Biogeosciences, 9, 3333355 2012 "5\ . .
www.biogeosciences.net/9/3337/2012/ ‘GG’ Biogeosciences
doi:10.5194/bg-9-3337-2012 -
© Author(s) 2012. CC Attribution 3.0 License.

Atmospheric deposition as a source of carbon and nutrients to an
alpine catchment of the Colorado Rocky Mountains

N. Mladenov!”", M. W. Williams 12, S. K. Schmidg, and K. Cawley*

Linstitute for Arctic and Alpine Research, University of Colorado, Boulder, Colorado, USA
2Department of Geography, University of Colorado, Boulder, Colorado, USA

3Department of Ecology and Environmental Biology, University of Colorado, Boulder, Colorado, USA
4Southeast Environmental Research Center, Florida International University, Miami, Florida, USA
“now at: Department of Civil Engineering, Kansas State University, Manhattan, Kansas, USA

Correspondence td\. Mladenov (mladenov@ksu.edu)

Received: 25 January 2012 — Published in Biogeosciences Discuss.: 1 March 2012
Revised: 4 July 2012 — Accepted: 28 July 2012 — Published: 24 August 2012

Abstract. Many alpine areas are experiencing deglaciation,flect an association of DOM with dust. Detailed chemical
biogeochemical changes driven by temperature rise, andnd spectroscopic analyses conducted for samples collected
changes in atmospheric deposition. There is mounting eviin 2010 revealed that the DOM in many late spring and sum-
dence that the water quality of alpine streams may be relatedher samples was less aromatic and polydisperse and of lower
to these changes, including rising atmospheric depositiormolecular weight than that of winter and fall samples. Our
of carbon (C) and nutrients. Given that barren alpine soilsC budget estimates for the Green Lake 4 catchment illus-
can be severely C limited, atmospheric deposition sourcesrated that wet deposition (9.9 kg CHayr—1) and dry de-

may be an important source of C and nutrients for theseposition (6.9 kg C hal yr—1) were a combined input of ap-
environments. We evaluated the magnitude of atmospheriproximately 17 kg C halyr—1, which could be as high as
deposition of C and nutrients to an alpine site, the Greer24 kg C halyr—in high dust years. This atmospheric C in-
Lake 4 catchment in the Colorado Rocky Mountains. Us-put approached the C input from microbial autotrophic pro-
ing a long-term dataset (2002—2010) of weekly atmospheriaduction in barren soils. Atmospheric wet and dry deposition
wet deposition and snowpack chemistry, we found that vol-also contributed 4.3kg N hayr—1, 0.15kg P halyr~1, and

ume weighted mean dissolved organic carbon (DOC) con2.7 kg C&" ha1yr—1 to this alpine catchment.

centrations were 1.120.19mg 1, and weekly concentra-
tions reached peaks as high at 6-10 mgévery summer.
Total dissolved nitrogen concentration also peaked in the

summer, whereas total dissolved phosphorus and calciurd Introduction

concentrations were highest in the spring. To investigate po- ) ) ) )
tential sources of C in atmospheric deposition, we evaluated comparison to low elevation ecosystems, alpine environ-
the chemical quality of dissolved organic matter (DOM) and Ments, often located in remote, high-elevation areas, are par-
relationships between DOM and other solutes in wet depolicularly sensitive to atmospheric deposition (Psenner, 1999;
sition. Relationships between DOC concentration, fluoresBallantyne et al., 2011; Mladenov et al., 2011). There is
cence, and nitrate and sulfate concentrations suggest that pdPus urgency to improve our understanding of how biogeo-
lutants from nearby urban and agricultural sources and orchemical cycling in high-elevation catchments will respond
ganic aerosols derived from sub-alpine vegetation may inf0 @ combination of climatic changes and changes in atmo-
fluence high summer DOC wet deposition concentrations SPheric deposition. For example, atmospheric deposition of
Interestingly, high DOC concentrations were also recordeditrogen (N) to mountain catchments has caused numerous

during “dust-in-snow” events in the spring, which may re- changes in ecosystem functions (Williams and Tonnessen,
2000; Baron et al., 2009; Elser et al., 2009). Among these

Published by Copernicus Publications on behalf of the European Geosciences Union.



3338 N. Mladenov et al.: Atmospheric deposition as a source of carbon and nutrients

is a trend of increasing nitrate export in surface waters tha009; King et al., 2008), dust-derived and other atmospheric
has been observed in many alpine and high-elevation catchP inputs may be especially important.
ments, such as those in the Colorado Rocky Mountains, USA Whereas the inorganic fraction of atmospheric deposition
(Williams et al., 2011; Baron et al., 2009), the Alps of north- is relatively well measured in the US, mainly in precipitation
ern Italy (Rogora, 2007), and southern Norway (de Wit etchemistry by the National Atmospheric Deposition Program
al., 2008), for which the process-level controls are just be-(NADP; http://nadp.sws.uiuc.edy/there are few quantita-
ginning to be explored. Baron et al. (2009) suggested thative studies of organic C in atmospheric deposition and even
observed increases in nitrate export from the high-elevatiorfewer for atmospheric deposition in alpine environments.
Loch Vale catchment in the Colorado Front Range were thePrecipitation has been shown to be an important C input for
result of warmer temperatures that are melting ice in glaciercarbon-poor environments, such as coastal areas (Kieber et
and rock glaciers. They proposed that the phenomenon obal., 2006, 2007) and the open ocean (Willey et al., 2000,
served in Loch Vale may be indicative of N release from Economu and Mihalopoulos, 2002, Jurado et al., 2008). For
ice features worldwide as mountain glaciers retreat. Cainalpine environments, Litaor (1987) and Ley et al. (2004) in
(2011) has recently shown that in the Green Lake 4 (GL4)the Colorado Rocky Mountains and more recently Mladenov
catchment of the Colorado Front Range increasing air temet al. (2009, 2010) in the Sierra Nevada of Spain reported that
peratures are melting glacial and permafrost ice, increasingeolian deposition comprised about 10 % to 20 % organic C.
the concentrations of both base cations and nitrate in the outtawrence et al. (2010) also found surprisingly high organic
flow of GL4. In the Sierra Nevada Mountains, USA, Sickman C content in dust deposition.
et al. (2003) and earlier studies by Brooks et al. (1996, 1997) Mladenov et al. (2009) used spectroscopic techniques
in the Colorado Front Range of the Rocky Mountains provide(UV-vis absorbance and fluorescence) in combination with
strong evidence that microbiological processes may also exair mass backward trajectories to demonstrate that water sol-
plain the observed increased N export from high-elevationuble organic carbon (WSOC) from dust emitted in Africa
catchments. Surprisingly, Schmidt et al. (2009) showed thatind deposited at an alpine site in Spain contained sub-
significant nitrification occurs in recently deglaciated soils stantial amounts of humic-like fluorescent compounds. The
even on days when the soil temperature (at 5cm depthhumic-like fraction (HULIS) of atmospheric aerosols is be-
ranged from—10°C at night to +30C during the day. High-  coming increasingly studied, yet the sources and chemical
elevation areas with little or no developed soils have shownquality of this fraction are still a matter of debate (Graber
large amounts of microbial activity (King et al., 2008; Ne- and Rudich, 2006). A number of recent studies have sug-
mergut et al., 2007), within a few years of deglaciation in gested that the optical properties of chromophoric water
some cases (Schmidt et al., 2008). Moreover, overall net prosoluble organic compounds in air may be similar to chro-
duction (primary production minus respiration) from alpine mophoric DOM (CDOM) in water (Kiss et al., 2003; Kieber
soils (Blanken et al., 2009) is negative, which means theet al., 2006; Duarte et al., 2007). Absorbance and fluores-
C loss from microbial respiration probably exceeds the au-cence spectra of WSOC in the ultraviolet (UV) and visible
totrophic C production in these systems. range have been shown to bear some similarity to those of
Despite the high microbial activity observed in barren aquatic humic substances (Graber and Rudich, 2006 and ref-
alpine soils, these environments and the microbial communierences therein). However, stronger evidence for the simi-
ties in them are also severely carbon-limited (Williams et al.,larities between atmospheric HULIS and aquatic humic sub-
1997, 2007; Brooks and Williams, 1999; King et al., 2008). stances lies in measures of UV~vis and fluorescence ratios
It is currently unclear how microbial communities in olig- and DOC-normalized specific UV absorbance (SUVA or spe-
otrophic soils obtain the carbon (C) and energy necessary taific absorptivity) (Kiss et al., 2003; Duarte et al., 2005,
sustain life. In many regions, these soils are snow covere®007; Kieber et al., 2006). For example, Duarte et al. (2005)
for more than 9 months of the year, and the short snow-fredound that WSOC in autumn aerosols from wood combustion
period provides limited time for the acquisition of C and nu- sources had higher degrees of aromaticity (ffé@-nuclear
trients (Ley et al., 2004). The C budget for alpine catchmentsmagnetic resonance3C-NMR) spectroscopy and fourier
is not well constrained, and mounting evidence for active Ctransform infrared (FT-IR) spectroscopy), specific absorptiv-
cycling in alpine lakes and soils suggests that allochthonousty and specific fluorescence intensity than summer samples.
delivery of C and other nutrients may be extremely impor- These differences were attributed to the presence of ligna-
tant. ceous and other aromatic compounds from wood burning in
Atmospheric aerosol transport is one vector for the deliv-autumn samples. This is consistent with studies in aquatic
ery of C and other nutrients to alpine areas. In arid regionsenvironments where SUVA at 254 nm has been shown to be
of the western US and southern Europe, dust emissions cawell correlated to aromaticity, and SUVA is often used as a
result in substantial nutrient subsidies in the form of Fe, P,surrogate for aromaticity (Weishaar et al., 2003). In addition,
and N (Neff et al., 2008; Lawrence and Neff, 2009; Ballan- the use of UV-vis absorbance, fluorescence, and molecular
tyne et al., 2011; Reche et al., 2009). Given phosphorus (Pyveight to describe photodegradation effects on CDOM in the
limitation or co-limitation in many alpine areas (Elser et al., water column has also been applied to the study of rainwater

Biogeosciences, 9, 3333355 2012 www.biogeosciences.net/9/3337/2012/


http://nadp.sws.uiuc.edu/

N. Mladenov et al.: Atmospheric deposition as a source of carbon and nutrients 3339

(Kieber et al., 2007) and WSOC of aerosols (Nakajima etal.,3 Methods
2008).
Here, we compile data from long-term monitoring (2002— 3.1  Sample collection
2010) of water quality in atmospheric wet deposition and .
the snowpack to investigate the importance of atmospheri@-1-1 ~Precipitation and snow

wet and dry inputs of water solublez(0.7 um) organic car- . : .
y Inp 0.7 nm) org f_’hyswal and chemical properties of snow are measured on a

bon and nutrients such as nitrogen, phosphorus, and ca . e ) o
cium, for a remote, high-elevation watershed in the CoIoradoweekly basis at the Saddle and Soddie sites on Niwot Ridge;

Rocky Mountains, USA. We also seek to better understanodeta"ed sampling protocols have been presented in Williams
. . iy : : . etal. (1999, 2009). Precipitation quantity is measured as part
the chemical quality of high-elevation atmospheric C inputs I .
9 y g P b of the NWT LTER program. Weekly wet deposition quality

by examining the molecular weight and optical spectroscopicls measured in samples collected in precipitation collectors at
properties of DOM in 2010 wet deposition. the NADP Saddle COO02 site and the NWT LTER Soddie site
(Fig. 1). However, the first 200—300 ml of the NADP CO02
2 Site description collector sample were reserved for the NADP and frequently
there was not enough volume for DOC and other organic
The upper Green Lakes Valley is an east-facing glacial val-species analyses. Therefore, this study reports results from
ley located on the Continental Divide in the Colorado Frontthe more complete dataset of the Soddie collector, located at
Range (4003 N, 10535 W; Fig. 1). Named for a series treeline.
of shallow paternoster lakes, the Green Lakes Valley is the Snow was sampled weekly at the SSW site adjacent to the
headwaters of North Boulder Creek and lies within the City Soddie collector and annually at the time of maximum accu-
of Boulder Watershed. Green Lakes Valley is part of the Ni- mulation (mid-May) at multiple sites (ARK, NAV, 084, 085,
wot Ridge (NWT) Long-Term Ecological Research (LTER) 087, 088, and adjacent to GL4 and Green Lake 5 (GL5);
network site and also the Boulder Creek Critical Zone ObserFig. 1). Snow depth measurements were made- 800
vatory. The upper valley is approximately 225 ha in area, andsites in the GL4 catchment. Snow density was measured at
the elevation ranges from 4084 m at the Continental Divide> 8 points (SSW, 006, 084, 085, 087, 088, GL4, GL5, ARK,
to 3515 m at the outlet of GL4 (Fig. 1). and NAV sites), and those data together with snow depth
The continental, high-mountain climate of Green Lakeswere used to calculate the snow water equivalent (SWE).
Valley has been recorded continuously at the D-1 meteoroHere, we present both precipitation and snowpack values
logical station on Niwot Ridge (Fig. 1) for over 40 yr (Green- from 2002 to 2010. For 2010 we also evaluated the quality
land, 1989). Mean annual temperature at D-1-i8.7°C of organic matter using a variety of techniques, which are
(Williams et al., 1996). Almost 80 % of the approximately presented below.
1000 mm of recorded annual precipitation falls as snow
(Caine, 1996). The bulk snow pack temperature remains be3.1.2 Surface water
low 0°C until late spring, introducing a lag in the hydrologi-
cal cycle by concentrating the release of melt water in a short-rom 2002 to 2010, surface waters were collected as grab
intense period of runoff (Caine, 1996). samples at the outlet of GL4 (Fig. 1). Polyethylene bottles
Niwot Ridge forms the northern boundary of the Green Were soaked with deionized (DI) water overnight and then
Lakes Valley, and is the site of other experimental areaslinsed with DI water five times; bottles were further rinsed
including snow lysimeters, a subnivean laboratory and arfhree times with sample water at the time of collection. Water
Aerometrics wet-chemistry precipitation collector at the Sad-Samples for dissolved organic matter analyses were collected
dle COO02 site (3520ma.s.l.; Fig. 1) operated as part ofin precombusted amber glass bottles with Teflon-lined caps
the NADP. The NWT LTER program operates a secondand filtered through precombusted glass fiber filters with a
Aerometrics wet-chemistry precipitation collector following Nominal pore size of 0.7 um. Samples for stable water iso-
NADP protocols at the Soddie site (3345 ma.s.l.). However,topes were collected in 30-ml borosilicate vials with airtight
this site is not part of the NADP network, which allows the ¢aps. All water samples were transported the same day as
NWT LTER program to analyze wet deposition samples for collection to the wet chemistry laboratory and stored &4
solutes not analyzed as part of NADP, including dissolveduntil analysis. Similar to wet deposition samples, the quality
organic carbon (DOC), dissolved organic nitrogen (DON), ©f organic matter from the outlet of GL4 was evaluated for
total dissolved phosphorus (TDP), dissolved organic phos2010.

phorus (DOP), and stable water isotopes. .
3.2 Water chemistry analyses

All wet deposition, surface water, and snow samples were
analyzed for pH, specific conductance, ammonium ANH
calcium (C&"), nitrate (NG,), sulfate (scj—), DOC, total
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Fig. 1. Map of Niwot Ridge and the Green Lake 4 (GL4) catchment (outlined), showing Green Lake 4 (GL-4), Green Lake 5 (GL-5), the
gauging station at GL-4, the D1 climate station, sites of wet deposition (Saddle site NADP collector CO02 and Soddie site collector) and
snow sampling. Inset shows the location of the Niwot Ridge LTER, Colorado, USA. Art credit: Parrish, E.

nitrogen (TN), total dissolved nitrogen (TDN), total phos- the Lachat Quik Chem series of instruments (Supplement Ta-
phorus (TP), total dissolved phosphorus (TDP), and a stable S1). Particulate phosphorus (PP) was calculated as the
ble isotope of oxygenst80) at the Institute for Arctic and  difference between TP and TDP.&awas determined using
Alpine Research (INSTAAR) in Boulder, CO. Snow samples the Perkin Elmer Atomic Absorption instruments (Supple-
were stored frozen{20°C) for 1 to 2months until anal- ment Table S1).
ysis. Blank samples of distilled DI water stored in sample Isotopic analyses ot80 were conducted on unfiltered
bags for the same amount of time showed no significant consamples using the CGBH,O equilibration technique at the
tamination from the bags (Williams et al., 1992). Snow sam-Stable Isotope Laboratory at INSTAAR. TAR0 values are
ples were placed in covered polyethylene buckets and meltedxpressed in conventional delt®) (otation in units of per
overnight at room temperature. Samples for chemical andnil (%) relative to Vienna standard mean ocean water (V-
nutrient content were analyzed at the Kiowa wet chemistrySMOW) with a precision of£0.05 %:
laboratory run by the Niwot Ridge (NWT) LTER program,
following the protocols presented in Williams et al. (2006). 87°0 = [(**0/*°0)sampie— (**0/*°0)vsmowl/ (1)
Dissolved species of interest (DOC, TDN, and TDP) are re- *20/180)ysmow x 1000
ferred to as “water soluble” compounds. Specific conduc-
tance and pH were measured immediately after melting forAnalytical bias was assessed through charge balance cal-
snow or after return to the laboratory for water samples usingculations using calibrated standards. An ecosystem profi-
the Gran titration technique. Subsamples were immediatelyciency blind survey was performed in June and July 2004
filtered through pre-combusted and pre-rinsed (300 ml), 47through Environment Canada to assess the accuracy of the
mm Whatman or Gelman A/E glass fiber filters with an ef- anion and cation methodologies. Analytical precision for
fective pore size of 0.7 pm. Filtered samples were stored irall solutes was assessed with spikes, blanks, and replicates.
the dark at £C for subsequent analyses within 1 to 4 weeks. More information can be found on the Kiowa Environmental
The instruments and methods used to analyze each soluhemistry Laboratory websitédnitp://snobear.colorado.edu/
and detection limits for each are listed in Supplement Ta-Seiboldc/kiowa.html
ble S1. In brief, DOC concentrations were measured by high
temperature catalytic oxidation on the Shimadzu series 08.3 Size exclusion chromatography
instruments (Supplement Table S1). Particulate organic car-
bon (POC) was calculated as the difference between nonSize exclusion chromatography (SEC) analysis was per-
purgeable organic carbon in unfiltered samples and filteredormed on a Thermo Scientific HPLC system equipped with
samples. TN and TDN were determined on unfiltered and® photodiode array (PDA Plus detector) at Florida Inter-
filtered samples, respectively, by potassium persulfate digeshational University in Miami, FL, using a method simi-
tion to oxidize all dissolved forms of N into NgN. DON  lar to Maie et al. (2004). Briefly, 100l of filtered wa-
was calculated by subtracting measured inorganic NJ(NO ter was injected onto an YMC-Pack Diol-120 column. The
N-NHg4-N) from the TN value of the filtered sample. Par- mobile phase, flow rate 0.7 mimih, was comprised of
ticulate nitrogen (PN) was calculated as the difference be0.05M tris(hydroxymethyl)aminomethane (THAM) buffer
tween TN and TDN. TP and TDP were determined on un-adjusted to a pH of 7 with concentrated phosphoric acid. The

filtered and filtered samples, respectively, by digestion usingJV-Vis detector collected the absorbance at 280 nm. Molec-
ular weight averages and polydispersity were calculated from
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the sample chromatograms between retention times of 1440 nm increments, and an emission range of 300-560 nm
25min according to Maie et al. (2004) using standards ofat 2 nm increments. To correct for lamp spectral properties
polystyrene (MW =1400, 4300, 6800, 13000, 36 000 Da),and to compare results with those reported in other studies,
blue dextran, and glycine. Average molecular weight valuesspectra were collected in signal-to-referenée §) mode

presented here serve as a guide along the MW continuum angith instrument-specific excitation and emission corrections

are not actual values (e.g., Scully et al., 2004). applied during post-processing. EEMs were normalized to
the Raman area to account for lamp decay over time and
3.4 UV-vis absorbance measurements to compare with other studies. Raman-normalized Milli-Q

blanks were subtracted to remove the Raman scattering sig-
UV-vis absorbance was determined from 200 to 900 nm in anal. Instrument-specific corrections, Raman area normaliza-
1-cm path length quartz cuvette using an Agilent 8453 UV-tion, blank subtraction, and generation of EEMs were per-
vis spectrophotometer. UV-vis absorbance was measured iformed using MATLAB (version R2009b). We determined
duplicate for each sample, and for the wavelength range ofhe two-dimensional fluorescence index (Fl) to evaluate mi-
interest (250 to 500 nm), the standard deviations always wererobial and terrestrial contributions to the DOM pool (McK-
< 1% of the measured absorbance. The photometric accunight et al., 2001). The Fl was calculated as the ratio of fluo-
racy of the instrument isc £0.005 arbitrary units (AU). The rescence intensities at 470 nm to 520 nm for an excitation at
mean absorbance from 790 to 800 nm was subtracted fro370 nm. After all corrections, EEM spectra are highly repro-
all spectral absorbance values to remove scattering effectducible with a standard error for FI ef 0.02.
(Mitchell et al., 2003). Absorbance at 250 nm and 320 nhm
wavelengths were expressed as Naperian absorption coe$.6 PARAFAC model
ficients @250 and azzg). Absorption at 250 nm reflects ab-
sorbance by aromatic moieties, and absorption at 320 nm i€EM spectral acquisition together with parallel factor anal-
commonly used to refer to UV transparency in the water col-ysis (PARAFAC) modeling was used to obtain quantitative
umn (Morris et al., 1995). We also calculated the specificinformation about the distribution of fluorescent components
UV absorbance (SUVA), a DOC concentration-normalized (Stedmon et al., 2003). The remote lake PARAFAC model,
absorbance value at 254nm as specified in Weishaar elescribed in Mladenov et al. (2011), included 105 remote
al. (2003). The spectral slopes from 275 to 295nm andand high-elevation alpine lake samples and was validated us-
350 to 400 nm were calculated as the slope values of théng split-half validation and random initialization according
linear regression of the log-transformed absorption spectréao Stedmon and Bro (2008). PARAFAC distributions were
(Helms et al., 2008). A dimensionless parameter, the slop@btained by fitting each EEM to the model, and fits were
ratio (Sr), was calculated as the ratio of the slope of the considered suitable if intensities in the residual EEMs, gen-
shorter wavelength region (275-295 nifi)75_295 to that of  erated by subtracting the PARAFAC modeled EEM from
the longer wavelength region (350—-400 n§¥s0-_400(Helms  the measured EEM, were 10 % of measured intensities.

etal., 2008). PARAFAC components and their excitation and emission
maxima are plotted in Supplement Fig. S1. At low emission
3.5 Fluorescence spectral acquisition wavelengths € 350 nm), fluorescent signatures of the plas-

tic NADP bucket blank were high when water was in contact
A fraction of CDOM that emits fluorescence when excited with the bucket for up to one week (Supplement Fig. S2).
with UV and visible light is known as fluorescent DOM Therefore, we did not use spectral information acquired at
(FDOM) (Coble, 2007). Fluorescence spectroscopy providesvavelengths< 350 nm. Here, we report the total fluorescence
compositional and chemical information about this fluoresc-(Fiota)) and the fluorescence loading of each relevant compo-
ing DOM pool. Excitation emission matrices (EEMs) are nent with a peak> 350 nm emission (LC1, LC2, LC3) in
a 3-dimensional representation of fluorescence intensitieRaman units (RU). The standard error, calculated from the
scanned over a range of excitation/emission (ex/em) wavePARAFAC distributions of duplicate EEMs, associated with
lengths. Prominent humic peaks have been identified, suchelative amounts of each componenti€.5 %.
as in Region A (at ex/em 240-260/380-460 nm) and Re-
gion C (at ex/em 320-350/420-480nm) (Coble, 1996).3.7 Statistical analyses
Other peaks have been attributed to tyrosine and tryptophan
amino acid-like fluorescence at ex/em 275/310nm andData that were not normally distributed were transformed
275/340 nm (Coble, 1996), but other compounds may alsdo meet the assumptions of normality necessary for regres-
fluoresce in these low excitation/emission regions (Mlade-sion analyses. To examine significant differences, catego-
nov et al., 2011). EEMs were collected with a JY-Horiba rized means with 95 % confidence intervals were calculated.
Spex Fluoromax-3 spectrophotometer at room temperatur©ne-way ANOVA analyses with site or season as the cate-
using 5nm excitation and emission slit widths, an integra-gorical predictor were used in combination with an unequal
tion time of 0.25s, an excitation range of 240-450 nm atN HSD post-hoc test to evaluate significance of differences.
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Bivariate correlations, linear regressions and all other statismum accumulation of the snowpack (mid-Ma¥Jmax-dryws

tical analyses were performed with Statistica 9. was calculated as the difference between the total solute mass
_ in the snow at maximum accumulatioM,nax-snow and the
3.8 Backward trajectory analyses cumulative solute mass in wet deposition (mainly snow) at

) - _ maximum accumulatiomfmax-wes as follows:
For representative wet deposition samples, we examined

the source of air masses over Niwot Ridge in the Col- Mmax-dryws= Mmax-snow— Mmax-wet 2)
orado Rocky Mountains (40.0Bl, 105.57 W) by com-

puting backward trajectoriestfp://www.arl.noaa.gov/ready. The annual dry deposition loading of water soluble com-
html) on dates with precipitation. Exact dates of precipitation pounds Mannual-dryws Was then calculated as follows:

were identified from precipitation gage data at 10 min inter-

vals measured at the Soddie site and made available througannual-dryws= Mmax-dryws Mannual-wet: Mmax-we 3)

the NWT LTER. Using the time of a storm as the start-

ing point, four consecutive backward trajectories with 48 h Where Mannual-wet Mmax-wet is the ratio of the mean an-
run time were computed at 6 h intervals using the HYSPLIT nual wet deposition loading to the cumulative wet deposition
model (Draxler and Rolph, 2003) and archived data from!0ading at maximum accumulation.

the Global Data Assimilation System (GDAS) meteorolog- 1he dry deposition-derived loading of particulate com-

ical dataset. pounds in the snowpack from the start of snow accumulation
(end of October) to the date of maximum accumulation of the
3.9 Volume-weighted mean concentrations, loadings, snowpack (mid-May)Mmax-drys Was taken as the particulate
and yields of soluble species fraction of each solute. POC, PN, and PP concentrations were

measured in the snowpack at maximum accumulation from

Annual volume-weighted mean (VWM) concentrations of 2002-2004. The annual dry deposition loading of particulate
solutes in wet deposition were calculated as the sum of theompoundsMannual-dryr Was then calculated as follows:
product of weekly solute concentrations and weekly wet de-
position volumes divided by the sum of weekly wet deposi- Mannual-dryp = Mmax-dryM Mannual-wet: Mmax-wed- (4)
tion volume values for each year. Annual volume-weighted
mean concentrations of solutes in GL4 were calculated as$-11 Pollen in atmospheric deposition and pollen
the sum of the product of weekly solute concentrations and leaching experiments
weekly discharge at the outlet of GL4 divided by the sum of
weekly discharge from the lake for each year.

Wet deposition is reported as a catchment loading
(kgyr1) or areal loading (kg hal yr—1). Weekly loadings
of solutes were calculated by multiplying the precipitation-
weighted mean solute concentration (mg)l by the total
gauge precipitation amount in centimeters for the summar
period and dividing by 10, as per NADP protocolgtp://
nadp.sws.uiuc.edu/documentation/notes-depo)hfminual
loadings of solutes in wet depositioMgnnyal-wet to the GL4

We counted pollen in wet and dry deposition using mi-
croscopy with flow cytometry (FlowCAM) technology
(N. Goss, unpublished, 2012). Pollen was between 30 and
80 um in diameter and easily detectable due to its high opac-
ity. To determine the amount of C leached from pollen,
nown masses of two common Rocky Mountain pollen
speciesPinus ponderosgPonderosa pine) arid contorta
(Lodgepole pine), were leached in ultra-pure water. Because
wet deposition samples may be in the collector for up to one

catchment were calculated as the sum of weekly loadings. We€k, we leached pollen for 20min, 24 h, and 1 week to rep-
We also calculated the loading of DOC in wet deposition '€S€Nt @ range of contact times between pollen and wet de-

between the end of October (approximate start of snow acPosition. At each of these time steps, a Wel]—mlxed supsam—

cumulation) and mid-May (approximate date of maximum ple of the pollen-water sl_urry was filtered with a GFF_ filter,

accumulation of the snowpacktmas.wes a_nd the DOC concentration was _mez_isured as described pre-
Solute yields from GL4 were calculated as the product of VI0Usly. The number of pollen grains in tReponderosand

daily lake solute concentrations and daily discharge from the"> contortaexperiments was counted on the FlowCAM for

lake, summed for the entire snow-free period. Values belowVe!l-mixed, triplicate, unfiltered 5 ml subsamples. The DOC
detection limits were treated as zero values (Williams et al..concentration per g of pollen was determined by multiplying

2006). the DOC concentration by the volume of the subsample and
dividing by the mass of pollen added. We also estimated the
3.10 Dry deposition loading contribution of DOC leached from pollen during the week

of highest pollen deposition in 2011 (15-21 June; N. Goss,
Dry deposition is reported as a catchment loading (kdyr unpublished, 2012) to the DOC concentration of wet depo-
or areal loading (kg hat yr=1). The dry deposition loading sition during that week. To do this, we estimated the DOC
of water soluble compounds in the snowpack from the startconcentration per pollen grain by multiplying the DOC con-
of snow accumulation (end of October) to the date of maxi-centration by the volume of the subsample and dividing by
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the total number of pollen grains in each experiment. We
then multiplied the DOC concentration per pollen grain by

the total number of pollen grains in the 15-21 June 2011 wet
deposition sample.

4 Results

4.1 DOM and nutrients in wet deposition and snowpack

Mean DOC, TDN, TDP, and G4 concentrations measured
at the Soddie collector were nearly identical to those mea-
sured at the NADP COO02 collector (Supplement Fig. S3),
even though there is an elevational difference of 175m be-
tween the two collectors. During the 2002 to 2010 period, the
annual VWM DOC concentration in wet deposition at Sod-
die ranged from 0.77 to 1.41 mg €Y with a mean value of
1.124+0.19mg Ct? (Table 1). Weekly DOC reached con-
centrations as high as 6-10 mg¢ (Fig. 2).

The DOC loading in wet deposition from 2002-2010
ranged from 5.7 to 19kgChayr—1 with a mean value
of 9.9+4.2kgChalyr~1 (Table 1) and represented the
greatest loading of all solutes in wet deposition (Supple- ‘
ment Table S2). The highest annual DOC loading in wet de- 0 Dt 0 0 A
position, 19kg C halyr—1, was measured in 2006, a year Jan-02 Jan-04 Jan-06 Jan-08 Jan-10
with high dust deposition (Rhoades et al., 2010). Mean
TDN and C&+ loadings were 3.8 1.1kgN ha‘lyr_l and Fig. 2. Concentrations ofa) DOC, (b) TDN, (c) TDP and(d)
2.7+1.7kg C&+ ha Lyr-1, respectively (Table 1), whereas C&" in wet deposition. TDP and @& concentrations from 21
DON, TDP, DOP loadings were orders of magnitude lower February 2906 were outside ff the ran_ge shown on these figures,
(Table 1 and Supplement Table S2). at 65 ug PT+ and 10.5 mg Cal*, respectively.

Annual yields of DOC, TDN, TDP, and G4in GL4 were
2007 kg C, 693kgN, 5.78kgP, and 4604 kgCarespec-
tively (Table 2). A comparison of wet deposition and lake
yield showed atmospheric loadings of DOC, TDN, and TDP
on the same order of magnitude as yields from the lake (Ta
ble 2). C&* in wet deposition was nearly an order of magni-
tude lower than yield of G from the lake (Table 2). 4.2 DOM and nutrients in dry deposition

The cumulative DOC loading in snow at maximum
accumulation, calculated from DOC concentrations mea+or DOC, TDN and C&", meanMmax.wetValues for the pe-
sured just prior to the ionic pulse (Williams et al. riod 2002—2010 were greater than or equal@ax-snow and
2009) and from the SWE (Table 3), ranged from 2.0 to thereforeMmax-dryws Which is the difference of these two
6.1kgChalyr~! during the 2002-2010 period, with a values, was essentially zero (Table 5). However, for TDP, the
mean value of 3.5kgChayr~! (Table 4). For TDN and  water soluble fraction of dry deposition (0.07 kg TDP ha
TDP, the loadings ranged from 1.0 to 2.3kgNhgr1! was more than twice as much as that of wet deposi-
and 0.02 to 0.05kgPhdyr—! (Table 4). C&" loadings tion (0.03kg TDP hal; Table 5). The mean particulate or-
in snow at maximum accumulation ranged from 0.8 to ganic carbon (POC) loading was 2:8.76 kg C ha'l and
3.7kgCa&" halyr~1 and were highest in 2006 and 2010 represented an input of 600kgDOC to the watershed
(Table 4). These loadings correspond to 788kgCyr (Table 5). We calculated that 0450.19 kg PN ha' and
351kgNyrt, 8kgPyr! and 438kgC& yr~! in the  0.05+0.01kgPP hal may be delivered to the GL4 catch-
snowpack of the catchment at maximum accumulation (Ta-ment from dry deposition (Table 5). Particulate?Cavas not
ble 4). measured.

The wet deposition inputs of DOC, TDN, TDP and
C&* at maximum accumulationVmax-wes represented on
average 3.6kgChd, 1.9kg TDNha?l, 0.01kg TDP hal,
and 2.0kg C&" ha ! (Table 5). These values together with

ke ¥ =
'Y A 5. - ¥

Mannual-wetValues, used to calculate dry deposition inputs,
are shown in Table 5 along with data for 2002 and 2006, the
years with the highest and lowegt;nnya-wetOC values, re-
spectively.
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Table 1.Precipitation (cm), volume weighted mean concentrations (all in‘rﬁgdxcept TDPin ug‘rl), areal loadings (in kg h‘al) of DOC
and nutrients in wet deposition at the Soddie collector, and DOC and nutrient loadings (in kg) to the 225 ha Green Lake 4 (GL4)tatchment

DOC TDN TDP cat

Year Precip Gwwm Areal Ldgto Gwm Areal Ldgto Gwm  Areal Ldgto Gwm Areal Ldgto

dg  GL4 Idg GL4 dg  GL4 Idg GL4
2002 48 1.19 5.7 1289 0.66 3.2 712 5.0 0.024 5 037 179 403
2003 46 141 6.5 1452 051 23 525 2.2 0.010 2 0.25 1.14 257
2004 81 0.77 6.2 1393 0.50 4.08 918 1.9 0.016 4 0.16 1.26 283
2005 113 112 126 2844 0.42 4.78 1075 2.2 0.025 6 0.19 212 476
2006 102 1.18 19.0 4276 0.57 5.9 1319 4.4 0.045 10 0.29 2097 669
2007 85 0.94 8.1 1813 0.52 4.45 1001 3.9 0.033 7 021 179 403
2008 76 1.22 9.3 2098 0.43 3.25 731 2.8 0.022 5 0.33 250 562
2009 93 125 117 2628 0.35 3.25 731 5.2 0.049 11 0.40 3.72 836
2010 98 1.00 9.9 2220 0.29 2.83 637 4.4 0.043 10 0.68 6.7 1501
Mean 83 1.12 9.9 2224 0.47 3.78 850 3.57 0.030 7 032 27 599
8 23 0.19 4.2 942 011 1.11 249 1.28 0.014 3 0.16 1.7 385

* Cywm = volume weighted mean concentration; Idg = loadihg;standard deviation.

Table 2. Volume weighted mean concentrations (all in md,lexcept TDP in ugtl), yields (in kg) of DOC and nutrients from Green Lake
4 (GL4), and comparisons of wet deposition loading to lake ¥ield

DOC TDN TDP cat

Year G/wwm  Yield  loading: Gwm  Yield loading: Gwm  Yield loading: Gwm  Yield loading:

yield yield yield yield
2002 0.95 1492 0.86 0.29 329 2.16 2.2 - - 2.81 4409 0.09
2003 0.92 2200 0.66 0.31 1057 0.50 3.9 - - 2.21 5284 0.05
2004 0.96 1907 0.73 0.39 699 1.31 4.0 - - 2.48 4953 0.06
2005 0.95 2322 1.22 0.32 1000 1.08 3.8 - - 1.83 4451 0.11
2006 1.02 2109 2.03 0.25 602 2.19 38 7.90 1.27 1.90 3935 0.17
2007 0.87 1786 1.02 0.35 613 1.63 1.8 3.65 2.04 221 4552 0.09
2008 1.15 2377 0.88 0.32 677 1.08 28 577 0.85 2.37 4893 0.11
2009 0.92 1861 1.41 0.29 568 1.29 0.0 - - 2.15 4354 0.19
Mean 0.97 2007 1.10 0.31 693 1.40 279 577 1.38 2.25 4604 0.11
8 0.09 300 0.45 0.04 236 0.57 141 213 0.60 0.31 421 0.05

* Cywm = volume weighted mean concentratiérs; standard deviation; lake data for ice-free period (mid-May to mid-October); — = data not available.

4.3 Seasonal dynamics in wet deposition On 25 June 2002 and on 21 February 2006, two of the
highest C&t concentrations (202 peg! and 534 peqil)
DOC concentrations in wet deposition showed a seasonatorresponded to two of the highest DOC concentrations
cycle of minima in the winter and maxima in the summer (10.9 mg Ct! and 7.1mgCt1). The 2006 peak occurred
(Fig. 2). Wet deposition DOC loadings were significantly during a dust-in-snow deposition event (Rhoades et al.,
higher in the summer, particularly in July, than in other sea-2010), an event during which dust particles were deposited
sons (Fig. 3). Peaks in TDN concentrations were observed invith precipitation as opposed to on the surface of the snow
the summer, and & concentration peaks were observed (dust-on-snow).
in the spring (Fig. 2). TDP concentrations did not have a Linear regressions between log-transformed DOC and in-
seasonal cycle, but most peaks occurred during the springrganic N (as NQ) and S(j‘ concentrations were signifi-
(Fig. 2). TDN and DON loadings were significantly higher cantly and positively correlated in the summer (Fig. 4). Dur-
in the summer than in the winter (Fig. 3). In contrast?Ca ing spring and winter seasons, there were no relationships
loadings were significantly higher in the spring than in all between these solutes, and in the fall the relationships were
other seasons (Fig. 3). The highest DOP loadings were alstuch less significant-¢ < 0.35 for both). Summer concen-
in the spring, and these were significantly higher than in thetrations of NG (mean 28.7 1.23 peqt?) and SCi’ (mean
fall or winter (Fig. 3).
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Table 3. Mean snow depth (m), mean snow den5|_ty (ggm and ~ 3.2 5 < 0.0001 2 20,5133 |C><0.-0001: S odens
snow water equivalent (m) at maximum accumulation (mid-May). - ¢ « .*
g >
Mean  Mean Q 2.4
Year snow snow  SWE 2,
depth  density g~
1.6

2002 123 0.427 0.53
2003 222 0.374 0.83
2004 132 0.446 059
2005 215 0.408 0.88
2006 154 0.444  0.68

04 08 12 16 20 04 08 12 1.6 20
Log NO; (ueq L™) Log SO, (ueq L)

Fig. 4. Scatterplots of summer DOC concentration vs. N(eft)

2007 123 0.435 054 and sci— (right) concentrations in wet deposition. Linear regres-
2008 141 0.409 058 sions with 95 % confidence intervals and significant relationships
2009 147 0372 055 are shown.

2010 214 0.327 0.70

Wet déposition j j ' Green Lake 4
< 4 ° <4
= 04 Béw ~ 0.0010 32 83
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Fig. 3. Categorized means (by season; W = winter, SP = spring,
SU = summer, F = fall) with 95 % confidence intervals for DOC, z8
TDN, DON, TDP, DOP, and C& measured at Soddie from 2002— g [° .
2010. Values that are significantly different from one another are T4 e JR.L o .”ILX
denoted with different lowercase letters. Inset shows highest DOC & ~

loading occurs during the month of July. Jan Mar May Jul Sep Nov
Fig. 5. Time series of DOC concentration, SUVA, FI, molecular
19.1+ 1.07 peqt?) were significantly higher £ < 0.0001 weight, and polydispersity for 2010 wet deposition samples from

for both) than concentrations for those solutes in other seathe Soddie collector (left panels), and time series of DOC concen-
sons. tration, SUVA, and FI for 2010 water samples from Green Lake 4

(right panels).
4.4 Dissolved organic matter quality of wet deposition

DOC concentrations in wet deposition in 2010 peaked inweek to week but no seasonal pattern (Fig. 5). In contrast
the spring and summer (25 May, 20 July, and 27 July),to the fairly low SUVA values and highly variable FI in wet
similar to other years. SUVA values ranged from 0.1 to deposition, DOM in GL4 had fairly stable SUVA and FI val-
2.6Ilmgtm~1, and, in general, summer samples had theues prior to snowmelt, (means of 1.4Img¥@n—1 and 1.48,
lowest SUVA values (Fig. 5)Sr values ranged from 0.8 respectively) that shifted to higher SUVA values (mean of
to 2.9 with a mean value of 1.6 (Supplement Table S3).3.61mgC 1 m~1) and lower, but still stable, Fl values (mean
Mean S»75_295 and Sas0_a0o Values were 0.018 nit and of 1.37) after snowmelt (Fig. 5).

0.012nnt?l, respectively (Supplement Table S3). Fl values SEC analyses showed that during the late spring and sum-
ranged from 1.20 to 1.55 and showed great variability frommer of 2010, the DOM in wet deposition was of fairly
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Table 4.DOC and nutrient concentrations (all in mgfl, except TDP in pgtl), areal loading (in kg hal yr—1), and loading to the Green
Lake 4 (GL4) catchment (in kg y) in snow at maximum accumulatibn

DOC TDN TDP cat
Year Gnax Areal Ldgto Gnax Areal Ldgto Gnax Areal Ldgto Gnax Areal Ldgto
Idg GL4 Idg GL4 Idg GL4 Idg GL4
2002 0.72 3.8 851 0.306 1.6 362 0.0066 0.03 8 0.306 1.6 361
2003 0.34 2.8 635 0.207 1.7 387 0.0052 0.04 10 0.315 2.6 589

2004 0.60 3.5 792 0.264 15 346 0.0025 0.01 3 0.130 0.8 170

2005 0.36 3.2 712 0.259 2.3 512 0.0030 0.03 6 0.138 1.2 273

2006 0.89 6.1 1373 0.205 14 315 0.0044  0.03 7 0.400 2.7 615

2007 0.37 2.0 448 0.248 13 300 0.0034 0.02 4 0.150 0.8 181

2008 0.42 2.4 545 0.209 12 271 0.0036  0.02 5 0.310 1.8 402
7

2009 0.48 2.6 590 0.187 1.0 230 0.0054 0.03 0.427 2.3 525

2010 0.65 51 1153 0.248 2.0 439 0.0066  0.05 12 0.467 3.7 828
Mean  0.54  3.50 788 0.24  1.56 351 0.0045 0.030 7 0.29 1.95 438
8 0.19 1.33 299 0.04 0.38 87 0.0015 0.012 3 0.13 0.98 219

* Ldg = loading;s = standard deviation.

Table 5. Maximum accumulation and mean annual values used to calculate the dry deposition areall@ghR and catchment (in
parentheses; kg yit) loadings of organic carbon (OC), nitrogen (N), phosphorus (P), and calcium (Ca), including water soluble (WS) and
particulate (P) loadings, in the 225 ha Green Lake 4 catchiment

Parameter Description ocC N P &a
Maximum accumulation

Mmax-snow Show 3.5+ 1.33 (788t 299) 1.6+£0.4 (351£87) 0.03+0.01(8.0+2.0) 2.0+1.0(438+219)

Mmax-wet Wet deposition 3.6:0.9 (810+213) 1.9+0.5(419+120) 0.01+0.005 (2.0+1.2) 2.0+ 1.6 (461+357)

Mmax-dryws Dry deposition water soluble 0(0) 0(0) 0.02 (5) 0(0)

Mmax-dryP Dry deposition particulate 1.0 (225) 0.2 (52) 0.02 (4) -
Annual

Mannual-wet: Mmax-wet  Ratio of annual : max accum 2.8 2.0 2.7 1.3

solutes in wet deposition

Mannual-wet Wet deposition 9.9-4.2 (2228+942) 3.8£1.1(855£249)  0.03:0.01 (7.0£3.1) 2.7+1.7 (608+ 385)

Mannual-dryws Dry deposition water soluble 0(0) 0(0) 0.07 (15) 0(0)

Mannual-dryP Dry deposition particulate 280.76 (619+170) 0.5+0.19 (106+42) 0.05£0.01 (12+2) -
Total annual wet + dry loading 1245.0 (2847 1142) 4.3:1.3(961+291)  0.15:0.02 (34£5.1) 2.7+ 1.7 (608+ 385)
2002 Mannual-wet Wet deposition 5.7 (1289) 3.2(712) 0.024 (5) 1.79 (403)
2006 M annual-wet Wet deposition 19.0 (4276) 5.9 (1319) 0.045 (10) 2.97 (669)

* Dash indicates that particulate content was not measured for.Ca

moderate molecular weight (800-1200 Da; Fig. 5) and poly-component, representing 359 % of the total fluorescence
dispersity (Supplement Table S3). Samples collected duringSupplement Table S3). The concentration of C2 was signif-
the fall and winter of 2010 were of much higher molecular icantly and positively related to DOC concentration (Fig. 7).
weight (> 1200 Da; Supplement Table S3). Average molec-C1, a component with an ex/em peaka240(340)/492 nm
ular weight and polydispersity were well correlategl <€ that is related to terrestrial humic-like fluorescence in Ya-
0.01,r = 0.938), indicating that samples with higher average mashita and Jaffe (2008) and to the aerosol index in Mlade-
molecular weights, i.e., samples collected in the fall/winter,nov et al. (2011), represented 28 % of the total fluo-
contained a more heterogeneous mixture. rescence, and its concentration was significantly and posi-
EEMs from different dates of wet deposition also showedtively related to sulfate (Fig. 7). C1 was also negatively re-
fairly diverse spectra (Fig. 6). Fitting to a PARAFAC lated to polydispersity (Fig. 7) and molecular weight. C3 (see
model developed specifically for alpine watersheds identi-C5 in Mladenov et al., 2011), a component with an ex/em
fied C2, a fulvic-like component with an ex/em peak at peak at 340/414 nm that was found to be highly correlated
< 240(290) / 406 nm that appears to be derived from both mi-to aromatic and phenolic C content (see C5 in Fellman et
crobial and terrestrial sources (Mladenov et al., 2011; similaral. (2010)), represented #84 % (Supplement Table S3). C3
to C3 in Yamashita and Jaffe, 2008), as the most dominanis also in the range of the HULIS component identified in
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Fig. 6. Representative EEMs showing the diversity of fluorescence signatures from Soddie wet deposition. Samples cal@ctédvay

2010,(b) 27 July 2010(c) 24 August 2010, anfl) 28 September 2010 are shown along with the corresponding backward trajectories end-

ing on the date during which precipitation was measured at the NADP gage (date is specified in each backward trajectory figure). Although
most backward trajectories show the air masses have similar origin near the Colorado Plateau, each EEM is quite different. Corresponding
DOC concentrations were 2.1 mgl, 5.1mg?, 1.3mg?, and 4.0mgt? for a, b, candd, respectively. Corresponding €aconcen-

trations were 4.1 mg‘ll, 0.66 mg r1,0.12 mg 1 and 0.24 mng for a, b, candd, respectively. Corresponding TDN concentrations were
1.1mgr?!, 0.91mgt?, 0.11mgt? and 0.27mgt? for a, b, candd, respectively. Corresponding TDP concentrations were 16}g]|
0.8pgr?t, 0pugrl and 4.7 ugt? for a, b, candd, respectively.

Muller et al. (2008), which was found to increase under con-5 Discussion

ditions of stagnant air and build up of pollutants in the atmo-

sphere. Microbial, tyrosine-like and tryptophan-like compo- Here, we show new evidence that atmospheric wet and
nents from the PARAFAC model (Mladenov et al., 2011) had dry deposition of C and also N, P, and Taare impor-
maxima at< 350 nm emission and were excluded from this tant inputs of these elements to the carbon-poor and bar-

analysis. ren alpine soils at Niwot Ridge. In terms of DOC concen-
_ o trations, the summer wet deposition values we measured,
4.5 Pollen leaching and atmospheric inputs ranging from 4-10 mg Ci%, were higher than DOC concen-

. . trations in the snowpack (Table 3) and are high enough to
DOC leaching rates from 20-min, 24-h, and 1-week long e comparable to DOC concentrations found in temperate
experiments and for both types of pollen were very simi- |5 a5 (Sobek et al., 2007). The VWM DOC concentration
lar, ranging from 17 to 27ugCg pollen (Table 6). For 5 2002_2010 wet deposition (1.420.19 mg C 1) is sub-
the week ending on 21 June 2011, the pollen count Waganrially higher than the mean DOC measured in coastal rain

44714 grainst! and the pollen contribution to wet deposi- in New Zealand (0.7 mg CH; Kieber et al., 2002) or the

tion DOC was 0.034 to 0.043 mg Cl (Table 6). Although USA (~0.6mgCl?2; Willey et al., 2000) and approaches
these values represent 3.5 % of the DOC concentration megg,o range of DOC in continental rain-@ mg C IL; Willey

sured on 21 June 2011 (1.13 mg <€), the values are within etal., 2000).

the analytical error and are, therefore, considered negligible. '

Fl values were very low because the only peak was Io<:ate(é.1 Relevance of atmospheric wet and dry deposition in-
at low emission wavelengths<(400 nm emission), and es- puts for the catchment

sentially no fluorescence was present above 370 nm excita-

tion (Supplement Fig. S2). SUVA values also could not beTo assess the relevance of atmospheric inputs of C compared

F:alculated becau;e the gbsorbance at 254 nm was below tfeg other inputs and losses of C in the alpine, we estimated the

instrument detection limits. total C budget for the GL4 catchment. For atmospheric de-
position inputs to the GL4 catchment, we could not set up a
collector in the GL4 catchment because it is a protected wa-
tershed supplying water to the City of Boulder, CO. Instead,
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a tober to May POC already included in the C budget calcu-
- lation, summer pollen deposition is estimated to be an in-
flux of roughly 900kg Cyr! (0.41gm2yr—1) to the GL4
watershed. Therefore, the total wet (2200 kg CYyrand dry
ol (900 kg C yr ! from pollen and 600 kg C yr* from other ae-
e b <0.0001: 2 = 0.57 olian deposition) inputs are approximately 3700 kg Clyr
'1-80 5 o5 10 15 (16 kg Chalyr-1) (Fig. 8). In years with high dust inputs,
) P such as 2006 when the DOC input from wet deposition was
b Log SO, ™ (ueq L) 4300kg Cyrl (19kg C halyr1), the total atmospheric in-
06— - » put could be> 5800 kg Cyr! (24 kg C halyr—1) (Table 5).
0.0 Py Whereas atmospheric deposition occurs year long and
) across the entire landscape, primary production in barren
soils is more patchy, occurring mainly during the sum-
mer snow-free period (approximately 90d) (Freeman et
al., 2009b) and over an area that is about half the talus

o o
[=T )

Log Component
1 (RU)
S
2]

06

12} e e ]
p<0.0001;r%= 0_68“-._

Log Component
1 (RU)

-1.8

0.3 06 0.9 area or roughly 20% of the watershed area (Erickson et
c Log Polydispersity al., 2005). Our calculations show that soil primary pro-
0.4 duction inputs of approximately 10800 kg Cyr (calcu-

lated using the production rate of 240 kg Chayr—! from
Freeman et al. (2009b) over 20% of the watershed) are
indeed higher than atmospheric inputs, as suggested by
: Freeman et al. (2009b). For barren soils, respiration C
N " ® < 00001 2 =057 Io;ses were calculated at approximately 12 600_kg'¢,yr
Y 04 00 04 08 using an average 2002 summer season respiration rate
of 56kgChalyr! (0.013gCm?h~1; Freeman et al.,
2009a), estimated to also occur for 90 d and over 20 % of the
Fig. 7. Scatterplots ofa) fluorescent component 1 and sulfate con- Watérshed area. According to Caine (1995, and references
centration,(b) fluorescent component 1 and DOM polydispersity, therein), roughly 20 % of the catchment also comprises low-
and(c) fluorescent component 2 and DOC concentration in wet de-lying vegetation. Primary production from aboveground veg-
position in 2010. Linear regressions with 95 % confidence intervalsetation was estimated at 67 08®7 000 kg C yr! (average
and significant relationships are shown. of 150+82gCn2yr-1 for fellfield, dry meadow, moist
meadow, shrub tundra, wet meadow, and snow bed vegeta-
tion; Bowman and Seasteadt, 2001 and references therein).
we used values from the Soddie collector, which is aboutHowever, aboveground respiration in the alpine zone of Ni-
4km away from GL4 (Fig. 1). The Soddie wet deposition wot Ridge is not as well studied. Blanken et al. (2009) found
solute chemistry values were not significantly different from that a fellfield site at Niwot Ridge had transitioned from a C
those at the NADP COO02 collector (Supplement Fig. S3), lo-sink to a C source, with higher respiration than production.
cated 175 m higher and at almost the same elevation as GLMore recent findings by Knowles et al. (2012) support this
(Fig. 1). For the C budget, the loadings associated with webbserved increase in C export from this alpine environment.
and dry deposition were 2200 kg Cy¥r(9.9kg C halyr-1) For the purposes of this C budget estimate, we used the win-
and 600kg Cyr! (3kgChalyr1), respectively, and are ter respiration loss of 74000kg Cyr (164gCnm2yr—1)
significant when compared to the C yield (approximately from Blanken et al. (2009). However, given the changes
2000 kg Cyr't) from GL4. Given that only about 18 % of the described above, we recognize that this estimate of above-
pollen influx in the mountains of western Colorado occurs ground respiration is poorly constrained. Data for lake pri-
from October to May (Fall, 1992), our dry deposition loading mary production and respiration were also not available.
does not capture the majority of POC from pollen deposition.However, Ask et al. (2009) reported that the flux of C (pro-
To account for this summer pollen input, we used the annualuction minus respiration) from clear, oligotrophic lakes
pollen deposition rate for a similar alpine tundra site in thein the arctic was net negative. Using their estimates of
Rocky Mountains (1092 grains crAyr—1; Fall, 1992) and 60gOCnT? lake areayr!, we calculated that lake respi-
the rate of 4.6< 108 g Cgrain? pollen from our leaching ration exceeded lake production by approximately 700 kg C
experiments to determine an annual POC input from polleneach year (Fig. 8).
of 0.5gnT2yr1 (> 1100kg Cyr? for GL4). This is com- Taking all inputs and losses of C and noting that there
parable to the pollen deposition rate of 0.35 g Cryr—1 re- is also a pool of soil organic C that may not be at steady
ported for a remote site in Wisconsin (Doskey and Ugoagwu state, we find that there is net export (7800 kg Cyrfrom
1989). Reducing the 0.5 gmAyr—1 rate by 18 % for the Oc- the catchment. However, this export estimate is well below

Log Component
2 (RU)

Log DOC (mg L™
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Wet deposition Net lake production
Barren ground 1.0 g DOC/m2fyr, (PP—R)
| Wetland veg 100% of catchment Flux out of lake, 80 g OCG/m2/yr
Moss and light veg 2200 kg C -700 kg C
B snow Dry deposition {1300 to 4300 kg C) : !
Bl et 0.7 g C/m2lyr, et
100% of catchment
1500 kg C * z
9 ,._.‘\ﬂr'v :
23 g
,l, s MG
- T
K A
3 DOC export
2000 kg C

‘ Aboveground preduction
150 g C/imafyr,
3 20% of catchment
67000 kg C
4 f i
R Abc,veground resplratlon
N 'n

164 g C/mi2fyr,
0% of catchment

31 | microbial C production 74000 kg C

4 *iy# 24 g Clmely,
20% of catchment
0 125 250 500 ," ﬂ‘
10800 kg C el

Fig. 8. Estimated annual C budget for the GL4 watershed overlaid on a land classification map from June 2008. Only major pools are
included. Wet and dry deposition mean values and ranges are derived from long-term (2002—-2010) weekly monitoring of wet deposition and
snow at maximum accumulation. DOC export was taken as the mean annual yield from Green Lake 4. Other calculations are described in
the Discussion. Art and GIS credit: Parrish, E.

Soil respiration
28 g CO,/m2lyr,
20% of catchment

12600 kg CO,

the error associated with aboveground primary productivityhigh uptake of P {80 % of the P input) further suggests
(37000kg Cyrl) and should be interpreted with caution. that atmospheric P inputs are important for meeting the P
The value of this exercise was to place atmospheric C inputslemand of heterotrophic microbial populations in the bar-
in the context of an alpine C budget and compare them taen talus soils of Niwot Ridge, which have been shown to be
other alpine C inputs and losses. Excluding the more highlylimited mainly by C, but also by P (King et al., 2008). We
productive tundra and meadow areas (Fig. 8) and consideypothesize that as a result of heterotrophic C processing,
ing the most barren and C-limited parts of the watershed, oufueled by both atmospheric C and P and autochthonous C
C budget illustrates that atmospheric C inputs cas-I3 %  sources, the heterotrophic waste products (ammonium com-
of the C inputs from soil autotrophic primary production and pounds) become available to autotrophs, such as nitrifying
as high as 50 % when the 2006 (high dust year) wet depoarchaea and bacteria. There is mounting evidence that nitrate
sition DOC input (4300 kg Cyr!) is used (Table 5). Given export from Rocky Mountain catchments has been decou-
their potential bioavailability, these wet and dry inputs of or- pled from atmospheric N deposition and is due in part to in-
ganic C may be important for heterotrophs in this C-limited creased nitrification in these catchments (Baron et al., 2009;
but dynamic alpine environment. Williams et al., 2001). Indeed, we observed substantial N ex-
Atmospheric N deposition has been extensively studiedport from the GL4 catchment, as described earlier. This link-
in the GL4 watershed (e.g., Williams et al., 1996, 2001; age between a cascade of processes — atmospheric delivery
Darrouzet-Nardi et al., 2011). The combined wet and dry de-of C and nutrients, heterotrophic and autotrophic microbial
position N loading we measured (4.3 kg Nfiis exactlyin ~ dynamics in barren soils, N export from alpine catchments,
the range reported by Williams et al. (2001). Our results sug-and changing headwater quality — is an important focus of
gest that although there is net retention of N in the catchmentpur ongoing research.
as shown by Williams et al. (2001), there is still substantial N In contrast to the high wet deposition to catchment yield
export (at 690 kg N yr!) from the catchment. In contrast, the ratios for DOC, TDN, and TDP, the input of dissolved Ca
retention of P in the GL4 catchment is much greater. Com-from wet deposition represented only 11 % of the Ca yield
pared to the combined atmospheric P inputs (34kg®)yr  (Table 2). The dry deposition input of Ca was not measured,
the much lower export of P from GL4 (at 6kgP¥) sug-  but this input should be substantial because Ca is an impor-
gests that P is taken up in catchment soils and lakes. Thisant component of dust deposition in the Rocky Mountains
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(Lawrence et al., 2010). Indeed Clow et al. (1997) found thatticles” in the collectors and retained on filters during this
atmospheric wet and dry deposition inputs of Ca representetime (K. Chowanski and C. Seibold, personal communica-
> 25 % of the Ca export from a similar alpine/subalpine wa- tion, 2011). Our pollen counts in wet and dry deposition were
tershed in Loch Vale, Colorado, based on strontium traceihighest in June and July (Goss et al., 2012). However, our
results. It is plausible that the atmospheric inputs are duegpollen leaching experiments (Table 6) suggest that the con-
to both long range aeolian transport and local redistribution tributions of WSOC from pollen are negligible.
The high efflux of Ca we observed from the GL4 watershed In the spring, both inorganic and organic compounds are
may be largely due to the weathering of newly exposed rockdelivered in wet and dry deposition associated with dust.
surfaces in such areas as rock glaciers, where dissolved Qdigh C&+ and DOP content is characteristic of dust depo-
concentrations can be as high as 80 mg¢4000 peqt?) sition to the Colorado Rocky Mountains from the Colorado
(Williams et al., 2006). Plateau and Mojave Desert (Lawrence et al., 2010), which
is most pronounced during the spring. Three high'Care-
5.2 Seasonality and sources of atmospheric deposition  cipitation events measured in 2010 (4, 11, and 18 May) had
backward trajectories showing a Colorado Plateau air mass
One important source of organic carbon in atmospheric desource (Supplement Fig. S5). Dust and biological particles
position may be organic aerosol formation, which has beerare known ice nuclei (Prenni et al., 2009) with a direct in-
observed at Niwot Ridge (Boy et al., 2008). Boy et al. (2008) fluence on precipitation (Jaenicke, 2005). Therefore, it is not
measured organic aerosol formation at Niwot Ridge andsurprising that there are recurring springtime wet deposition
found that during nearly half of the sampling dates in Junepeaks in C&" and DOP (Fig. 2) that reflect springtime “dust-
and July organic aerosols formed via reactions between atin-snow” events. Without question, the8a DOP, and other
mospheric sulfuric acid and sesquiterpenes from sub-alpin@eolian rock- or soil-derived inputs associated with dust are
vegetation. High summer concentrations of sulfur and ni-constituents in wet and dry deposition whose influence on re-
trogen species in the atmosphere and in wet deposition atmote alpine sites should be further evaluated in light of their
tributed to urban and agricultural pollution have been mea-importance for ecosystem functioning (Morales-Baquero et
sured at high-elevation sites in the Colorado Rocky Moun-al., 2006; Pulido-Villena et al., 2006).
tains (Malm et al., 2010; Beem et al., 2010), and we have In the spring, organic aerosols associated with dust may
measured significantly higher nitrate and sulfate in the sum-also be important sources of organic carbon in both wet
mer than during other seasons at our site. and dry deposition. The three “dust-in-snow” events of 04,
Another source of organic matter in atmospheric deposi-11 and 18 May 2010 had relatively high DOC loadings at
tion may be organic pollutants themselves, which may be272, 137 and 415 g C hdweek 1, respectively. The EEMs
transported to higher elevations under upslope conditionsfor these dates resembled those from Saharan wet depo-
The prevailing winds at Niwot Ridge are almost exclusively sition (Mladenov et al., 2009), with a shoulder at ex/em
westerlies during winter months, but there is a switch to oc-305/425nm and a broad peak centered at approximately
casional upslope (easterly) winds in the daytime during sum-ex/em< 240/445 nm (see Fig. 6 for 11 May 2010 example).
mer months (Blanken et al., 2009), which may transport ur-Another known dust-in-snow event, the storm of 21 Febru-
ban and agricultural pollutants to higher elevations. Fromary 2006 (Rhoades et al., 2010), was also associated with
our observations it is difficult to determine whether we are very high DOC concentrations and loadings {mg C 2
measuring urban carbonaceous pollutants or organic aerosoéd 410 g hal week™1). Dry deposition at Niwot Ridge also
formed from the vegetation-derived particle formation reac-contains substantial amounts of organic matter. Dust collec-
tions described above. Willey et al. (2000) showed signifi- tor studies set up at Niwot Ridge (Litaor et al., 1987; Ley
cant correlations between DOC concentrations and pollutaneét al., 2004) found that dust comprised roughly 10 % to 17 %
components, such as hydrogen ion, nitrate, and non-sea sajtganic matter. Estimates of 0.42 g OC#yr—1in dust from
sulfate in summer non-tropical rain. Likewise, our correla- the Ley et al. (2004) study are higher but comparable to the
tions between DOC concentration and quality (polydisper-POC loading in the snowpack at maximum accumulation we
sity, terrestrial humic-like C1, and fulvic acid-like C2) and measured at Niwot Ridge (0.28 g POC#yr—1). The asso-
SOAZ( in the summer (Fig. 6) may support both interpreta- ciation of organic matter with dust at Niwot Ridge is consis-
tions. tent with recent hypotheses that dust transport is a vector for
High summer DOC concentrations may also be relatedorganic matter deposition globally (Mladenov et al., 2011).
in part to the higher summer biological emissions and con-
centrations of biological particles in the atmosphere. Kieber5.3 Chemical quality of OC in atmospheric deposition
et al. (2002) also observed higher DOC concentrations in
summer rainfall that were attributed to terrestrial vegeta-Given that there is a substantial amount of organic car-
tion inputs. Peak pollen shedding at treeline in Colorado oc-bon in atmospheric deposition at Niwot Ridge, especially
curs in June and July, and there is anecdotal evidence ah the summer, its chemical quality and relevance for en-
pollen in wet deposition from observations of “yellow par- vironmental processes are important questions. Our results
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Table 6. DOC and absorbance and fluorescence properties of pollen leachate and amount of wet deposition DOC due to pollen.

20-min leaching 24-h leaching 1-week leaching
Parameter P. contorta P. ponderosa P. contorta P. ponderosa P. contorta P. ponderdsaerage
Water extractable DOC from
poller?

(Mg C g pollen) 17+2.8 25+4.7 24 21 27 25 24

(ug Cgrain® pollen) 0.0525 0.0394 - - - - -

SUVA (Img~1m™1) u u - - - - -

Fl 0.67 1.07 - - - - -
Amount of DOC on 21 June 2011 0.040 0.043 0.038 0.034 0.042 0.40 0.039
due to pollen (mg C11)P
% DOC due to polleh 3.5% 3.8% 3.3% 3.0% 3.7% 35% 3.5%

& SUVA values are not reported because the UV-vis absorbance at 254 nm was below instrument detectioh Fhitalges are out of range (typically 1.2 to 1.7) because there is
essentially no fluorescence above 370 nm excitation in pollen-leached DOM (Supplement Fig. S2).

b The pollen count in wet deposition for the week ending on 21 June 2011 was 44 714 pollengramsk L.

€ The DOC concentration on 21 June 2011 was 1.13 mT}CI

from UV-vis absorbance spectroscopy suggest that the DOMrganic matter or the influence of photochemical transforma-
in wet deposition was generally of low aromaticity (low tion on its bioavailability is not known. Nevertheless, we do
SUVA values). Such low SUVA values further suggest that know that alpine microorganisms may be able to degrade a
wet deposition DOM has been photobleached by UV radia-wide range of C compounds. In experiments with C-limited
tion (Kieber et al., 2007). The highr and S»75_295values  soils, bacteria responded to a more easily available C source
and low MW we also measured, which often reflect pho- (glucose) and fungi favored a more complex C source (cel-
tobleaching processes in aquatic ecoystems (Helms et allulose) (Meidute et al., 2008). Alpine heterotrophic bacteria
2008), were consistent with the observations of high specsuch asPolaromonasfound at Niwot Ridge and other bar-
tral slopes of photobleached rainwater CDOM in Wilming- ren alpine environments, can oxidize even recalcitrant carbon
ton, NC, USA (Kieber et al., 2007). Greater blue-shifting (to sources (Darcy et al., 2011 and references therein). At Niwot
shorter emission wavelengths) of dominant A and C peaksRidge, chytrids have been found to dominate the fungal bio-
is often observed in EEM spectra of atmospheric WSOCdiversity (Freeman et al., 2009a) and are known to be par-
compared to aquatic DOM and may be indicative of lower tially supported by aeolian inputs, such as pollen. Therefore,
molecular weight compounds and general exposure of atthe importance of atmospheric organic C inputs for these and
mospheric aerosols to photo-oxidation processes that wouldther alpine organisms is a key question for future research.
act to decrease aromatic structures and unsaturated bond
systems (Graber and Rudich, 2006 and references therein).
The decrease in aromatic rings and other structural chang
that reduce the extent of the-electron system will increase . .

Our results demonstrated that atmospheric deposition repre-

the energy difference between ground state and the first X ents a substantial input of C, N, P, and®€#o the Green

cited state, which leads to blue-shifted fluorescence emissiorlw_ake 4 catchment. The atmospheric C input wa80% of

(Coble, 1996). . . . ; o .
. . . . the C input from microbial autotrophic production in this
The decrease in molecular weight, polydispersity and aro-~ ;. . . "
L . : . C-limited alpine catchment. Wet deposition DOC concentra-
maticity from photochemical transformations is known to

. o . &ions and loadings exhibited strong seasonality, and DOM in
improve substrate quality in aguatic ecosystems (Amon an L ummer (and some spring) wet deposition events, which ma
Benner, 1996; Chin et al., 1998). However, little is known pring P ’ Y

about how these measures of DOM quality relate to thebe derived from air pollution, bioaerosol, and dust sources,
: S ) M a Yy . was of lower MW and aromaticity than autumn or winter in-

bioavailability of DOM in atmospheric deposition. There is . . .

evidence, though, that some fraction of DOM in wet deposi_puts. The influence of different aerosol sources and C quality

tion is bioavailable. Willey et al. (2000) used low temperature on alpine biogeochemical processes is not known but is an

. . . . important research question for studies at Niwot Ridge and
dark incubations of rainfall samples collected at Wilmington, other albine and remote environments. Althouah our research
North Carolina, USA, to determine that 60 % of the DOC P ' 9

was labile and 40 % was resistant to bacterial degradation anrowdes an initial estimate of dry deposition loadings, more

. . . efforts to quantify and constrain this input are needed. Never-
was probably transported long distances. At Niwot Ridge or - . .
o ! ; ) heless, our dry deposition estimates suggest that dry deposi-
other C-limited alpine environments, such studies have no

yet been performed, and the bioavailability of atmospheric{Ion may bejus_t as |mportant as wet deposition for delivering
C and P to alpine environments.

Conclusions
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