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Abstract

Bi-weekly snowpack core samples were collectec@as sites along two elevation
gradients in the Tahoe Basin during two consecugn@av years to evaluate total wintertime
snowpack accumulation of nutrients and pollutamts high elevation watershed of the Sierra
Nevada. Additional sampling of wet deposition aetaded snow pit profiles were conducted
the following year to compare wet deposition tovgpack storage and assess the vertical
dynamics of snowpack nitrogen, phosphorus, and umgr&esults show that on average organic
N comprised 48% of all snowpack N, while nitrateOgNN) and TAN (total ammonia nitrogen)
made up 25% and 27%, respectively. Snowpack iNxoncentrations were relatively uniform
across sampling sites over the sampling seasonshawekd little difference between seasonal
wet deposition and integrated snow pit concentngtid hese patterns are in agreement with
previous studies that identify wet deposition asdbminant source of wintertime NEN
deposition. However, vertical snow pit profiles sieal highly variable concentrations of R
within the snowpack indicative of additional depimsi and in snowpack dynamics. Unlike BIO
-N, snowpack TAN doubled towards the end of wintgrich we attribute to a strong dry
deposition component which was particularly proraaghin late winter and spring. Organic N
concentrations in the snowpack were highly varigfstan 35% to 70%) and showed no clear
temporal, spatial, or vertical trends throughoet skason. Integrated snowpack organic N
concentrations were up to 2.5 times higher thas@ed wet deposition, likely due to microbial
immobilization of inorganic N as evident by coinicig increases of organic N and decreases of
inorganic N, in deeper, aged snow. Spatial and teatpleposition patterns of snowpack P were
consistent with particulate-bound dry depositigouits and strong impacts from in-basin sources

causing up to 6 times enrichment at urban locatimmspared to remote sites. Snowpack Hg
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showed little temporal variability and was domirmhby particulate-bound forms (78% on
average). Dissolved Hg concentrations were comglgtwer in snowpack than in wet
deposition which we attribute to photochemical-dn\gaseous remission. In agreement with this
pattern is a significant positive relationship beén snowpack Hg and elevation, attributed to a
combination of increased snow accumulation at highevations causing limited light

penetration and lower photochemical re-emissiosdesn deeper, higher elevation snowpack.
Finally, estimates of basin-wide loading basedmatially extrapolated concentrations and a
satellite-based snow water equivalent reconstractiodel identify snowpack chemical loading
from atmospheric deposition as a substantial scafro@trients and pollutants to the Lake Tahoe

basin, accounting for 113 t of N, 9.3 t of P, ar@ kg of Hg each year.
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1 Introduction

Atmospheric deposition accounts for significantrimumt and pollutant input to high
elevation watersheds such as the Sierra Nevadas(&ygr, 2006; Fain et al., 2011; McDaniel,
2013; Sickman et al., 2003; TERC, 2011; Vicars &mm#kman, 2011; Williams and Melack,
1991a, b). Sierra Nevada snowpack supplies therityagd water to downstream communities
as well as to some of the nation’s largest aguicaltareas. Quantifying atmospheric deposition
in alpine watersheds is challenging because oélapatial variability in deposition rates caused
by complex terrain, precipitation gradients, andeaorigins of atmospheric constituents (i.e.
local versus regional and global, natural versukrapogenic; Jassby et al., 1994 ; Rohrbough et
al., 2003). Single-site measurements, thereforaod@llow for accurate extrapolation of
nutrient or pollutant deposition in alpine regi@=l broader temporal and spatial data is needed

to assess the mass and dynamics of atmospheritsinpu

In this study, we used multiple and repeated sargpf full depth snowpack cores
(integrated snowpack sampling) across the Lake @#lasin to quantify atmospheric deposition
loads and patterns from the first snowfall untd #nd of melting. Snowpack acts as an
integrating reservoir for water, solutes, and patttes that deposit throughout winter and spring
(Turk et al., 2001). Wet deposition, in the formsabwfall and rain, directly accumulates in the
developing snowpack throughout the snow seasonr{K2(01). Additionally, during storm-free
periods, snowpack also receives dry deposition vbften is complicated to quantify since dry
deposition samplers can be biased due to diffe@tection efficiencies compared to natural
surfaces (Jassby et al., 1994). Representing aahaturface that covers the ground for several
months of the year, snowpack sampling thereby cavigie accurate on-the-ground

measurements of total (bulk: wet and dry) depasitiocurring in mountainous areas.



85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

While the snowpack integrates wintertime atmosghgéeposition input, it also records
chemical and physical transformations that occuindustorage such as elution during melt
events, chemical transformations, and volatilizatieor example, ionic pulses of anions and
cations occur upon snowpack melt whereby ionsteraeght to be mobilized in the following
order: SQ* >NO; >CI >alkali metals >alkaline earth metals >cations €othan NH") >anions
>NH;" > H,O, (Berg, 1992; Brooks and Williams, 1999; Kuhn, 208fottlemyer and
Rutkowski, 1990; Williams and Melack, 1991b). Ird#@tbn, pollutants such as Hg and
persistent organic pollutants (POPs) as well asemis can undergo photochemical
transformations and be subject to substantial gesesemission to the atmosphere (Fain et al.,
2011; Halsall, 2004; Lalonde et al., 2002; Pou&ial., 2007). Specific examples include
photochemical reduction and remission of mercurg)(#uring snowpack storage as well as
photolysis and emission of nitrate (RlXfrom polar snow (Galbavy et al., 2007; Jacobi and
Hilker, 2007; Rothlisberger et al., 2002). In agdit microbial activity in and under the seasonal
snowpack can play an important role in snowpackyhadhics (Brooks et al., 1996; Williams et
al., 1996); even in Artic environments with low feenatures and minimal water content (Larose
et al., 2013). Therefore, snowpack sampling yieddsvant temporal atmospheric deposition

patterns in conjunction with post-depositional clehlosses or conversions.

Spatially, snowpack sampling can be an elegantttoguantify gradients in atmospheric
deposition that are difficult to assess with ottmethods; for example, the Sierra Nevada show
strong orographic precipitation effects, with teeward side receiving significantly less
precipitation than the windward side (O'Hara et2009). Such different precipitation patterns
can cause large differences in wet deposition aaramuntain ranges (Fain et al., 2011; NADP,

2012). Assessing spatial deposition patterns usmogvpack sampling at multiple locations
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across a watershed should allow for better chaiaaten of basin-wide deposition patterns as
well as assessment of impacts of nearby urban &ezass regional and global sources of
atmospheric deposition (Brown et al., 2011; KuhdQ2 Morales-Baquero et al., 2006; Vicars

and Sickman, 2011).

The main goal of this study was to quantify N, iR &lg concentrations and loads in
Sierra Nevada snowpack in order to characterizenthgnitude, origin, and fate of atmospheric
deposition of nutrients and pollutants that accuateuthroughout the winter and spring in this
mountain range. We quantified chemical loadingeats sites in the Lake Tahoe basin, along
two elevation transects, throughout the duratiotwaf full snow seasons. Sampling included bi-
weekly snowpack cores (full profile; integrated wpack samples) representing an integrated
load of constituents in the developing snowpackecteéd throughout the 2011-12 and 2012-13
snow years. In addition, volume-weighted wet dejpmsimeasured at two sites in 2013-14 was
compared to snowpack accumulation and detailedcaegnow pit profiles in that year to
compare snowpack accumulation to wet depositiontarigrther study in-snowpack chemical
dynamics. Finally, basin-wide loading estimatesgsnared) were calculated by spatially
extrapolating nutrient and pollutant measuremeatsss the basin combined with a satellite-

based snowpack reconstruction model.

2 Materialsand Methods

2.1 Study Site
The Lake Tahoe watershed lies in the northern @ouf the Sierra Nevada range along
the border of Nevada and California. Renownedt®mitense blue color and water clarity, this

lake has become a national landmark and tourisspbatLake clarity measurements have
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decreased, however, from approximately 30.5 m t8 &isince the 1960s due to eutrophication
from increased input of N and P, as well as addgtianput of light scattering particulates
(TERC, 2011). Directly west and upwind of the bd®s the central valley of California and
cities of Sacramento and San Francisco, Califomiach are suspected of contributing
significant amounts of nutrients and pollutantghi® basin through agricultural and industrial

emissions.

Including all drainages, the Lake Tahoe waterdiedan area of 1,310 KriFigure 1).
The lake is 19 km wide and 35 km long with a tetaiface area of 495 KniThe lake lies at
1,897 m above sea level and is on average 300 m 8eerounding the lake on all sides are
mountains up to elevations of 3,068 m. At the lalgirface, summer temperatures on average
reach 27 C and wintertime lows reach®€. Precipitation patterns in the watershed arblfig
dependent on elevation with an average annualptatton of 0.76 m at lake level and an
average of 2.03 m falling at higher elevationshi@ $urrounding mountains (Fram, 2011).
Extreme snow events in this area are common aed pfioduce snowpack depths greater than
4.5 m at high elevations. Rain shadow effects slpidead to decreased snow loading on the
downwind, eastern side of the basin. Approximately-thirds of Lake Tahoe basin parent
material is granitic and one-third is volcanic (LMIDL, 2008). Vegetation, consisting of mixed
coniferous forest and montane-subalpine speciegr@pproximately 80% of the basin
(LTTMDL, 2010). Areas of dense urban developmemio@long the shoreline at South Lake
Tahoe, Tahoe City, and Incline Village. Large pmms of the northern and western shores are

occupied by seasonal cabins, while much of theegashore is undeveloped.
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2.2 Sample Collection

2.2.1 Integrated snowpack sampling: 2011-12 and 2012-13 snow years

During the 2011-12 and 2012-13 water years, fullgmack bi-weekly core samples
were collected at seven sites in the basin staftorg the first measureable snowpack until the
majority of spring melting occurred (2011-12: n= 2912-13: n=56). This included mid-
January through mid-April in 2012 and DecemberadyeApril in 2012-13. The seven sites
were distributed along eastern and western elavatamsects (Figure 1). Three of the sites were
located at lake level (one remote site; two sitesrban areas; elevation approximately 1900 m);
two sites were at mid-mountain elevation (approxetya2200 m); and two sites were at high
elevation close to the mountain ridges (elevatippreximately 2500 m). To minimize
throughfall signals, we selected areas that wee &f canopy coverage and had minimal
snowpack disturbance (i.e., away from congestegsar€anopy effects on total snow
accumulation are incorporated in the SWE reconstmuenodel. However, measurements of
deposition and chemical snowpack storage are lasednopy-free, open locations, and do not

include effects of forest cover.

Samples were collected using a Mt. Rose Federap®amnd were immediately
transferred to Whirl-pack®© clean bags and a coeldr blue ice packs. Samples were
transported within four hours to the Desert Regde#nstitute in Reno, NV for storage at -20° C
until laboratory analysis could be completed. Deptd snow water equivalent (SWE) were
measured for each core using the Mt. Rose Fedamapler. In cases of low snow accumulation,
multiple cores were collected and homogenized ¢wige sufficient sample for all analyses.
During collection, sterile gloves were worn, and sontact and contamination were avoided in

order to capture only constituents stored withemghowpack. While sampling, the first core
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taken at each site was discarded in order to asanigyover from previous sampling. Between
each sampling campaign, the Federal Sampler wasetewith Milli-Q deionized water (<18.2
M Q) and a chelating soap in accordance with tracalsatmpling procedures (EPA, 2002).
Field blanks were measured by rinsing the sampitgr Milli-Q water prior to each sampling

campaign.

2.2.2 Wet deposition sampling and snow pit collection: 2013-14 snow year

In order to differentiate between snowpack stomagkwet deposition and further asses
dynamics in the snowpack, additional sampling dfdanow pit profiles and wet deposition was
completed during the 2013-14 snow year. Bi-weekdy deposition sample collection following
National Atmospheric Deposition Program protogdtp://nadp.sws.uiuc.edu/) was conducted at
the two high altitude sites by N-Con dual port &racetal samplers (Model TM 00-127; N-Con
Inc., Crawford, GA, USA). These samplers alloweddollection of real-time wet deposition
samples of both nutrients (N, P, and S) and Hgawuitltross contamination. The sample trains
consists of a NADP standard (19-128) glass furmglass anti-evaporation capillary, a glass
sample bottle (2 liter) for collection of Hg, and1®-130) polyethylene funnel with connector
and 1.5 liter HDPE sample container for nutrieffitse glass sample bottle was pre-charged with
20 mL of deionized water and 0.5 mL of 12M HCI (EMDnnitrace HX0607) to act as a
preservative for Hg. Sample bottles were colleatetthe field and kept in a cooler during
transport back to the Desert Research InstituReino, NV. Sample bottles were then weighed
in the lab and decanted into 250 mL HDPE bottlestdrient samples and glass containers for
Hg samples. All samples were stored in refrigesatottil processing.

Three snow pit analyses were conducted at thedl@fation sites, two near the Mt. Rose

site (3/1/14 and 4/4/14) and one at the Homewodajth Hite (2/28/14). The snow pit measured a
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minimum of a 1.5 rhand was dug from the snow surface to the grourehsMring sticks were
placed on either side of the pit face. A measureratheight, layer density, and crystal form
was noted. Snow samples were collected vertiealgry 10 cm using a 1000 &idelly wedge
cutter (Model: RIP 1 Cutter; Snowmetrics, Fort @a] CO, USA). Prior to collection, the acid
washed wedge was inserted into the snow adjace¢hétsample wall two to three times at each
layer before sampling to avoid carry over. Dupkcsamples were collected at each height and
analyzed separately. All samples were double baggéhirl-pack© clean bags and weighed
for density. Samples were then transferred t3 @@torage at the Desert Research Institute in
Reno, NV until analysis. Reported concentrations @ensities are averages of the duplicate

samples.

2.3 Laboratory Analysis

Samples were analyzed for nitrite (lNM), nitrate (NQ'-N), total ammonia nitrogen
(TAN; NH3+ NH;"), total Kjeldhal nitrogen (TKN), orthophosphateR@;), total phosphorus
(TP), total Hg (THg, no filtration), and dissolveld) (DHg, filtration). Prior to analysis, all
samples were removed from the freezer and placadlark cabinet at room temperature for
approximately 18 hours to melt. Once fully meltda samples were thoroughly mixed and
dispensed into various aliquots for each anal@i®samples of NON, NOs-N, TAN, SO,
and o-PQwere filtered through 0.4fm filters (Pall Supor®©) prior to analysis. Labonatdilter
blanks were approximately <2 ug tfor NO,-N, 6 ug L* for NOs-N, 5 ug L™* for TAN, <20 ug

L™ for S, and 2 ug L* for 0-PQ.

Ortho-phosphate and TP were measured accordingAoc3tandard Method (SM) 365.1
and SM 365.1/USGS 1-4600-85, respectively (EPA3L25GS, 1985). Method Detection

limits (MDL) for these techniques were 0.60 pdand 0.63 ug t, respectively. Both



220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

11

techniques employed colorimetric measurement vatiodbic acid. Prior to measurement of TP,
samples were digested with persulfate. Absorbarasetihen measured through flow injection
analysis (FIA; Rapid Flow Analyzer 300 equippedhaan Astoria-Pacific 305D high sensitivity

photometer detector; Alpkem, College Station, TX).

Nitrite, NOs-N, and TAN analyses followed EPA SM 353.2 and 338.1(EPA, 1979,
1993). Nitriteand NQ™-N MDLs were 0.84.g L™, and the TAN MDL was 0.7jg L ™. Nitrite
and NQ'-N were measured by automated colorimetric analydis eadmium reduction being
applied for the nitrate samples. Each sample was tfeasured by FIA (Rapid Flow Analyzer
300 equipped with an Astoria-Pacific 305D high sty photometer detector; Alpkem,
College Station, TX). TAN samples were analyzetgisiuvtomated phenate colorimetric
techniques. Total Kjeldhal Nitrogen was analyzedgisutomated phenate block digestion
according to EPA method 351.2. The MDL for TKN wids3ug L. Organic N (bulk) was
calculated as the difference between TKN and TANn#rogen species were reported as
[ug LY-N with total N calculated as the sum of organicTN, and NQ™-N. All snow sample

NO, concentrations were below the DL.

Sulfate was determined using a chromatographysydteS 2000 with Chromeleon
Software version 6.6 and AS14A Column; Dionex lisunnyville, CA) by EPA Method 300.0

(EPA, 1979 ). The MDL for S§ was 19ug L™

Total Hg and DHg were measured using a water aea{y#¢odel 2600; Tekran Inc.,
Toronto, Canada) according to EPA method 1631 imviE (EPA, 2002). For DHg samples,
approximately 50 mL of sample were filtered throagd.45um filter (Acrodisc syringe filter

with Supor® Membrane; Pall Corporation, Port Wagton, NY) while for THg, 50 mL of
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sample were poured directly into a vial for anaysiaboratory filter blanks were below the
detection limit (DL) of the system (<0.3 ng'L. Samples were preserved with 10% bromine
chloride (BrCl) solution for storage until analy#ii® next day. Before analysis, excess BrCl was
neutralized with pre-purified hydroxylamine hydrémide. During analysis, samples were
automatically mixed with stannous chloride (Sf)@ a phase separator; reducing oxidized Hg
to elemental Hg. Elemental Hg is then loaded ontngequential gold traps by an argon carrier
gas. The Hg is then released through thermal desnrand detected using atomic fluorescence
spectrometry. The Tekran Model 2600 was calibratedg a NIST SRM-3133 Hg standard
(with concentrations of 0, 0.5, 1.0, 5.0, 10.002and 50.0 ng £ Hg). System reliability was
checked using ongoing precision recovery injectiofs ng L* throughout each run and ranged
between 87% to 112% recovery. Reagent blanks medsegularly throughout each run
ensured no contamination of the system. DLs caledlas three times the standard deviation of
the calibration blanks, averaged 0.3 ngfar all runs. Particulate Hg was calculated as the

difference between THg and DHg.

24 Statistics

We performed analysis of variance (ANOVA) for dlletnical species using the
following independent variables: (i) year (n=2, 2012 and 2012-13); (ii) site elevation (n=3;
low, mid- and high elevation site); (iii) locatign=2; eastern and western basin); and season
(n=2; early season [December through February]atedseason [March and April]). ANOVAs
attribute variance of dependent variables to thes®us independent variables and test their
significance against the residual variance. Altieihships were considered statistically

significant when p-values wef#.05.
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Integrated snowpack concentrations were calculayedeighting each 10 cm snow pit
layer by its density. Seasonal wet deposition vedsutated by weighting all wet deposition
samples by their volume up to the date of samplingear regression analyses were performed
to test for correlations between snowpack chenuoatentrations, SWE, and elevation. All

error bars in figures represent standard error.

2.5 Basin-wide Modeling with SWE Reconstruction

Basin-wide loads and distribution were assessewjugiemical concentrations and loads
measured throughout the 2011-12 and 2012-13 snasoss as well as basin-wide mean peak
SWE estimates from SWE reconstruction for the Sidlevada from 2000 to 2011 (Rittger,
2012). SWE reconstruction uses estimates of snanggrbalance with areal snow cover
depletion from MODIS Snow Covered Area and Grame gMODSCAG) (Rittger, 2011).
MODSCAG calculates fractional snow cover area amaihgsize from Moderate Resolution
Imaging Spectroradiometer (MODIS) data (Painteal€t2009). Compared with previous
methods, MODSCAG has proven to give reliable deptetates throughout the spring season
when snowmelt is highest (Rittger et al., 2013).ally, the spatially refined MODSCAG data
set was combined with energy balance and temperdaia to give accurate reconstructed
estimates of SWE throughout the Sierra Nevadaspedifically the Lake Tahoe Basin. At the
time of our study, SWE reconstruction data werg/ aniilable for 2000 to 2011, with no
information from our sampling seasons, 2011-120dr2213. The 2000 to 2011 data set includes
both high and low accumulation snow years and gavesasonable representation of average
snowpack accumulation in the Lake Tahoe basinrderao give an estimate of average annual
snowpack chemical storage, we applied the decagshge peak SWE for 2000 to 2011 to our

data (Figure 2a). Estimates made during this stuehg to establish relationships to previous
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estimates of the Lake Tahoe nutrient budget ané wet meant to represent a completely
accurate distribution or load stored within theibassnowpack each year.

Snowpack sampling throughout the Lake Tahoe basimgl 2011-12 and 2012-13
allowed for assessment of spatial and temporal cdameposition patterns. Specifically,
relationships to wet or dry deposition, in-basiroat-of-basin sources, and early or late season
increases were identified. These deposition anccsatontrols were then related to orographic
characteristics to estimate chemical concentratiormgighout the basin in unknown areas. A
GIS land-use layer of the Tahoe Basin (LTTMDL, 2DWMAs applied in order to separate urban
and non-urban locations with similar orographicrelteristics for urban influenced species (i.e.
TP). These scaled concentrations were then api@i8iVE reconstruction estimates to

determine total snowpack chemical loading throug o2 entire basin.

Snowpack sampling occurred in open areas freer@macoverage, but it is possible
that tree and plant particulate matter still wex@rporated in the snowpack. Litterfall
contributions represent a form of chemical recygkmd will cause an overestimate of
atmospheric contributions made during this studgu#l inspection of snow samples, however,
showed low contributions of plant detritus in saegpland due to consistent forest types present
across the basin we would expect any additionaityglarived inputs to be random and unbiased

across sites.

3 Results and Discussion

3.1  Spatial and temporal trends of snow accumulation and SWE
In the Lake Tahoe basin, approximately 70% of ahptexipitation falls during the

winter and spring as snow (Fram, 2011). The 201,12022-13, and 2013-14 winter seasons
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were marked by relatively low snow accumulatioralPlasin average snowpack storage (April
1) for the central Sierra Nevada during 2011-12,2203, and 2013-14 was approximately 50%,
53%, and 41% of the historical average (1951-prgserspectively (CADWR, 2014). Although
peak SWE was similar in each season, the temperads in snow accumulation and spatial
distributions differed (Figure 3). In 2011-12, theke Tahoe Basin experienced low snowpack
accumulation until the middle of January, whenrgeseof storms led to solid snow cover
throughout the basin. January storms were follolyed hiatus until late February and March
when a series of storms brought peak basin av&¥ge up to approximately 625 mm. The
2012-13 snow year started earlier, with late Deaamstorms bringing nearly 750 mm of SWE.
Similar snowpack loading and timing occurred actbssLake Tahoe basin at sites with similar
elevations (e.g., Mt. Rose/Squaw Valley, Marletad/Rubicon). Early season storms were
dominated by northerly wind patterns contributingpstantial snowfall in the northeastern areas
of the Lake Tahoe basin and reducing the typicdepaof lower snow accumulation on the
eastern side of the basin due to the rain shadf®etedf the Sierra Nevada crest (e.g., 2012-13
Mt. Rose/Squaw Valley SNOTEL data). These earlynssowvere followed by three dry months
with very little accumulation for the rest of wintd'he 2013-14 snow year experienced the
lowest snow accumulation of all three study yeaith minimal snowpack development
occurring until late season storms in March andilApought peak SWE storage up to
approximately 575 mm. Minimal snowpack developnwdurred at lower lake level elevations

(e.g. Tahoe City SNOTEL data) throughout the erti#3-14 season.
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329 3.2 Nitrogen

330 3.21 Nitrate(NO3-N)

331 Snowpack N@-N concentrations ranged from 20 to 138 u(h=49 cores), 14 to 98
332 ug L™ (n=56 cores), and 28 to 62 ug (n=3 integrated snow pits) during 2011-12, 2012&iRi
333 2013-14, respectively. These values were compavalileprevious measurements at the

334 Emerald Lake Watershed, a remote watershed indiithern Sierra Nevada (Williams et al.,
335  1995). During 2011-12 and 2012-13 (i.e. the tworyeath detailed spatial and temporal

336 sampling), no distinguishable temporal or spatstgrn was observed in either snowpacksNO
337 N concentrations or loads (Figure 4). ANOVA resgligfirmed that snowpack NGN

338 concentrations were not statistically affected leyation, location (i.e. east/west), or early

339 versus late season sampling (Table 1). Comparisiowst deposition and integrated average
340 snow pit concentrations during the 2013-2014 snear ghowed that snowpack kDI

341 concentrations were similar to volume-weighted #gegtosition up to the date of snowpack
342  sampling (Figure 5). This result is similar to patts observed by Clow et al. (2002) and

343  Williams and Melack (1991a) and may be indicatiVevet deposition as the main source of
344  NOs-N deposition. For example, wintertime depositidN®3-N in the Rockies was found to
345  be highly correlated to precipitation with littl&férence between snowpack and NADP

346  precipitation volume-weighted mean concentratiarggesting mainly wet deposition inputs
347 (Clow et al., 2002). Similarly, a study at the EaldrLake Watershed identified that dry

348 deposition of N@ was not an important contributor of total N@ad in winter snowpack

349  (Williams and Melack, 1991a). Our study revealedt thcreased precipitation on the west side

350 of the Tahoe Basin during 2011-12 led to correspugiyg greater N@ loading; while, little
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difference was seen during 2012-13 when precipitaidtals throughout the basin were more

uniform.

Vertical snow pit profile patterns show large vhiiidy in NO3-N concentrations with
depth, e.g. decreasing concentrations below th&@ef0 cm (Figure 6). This variability
suggests pronounced in snowpack dynamics possiivigrdby conversion, vertical transport, or
elution. In addition, several studies have shownificant wintertime dry deposition of NGN,
in particular close to highways and urban areap€¢Cs al., 2004; Dasch and Cadle, 1986;
Kirchner et al., 2005). Therefore, the fact that deposition concentrations were very similar to
snowpack concentrations could be merely a coincielamd may not allow us to infer dry versus

wet deposition of N@-N.

Previous studies have observed parallel concemragclines of Sg3” and NQ-N
during snowpack melt events due to similar earbsse ionic pulses that lead to preferential
losses of nutrients and other ions (Bales et @891 Harrington and Bales, 1998; Tranter et al.,
1986). In support of such potential losses, Figushows decreasing snowpack ;NNO
concentrations in spring months, particularly ia fecond year, 2012-13, when sampling
captured the beginning of the melt season. Prefiatenobilization of solutes during melt events
also has been shown to cause downward movemealudés in the snowpack (Williams and
Melack, 1991b). Our vertical snow pit samples slghly variable distribution patterns with
depth (Figure 6), which may indicate insufficieatporal resolution of pit sampling to detect
vertical translocation. Similar early elution chetegistics have been observed for ]N@nd
SO (Stottlemyer and Rutkowski, 1990; Williams and &, 1991b), and comparing volume-
weighted seasonal wet deposition concentratior®3st and snowpack SG4concentrations

showed no large elution losses either (Figure biy.r@sults suggest that Tahoe Basin snowpack
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NOjs is subject to multiple inputs and complex in snaalpprocesses, and that potential losses
(such as during early ionic pulses) may be diffitoldetect against additional surface (e.g., dry)

deposition processes without very detailed timet depth-resolved snowpack measurements.

3.2.2 Total Ammonia Nitrogen (TAN)

Snowpack concentrations of TAN ranged from 16 t¢ 4§ L (n=49 cores), 10 to 77
ug L (n=56 cores), and 28 to 85 ug (n=3 integrated snow pitdyring 2011-12, 2012-13, and
2013-14, respectively. Snowpack TAN concentrat@mswithin the range of previous
measurements made in the Emerald Lake Watersh@dlibbrnia, where the amount of TAN
deposited within the seasonal snowpack accounteapfaroximately 90% of annual loading

(Williams et al., 1995).

Unlike NOs-N, TAN is known to deposit through both wet angl dathways during
winter (Clow et al., 2002; Ingersoll et al., 200B).our study, strong evidence for an important
role of TAN dry deposition can be inferred from faet that snowpack TAN concentrations
doubled from the early (Dec-Feb) to the late (Mg@Pfseason in both 2011-12 and 2012-13
(Figure 4). ANOVA results confirmed significant ifences in snowpack TAN concentrations
between early and late season snowpack samplirme(Tap=0.01). Increased late season TAN
concentration in snowpack is consistent with sinolaservations in the Rocky Mountains and
the Stubai Alps (Bowman, 1992; Kuhn, 2001). Thesedases were attributed to the onset of
agricultural production in upwind valleys, as wedl increased dry deposition due to decreased
atmospheric stability and increased convection.drigmtly, the late season increase in
snowpack TAN occurred in both years, even thoughkigoificant late season snowfall occurred

in 2012-13 (Figure 4). The patterns of increasidgNTconcentration in late season snowpack
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with no significant snowfall agree with previousearch showing dry deposition as the

significant source of TAN deposition in the Sielavada (Bytnerowicz and Fenn, 1996).

Large increases in Ng¢missions from winter to spring have been measupadnd of
the Sierra Nevada in the San Joaquin Valley, CAvamick attributed to increased agricultural
and livestock activities (Battye et al., 2003). ther support of snowpack TAN sourcing in the
San Joaquin Valley, was higher concentrations at &sin sites than east basin sites during
both 2011-12 and 2012-13. ANOVA results revealstyaificant difference between the east
and west basin snowpack TAN concentrations (Tappe=0.03). This increase is likely due to
the west basin sites being closer in proximity &m Soaquin Valley agricultural activity allowing

for increased transport and deposition.

During the 2013-14 snow year, TAN concentrationsanmnsistently higher (up to a
factor of 3) in volume-weighted wet deposition thategrated snow pit samples (Figure 5;
p=0.08, note low replicate of n=3). This increat&AN further emphasizes the importance of
dry deposition of TAN to Tahoe Basin snowpack. Bgrsnowpack storage, TAN is known to
elute relatively late during melt events (Kuhn, 20thowever, other transformations such as
microbial conversion can lead to decreases anéddassoughout the season. Snow pit depth
profile sampling shows a decrease in TAN conceotratwith depth and therefore age (Figure
6). This decrease coincides with increases in acgdrsuggesting microbial conversion of
inorganic N to organic N. Despite these possibésés, the increase we observe between wet
deposition and snow pit concentrations indicatas tiine additional input of TAN from dry

deposition is large enough to exceed transformatilbat occur during snowpack storage.
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417 Late season deposition doubled TAN snowpack lo&ads @ end-of-season melt. The

418 fate of snowpack TAN has been studied extensivelyugh both watershed mass balance and
419 tracer-based research. For example, less than IRAMfstored in snowpack at Emerald Lake,
420 California reached the lake as TAN during melt amntbff (Williams and Melack, 1991b).

421  During a later study, however, snowmelt with isatafly labeled NH was retained in the soils
422  during melt making it a possible contributor touitg NQ;" stream pulses after nitrification

423  (Williams et al., 1996). Current predictions shawiacrease in total N emissions during the next
424  half-century in the western United States due tgdancreases in agricultural and livestockNH
425 emissions (Fenn et al., 2003). Such increased @mgssould result in significant additional

426  deposition loads of TAN to snowpack in the Sierevaba with the potential to alter ecosystem

427  nutrient dynamics.

428 323 Organic Nitrogen

429 Integrated snowpack organic N concentrations raffiged BDL (below detection limit)
430 to 211 ug ! in 2011-12 (n=49 cores), BDL to 253 ugin 2012-13 (n=56 cores), and 120 to
431 260 ug [*in 2013-14 (n=3 integrated snow pit). No dominsatial or temporal patterns were
432  observed in snowpack organic N concentrationsantddor either 2011-12 or 2012-13 (Figure
433  4). ANOVA results supported this finding with ngsificant effects of location, elevation, or
434  early/late season on organic N concentrations €laplA previous study found large variation
435  in wintertime deposition of organic N throughoug tRocky Mountain Range; accounting for
436  40% , 3%, and 50% of total N in wet depositionidgidanuary, February, and March,

437  respectively (Benedict et al., 2013). Depositiciesaand patterns of organic N are difficult to

438  quantify due to the large number of compounds fuding gaseous, particulate, and dissolved
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phases — originating from local, regional, and gldmurces and subject to biological and

chemical transformations (Cape et al., 2011; Niefii.e 2002).

Overall, snowpack core samples collected during?0iel-12 and 2012-13 seasons
showed high fractions of organic N accounting f@r17% of total snowpack N on average.
Inorganic forms, TAN and N&N, accounted for 21 £ 10 and 29 + 10%, respedtiyieigure 7).
Research at a high elevation catchment in the @dtoFront Range identified organic N as an
important component in both wintertime wet depositand stream export (Williams et al.,
2001), while data from a fourteen year study (WY3:9898) in the Southern Sierra Nevada
reports that on average dissolved organic nitr¢§N) accounted for 35% of total N (NH
NO3z+ DON) in winter precipitation (Sickman et al., 200Comparison of volume-weighted wet
deposition and integrated snow pit concentratitvosved higher concentrations (up to a factor
of 2.5) of organic N in the snowpack (Figure 5).d'possible sources could cause higher
concentrations of organic N in snowpack compareslébdeposition: snowpack microbial
conversion of inorganic N to organic N and dry dgpon of organic N during storm-free
periods (Clement et al., 2012; Jones, 1999; Wilianal., 2001). Our measurements do not
allow for differentiation between the two possibtaurces of snowpack organic N; however
snow pit profile sampling shows coinciding decrasasiinorganic N and increases in organic N
with snow pit depth and therefore age (Figure 6)e @rctic snowpack study found that
microbial-based N cycling was a dominant procegdagxing N species availability at the base
of the snowpack (Larose et al., 2013). We sugdpestrhicrobial uptake of inorganic N may be a
primary driver of the increasing snowpack organileels during storage. Overall, we observed

that the dominant form of N in Sierra Nevada snask@uring our study was organic N, and
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propose that this large representation warrantslddtstudies in regard to the sources, cycling,

and fate of organic N in the Sierra Nevada.

Concentrations and loads of total N in snowpackagparently dependent on
contributions of both inorganic and organic formith respective differences in deposition
pathways (wet versus dry deposition), potentiavession processes (e.g., from inorganic to
organic forms), and different mobilization duringteon sequences leading to large fluctuations
in both the concentration and spatial-temporalgoast of snowpack total N throughout the
season. Total N accumulation in Sierra Nevada saokwphows strong interannual variability as

well as different representation of various N speci

3.3 Phosphorus

Snowpack TP concentrations ranged from 3 to 100tim 2011-12 (n=49 cores), 3 to
59 ug L* in 2012-13 (n=56 cores), and 10 to 41 ugih 2013-14 (n=3 integrated snow pits).
Figure 8 shows that the urban site in Incline \g#aat lake level had by far the highest snowpack
TP concentrations, ranging up to six times highantany other snowpack concentration at
similar elevation (i.e. lake level). In comparistim Thunderbird site, also at lake level, located
in a very remote setting just 10 km from Inclinadimuch lower P concentrations. Sources such
as fugitive dust from plowing, forest and agricutloiomass burning, and diesel engine
combustion have been identified as major sourcg@suiculate-phase atmospheric P in
California (Alexis, 2001). Specifically in the LalR@&hoe basin, road dust has been identified as a
primary contributor of P input into Lake Tahoe (Btdger et al., 2012), while another study
found significant P emissions from urban biomaswsing (Zhang et al., 2013). Our patterns
suggest that urban areas in the Lake Tahoe basi major source area for P deposition to

snowpack during winter and spring.



484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

23

Local and regional emissions are also relevalarger scales, as evident in 2011-12,
where remote sites at eastern locations in thenlsdmiwed higher TP concentrations than
western sites. We propose that the large concentrat urban source sites at lake level
combined with the dominant west to east wind patked to increased deposition on the east side
of the basin. During 2012-13, no west-to-east iaseen TP concentration was observed;
however, the strong influence of urban activity aemed. It is unlikely that sources of P in the
basin changed between 2011-12 and 2012-13, asdnibie likely that different deposition
patterns due to differences in snow accumulatiamng, and storm track directions caused this
change. Even though there was significantly highdeposition on the east side of the basin
from urban influence, the relatively remote westibanowpack still had TP concentrations of
11.8 ug L* on average. Diffuse regional P sources to the @ &wasin include both dust and
aerosol inputs. Particulate matter particles sméti@n 10um in diameter (P) are capable of
long-range transport, while larger particles hanghér deposition velocities and decreased
transport (Vicars et al., 2010). Specifically, ddstived inputs originate from geologic sources
and erosion from both agricultural and urban astjwhile burning from both forest and
domestic fires contributes additional particulatatter in the form of ash and soot (Raison et al.,
1985). Differences in P deposition rates betweerdtly and wet seasons as well as spatial
patterns associated with wind direction and sasem vulnerability have been observed in the
southern Sierra; Ontario, Canada; and the Medrteera (Brown et al., 2011; Morales-Baquero

et al., 2006; Vicars and Sickman, 2011).

Comparison of volume-weighted wet deposition artdgrated snow pit concentrations
showed higher levels of TP (up to a factor of 8nowpack than wet deposition (Figure 5).

This increase further supports dry deposition psraary input of snowpack P. Finally,
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507 snowpack 0-Pg the most bioavailable form of P (Dodds, 20@8xounted for 34 £ 15% of
508 snowpack TP; similar to previous work in the Lalkehde region that estimated approximately

509 40% of TP in atmospheric deposition was in a bidakke form (LTTMDL, 2010).

510 Low P levels in parent material make high elevatiatersheds of the Sierra Nevada,
511  sensitive to the effects of external P inputs (Mkland Stoddard, 1991; White et al., 1999).
512  Further research, however, has shown that extdad®alevels of parent material strongly

513 influence P adsorption. The very high extractablevels in granitic soils in the Sierra Nevada
514 lead to low P adsorption potentials, while the extractable P levels and sesquioxide content of
515 volcanic soils in the Sierra Nevada increase adigorgJohnson et al., 1997). Approximately
516 two-thirds of the Lake Tahoe basin parent matésigranitic and one-third is volcanic

517 (LTTMDL, 2008), making soil adsorption potentialsatmospherically deposited P throughout
518 the watershed highly variable with location. Alongh N, P levels directly control algal

519  production within aquatic ecosystems, and algatipetion is a key reason for declining clarity
520 in Lake Tahoe (Dolislager, 2006). In particulae tiigh snowpack concentrations at urban

521 locations near the lake may cause a significahmndf P into Lake Tahoe during melt.

522 34 Mercury

523 Snowpack THg concentrations ranged from 0.81 t8 AgL" in 2011-12 (n=49 cores),
524 0.97 t0 5.96 ng T in 2012-13 (n=56 cores), and 3.28 to 7.56 HgrL.2013-14 (n=3 integrated
525  snow pits). The Tahoe Basin average snowpack ddgecbneentration for 2011-12 and 2012-
526 13 was 2.56 + 1.3 ng'L. Observed THg concentrations are slightly lowet, within range of
527 the end-of-season average snowpack concentratiasurezl during a watershed Hg balance
528  study in 2009 at Sagehen Creek, CA (i.e. 3.3 hgHain et al., 2011), a remote watershed

529 located only 32 km north of the Tahoe Basin. Paldi® Hg was the dominant form of Hg within
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Tahoe snowpack accounting for 76.1 + 8.7, 70.3 4,18hd 87.1 + 4.7 of THg on average
during 2011-12, 2012-13 and 2013-14, respectivighe large percentage of particulate Hg in
the snowpack agrees with previous findings frortudysin Canada that saw a post-depositional
increase in particulate associated Hg from appratetg 50% to 70% (Poulain et al., 2007). This
study attributed particulate throughfall and phb&mical induced emission as the main causes
of the speciation shift and also noted strong ckffiees in snowpack Hg concentrations between
open and forested areas which were attributedréugiinfall contributions from tree canopies as

well as shading reducing photochemical evasion.

Snowpack coring revealed no dominant temporal atigjgpatterns in THg or DHg
deposition with ANOVA results showing no signifi¢aifects of season (i.e., early versus late)
or location (i.e., east versus west; Table 1). [@lok of spatial trends suggests that global
background atmospheric pollution, rather than gegoint sources such as urban areas, as the
main source of snowpack Hg in the Lake Tahoe badancury’s long atmospheric lifetime and
global circulation allow for diffuse deposition tiais relatively remote mountain region (Fain et
al., 2011; Schroeder and Munthe, 1998); and thenitajof large snowfall events in the Sierra
Nevada originate as large-scale convection celisereastern Pacific and travel hundreds of
kilometers before reaching the Tahoe Basin (O'l¢aed., 2009). To our knowledge, few point
sources for Hg emission exist within the Lake Tabasgin, although one study within the basin
reported that significant amounts of particulatedtig emitted from wildfires (Zhang et al.,

2013) and found increased levels of particulatarHgrban areas of the Lake Tahoe basin.

Both THg and DHg concentrations in the snowpachkiS@antly increased with elevation
in the basin (Table 1; p< 0.05). This finding icontrast to an expected “washout effect” which

causes declines in Hg precipitation concentratiitis storm duration and magnitude (Poissant
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and Pilote, 1998). King and Simpson (2001) obsethatlapproximately 85% of photochemical
reactions occur in the top 10 cm of the snowpadk. possible that the increase in Hg
concentration with elevation is due to decreasgu benetration relative to snowpack depth and
reduced photochemical re-emission, as increasedt&la leads to the formation of a deeper,
denser snowpack. In support of this notion is aiSant positive correlation between integrated
snowpack THg concentration and total SWE (slopg@d®][ng L* SWE (mm)]; p-value:

<0.05), as well as strong elevation gradients tal ®nowpack Hg pools. In agreement, total
snowpack Hg loading was significantly higher in 213 than in 2011-12 (Table 1; p<0.01) in
accordance with higher overall SWE. Evidence fofage-based photochemical losses of Hg are
lower concentrations of Hg in upper snowpack layeigure 6). Declines in Hg concentrations
between cumulative wet deposition and integratedvpack content were mainly driven by
DHg, with up to 4.5 times lower concentrations ated in integrated snow pit samples than
volume weighted wet deposition (Figure 5). Asidmirphotochemical losses, it is possible that
vertical patterns are co-determined by vertical em&nt and solute transport of Hg. Previous
studies have reported Hg pulses in runoff durirmpsnelt events (Schuster et al., 2008). In
addition, sorption processes could lead to coneersetween DHg and particulate Hg and
changes snowpack Hg speciation. The combinatiatrohg precipitation gradients and
increased THg concentration with SWE lead to |agtial variability in the total snowpack Hg
pools in mountainous areas. A previous study nogtdionships between soil Hg content and
elevation (Gunda and Scanlon, 2013), possiblyattaible to precipitation gradients, while
another study found that soil Hg storage was pasiticorrelated to total precipitation across
multiple study sites, but attributed these efféatscological processes such as increased plant

productivity and carbon accumulation (Obrist et 2009; Obrist et al., 2011).
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576 Photochemical reduction and volatile reemissiogasfeous Hg during snowpack storage
577 has been widely studied and is known to accounfsges of up to 50% from that measured in
578 initial deposition (Fain et al., 2007; Fain et @D11; Lalonde et al., 2002; Mann et al., 2011;
579  Poulain et al., 2007). However, at the end of #eesen, we still observed substantial

580 concentrations of Hg left in the snowpack (e.ggmg from ~55 to ~105% of volume-weighted
581  wet deposition) that will be subject to melt anfiliration into the watershed. In addition to the
582  declines of DHg during storage, an increase inqddte Hg was observed in two of the three
583  comparisons of snow pit and wet deposition samlggire 5) and it is possible that

584 photochemical losses from snow are in part offgyegdseous-dry deposition and particulate

585 throughfall during storm free periods.

586 A study at the nearby Sagehen Creek, Californi@mshed quantified that only 4% of

587 total annual Hg wet deposition was exported froemtlatershed in stream water and identified
588  soil uptake and storage as well as photochemieaimission as the major sinks of

589  atmospherically deposited Hg (Fain et al., 2011hil&/soil uptake serves as a buffer delaying
590 the transport of upland wet deposition to streasadiment core analyses still showed that

591 upland watershed contributions (i.e., through smkion and sediment flux) are significant

592  contributors of Hg input to lakes even under rekdti low watershed to lake area ratios as in the
593 Lake Tahoe basin (extrapolated to 42% contributishen using relationships presented by

594 Lorey and Driscoll, 1999). Snowpack-based Hg irtpuhe watershed, therefore, is expected to
595 contribute to lake water quality through erosiod aediment-based influx, albeit delayed in time

596 and closely linked to soil Hg pools and mobilizatio
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597 3.5 Basin-wide L oading Estimates

598 Declines in Lake Tahoe water quality have beenmeskeduring the last 50 years (Sahoo
599 etal., 2010; Schuster and Grismer, 2004). Spetlficsecchi depths, a measure of lake

600 transparency, have decreased from approximatebyrBGo 21.3 m since the 1960s (TERC,
601  2011). Eutrophication from atmospheric and terrastitrogen (N) and phosphorus (P) inputs as
602  well as light scattering by particulate inputs #re main causes of this decline (Jassby et al.,
603  2003; Swift et al., 2006). Most previous studieshia Lake Tahoe basin have focused on direct
604 atmospheric deposition to the lake surface (Dajesiaet al., 2012; NADP, 2012), and little

605 information is available on snowpack-based loadimghe surrounding upland watershed. The
606  surrounding land surface covers 814%ahthe 1,310 krhLake Tahoe watershed. Direct

607  atmospheric inputs to the lake surface are estoirtateontribute 55 and 15% of total N and P,
608  respectively (TERC, 2011). Stream monitoring da@asthat upon snowmelt, Lake Tahoe

609 receives large pulses of N and P (Goldman et @891Hatch et al., 1999), which together

610  control algal production within the basin’s agquaeosystems contributing to the decline in
611  clarity in Lake Tahoe during the last 50 years (Elager, 2006). Although much of snowpack-
612  based chemical loads may not directly enter Lakeo&@aipon melt, snowpack loads are

613  important for terrestrial chemical budgets. Forregke, nutrient rich O-horizon runoff —

614 measuring as high as 87.2 mg NH,-N, 95.4 mg [* NOs-N, and 24.4 mg It PQs-P — has been
615 observed in Lake Tahoe forests during snowmelt tsvee to leaching from the forest litter
616 layer (Miller et al., 2005). In order to relate gesaowpack nutrient and pollutant loading to
617  previous terrestrial and lake chemical budgetsh&re estimate average peak basin-wide

618  snowpack chemical storage using the peak SWE deaaeage from 2000-2011(Figure 2a).

619  While canopy effects on total snow accumulationiacerporated in this estimate through the
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620 SWE reconstruction model, we did not include fomestopy effects on deposition and chemical
621 dynamics as our snowpack measurements were litateden, canopy-free locations.

622  Deposition and snowpack dynamic processes in ®egstknown to show substantial

623 differences compared to canopy-free locationspitialg increased dry deposition, throughfall

624  deposition, or different photochemical processesil@n et al., 2007; Tarnay et al., 2002). In

625 order to be able to compare different location®sethe basin, we selected to not consider forest
626  canopy locations and data on chemical dynamicsysiepn, and storage are limited to open

627 areas. The estimated deposition loads, therefeedyased on deposition and snowpack storage
628 measured in canopy-free locations and could bergifit when effects of canopies and other

629 forest processes were incorporated.
630

631 3.5.1 Nitrogen

632 Snowpack N@-N loading was highly dependent on snow accumuiatioit

633  concentrations showed little temporal or spatehdis throughout the Lake Tahoe basin (Table
634 1). To calculate basin-wide NGN loads, we therefore multiplied the two-year seat average
635  concentration (47.1 ugl) by the decadal average reconstructed SWE. Baisia-MO;-N

636 loading estimates (mass argshus reflect snowpack accumulation patterns, G&VE) with the
637 highest loading occurring on the west-side of tasifb at high elevations, up to approximately
638 1 kg ha', and decreasing toward the east and with lowerékns due to lower SWE

639 accumulation. Average annual snowpacksN® storage for the Lake Tahoe basin is estimated

640 at 28.7 metric tons (t).
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Unlike NOs™-N, snowpack TAN loading in the Lake Tahoe basiovgdd strong spatial
and temporal trends. Late season deposition efdgtdoubled snowpack TAN concentrations
with significantly higher concentrations on the wasde of the basin than the east side (Table 1).
Due to these relationships, we applied the MarahAgpril (peak SWE generally occurs during
March and April in the Lake Tahoe basin) averagengrack TAN concentration from the east
and west basin sites to the reconstructed SWE(dastern sites: 57.9 ug'ieastern sites:
41.6 ug [ to scale up snowpack TAN loading to the wholdrhagdodeled estimates,
therefore, show greater TAN accumulation on thetevasside of the basin with highest loading
occurring at high elevations in the west (up toragjnately 1.2 kg ha) due to the combination
of both large snow accumulation and proximity teviqm sources. Our estimate of average

annual basin-wide accumulation of TAN within thesinés snowpack is 30.5 t.

Snowpack organic N concentrations throughout eaniping season were variable and
showed no clear temporal or spatial trends (Tapl&dplying the average concentration of
88.7 ug L* from all snowpack samples throughout both yearsipred an annual estimate of

54.1 t of organic N stored within the basin’s snaalp

Average annual snowpack N storage for the Lake& alatershed — calculated as the
sum of N@Q-N, TAN, and organic N — totaled 113 t (Figure 2lnorganic and organic forms
made up 52% and 48% of total N, respectively. TAN BIO;-N accounted for 27% and 25% of
total snowpack N, respectively. Annual N loadingreates for Lake Tahoe (from terrestrial
runoff and direct atmospheric deposition) were fmesty estimated to be 397 t¥with 218 t
yr'* originating from atmospheric sources depositingatly on the lake’s surface (LTTMDL,
2010). With the caveat that estimation methodsckfil, snowpack N storage estimates from our

study represent approximately 28% of the lake’altdtbudget. Comparing our estimates to the
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179 t of N that originates from runoff and terredtsources, annual snowpack N storage would

replenish approximately 63% of this flux.

3.5.2 Phosphorus

Snowpack P accumulation in the Lake Tahoe basmsirangly related to proximity to
urban sources, as well as transport along the dorhimesterly winds throughout the basin. This
dependence caused the highest P concentratios sntiwpack to occur in developed areas and
higher concentrations across east basin sitesémaote west basin sites (Table 1). Applying
different P concentrations based on degree of uirzhon (see section 2.5), highest P loading
(up to approximately 0.4 kg Haoccurs, therefore, at high elevations with sigaifit impacts of
urban emissions (i.e., northeastern and southeatitms influenced by Incline Village, Nevada
and South Lake Tahoe, California). The basin-wiErage TP storage estimated during this
study of 0.11 kg ha is more than double the average snowpack stoesgeted for the ELW
watershed (0.04 kg HaSickman et al., 2003) and reflects increasednidagion within the
Tahoe Basin. Homyak et al. (2014) estimate thabapheric deposition has contributed up to
31% of P accumulation and loss in soils and rusimite deglaciation of the Emerald Lake
Watershed. The higher snowpack loading rates etgarauring this study indicate that

atmospheric deposition could be the primary suppliexcess P input to the Tahoe Basin.

Overall, we estimate a peak P load of approxim&@e t of P stored annually in Lake
Tahoe basin snowpack (Figure 2c). Previous poltdtatding studies for Lake Tahoe estimated
that approximately 46 t of P enters the lake eaar with approximately 39 t of the annual
budget originating from land-based sources (LTTMRQ10). Annual snowpack TP storage
estimates, therefore, could represent approxima@dy of total P input into Lake Tahoe each

year.
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687 353 Mercury

688 Similar to NQ'-N, snowpack THg concentrations showed little terapor east to west
689 variation (Table 1). However, THg concentrationgeveositively related to total SWE (slope:
690  0.00201 [ng ' mm™]; p-value: 0.016). Applying this relationship ®constructed SWE data
691 produced the following THg distribution throughdlie Lake Tahoe basin (Figure 2d); THg

692 loading throughout the basin followed strong elmragradients, with the uppermost areas of the
693  basin receiving the highest concentrations and lmading (up to approximately 125 mgha

694  due to increased snow accumulation. Average arsmmalpack THg concentration and loading
695  for the Lake Tahoe watershed was 3.6 ficahd 30 mg ha respectively, based on the decadal
696 SWE accumulation average of 750 mm. We do not hayeprevious data on Hg deposition to
697 this basin, but these values are comparable t8.thag L™ average snowpack Hg concentration
698 and 13 mg hapeak snowpack loading from the Sagehen Creek siadrin 2009 when

699  snowpack accumulation was approximately 400 mm(Etal., 2011). The basin-wide estimate
700  of THg stored within the annual snowpack was 1166.8now-based Hg fluxes estimated

701 during this study fall within range of measuremeBt86 mg ha yr* to 36 mg h# yr?) taken at
702 seven national parks throughout western North Ataailuring the Western Airborne

703  Contaminants Assessment Project (WACAP), which dofiish Hg levels above the human

704  consumption threshold even at sites with relatiVely Hg deposition (Landers et al., 2008).

705 4 Conclusions

706 In summaryspatial and temporal pattern analyses suggesbtitaif-basin sources were
707  important for Hg and TAN, while in-basin sourcestrolled P deposition, with the highest

708  concentrations measured near urban areas, excaedioge location concentrations by up to a

709  factor of 6. Snowpack N£N concentrations were relatively uniform throughthe basin
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710 indicating out-of-basin sourced wet deposition @si@ary input; however high variability in

711 snow pit vertical concentrations suggests additionputs and in snowpack transport and

712 conversion processes. Second, increaseglddtissions from the San Joaquin Valley and

713  increased atmospheric vertical mixing during theeatrof spring likely led to dry deposition-

714  based increases of snowpack TAN during March and,Agffectively doubling snowpack TAN
715  concentrations prior to melt. Third, chemical spon showed that organic N in the Lake Tahoe
716  snowpack accounted for 48% of total N on averadk possible microbial conversion leading to
717  higher enhanced organic N levels in deeper oldewpack. Fourth, particulate Hg was the

718 dominant form of Hg (78% on average) within Tahnevgpack and concentrations of both THg
719  and DHg increased with elevation and SWE likely ttudecreased light penetration and

720 reduced photochemical reemission in deeper snowpaadlly, basin-wide modeling estimates
721 indicated that Lake Tahoe basin snowpack actssadstantial reservoir in which atmospheric
722 nutrients and pollutants accumulated throughouteviand spring. Estimates of basin-wide

723  annual snowpack mass loading showed accumulatidh Bf and Hg yielding 113t of N, 9.3t
724 of P, and 1166.2 g of Hg. Further research shaddd on quantifying the relationship between
725 snowmelt processes and stream and groundwater, enpaiaddress the substantial amount of

726  organic N stored within the basin’s snowpack.
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948 Tablel: Analysisof varianceresultsfor 2011-12 and 2012-13 snowpack concentrations. Controlling factors of year (n=2;
949  2011-12, 2012-13), elevation (n=3; high, mid, low), location (n=2; east, west), and season (n=2; early, late) wereinvestigated.

TAN NO3-N Org. N SQ* TP THg DHg
ANOVA . ) ) ] ] ] )
RESULTS mglh) (gl (gl  @glh)  @Ll?)  (gl)  (gLH)
Factor: d.f. p-value p-value p-value p-value p-value p-value ajpe
Year 1 < 0.01** 1 0.05** 0.26 0.27 0.1* < 0.01*
Elevation 2 0.25 0.19 0.15 0.68 0.06* <0.01*  0.02**
East/West 1 0.03** 0.55 0.93 0.22 0.03** 0.23 0.46
Early/Late Season 1 < 0.01* 0.58 0.23 0.75 0.36 0.12 0.65

* p-value < 0.10
**p-value <0.05
950

951
952
953
954
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8 Figures
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Figure 1: Lake Tahoe watershed map with bi-weekly sampling sites located along east
and west basin elevation gradientsfor spatial and temporal sampling campaignsin 2011-12
and 2012-13. Additional wet deposition and snow pit profile samples wer e collected near
the Homewood High and Mt. Rose sites during the 2013-14 snow year .
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Figure 2: (a) Decadal average (2000-2011) peak SWE for the Tahoe Basin from SWE

reconstruction for the Sierra Nevada; basin-wide peak snowpack chemical loading

estimatesfor (b) nitrogen, (c) total phosphorus, and (d) total Hg.
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Figure 3: Snow water equivalent measured in 2011-12, 2012-13, and 2013-14 at select
SNOTEL sites (NRCS, 2013) throughout the L ake Tahoe Basin.
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Figure 4: Average snowpack core concentrations during 2011-12 (left) and 2012-13
(right) snow seasons along with average SWE estimated from six SNOTEL siteslocated
within the Tahoe Basin.
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Figure5: Comparison of seasonal aver age volume-weighted wet deposition
concentrations with integrated snow pit samples from the 2013-14 snow year .
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Figure 6: 2013-14 snow pit profilesfor nitrogen and mercury species concentrations,
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snow density, and crystal form. Crystal classifications are based on the | CS| classification
for seasonal snow on the ground (Fierz, 2009).
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Figure 7: Snowpack total N distribution for 2011-12 (left) and 2012-13 (right).
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Figure 8: Average snowpack total phosphorus concentrationsat all lake-level sites. TheInclineand Thunderbird sitesare

located on the east side of the basin in urban and remote settings, respectively, and the Homewood L ow siteislocated on the

west side of thebasin in an urban setting.



