrations for
each source and streamflow, and the plots were assessed for compliance.

Relative contribution of groundwater to streamflow was determined using a three-component, two-tracer
analysis (Equations 6 and 7). Mean source contribution was analyzed for correlation with beetle kill area using
Spearman’s rank order correlation (Wessa, 2015).

Because this method employs specific conductivity and chloride as tracers, the results of fractional
groundwater contribution using specific conductivity and chloride as a tracer were assessed for correlation using
Spearman’s rank order correlation to determine agreement between the two methods. Finally, temporal patterns of
fractional groundwater contribution were assessed at the downstream site, WCR by using the mixing equations at

each date.
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RESULTS AND DISCUSSION

Isotopy

Isotope composition results from the University of Wyoming Stable Isotope Facility are accurate to 0.2%o
for '®0 measurements and 1%o for 2H measurements (UWSIF, 2015). A local meteoric water line (LMWL) was
created using precipitation from the Colorado Rocky Mountains from 2011-2015 and fitting a line (6*°H = 7.9*3'30
+ 8.9) to the data (adapted from Menger, 2015). This line differs slightly from the GMWL (Equation 2).
Measurements of isotopic signature in source waters (groundwater, rain, and snow) showed distinct separation along
the LMWL (Figure 3a). Isotopic composition of rain and snow are variable based on condensation temperature
(Ingraham, 1998). Snow measurements were depleted relative to rain and groundwater in 2H and '80, while
rainwaters were less depleted relative to groundwater and snow, which is consistent with the formation temperature

of each species. Because snow condenses at a lower temperature, it is depleted in heavy isotopes relative to rain.

Precipitation samples fall along the LMWL (Figure 3a). Evaporation brings about enrichment in heavier
isotopes of hydrogen and oxygen, as the lighter isotopes evaporate more readily. In addition, preferential
evaporation of 2H in subsurface water brings about depletion in 2H, relative to 'O, or a lower d-excess value (Gat,
2010). As a result, most of the groundwater and surface water samples fall below the LMWL, with a lower slope,

indicating evaporation (Figure 3b).

A mixing model, Stable Isotopes in R (SIAR), was used to determine the fractional contributions of source
waters to streamflow. In order to use mixing equations effectively, each source should have distinct tracer
compositions from each other and from the surface water (Sklash and Farvolden, 1979). In this case, groundwater
and surface water samples showed similar isotopic composition, so they were plotted with the LMWL to visually
assess differences between isotopic signatures (Figure 3b). Groundwater and surface water samples occupy the same
range. The most depleted values are surface water samples, while the most enriched values are groundwater
samples. A two-tailed t-test was performed to determine whether the groundwater and surface water samples were
significantly different. A two-tailed t-test was used to test for differences between means (Ho: tsw#Lgw). Mean

surface water and groundwater stable isotope composition were found to be significantly different (0=0.10) at WCR
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and CC, but not at any other site (Table 2). Groundwater and surface water isotopic compositions may not be

sufficiently different for mixing analysis at other watersheds.

Mean contribution of each source water to each of the 5 sampled watersheds over the season were
determined using mean and standard deviations of the source waters and streamflow. Results were then plotted
against beetle-killed forest area and Spearman rank order correlation (p) determined (Figure 4). Rain was the
smallest contributor to streamflow, and groundwater was the largest contributor over the sampling period.
Groundwater was positively correlated with increasing beetle-killed forest area (p=0.23), indicating increasing
groundwater contribution to streamflow with the mountain pine beetle kill. Rain and snow contribution were
negatively correlated with beetle-killed forest area (p=0.08 and p=0.35 respectively), indicating decreasing

precipitation contribution to streamflow with the mountain pine beetle kill (Figure 4).

Mean precipitation isotope composition was used for mixing analysis; however, precipitation isotope
composition varies with formation temperature. As the temperature becomes warmer, precipitation becomes less
depleted in heavy isotopes (*H and '®0). Thus, in addition to assessing the mean contribution of each source, source
contribution at each sampling date was assessed (Figure 5). Precipitation data from WY 2015 were used to assess
temporal patterns. SIAR was run separately using these data for each sample date, using stream and rain isotopic
composition from that sample date at the downstream site, WCR (Figure 5). Snow increased in fractional
contribution, even after the cessation of snowmelt, while rain decreased in fractional contribution. However, all the
snow had melted by June 3, 2015 (Figure 6), so the attribution of snow may be an artifact of the mixing model.
Because rain becomes increasingly enriched and the groundwater signature is similar to the stream water, a portion

of the streamflow is assigned to snow.
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Figure 3. Isotopic composition of source waters (a) including precipitation data collected from 2011 to 2015 with a
LMWL for the Colorado Rocky Mountains (Menger, 2015) and b.) groundwater and surface water isotope
compositions for all of the sites during water year 2015, plotted with the LMWL (Menger, 2015).

Table 2. Difference between mean groundwater and surface water isotope compositions and associated two-tailed p-
values.

H 3'%0
Site GW - SW (%0) | p-value | GW - SW (%0) | p-value
WCR 2 0.01 0.3 0.06
BC 0 0.62 0.1 0.57
WCT 1 0.27 0.1 0.55
SWP 3 0.15 0.4 0.14
CC 2 <0.01 0.3 0.04
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Figure 4. Average rain, snow, and groundwater contribution to streamflow vs. beetle-killed forest area (%) for 5
subwatersheds in Willow Creek watershed from April-October 2015.
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Figure 5. Rain, snow, and groundwater contribution to streamflow at Willow Creek above Reservoir (WCR) over
the sampling season.
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SGM waters had distinct isotopic compositions, but precipitation isotope compositions were variable.
Stable isotope fractionation in precipitation is formation temperature dependent, so stable isotope compositions of
rain and snow vary seasonally (Ingraham, 1998). A local meteoric water line (LMWL) was used for comparison to
groundwater samples (Menger, 2015) because groundwater isotopic signatures are enriched compared with meteoric
water due to preferential evaporation of lighter isotopes (Ingraham, 1998). Evaporation of meteoric water leads to
lower values and slopes than the meteoric water line (Gat, 2010) (Figure 3b). As a result, most of the groundwater
samples fall below the LMWL and exhibit a smaller slope.

Isotope composition of source waters and stream water were used in into Stable Isotope Analysis in R
(SIAR) in order to determine a range of probable contribution from each source. Using Spearman’s rank order
correlation, rain contributions were negatively correlated with beetle-killed forest area (p=0.08) (Figure 4). Snow
was negatively correlated with beetle-killed forest area (p=0.35), and groundwater was positively correlated with
beetle-killed forest area (p=0.23) and suggests that groundwater contribution increases with increasing beetle-killed
forest area.

Conducting a study in nested watersheds minimizes spatial variability of precipitation volume and

composition. While precipitation will still exhibit spatial variability, it is minimized by decreasing the spatial extent
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of the study. It should be noted, however that redundancy is inherent in nested watershed studies. The effect of
beetle kill is, in effect, double counted when nested watersheds are included in the study. For example, the site BMC
includes the site WCT, which includes SWP. This may lead to an increased likelihood of detecting statistically
significant correlations.

Early studies on the effect of bark beetle infestation on streamflow indicated increases in annual water yield
following infestation (Love, 1955; Bethlahmy, 1974; Potts, 1984). Streamflow models also predict an increase in
groundwater contribution to streamflow, driven by the cessation of transpiration in killed trees (Pugh and Gordon,
2013). Recently, a paired watershed study using specific conductivity and '8 as tracers also detected an increase in
groundwater contribution to streams corresponding with the onset of beetle-kill (Bearup et al., 2014). However,
recent works support the finding that there is no significant correlation between beetle-killed forest area and
fractional source contribution (Maggart, 2014; Menger, 2015). In addition, recent models indicate no relationship
between bark beetle infestation and increased water yield due to increased surface evaporative losses (Biederman et
al., 2014; Biederman et al., 2015).

Average source contribution over the entire watershed (using the downstream site, WCR), indicates an
average source contribution of 88% groundwater, 2% rain, and 10% snow. These values differ considerably from
previous work in the region of 38% groundwater, 18% rain, and 44% snow (Menger, 2015) and 20% groundwater,
20% rain, and 60% snow (Maggart, 2014) (Table 3). This study sampled frequently from April to October 2015,
while previous studies sampled year-round (Maggart, 2014; Menger, 2015), which would lead to higher
groundwater contribution from frequent baseflow sampling. In addition, the studies did not use the same mixing
model. IsoSource, which does not account for the propagation of error throughout the mixing model, was used in the
first study (Maggart, 2014). When the data were resampled using measurements for the same watershed, the same
months of the year, and the same mixing model, groundwater contribution increased, but was still considerably
lower than the values observed in this study (Table 4). 2015 was a below average snowpack year, which could
further explain the smaller relative contribution of snow to streamflow, and the study sites display a higher degree of

beetle kill compared to previous work.
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Table 3. Mean source water contributions for each study conducted using stable isotopes (2H and 180) in the Rocky

Mountains of North-Central Colorado.

Table 4. Source water contributions for each study period at Willow Creek above the Reservoir (WCR), resampled

Study Program Used | Groundwater Rain Snow
Maggart (2014) IsoSource 20% 50% | 60%
Menger (2015) SIAR 38% 18% 44%
Wehner (2016) SIAR 88% 2% 10%

for dates between April and October and re-analyzed using SIAR.

Source Sampling Period Sampling Dates Groundwater Rain Snow
Menger (2014) 4/27/12 - 8/17/12 5 52% 10% 38%
Wehner (2016) 4/28/15 - 10/2/15 11 88% 2% 10%

Alternatively, the high contribution of groundwater may be due to similarities between groundwater and
stream water isotopic (Figure 3b, Table 2). The groundwater piezometers were drilled to less than 1 meter depth, and
were adjacent to the stream. Colorado mountain streams can display connectivity to subsurface flow paths, resulting
in water with surface water signatures flowing through the subsurface (Harvey and Bencala, 1993). If the
groundwater samples represented a hyporheic exchange, they would display a mixture of groundwater and surface
water characteristics, and an overestimation of groundwater input to streamflow at all sites. If the groundwater
samples were, in fact, an accurate representation of groundwater isotope composition, the similarity with surface
water composition might be problematic for mixing analysis (Sklash and Farvolden, 1979; Kronholm and Capel,
2015).

To account for the high variability of precipitation isotope compositions, separate mixing equations were
performed for each sampling date. Temporal analysis of fractional source contribution using SIAR showed an
increase in contribution from snow in the late summer, after the cessation of snowmelt. The date of cessation of
snowmelt is likely a conservative estimate, as the data provided is from the SnoTel station (869), located at Willow
Creek Pass, which displayed higher snowpack persistence than lower elevations. Throughout the summer, rain
becomes enriched in heavy isotopes. However, the groundwater is not depleted in comparison to the surface water
samples (Table 2). As a result, SIAR returns a result of increasing snow to compensate. In snowmelt dominated
systems, groundwater dominates low flows after the cessation of snowmelt. Poor separation between surface water
and groundwater isotope composition may have affected this result. Chemical hydrograph separations can produce
more reliable results due to isotopic variability and similarities in composition between source waters (Hooper and

Shoemaker, 1986).
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Similarities between groundwater and surface water stable isotopic signatures limited the utility of stable
isotopes as tracers in this study. It is likely that hyporheic exchange occurred at some sites, and the sampled isotope
compositions are not an accurate representation of the true groundwater values. Even if the isotopes are
representative of the groundwater signature, mixing equations require discernable differences between each

component (Sklash and Farvolden, 1979; Kronholm and Capel, 2015).

Chemical Hydrograph Separation

Specific Conductivity

Specific conductivity of groundwater is higher than that of precipitation or surface water. For a mixing
equation to effectively separate sources of streamflow, each source must display distinct tracer concentrations.
Specific conductivity values for stream water ranged from 32.1 to 116.2 uS/cm while values for groundwater ranged
from 32.3 to 477 uS/cm. Mean specific conductivity for rain was 15.0 pS/cm and 2.7 uS/cm for snow. Mean
groundwater and surface water specific conductivities were compared using a two-tailed t-test. In all cases, mean
groundwater specific conductivity was greater than surface water specific conductivity, and this difference was
significant at 6 of the 11 sites at the o = 0.05 level and 8 of the 11 sites at the o = 0.10 level (Table 5), suggesting

that specific conductivity is an appropriate tracer.

Table 5. Difference between mean groundwater and surface water specific conductivity (uS/cm) and chloride
concentration (mg/L) with a two-tailed p-value for each site.

Site SC (uS/cm) p-value (i}rlrizgjd)e p-value
BBC 27.9 0.03 0.56 0.02
BC 30.0 <0.01 0.27 0.14
BMC 7.3 0.32 1.43 0.01
cC 17.5 0.06 0.76 0.01
KC 5.9 0.25 0.28 0.11
MC 22.6 <0.01 3.26 <0.01
PC 18.2 0.12 0.41 0.14
SWP 20.2 0.06 0.46 0.29
TC 47.5 <0.01 1.60 <0.01
WCR 100.2 <0.01 2.55 <0.01
WCT 301.2 <0.01 2.28 <0.01
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The mean groundwater contribution for each site was plotted against beetle kill area (Figure 7). Spearman’s
rank order coefficient was used to determine the statistical significance of the relation between beetle kill area and
fractional groundwater contribution. Beetle kill was negatively correlated with average groundwater contribution (p
= -0.13), but the result was not significant (p = 0.71). These results indicate that streamflow generation mechanisms
do not change significantly with increasing beetle-killed forest area, but that groundwater input to streams may

decrease.
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Figure 7. Fractional groundwater contribution vs. beetle kill forest area (%) using specific conductivity (p=-0.13,
p=0.71), chloride (p=0.19, p=0.58), and end member mixing analysis (p=0.26, p=0.43).

Specific conductivity was used in a two-component (precipitation and groundwater) mixing equation
(Equations 9-10) to determine the fractional contribution of groundwater at WCR (Figure 8) and each watershed for
each sampling date (Figure A-3). The average precipitation conductivity was used for the analysis. Some sites
(SWP, WCT, TC, BC, BBC, and WCR) showed increases in relative groundwater contribution during the receding
limb of the hydrograph, which is expected in a snowmelt-dominated watershed (Figure A-3). However, this may
reflect a combination of increasing surface water specific conductivity and decreased groundwater specific

conductivity during baseflow (Figure A-2).
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Figure 8. Fractional groundwater contribution and discharge for each

sampling date at WCR using each tracer method.
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Chloride

Chloride increases in groundwater as a result of evapoconcentration. As a result, groundwater subject to
high rates of evaporation tends to exhibit higher chloride concentrations. Stream water chloride concentrations
ranged from 0.28 mg/L to 2.21 mg/L, while groundwater chloride concentrations ranged from 0.54 mg/L to 10.01
mg/L (Table A-1). Groundwater concentrations showed high variability, with sharp increases corresponding with the
July 8% rain event in WCR, MC, and KC (Figure A-4). Groundwater and surface water chloride concentrations were
assessed for differences using a t-test in order to assess suitability for use in a mixing equation. Groundwater
concentrations were significantly larger than surface water concentrations at 7 of the 11 sites (Table 5), indicating

that chloride is a suitable tracer.

Chloride was used in a two-component (precipitation and groundwater) mixing equation (Equations 11-12)
to determine the fractional contribution of groundwater for each site. The average chloride concentration in
precipitation over water year 2015 from NADP was used in the analysis (0.04 mg/L). Any instances of groundwater
contribution above 100% from the model were excluded from the analysis. These results were positively correlated
between fractional groundwater contribution and beetle-killed forest area, which was positively correlated (p=0.19),

indicating increases in groundwater contribution with increasing beetle kill (p=0.58) (Figure 7).

Chloride was used in a two-component (precipitation and groundwater) mixing equation (Equations 9-10)
to determine the fractional contribution of groundwater at WCR (Figure 8). In some cases, the fractional
groundwater contribution exceeded 1 or was less than 0, indicating a failure of the mixing model. This can occur
when groundwater chloride concentrations are below surface water concentrations. It is expected in snowmelt-
dominated watersheds that groundwater input will increase after the cessation of snowmelt and when streams
display baseflow conditions. However, there is no evident temporal pattern in groundwater contribution using

chloride as a tracer (Figure 8).

End Member Mixing Analysis (EMMA)
Specific conductivity and chloride of each source were assessed to determine if the sources (rain, snow, and
groundwater) formed boundaries around streamflow concentrations (Appendix A-5). When this does not occur, the

end member mixing analysis will fail, and fractional source contributions will fall below 0 or exceed 1. Streamflow
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values at WCR show separation from groundwater values, but do not form bounds in all cases, as the tracer

concentrations of snow and rain are very similar (Figure 9).

Specific conductivity and chloride were coupled to determine the fractional contribution of each end
member (rain, snow, and groundwater) to streamflow. Using the mixing equations (6 and 7), fractional contributions
of groundwater were calculated for each basin. The average chloride concentration in precipitation over water year
2015 from NADP was used in the analysis. Precipitation occurring between May and October was assumed to be
rain (0.04 mg/L CI) and precipitation between December and April was assumed to be snow (0.04 mg/L CI").
Instances of groundwater contribution above 100% were excluded from this portion of the analysis. Contribution of
groundwater and beetle-killed forest area was positively correlated (p=0.26). Results indicate that groundwater
contribution to streamflow may increase in watersheds with higher beetle-killed forest area, but the results are not

significant (p=0.43) (Figure 7).

Specific conductivity and chloride were used in a two-tracer three-component (rain, snow, and
groundwater) mixing equation (Equations 9-10) to determine the fractional contribution of groundwater at WCR
(Figure 8) for each sampling date. Average values for precipitation were used in the analysis. Again, if the fractional
groundwater contribution exceeded 1 or was less than 0, results were excluded. This can happen when groundwater
concentrations (CI" or SC) are below surface water concentrations. There is no evident temporal pattern in fractional
groundwater contribution using this method (Figure 8). However, the results of the end member mixing analysis
show very similar results to those of chloride, indicating that chloride is a more influential tracer than specific

conductivity in this study.
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Figure 9. Mixing diagram for WCR including the specific conductivity and chloride concentrations of each source
and the stream (shown on a log scale).

Chemical Hydrograph Separation Discussion

Specific Conductivity

Groundwater specific conductivity is higher than that of precipitation or surface water (Pilgrim et al., 1979;
Winter et al., 1998). Therefore, it can be used as a tracer for groundwater contribution to streamflow (Miller et al.,
2014). Groundwater specific conductivity values were significantly higher (p<0.10) than surface water values for
most of the sites (BBC, BC, CC, MC, SWP, TC, WCR, and WCT) (Table 3), suggesting that specific conductivity
values may be a valid tracer for hydrograph separation.

A one-tracer two-component mixing equation was used to determine fractional contribution of groundwater
to the streamflow, using mean values. These results were assessed for correlation with beetle-killed forest area.
Beetle kill was negatively correlated with average ground water contribution (p = -0.13), but the result was not
significant (p-value = 0.71) (Figure 7). These results indicate that beetle-killed forest area is correlated with a
decrease groundwater contribution to streamflow, which differs from conceptual models of beetle-induced tree
mortality (Pugh and Gordon, 2013). It is possible that the watershed is experiencing increased uptake of
groundwater due to revegetation of the understory or that surface evaporation outweighs decreases in transpiration.
Alternatively, if the groundwater samples include hyporheic exchange, specific conductivity may be higher due to
increased contact with soils, but samples may not accurately represent groundwater specific conductivity for the

watershed.
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Specific conductivity has been used to quantify groundwater contribution using continuous measurements
in-situ (Miller et al., 2014). However, the groundwater value for specific conductivity in this case was based on
baseflow specific conductivity, not direct groundwater conductivity measurements. Groundwater specific
conductivity measurements, especially when located near the riparian zone, can reflect fluctuations in surface water
specific conductivity, although the fluctuations are dampened (Cox et al., 2007). Near stream wells can experience
interaction with surface waters, causing fluctuations in measured specific conductivity. However, shallow
groundwater wells located in the riparian zone can show agreement with deeper, farther wells, depending on degree
of hyporheic exchange (Bearup et al., 2014).

Using specific conductivity, fractional groundwater contribution was calculated for each sampling date,
using a one-tracer, two-component hydrograph separation. Many sites displayed higher groundwater contribution
values at the end of the summer sampling period (Figure 8, Figure A-3), which is consistent with changes from
snowmelt-dominated runoff to groundwater-fed baseflow (Miller et al., 2014).

Increases in fractional groundwater contribution may reflect fluctuations in groundwater specific
conductivity more than changes in surface water specific conductivity. In most cases, groundwater specific
conductivity decreased with the onset of baseflow (Figure A-3). This may reflect an increase in subsurface stream
flow, as water tables dropped, and surface water-groundwater interaction increased. During low flow, nearby
groundwater wells can reflect the specific conductivity of sub-surface stream flow (Vogt et al., 2010). Even so, most
sites had increasing specific conductivity over the sampling period. While groundwater contribution at the end of the
sampling period may be overestimated due to sub-surface stream flow, stream water conductivity increases indicate

that groundwater contribution increased over the sampling period.

Chloride

NADP chloride concentrations were used in lieu of the measured precipitation chloride concentrations, due
to potential sample contamination. When the precipitation samples were used, over half of the fractional estimates
were above 100% or below 0%. While measures were taken to avoid contamination, it is important to note this
anomaly, as it may have affected the other chloride samples (stream and groundwater). In order to ensure proper
functionality and precision of the chloride ISE probe, the slope of a calibration curve should be considered. It is
recommended that an ISE provides a difference of at least 54 to 60 mV per order of magnitude of chloride

concentration (e.g. 1 to 10 or 10 to 100) (EPA, 1996). However, the ISE probe used in this study ranged from 36 to
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58 mV per order of magnitude of chloride concentration. Lower slopes bring about higher uncertainties in chloride
concentration, which could affect results, especially with the low concentrations of chloride observed in this study.

Increased chloride concentration in groundwater results from surface evaporation, as water is taken from
the system, but constituents in solution remain. As evaporation progresses, the concentration of groundwater
chloride increases from evapoconcentration (Jobbagy and Jackson, 2007; Grimaldi et al., 2009). In all cases,
groundwater chloride concentrations were higher than surface water concentrations, and this difference was
statistically significant at 7 of the 11 sites (Table 5). Chloride was used in a two-component hydrograph separation,
and a positive correlation was found between groundwater contribution and beetle-killed forest area (p =0.19, p =
0.58).

The change in isotope composition of groundwater also relies on evapoconcentration of heavier isotopes, as
lighter isotopes are preferentially evaporated. While it is expected that these two methods would show high
correlation, the Spearman rank order correlation was p = 0.60 with a p-value of 0.35 (Figure A-6). Like the isotopy
results, groundwater contribution increases with increasing beetle-killed forest area. However, isotopy produces
systematically higher results, which might result from similarities between groundwater and surface water isotopic
compositions. It is possible that one of the tracers did not act completely conservatively in the system (Kirchner et
al., 2010).

While chloride is a conservative tracer in most systems, low tracer concentrations can limit the efficacy of a
hydrograph separation (Pinder and Jones, 1969; Caissie et al., 1996). In addition, hyporheic mixing could inflate
results of fractional groundwater contribution (Cox et al., 2007). While chloride can be an effective hydrologic
tracer, more reliable results can be expected when tracers are combined (Covino and McGlynn, 2007; Cox et al.,
2007).

Using chloride, fractional groundwater contribution was calculated for each sampling date at WCR. After
the end of snowmelt, it is expected that groundwater increases in fractional contribution, but WCR displayed no
evident temporal pattern (Figure 8). There was no evident increase in surface water chloride concentration at any of

the sites (Figure A-4).

End Member Mixing Analysis (EMMA)
A combination of specific conductivity and chloride may provide more reliable results than using a single

conservative tracer. In order for EMMA to work properly, source concentrations must form boundaries around
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streamflow concentrations. At some sites, streamflow is bounded by sources. In other cases, surface water is not
bound by the sources, suggesting that the source concentration is not correct or that there is an outside source
explaining the deviation (Figure 9. Figure A-5).

Specific conductivity and chloride were coupled in a 3-component mixing analysis and analyzed for a
correlation with beetle-killed forest area. A positive correlation was observed between fractional groundwater
contribution and beetle-killed forest area (p=0.26, p = 0.43) (Figure 7). This correlation was higher than that using
either specific conductivity or chloride alone. While the correlation is not statistically significant, it reinforces the
positive correlation observed using stable isotopes. Average source contribution at WCR indicates that streamflow is
51% groundwater, which is less than the estimation using isotopy (88%). The lower estimation from EMMA is due
to the similarities between groundwater and surface water isotopic signatures. Both chloride and specific
conductivity showed significant differences between groundwater and surface water concentrations for more of the
watersheds.

Using a combination of chloride and specific conductivity, fractional groundwater contribution was
calculated for each sampling date. The downstream site, WCR, displayed no evident temporal pattern (Figure 8).
While it is expected that fractional groundwater contribution will increase after the cessation of snowmelt, this result
is not evident using this tracer combination.

When EMMA was used to separate the fractional contribution of rain and snow, over half of the results
gave values outside the acceptable range. This may result in part from the very chloride concentrations for snow and
rain. The results from EMMA showed statistically significant correlation with the results from chloride (p= 0.95,
p<0.001), but lower correlation with the results from specific conductivity (p=0.42, p = 0.20), indicating that
chloride concentrations were more influential in end member mixing analysis (Figure A-6). The close values of
chloride concentrations for snow (0.043 mg/L) and rain (0.040 mg/L) result in an inability to separate the fractional
contribution of the two sources, making the results very similar to a two-component separation. In addition, the
difference between groundwater, surface water, and precipitation chloride concentrations is on orders of magnitude.

As a result, chloride has a greater influence on EMMA results than specific conductivity.
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Watershed Physiography

Watershed characteristics (elevation, flow length, watershed area, baseflow discharge, slope, and time of
concentration) were evaluated to determine physiographic effects on SGM. Mean watershed elevation was used to
assess the effect of elevation on streamflow generation mechanisms. Total precipitation (Schermerhorn, 1967;
Alpert, 1986) and SWE depth (Fassnacht et al., 2003) is affected by elevation. In addition, larger watersheds have
been shown to display higher groundwater contributions to streamflow, due to regional scale sub-surface flow paths
(Frisbee et al., 2011). Flow length and watershed area were assessed to examine this possibility. Baseflow in
snowmelt-dominated watersheds is primarily groundwater fed (Miller et al., 2014), so total baseflow discharge was
also used as a predictor for fractional groundwater contribution. Slope and time of concentration were compared to
groundwater contribution because it is expected that an increased slope and decreased time of concentration might

decrease deep infiltration.

These watershed characteristics were coupled with the results from the isotopic source separation. At the
a=0.05 level, no relation was significant (Table 6). However, at the 0=0.10 level, mean watershed elevation
significantly negatively correlated with mean groundwater contribution (Figure 10). Mean watershed elevation is a
better predictor of fractional groundwater contribution to streamflow than beetle-killed forest area. However, beetle-
killed forest area and elevation are significantly negatively correlated (p=-0.90, p=0.08) for the 5 watersheds
examined with isotopic composition, indicating that observed patterns in groundwater contribution may be partially

explained by either predictor.

Table 6. Watershed characteristics and correlation with fractional groundwater contribution.

Characteristic correlation (p) p-value
Time of Concentration 0.4 0.52
Slope -0.3 0.68
Area 0.7 0.23
Total baseflow 0.4 0.51
Average elevation -0.9 0.08
Flow length 0.3 0.68
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CONCLUSIONS

The mountain pine beetle has resulted in widespread tree mortality in the Colorado Rocky Mountains. Four
tracer methods were used to perform isotopic and chemical hydrograph separations to determine the effect of the
mountain pine beetle on streamflow generation mechanisms (SGM). Using 2H and '#0 isotopes of SGM water as
tracers, groundwater contribution increased with increasing beetle-killed forest area (p = 0.70, p = 0.23). While not
significant, this finding reinforces the results of other studies in the Colorado Rocky Mountains. Snow (p=-0.60) and
rain (p=-0.90) were negatively correlated (p = 0.35 and 0.08). Snow and rain contribution decreased with increasing
beetle-killed forest area. For rain, this correlation was statistically significant at the 0=0.10 level. Using specific
conductivity to identify SGM, groundwater was negatively correlated with beetle-killed area (p=-0.13, p=0.71),
indicating decreasing groundwater contribution with increasing beetle-killed forest area. Using chloride,
groundwater was positively correlated with beetle-killed area (p=0.19, p = 0.58), and using EMMA, groundwater

was positively correlated with beetle-killed area (p=0.26, p = 0.43).

None of the methods revealed statistically significant correlations between groundwater contribution and
beetle-killed forest area. However, isotopy, chloride, and EMMA showed increasing groundwater contribution with
increasing beetle kill forest area. Results for each method were not significantly correlated between each other, and
stable isotopes showed systematically higher groundwater contribution estimations than previous studies and the

chemical tracers due to closer similarities between groundwater and surface water compositions.

Individual watershed physiographic characteristics were assessed to determine if variables other than
beetle-killed forest area affect streamflow generation mechanisms. Mean watershed elevation significantly
correlated with fractional groundwater contribution when using isotopic tracers (p=0.26, p = 0.43). Mean elevation

was also negatively correlated with beetle-killed forest area (p=-0.90, p=0.08).

39



RECOMMENDATIONS

It is recommended that a wider range of beetle-killed forest area is examined in future studies. While this
study included frequent sampling events, the lowest value of beetle-killed forest area was 47% mortality. More
information could be gained with several reference or undisturbed sites (beetle kill forest area < 15%). It is also
recommended that more watersheds are sampled and assessed for isotope composition in order to increase statistical
power.

It is recommended that several deeper groundwater wells are sampled for comparison to the shallow,
riparian samples for higher confidence that the samples are representative of the groundwater. It is recommended
that multiple samples be taken on each date at each site to assess for variability in data points, especially for

groundwater samples. In addition, this will allow for a more robust comparison between sampling dates.

Continuous, in-situ measurement of specific conductivity could provide a comparison to grab samples and
allow for continuous baseflow separation. This continuous measurement could also capture the behavior of

streamflow generation mechanisms during melt events and summer storm events.

While chloride is a useful conservative tracer, low concentrations in end-member waters may decrease
reliability of hydrograph separations. It is recommended that a variety of tracers (Calcium, Silica, Sodium,
Magnesium, Sulfate, Potassium, etc.) are examined and chosen using principal component analysis before use in end
member mixing equations in order to ensure that the tracers chosen account for the most amount of variability

observed and that mixing diagrams show sources bounding streamflow well.
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Figure A-1. Stream water isotope composition over time for sampling dates between April 2015 and October 2015.
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sampling date at each sampling site based on specific
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Table A-1. Sampling dates for study watersheds and sample parameters obtained for each date. Symbols correspond
to chloride (1), specific conductivity (%*), isotopes (M), and discharge (®©).

18- 2- 21- 26- 2- 10- 19- 9- 16- 28- 3- 2-
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Table A-2. Specific conductivity and chloride data by sample site, date, and type.

Sampling Specific Conductivity Chloride
Site Date Type (nS/em) (mg/L)
BBC 4/18/2015 Groundwater 71.7 2.349
BC 4/18/2015 Groundwater 63.1
BMC 4/18/2015 Groundwater 41.5 2.026
CcC 4/18/2015 Groundwater 52.6 0.937
KC 4/18/2015 Groundwater 39.4 1.625
MC 4/18/2015 Groundwater 61.3 9.145
PC 4/18/2015 Groundwater 58.6 2.205
WCR 4/18/2015 Groundwater 57.3 3.029
WCP 4/18/2015 Snow 2.7
BBC 4/18/2015 Stream 42.5 1.154
BC 4/18/2015 Stream 63.4 0.883
BMC 4/18/2015 Stream 38.0 1.092
ccC 4/18/2015 Stream 55.1 0.910
KC 4/18/2015 Stream 43.2 0.865
MC 4/18/2015 Stream 334 0.706
PC 4/18/2015 Stream 40.1 2.000
WCR 4/18/2015 Stream 56.0 1.413
BBC 5/2/2015 Groundwater 44.0
BC 5/2/2015 Groundwater 133.9
BMC 5/2/2015 Groundwater 40.9
CC 5/2/2015 Groundwater 58.3
KC 5/2/2015 Groundwater 57.5
MC 5/2/2015 Groundwater 83.4
PC 5/2/2015 Groundwater 42.3
WCR 5/2/2015 Groundwater 92.1
BBC 5/2/2015 Stream 454
BC 5/2/2015 Stream 62.9
BMC 5/2/2015 Stream 36.8
CC 5/2/2015 Stream 52.8
KC 5/2/2015 Stream 39.0
MC 5/2/2015 Stream 323
PC 5/2/2015 Stream 39.5
WCR 5/2/2015 Stream 51.5
BBC 5/21/2015 Groundwater 57.7 1.271
BC 5/21/2015 Groundwater 121.6 1.456
BMC 5/21/2015 Groundwater 44.6 1.299
CC 5/21/2015 Groundwater 88.8 2.645
KC 5/21/2015 Groundwater 44.0 0.978
MC 5/21/2015 Groundwater 57.2 3.588
PC 5/21/2015 Groundwater 48.2 2.441
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Sampling Specific Conductivity Chloride
Site Date Type (nS/em) (mg/L)
TC 5/21/2015 Groundwater 62.4 1.909
WCR 5/21/2015 Groundwater 187.2 3.542
WCT 5/21/2015 Groundwater 226.0
BBC 5/21/2015 Stream 48.9 1.120
BC 5/21/2015 Stream 73.7 0.941
BMC 5/21/2015 Stream 42.6 1.168
cc 5/21/2015 Stream 53.7 0.937
KC 5/21/2015 Stream 41.7 0.910
MC 5/21/2015 Stream 35.5 1.078
PC 5/21/2015 Stream 45.2 1.950
TC 5/21/2015 Stream 35.2 0.775
WCR 5/21/2015 Stream 61.2 1.565
WCT 5/21/2015 Stream 41.0 0.880
BBC 5/26/2015 Groundwater 105.7 1.475
BC 5/26/2015 Groundwater 74.5 1.277
BMC 5/26/2015 Groundwater 45.5 2.310
CC 5/26/2015 Groundwater 112.8 2.830
KC 5/26/2015 Groundwater 40.8 1.203
MC 5/26/2015 Groundwater 47.4 3.107
PC 5/26/2015 Groundwater 48.4 2.557
TC 5/26/2015 Groundwater 117.9 4.785
WCR 5/26/2015 Groundwater 245.0 6.828
WCT 5/26/2015 Groundwater 286.0 3.921
BBC 5/26/2015 Stream 49.4 1.338
BC 5/26/2015 Stream 67.9 0.995
BMC 5/26/2015 Stream 42.6 1.224
cc 5/26/2015 Stream 53.1 0.850
KC 5/26/2015 Stream 41.4 0.937
MC 5/26/2015 Stream 34.2 0.847
PC 5/26/2015 Stream 443 2.026
TC 5/26/2015 Stream 36.4 0.887
WCR 5/26/2015 Stream 61.7 1.432
WCT 5/26/2015 Stream 49.5 0.999
BBC 6/2/2015 Groundwater 49.3 1.366
BC 6/2/2015 Groundwater 122.5 1.792
BMC 6/2/2015 Groundwater 52.4 2.420
CC 6/2/2015 Groundwater 60.8 1.725
KC 6/2/2015 Groundwater 36.8 1.545
MC 6/2/2015 Groundwater 64.6 3.888
PC 6/2/2015 Groundwater 54.4 1.487
TC 6/2/2015 Groundwater 125.7 3.557
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Sampling Specific Conductivity Chloride
Site Date Type (nS/em) (mg/L)
WCR 6/2/2015 Groundwater 294.0 7.215
WCT 6/2/2015 Groundwater 324.0 4.509
BBC 6/2/2015 Stream 51.8 1.078
BC 6/2/2015 Stream 75.1 1.092
BMC 6/2/2015 Stream 46.4 1.266
CC 6/2/2015 Stream 53.3 1.092
KC 6/2/2015 Stream 39.8 0.999
MC 6/2/2015 Stream 35.9 0.895
PC 6/2/2015 Stream 48.4 1.500
TC 6/2/2015 Stream 40.4 1.069
WCR 6/2/2015 Stream 62.2 1.396
WCT 6/2/2015 Stream 48.5 1.674
BBC 6/10/2015 Groundwater 137.3 2.320
BC 6/10/2015 Groundwater 136.6 1.762
BMC 6/10/2015 Groundwater 70.0 6.518
CC 6/10/2015 Groundwater 62.9 1.762
KC 6/10/2015 Groundwater 323 1.208
MC 6/10/2015 Groundwater 61.9 2.953
PC 6/10/2015 Groundwater 57.5 1.598
TC 6/10/2015 Groundwater 115.4 2.759
WCR 6/10/2015 Groundwater 303.0 6.143
WCT 6/10/2015 Groundwater 374.0 2.667
WCP 6/10/2015 Rain 21.6
BBC 6/10/2015 Stream 46.4 0.974
BC 6/10/2015 Stream 73.0 1.120
BMC 6/10/2015 Stream 46.2 1.046
cc 6/10/2015 Stream 51.8 0.887
KC 6/10/2015 Stream 32.1 0.906
MC 6/10/2015 Stream 34.0 0.801
PC 6/10/2015 Stream 52.5 1.304
TC 6/10/2015 Stream 48.7 0.876
WCR 6/10/2015 Stream 59.7 1.250
WCT 6/10/2015 Stream 45.8 1.020
BBC 6/19/2015 Groundwater 173.0 2.261
BC 6/19/2015 Groundwater 149.8 1.288
BMC 6/19/2015 Groundwater 62.4 2.420
CC 6/19/2015 Groundwater 72.5 1.598
KC 6/19/2015 Groundwater 37.6 1.003
KC-2 6/19/2015 Groundwater 40.5
MC 6/19/2015 Groundwater 50.7 3.468
PC 6/19/2015 Groundwater 71.7 2.516

60



Sampling Specific Conductivity Chloride
Site Date Type (nS/em) (mg/L)
PC-2 6/19/2015 Groundwater 36.0
TC 6/19/2015 Groundwater 115.6 3.483
WCR 6/19/2015 Groundwater 233.0 2.349
WCT 6/19/2015 Groundwater 459.0 2.535
WCP 6/19/2015 Rain 39.0
BBC 6/19/2015 Stream 54.4 1.106
BC 6/19/2015 Stream 86.8 1.154
BMC 6/19/2015 Stream 51.7 1.003
cc 6/19/2015 Stream 64.1 0.957
KC 6/19/2015 Stream 342 0.865
MC 6/19/2015 Stream 39.8 1.115
PC 6/19/2015 Stream 61.3 1.245
TC 6/19/2015 Stream 58.1 0.883
WCR 6/19/2015 Stream 67.3 1.299
WCT 6/19/2015 Stream 473 1.046
BBC 7/9/2015 Groundwater 73.0 1.748
BC 7/9/2015 Groundwater 133.0 1.294
BMC 7/9/2015 Groundwater 72.8 3.203
CC 7/9/2015 Groundwater 75.8 1.310
KC 7/9/2015 Groundwater 64.2 3.079
KC-2 7/9/2015 Groundwater 68.7 1.017
MC 7/9/2015 Groundwater 72.3 10.008
PC 7/9/2015 Groundwater 74.4 2.948
PC-2 7/9/2015 Groundwater 227.0
TC 7/9/2015 Groundwater 141.4 1.915
WCR 7/9/2015 Groundwater 107.1 3.042
WCT 7/9/2015 Groundwater 446.0 6.765
WCP 7/9/2015 Rain 7.0
BBC 7/9/2015 Stream 66.7 1.94
BC 7/9/2015 Stream 97.9 1.63
BMC 7/9/2015 Stream 63.2 1.39
CcC 7/9/2015 Stream 73.4 1.09
KC 7/9/2015 Stream 44.0 1.43
MC 7/9/2015 Stream 48.3 1.11
PC 7/9/2015 Stream 70.2 2.21
TC 7/9/2015 Stream 67.4 1.61
WCR 7/9/2015 Stream 90.0 1.86
WCT 7/9/2015 Stream 63.7 1.17
BBC 7/16/2015 Groundwater 74.5 1.663
BC 7/16/2015 Groundwater 109.1 0.851
BMC 7/16/2015 Groundwater 77.0 2.146
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Sampling Specific Conductivity Chloride
Site Date Type (nS/em) (mg/L)
CC 7/16/2015 Groundwater 90.5 1.521
KC 7/16/2015 Groundwater 61.7 0.754
KC-2 7/16/2015 Groundwater 59.5
MC 7/16/2015 Groundwater 52.3 2.062
PC 7/16/2015 Groundwater 72.3 1.472
PC-2 7/16/2015 Groundwater 170.3
SWP 7/16/2015 Groundwater 110.5 1.272
TC 7/16/2015 Groundwater 87.0 2.745
WCR 7/16/2015 Groundwater 230.0 3.557
WCT 7/16/2015 Groundwater 438.0 1.869
WCP 7/16/2015 Rain 12.9
BBC 7/16/2015 Stream 69.4 0.973
BC 7/16/2015 Stream 102.6 0.821
BMC 7/16/2015 Stream 67.7 0.918
cc 7/16/2015 Stream 76.6 0.799
KC 7/16/2015 Stream 47.7 1.004
MC 7/16/2015 Stream 50.0 0.523
PC 7/16/2015 Stream 72.8 1.324
SWP 7/16/2015 Stream 87.9 0.775
TC 7/16/2015 Stream 73.6 0.973
WCR 7/16/2015 Stream 93.9 1.360
WCT 7/16/2015 Stream 68.4 0.648
BBC 7/28/2015 Groundwater 91.9 0.916
BC 7/28/2015 Groundwater 113.3 0.643
BMC 7/28/2015 Groundwater 86.5 1.179
CcC 7/28/2015 Groundwater 128.1 0.865
KC 7/28/2015 Groundwater 65.5 0.627
KC-2 7/28/2015 Groundwater 60.9 0.639
MC 7/28/2015 Groundwater 76.5 1.659
PC 7/28/2015 Groundwater 80.4 0.823
PC-2 7/28/2015 Groundwater 148.8 1.026
SWP 7/28/2015 Groundwater 140.9 1.712
TC 7/28/2015 Groundwater 139.6 0.702
WCR 7/28/2015 Groundwater 125.1 2.440
WCT 7/28/2015 Groundwater 467.0 2.804
BBC 7/28/2015 Stream 81.0 0.434
BC 7/28/2015 Stream 113.1 0.369
BMC 7/28/2015 Stream 77.8 0.408
cc 7/28/2015 Stream 90.9 0.355
KC 7/28/2015 Stream 56.9 0.362
MC 7/28/2015 Stream 53.6 0.276
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Sampling Specific Conductivity Chloride
Site Date Type (nS/em) (mg/L)
PC 7/28/2015 Stream 80.8 0.685
SWP 7/28/2015 Stream 99.2 0.395
TC 7/28/2015 Stream 88.0 0.405
WCR 7/28/2015 Stream 111.0 0.758
WCT 7/28/2015 Stream 73.7 0.359
BBC 9/3/2015 Groundwater 89.2 0.990
BC 9/3/2015 Groundwater 121.0 0.706
BMC 9/3/2015 Groundwater 85.1 1.037
CC 9/3/2015 Groundwater 103.9 0.698
KC 9/3/2015 Groundwater 68.3 0.615
KC-2 9/3/2015 Groundwater 71.6 0.718
MC 9/3/2015 Groundwater 66.9 0.542
PC 9/3/2015 Groundwater 77.9 1.204
PC-2 9/3/2015 Groundwater 119.9 1.335
SWP 9/3/2015 Groundwater 114.5 0.651
TC 9/3/2015 Groundwater 97.6 0.888
WCR 9/3/2015 Groundwater 126.4 1.551
WCT 9/3/2015 Groundwater 477.0 0.990
WCP 9/3/2015 Rain 6.9
BBC 9/3/2015 Stream 81.1 0.678
BC 9/3/2015 Stream 116.1 0.567
BMC 9/3/2015 Stream 80.1 0.787
CC 9/3/2015 Stream 88.0 0.464
KC 9/3/2015 Stream 60.3 0.548
MC 9/3/2015 Stream 53.2 0.466
PC 9/3/2015 Stream 74.1 1.117
SWP 9/3/2015 Stream 102.5 1.100
TC 9/3/2015 Stream 88.1 0.904
WCR 9/3/2015 Stream 104.1 1.813
WCT 9/3/2015 Stream 84.3 1.007
BBC 10/2/2015 Groundwater 91.6 0.936
BC 10/2/2015 Groundwater 130.2 0.736
BMC 10/2/2015 Groundwater 85.2 1.125
CcC 10/2/2015 Groundwater 110.7 0.715
KC 10/2/2015 Groundwater 60.1 0.664
KC-2 10/2/2015 Groundwater 69.8 0.844
MC 10/2/2015 Groundwater 80.9 2.480
PC 10/2/2015 Groundwater 79.5 1.830
SWP 10/2/2015 Groundwater 104.7 1.056
TC 10/2/2015 Groundwater 106.8 1.748
WCR 10/2/2015 Groundwater 131.6 1.359
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Sampling Specific Conductivity Chloride
Site Date Type (nS/em) (mg/L)
WCT 10/2/2015 Groundwater 122.5 2.334
BBC 10/2/2015 Stream 87.4 1.093
BC 10/2/2015 Stream 116.2 0.592
BMC 10/2/2015 Stream 83.6 0.830
CC 10/2/2015 Stream 95.1 0.525
KC 10/2/2015 Stream 64.5 0.616
MC 10/2/2015 Stream 54.0 0.613
PC 10/2/2015 Stream 80.1 1.502
SWP 10/2/2015 Stream 100.4 1.200
TC 10/2/2015 Stream 98.6 0.869
WCR 10/2/2015 Stream 110.8 1.112
WCT 10/2/2015 Stream 85.7 1.112
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Table A-3. Discharge (m?/s) at each site by sample date.

Site Sampling Date Discharge (m’/s)
BBC 7/9/15 1.75
BBC 7/16/15 1.20
BBC 7/28/15 0.82
BBC 9/3/15 0.36
BC 7/9/15 0.09
BC 7/16/15 0.05
BC 7/28/15 0.03
BC 9/3/15 0.02
BMC 7/9/15 1.02
BMC 7/16/15 0.93
BMC 7/28/15 0.49
BMC 9/3/15 0.25
CcC 7/9/15 0.15
CcC 7/16/15 0.08
CcC 7/28/15 0.09
CcC 9/3/15 0.06
KC 7/9/15 0.18
KC 7/16/15 0.16
KC 7/28/15 0.06
KC 9/3/15 0.03
MC 7/9/15 0.03
MC 7/16/15 0.02
MC 7/28/15 0.02
MC 9/3/15 0.01
PC 7/9/15 0.21
PC 7/16/15 0.15
PC 7/28/15 0.09
PC 9/3/15 0.06
SWP 7/28/15 0.03
SWP 9/3/15 0.01
TC 7/9/15 0.06
TC 7/16/15 0.06
TC 7/28/15 0.01
TC 9/3/15 0.01
WCR 7/9/15 2.81
WCR 7/16/15 1.77
WCR 7/28/15 1.06
WCR 9/3/15 0.51
WCT 7/9/15 0.90
WCT 7/16/15 0.50
WCT 7/28/15 0.24

WCT 9/3/15 0.12



Table A-4. Isotopic composition of samples by sample site, date, and type for 2H and '#0 (%o).

Site Sampling Date Type °H (%0)  6'30 (%o)
BC 4/18/15 Groundwater -125 -16.6
BC 5/2/15 Groundwater -124 -16.8
BC 5/21/15 Groundwater -124 -16.6
BC 5/26/15 Groundwater -122 -16.2
BC 6/2/15 Groundwater -123 -16.2
BC 6/10/15 Groundwater -123 -16.2
BC 6/19/15 Groundwater -120 -15.5
BC 7/9/15 Groundwater -123 -16.3
BC 7/16/15 Groundwater -122 -16.1
BC 7/28/15 Groundwater -124 -16.5
BC 9/3/15 Groundwater -122 -15.6
BC 10/2/15 Groundwater -123 -16.2
BC 4/18/15 Stream -126 -16.8
BC 5/2/15 Stream -122 -16.1
BC 5/21/15 Stream -123 -16.3
BC 5/26/15 Stream -122 -16.1
BC 6/2/15 Stream -123 -16.4
BC 6/10/15 Stream -122 -16.1
BC 6/19/15 Stream -124 -16.5
BC 7/9/15 Stream -123 -16.4
BC 7/16/15 Stream -123 -16.4
BC 7/28/15 Stream -123 -16.2
BC 9/3/15 Stream -123 -16.0
BC 10/2/15 Stream -124 -16.4
CcC 4/18/15 Groundwater -125 -16.5
CC 5/2/15 Groundwater -125 -17.0
CcC 5/21/15 Groundwater -123 -16.6
CcC 5/26/15 Groundwater -122 -16.5
CC 6/2/15 Groundwater -124 -16.9
CC 6/10/15 Groundwater -125 -17.1
CcC 6/19/15 Groundwater -125 -17.2
CC 7/9/15 Groundwater -123 -16.6
CC 7/16/15 Groundwater -124 -17.2
CC 7/28/15 Groundwater -120 -16.5
CC 9/3/15 Groundwater -122 -16.7
CC 10/2/15 Groundwater -120 -16.5
CC 4/18/15 Stream -126 -16.7
cc 5/2/15 Stream -125 -16.9
cc 5/21/15 Stream -123 -16.5
CcC 5/26/15 Stream -125 -17.0
cc 6/2/15 Stream -125 -17.3
cc 6/10/15 Stream -125 -17.0
CcC 6/19/15 Stream -123 -16.6
CC 7/9/15 Stream -126 -17.3

66



Site Sampling Date Type H (%0)  8'%0 (%o)
CcC 7/16/15 Stream -127 -17.5
CC 7/28/15 Stream -127 -17.3
CC 9/3/15 Stream -126 -17.0
CC 10/2/15 Stream -129 -17.9
SWP 7/16/15 Groundwater -119 -16.6
SWP 7/28/15 Groundwater -122 -16.6
SWP 9/3/15 Groundwater -126 -17.4
SWP 10/2/15 Groundwater -125 -17.4
SWP 7/16/15 Stream -125 -17.4
SWP 7/28/15 Stream -126 -17.4
SWP 9/3/15 Stream -125 -17.2
SWP 10/2/15 Stream -127 -17.7
WCP 6/10/15 Rain -101 -13.6
WCP 6/19/15 Rain =17 -10.4
WCP 7/9/15 Rain -66 -10.0
WCP 7/16/15 Rain -49 -7.2
WCP 9/3/15 Rain -45 -7.4
WCP 4/18/15 Snow -152 -20.4
WCR 4/18/15 Groundwater -121 -16.0
WCR 5/2/15 Groundwater -121 -16.2
WCR 5/21/15 Groundwater -123 -15.9
WCR 5/26/15 Groundwater -120 -15.9
WCR 6/2/15 Groundwater -118 -15.4
WCR 6/10/15 Groundwater -119 -15.5
WCR 6/19/15 Groundwater -123 -16.9
WCR 7/9/15 Groundwater -119 -16.4
WCR 7/16/15 Groundwater -117 -15.5
WCR 7/28/15 Groundwater -123 -16.6
WCR 9/3/15 Groundwater -121 -16.3
WCR 10/2/15 Groundwater -124 -16.7
WCR 4/18/15 Stream -124 -16.4
WCR 5/2/15 Stream -123 -16.2
WCR 5/21/15 Stream -124 -16.8
WCR 5/26/15 Stream -124 -16.7
WCR 6/2/15 Stream -122 -16.1
WCR 6/10/15 Stream -122 -16.2
WCR 6/19/15 Stream -121 -16.1
WCR 7/9/15 Stream -121 -16.6
WCR 7/16/15 Stream -122 -16.4
WCR 7/28/15 Stream -122 -16.0
WCR 9/3/15 Stream -124 -16.9
WCR 10/2/15 Stream -125 -16.8
WCT 5/26/15 Groundwater -120 -16.3
WCT 6/2/15 Groundwater -118 -15.7
WCT 6/10/15 Groundwater -120 -16.4



Site Sampling Date Type H (%0)  8'%0 (%o)
WCT 6/19/15 Groundwater -121 -16.6
WCT 7/9/15 Groundwater -120 -16.4
WCT 7/16/15 Groundwater -120 -16.3
WCT 7/28/15 Groundwater -119 -16.1
WCT 9/3/15 Groundwater -121 -16.8
WCT 10/2/15 Groundwater -123 -16.8
WCT 5/21/15 Stream -122 -16.5
WCT 5/26/15 Stream -122 -16.6
WCT 6/2/15 Stream -118 -15.7
WCT 6/10/15 Stream -120 -16.3
WCT 6/19/15 Stream -121 -16.4
WCT 7/9/15 Stream -118 -16.1
WCT 7/16/15 Stream -120 -16.5
WCT 7/28/15 Stream -123 -16.8
WCT 9/3/15 Stream -124 -16.9
WCT 10/2/15 Stream -124 -17.0
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