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Abstract

Dissolved organic matter (DOM) exported in glacier meltwater influences downstream
biogeochemical processes, and climate warming may increase the meltwater DOM flux.
In this study, we quantify and use fluorescence spectroscopy and parallel factor analysis
(PARAFAC) to characterize DOM exported in glacier meltwater in Taylor and Wright
Valleys, McMurdo Dry Valleys, Antarctica.

Andersen Creek, a proglacial stream draining Canada Glacier meltwater, exported ~20
kg of DOM as dissolved organic carbon (DOC) to Lake Hoare during the melt season.
Supraglacial snowpack DOM from all of the Dry Valley glaciers sampled exhibits ‘“pro-
tein-like’” fluorescence indicating that it contains potentially labile moieties that might be
a favorable substrate supporting downstream microbial metabolism. However, this protein-
like fluorescence does not persist in any of the meltwater streams surveyed, suggesting
that it is quickly transformed by resident microbial populations and/or mixed with other
DOM pools within stream channels or along its margins.

Given the seemingly ubiquitous protein-like fluorescent characteristic of glacier-derived
DOM and the immediate change to the bulk DOM in glacier streams, a more thorough
characterization of the bulk DOM pool from glacial sources and through downstream
ecosystems would yield valuable information about the potential contribution of glacier

melt to the global carbon cycle.

DOI: http://dx.doi.org/10.1657/1938-4246-45.3.305

Introduction

Glaciers supply water to many rivers globally and represent
an important water source for human consumption, agricultural and
industrial use, hydroelectric power generation, and transport for
some of the most populated areas of the planet (Kaser et al., 2010).
The chemical and organic constituents in glacier meltwater influ-
ence biogeochemical processes downstream. As the global glacier
meltwater flux increases in response to climate warming, questions
regarding the quantity and characteristics of material exported in
glacier meltwater to downstream ecosystems become increasingly
important.

Dissolved organic matter (DOM) is of significant influence
to aquatic system ecology because of its role as an important nu-
trient and carbon source for aquatic metabolic activity (e.g. Coffin,
1989; Findlay and Sinsabaugh, 2003; Young and Ingall, 2010;
Inamdar et al., 2011; Kujawinski, 2011). DOM function is a result
of its structural properties, and its composition is highly variable
and difficult to characterize. No single technique exists that is capa-
ble of fully characterizing DOM. Nonetheless, methods exist that
can measure changes in specific DOM moieties and these changes
can be used to infer changes in DOM properties. Fluorescence
spectroscopy measures the abundance and type of fluorescing com-
pounds (fluorophores) found in DOM, and changes in DOM fluo-
rescence can be used to infer changes in DOM, even though fluoro-
phores comprise a relatively small fraction of the bulk DOM
(McKnight et al., 2001; Stedmon et al., 2003; Coble, 2007). Fur-
thermore, fluorescence spectroscopy is a rapid analytical technique
that uses very little sample, and measurements are made with no
to very little sample manipulation (e.g. DOM extraction, condition-
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ing). Thus fluorescence spectroscopy is very well suited for DOM
studies that are limited in sample volume and DOM concentration,
and/or require high spatial or temporal resolution (Fellman et al.,
2010a).

A number of studies characterizing DOM by fluorescence
identify the fluorophore groups in the DOM that are indicative
of different ‘‘types’” of biogeochemically labile (protein-like) and
relatively recalcitrant (humic-like) substances in the bulk DOM
pool (e.g. McKnight et al., 2001; Wu et al., 2003; Fellman et al.,
2009; Yamashita et al., 2010). The protein-like fluorescence is
derived from the presence of the amino acids tryptophan and tyro-
sine, and to a lesser extent phenylalanine. This does not mean that
these amino acids are the cause of fluorescence, but rather that
the DOM fluorophores fluoresce in the same region and may be
indicative of the presence of labile organic moieties, such as amino
acids. The presence of tyrosine- and tryptophan-like fluorescence
has been correlated with total hydrolysable amino acid abundance
in marine and lacustrine systems (Yamashita and Tanoue, 2003;
Wau et al., 2003).

Humic-like fluorescence is associated with compounds result-
ing from abiotic humification processes to produce humic and ful-
vic acids (Wagner and Wolf, 1999). A third fluorescing humic
compound, marine humic-like material, results from the humifica-
tion of biologically derived precursor material associated with phy-
toplankton blooms in marine systems (Yamashita et al., 2007) and
with microbial abundance in glacier ice (Barker et al., 2010).

In most natural waters, the humic-like fluorophores are the
most prominent features in DOM fluorescence spectra because lig-
nin-derived biopolymers resulting from the degradation of vascular
plant material are resistant to biogeochemical degradation and
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undergo abiotic humification in watershed soils and organic litter
(McKnight et al., 2001). In contrast, the fluorescence spectra of
glacier meltwater and its source snow and ice DOM are dominated
by protein-like fluorescence (Barker et al., 2006, 2009; Dubnick
et al., 2010). This protein-like component may be a useful source
of dissolved organic carbon (DOC) for heterotrophic microorga-
nisms at the source of the terrestrial aquatic cycle, and as such
may influence biogeochemical transformations of DOM in glacier
meltwater-fed aquatic ecosystems (Fellman et al., 2009).

While the protein-like fluorophore has been identified in the
DOM from several glacier systems from very different locations
globally (e.g. Barker et al., 2006, 2009, 2010; Dubnick et al., 2010),
its source and biogeochemical evolution in glacier systems and in
meltwater is poorly understood. Although DOM concentrations in
glacier meltwater are relatively low, its potential lability may make
it an important source of DOM for heterotrophs at the source of
the terrestrial hydrologic cycle (e.g. Fellman et al., 2009; Hood et
al., 2009; Barker et al., 2009, 2010; Dubnick et al., 2010). Here,
we investigate DOM characteristics in glacier snow, ice, and melt-
water in the Taylor and Wright Valleys, McMurdo Dry Valleys,
Antarctica, using fluorescence spectroscopy.

The only sources of DOM in Dry Valley streams are derived
from in situ produced DOM from glaciers in ice and snow melt, in
stream production by autochthonous microorganisms, and/or DOM
leaching from the stream hyporheic zone or adjoining snowpacks
(Fountain et al., 1999). Furthermore, the Dry Valleys are largely
free of human influence and potential anthropogenic DOM sources.
The absence of terrestrial vegetation and organic-rich soils in the
McMurdo Dry Valleys provides an ideal opportunity to study the
source, export, and evolution of glacially derived protein-like fluor-
ophores in meltwater DOM, which is not possible in more vegetated
catchments.

In this study, we focus on characterizing DOM in Andersen
Creek, a marginal stream that flows along the west flank of Canada
Glacier to the permanently ice-covered Lake Hoare. We monitored
Andersen Creek DOM throughout the 2006—2007 melt season to
determine (a) the net flux of DOM in a meltwater stream to down-
stream aquatic ecosystems, (b) the evolution of the protein-like
DOM in a glacier environment, and (c) changes in the fluorescence
properties of DOM over a melt season using parallel factor analysis
(PARAFAC). We compared Andersen Creek DOM to that of other
Dry Valley streams and lakes, and to DOM in meltwater source
material (snow and ice), to assess the variability in composition in
a system devoid of the influence of terrestrial vegetation. We also
examined DOM evolution along the longest continuous Dry Valley
watercourse, the Onyx River (Wright Valley) to assess the role of
fluvial transport on DOM composition.

Field Site and Methods

The Taylor and Wright Valleys are parallel ice-free areas lo-
cated in the Dry Valley region of southern Victoria Land, Antarc-
tica (Fig. 1). Canada Glacier is one of several alpine glaciers that
descend from the mountains of the Asgard Range into Taylor Val-
ley. Meltwater from the Canada Glacier surface (supraglacial)
drains east into Lake Fryxell via Canada Stream, and west directly
through supraglacial channels, or via Andersen Creek, into Lake
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Hoare. Canada Stream is unique amongst Dry Valley meltwater
streams because it hosts ‘‘the richest plant growth (bryophytes and
algae) in the southern Victoria Land Dry Valleys’” (Secretariat of
the Antarctic Treaty, 2011), which led to its designation as an
Antarctic Specially Protected Area (ASPA No. 131). Andersen
Creek is the largest stream that flows into Lake Hoare and is more
typical of other meltwater streams in the Dry Valleys in terms
of biotic growth within and marginal to the stream channel; it is
characterized by meltwater flow over loose sediment hosting sparse
algal mats.

The Onyx River is the longest continuous meltwater stream
in the McMurdo Dry Valleys (>30 km; Green et al., 2005) and
flows along the Wright Valley floor, fed by proglacial Lake
Brownworth to Lake Vanda (Fig. 1). Flow in the Onyx River may
be seasonally supplemented by melt from glaciers descending from
the slopes of the Asgard and Olympus Ranges (Stumpf et al., 2012),
although no meltwater from surrounding glaciers contributed to
Onyx River flow during this study.

SAMPLING

Canada Glacier meltwater was sampled from Andersen Creek
(site 9 and inset; Fig. 1) near its inflow to Lake Hoare daily at
approximate maximum daily discharge during the 2006—2007 melt
season (November 2006 to January 2007). Meltwater sample col-
lection along a transect extending from the uppermost reach of
Andersen Creek, where supraglacial meltwater cascades off of
Canada Glacier into the Andersen Creek channel to the outflow to
Lake Hoare, was conducted twice during the melt season (9 Decem-
ber 2006 and 4 January 2007; Day 343 and Day 369). A high-
resolution diurnal sampling event was conducted (23 December
2006; Day 357) where meltwater samples were collected every 2
h over a 24 h period.

Snow from the surface of the Canada, Commonwealth, and
Howard Glaciers; snow from a snow fence located on the Taylor
Valley floor (site 15; Fig. 1); and ice from Suess Glacier (site 6;
Fig. 1) were also sampled opportunistically.

Nine streams in Taylor Valley were sampled over a 2 d period.
Each stream can be broadly characterized by its position relative
to its glacial meltwater source (Fig. 1) and in-stream or stream
marginal biological activity. Both Lyons Creek and Santa Fe
Stream (sites 1 and 2, respectively; Fig. 1) are glacier marginal
streams, similar to Andersen Creek, and flow into Lake Bonney.
Similarly, Canada Stream (sites 12, 13, 14; Fig. 1) and Andrew’s
Stream flow along the margins of Canada Glacier into Lake Fryxell.
As noted above, Canada Stream is exceptional because of the abun-
dance of algae in the stream channel (McKnight and Tate, 1997)
and by high chlorophyll A and carotenoid concentrations near the
Middle Canada Stream sampling point, indicative of relatively
abundant algal- and bryophyte-derived organic contribution at this
location (McKnight, 1995). House Stream and Lawson Creek (sites
8 and 3, respectively; Fig. 1) are proglacial streams that flow from
Suess Glacier into Lake Chad and Rhone Glacier into Lake Bonney,
respectively. Bowles Creek (site 11; Fig. 1) drains several small
ponds near Canada Glacier and flows into Lake Fryxell. There
are several moss beds along the Bowles Creek stream course, and
dissolved plant material is transported in the stream flow as re-
flected by the relatively high concentrations of chlorophyll b and
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FIGURE 1. The location of sampling sites (%) in the Taylor and Wright Valleys, McMurdo Dry Valleys, Antarctica. Inset shows the
location of sampling points for the Andersen Creek transect and the location of a small pond near Andersen Creek (77.62°S, 162.90°E).

¢, as well as carotenoids in Bowles Creek meltwater (McKnight,
1995). Delta Stream (site 10; Fig. 1) flows proglacially from How-
ard Glacier and is the longest stream in the Lake Fryxell basin.
Priscu Stream (site 4; Fig. 1) is a second-order stream that flows
along the Taylor Valley floor into Lake Bonney. Priscu Stream
receives meltwater directly from LaCroix Glacier and Sollas Gla-
cier via Bohner Stream, and is characterized by relatively low con-
centrations of chlorophyll a, b, and ¢ (McKnight, 1995). Outflow
from Lake Popplewell (site 5; Fig. 1) was also sampled. Lake Pop-
plewell is a small marginal lake that receives meltwater from Suess
Glacier via an ice-marginal stream. Meltwater from the Onyx River
was sampled at 5 points during a single day along a transect begin-
ning at Lake Brownworth (site 22; Fig. 1) and terminating at Lake
Vanda (site 17; Fig. 1).

Water samples for DOM analyses were collected in acid-
washed (HCI) 250 mL amber glass bottles. Each bottle was rinsed
three times with stream water before the analytical sample was
collected. Samples were immediately filtered using a glass filtration
apparatus that had been soaked in acid (HCI) and rinsed with deion-

ized water and fitted with a pre-combusted (450 °C for 8 h) glass
fiber filter paper (GF/F; 0.7 wm). The filter sample reservoir was
rinsed three times with sample water before 150 mL was filtered
under vacuum to the filtrate reservoir. The filtrate reservoir was
rinsed three times with filtered water before the final filtered sample
was collected and decanted into 2 acid-rinsed (HCl) and pre-com-
busted (450 °C for 8 h) 40 mL amber glass vials. Each filtered
meltwater sample was stored cool (~2 °C) and in the dark until
transport to the Crary Laboratory at McMurdo Station (Ross Island)
for storage (~2 °C) and DOC quantification.

Water was also sampled for analysis of its dissolved ionic
constituents using pre-rinsed (three times) 1 L high-density poly-
ethylene (HDPE) bottles. Water samples were immediately filtered
under vacuum through 0.4 wm Nucleopore polycarbonate mem-
brane filters into pre-rinsed (five times with deionized water) 125
mL HDPE bottles. Cation samples are preserved by adjusting the
sample pH to ~2.5 using 0.1% nitric acid. All samples are stored
cool (~2 °C) and in the dark until transport to the Crary Laboratory
at McMurdo Station for storage (~2 °C) and ionic analysis.
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Snow samples were collected in acid-washed (HCI) and pre-
combusted (450 °C for 8 h) amber glass jars, melted in the dark
at room temperature, and filtered as described above for meltwater
samples. The Suess Glacier ice sample was collected by excavating
a small trench into the surface of the glacier (~10 cm) using a
flame sterilized ice axe and chisel. Ice from the base of the trench
was pried into sterile Whirlpak bags, melted, and processed as a
meltwater sample.

ANALYSIS

All samples were analyzed for pH and electrical conductivity
(EC) at Lake Hoare Camp using handheld instruments (Thermo
Scientific). Each sensor was calibrated daily using standards
(3 point calibration for pH, 2 point calibration for EC), and each
measurement was taken <10 min after sample collection (meltwa-
ter) or sample melting (snow and ice).

One of each pair of filtered samples was analyzed for DOC
concentration by high temperature combustion and infrared detec-
tion using a Shimadzu TOC-V CPN Total Organic Carbon Ana-
lyzer equipped with high sensitivity platinum catalyst at the Crary
Laboratory, McMurdo Station. Prior to analysis, each sample was
acidified to pH 2 using trace metal grade HCIl and sparged with
TOC grade air to remove inorganic carbon species. Each sample
was analyzed in triplicate (0.02 mg/L detection limit). DOC sam-
ples were analyzed <4 d after collection.

Major ionic composition was determined at Crary Laboratory
using a Dionex DX-120 ion chromatograph equipped with an iso-
cratic pump and electrical conductivity detector. A Dionex IonPac
CS12A analytical column (4 X 250 mm) and CG12A guard column
(4 X 50 mm) were used for cation analyses, and a Dionex IonPac
AS14 analytical column (4 X 250 mm) and AG14 guard column
(4 X 50 mm) were used for anion analyses. lonic analysis was
performed <7 d after collection. Detection limits (mg/L) and preci-
sion (% difference between duplicates) for major ion and nutrient
analyses are as follows (from Welch et al., 2010): C1™ (0.2, <1),
N-NO; ™ (0.003, <2), SO,>~ (0.2, <2), Na™ (0.2, <1),K* (0.04,
<1), Mg>* (0.1, <1), Ca®* (0.1, <1).

The second of the duplicate DOM samples was transported
cool (~2 °C) to the Ohio State University and analyzed for its
absorbance and fluorescence using a Varian Cary 13 UV-vis spec-
trophotometer <3 months after sample collection. Total emission
scans, also known as excitation emission matrices (EEMs) were
collected between 250—-410 nm excitation (10 nm increment) and
260-700 nm (1 nm increment) emission wavelengths. All samples
were scanned at room temperature using a quartz glass cuvette with
a 10 mm path length. Instrument performance was monitored by
measuring daily the intensity of the Raman peak in a Milli-Q water
blank prior to sample analysis. Intensity did not fluctuate >0.5%,
and Raman peak position varied <0.02% over the course of the
analysis. Fluorescence intensities across all measured wavelengths
were corrected using instrument-specific excitation and emission
correction factors (Cory et al., 2010). Inner filter effects were not
corrected for because DOC concentrations were low (<1 mg/L)
and absorbance at 320 nm did not exceed 0.002. Data from the
spectral region corresponding to the high-intensity area attributed
to the Rayleigh scattering were removed from each spectrum, and
spectra were Raman corrected by subtracting the spectrum for de-
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ionized water under identical scanning conditions. All fluorescence
spectra were normalized to the sample fluorescence peak spectral
maximum. Ideally, DOM samples should be analyzed for fluores-
cence immediately after sample collection; however, logistical con-
straints did not permit this. To assess the possibility of changes in
DOM fluorescence due to prolonged (3 month) storage, we ana-
lyzed duplicate samples 3 months after their initial fluorescence
analysis (<6 months after sample collection). Fluorophore peak
position varied <8% after 3 months in the duplicate samples, and
fluorescence intensity varied by <12%.

PARAFAC analysis of the EEM data set was performed on
the spectral data set, and a model was created and evaluated accord-
ing to the criteria explained by Stedmon and Bro (2008) and Dub-
nick et al. (2010). PARAFAC was executed in Matlab 7.6.0 using
a modified version of the DOMFluor toolbox (Stedmon and Bro,
2008). A detailed description of the PARAFAC procedure, model
validation, and interpretation is given by Dubnick et al. (2010).
PARAFAC models ranging from 3 to 7 components were evalu-
ated, and the 4 component model was chosen as the most robust
because it was the only model to pass the split-half analysis and
did not leave any identifiable peaks as residuals.

Cluster analysis of the PARAFAC components on individual
EEMs was performed using Statistica 10.0 (StatSoft, Tulsa, Okla-
homa) software to separate individual EEMs into groups sharing
spectral similarities. An average EEM for each cluster was gener-
ated by averaging the corrected fluorescence intensity at each point
within the EEM for each sample that populated a specific cluster.
Dominant fluorophores were then identified visually and compared
to those described in previous studies.

Hydrological and limited biological measurements within
Taylor Valley are accessible through the McMurdo Dry Valleys
Long Term Ecological Research web site (http://www.mcmlter
.org). Andersen Creek discharge data were used to derive the DOC
flux to Lake Hoare from Andersen Creek. The flux calculation was
derived as follows: 15 min averaged Andersen Creek discharge
was recorded by a pressure transducer located at a weir near the
mouth of Andersen Creek at Lake Hoare, ~10 m downstream from
the meltwater sampling site used here. Missing data in the discharge
record were linearly interpolated over any data gaps. Daily DOC
values were also linearly interpolated between measurements. DOC
exported during each 15 min period was calculated over the entire
monitoring period and summed to calculate the net amount of DOC
exported from Andersen Creek to Lake Hoare. To test the validity
of the DOC flux calculation, results from the Andersen Creek diur-
nal sampling (using DOC concentration sampled every 2 h) were
compared to results obtained for the same time period using the
method above (using the daily flow maximum DOC concentration).

Results
poc

Of the inorganic geochemical parameters that were measured,
DOC correlates most strongly with EC (Table 1) in Andersen Creek
meltwater. The DOC concentration in Andersen Creek meltwater
(mean = 0.30 mg/L, range = 0.71 [0.13-0.84] mg/L) was low
relative to the global average for river water (4.4 mg/L) but similar
to concentrations previously reported for glacier streams and snow-
melt (Aiken et al., 1996; Lyons et al., 2007, and references therein)
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TABLE 1

The correlation between measured inorganic chemical species and DOC. Values in gray shading indicate statistically significant correlation.

DOC  Temp  pH EC F CI  N-NO; SO, Na K Mg Ca Si
DOC 1 —024 —035 076 064 069 0.69 062 056 045 038 042 0.35
Temp 1 002 —007 —007 —002 —020 006  0.11 017 022 002  —0.02
pH 1 —022 —017 | —044 —054 —038 -042 -034 -036 -027 —035
EC 1 0.81 0.86 0.74 076 070 0.6l 055 058 0.52
F 1 0.87 0.76 090 069 069 056 055 041
al 1 0.90 092 080 069 063 059 0.49
N-NO, 1 082 074 059 055 053 0.39
SO, 1 078 071 067 059 0.46
Na 1 096 091 0.91 0.71
K 1 097 095 0.76
Mg 1 0.88 0.78
Ca 1 0.80
Si 1

EC = electrical conductivity.

and was similar to that found in most of the Taylor Valley streams,
snow, ice, and Onyx River water measured during this study (Table
2). Overall, the concentration of Andersen Creek DOC decreased
throughout the melt season and was independent of discharge (Fig.
2). The diurnal DOC concentration varied by a factor of 2 (range

TABLE 2

Average dissolved organic carbon (DOC) concentrations for sam-
ples collected in this study. Also shown are the average values for
Taylor Valley stream, Onyx River, and snow and ice environments.

Site DOC (ppm) n (SD)
Andersen Creek (incl. transect) 0.30 42 (0.13)
Andrew’s Stream 0.22 1
Bowles Creek 0.80 1
Canada Stream (upper) 0.20 1
Canada Stream (middle) 0.54 1
Canada Stream (lower) 0.34 1
Delta Stream 0.59 1
House Stream 0.20 1
Lake Popplewell outflow 0.74 1
Lawson Creek 0.30 1
Lyons Stream 0.30 1
Priscu Stream 0.27 1
Santa Fe Stream 0.23 1
MEAN 0.39 13 (0.21)
Onyx River (Brownworth) 0.25 1
Onyx River 1 0.57 1
Onyx River 2 0.47 1
Onyx River 3 0.61 1
Onyx River (Boulder Pavement) 0.52 1
Onyx River (Lake Vanda inflow) 0.90 1
MEAN 0.55 6 (0.21)
Canada Glacier (snow) 0.51 5(0.22)
Commonwealth Glacier (snow) 0.37 9 (0.19)
F6 Snow Fence (snow) 0.41 3 (0.05)
Howard Glacier (snow) 0.33 3 (0.08)
Suess Glacier (ice) 0.27 1
MEAN 0.38 5(0.09)

= 0.21 mg/L [0.19-0.40 mg/L]; SD = 0.06). The calculated flux
of DOC to Lake Hoare from Andersen Creek meltwater was 20.29
kg over the 42 d monitoring period. Using the daily flow, maximum
DOC concentration yielded a flux that was 0.01%, or 0.003 kg,
higher than the flux calculated using 2 h sampling schedule (diurnal
data). Extrapolated over the entire monitoring period, the difference
in the DOC flux calculated between the once-daily and 2 h sampling
schedules is only 0.132 kg. The flux calculation excluding data
from Days 337 and 352, when sampled DOC concentrations were
anonymously high, yields a result of 19.14 kg DOC exported from
Andersen Creek to Lake Hoare. This indicates that periodic pulses
of DOC in Andersen Creek, which may have been missed by once-
daily sampling, would raise the estimated Andersen Creek DOC
flux in the order of kilograms of DOC.

PARAFAC MODELING

The PARAFAC model can be described using 4 components
indicative of fluorophores existing in the Taylor Valley and Onyx
River EEMs (Fig. 3), which account for 87.46% of the variance
in the data set. The fluorophores identified by the PARAFAC model
may be compared to similar fluorophores identified in the literature
(e.g. Coble, 2007, and references therein) as an indication of the
fluorescing compounds present in snow, ice, and meltwater DOM.

Andersen Creek DOM contained both humic-like and protein-
like material (Fig. 3), and the relative proportion of these materials
in Andersen Creek DOM (as indicated by individual EEM loadings
on each of the PARAFAC components) changed daily and over
the course of the melt season (Fig. 4). The loading of a specific
EEM on each component quantifies its relative abundance as identi-
fied by the PARAFAC model. Of particular interest is that DOM
in the snow and ice samples loaded most heavily on the ‘‘tyrosine-
like’” fluorophore (component 4), indicating that this fluorophore
was the dominant feature in the fluorescence spectra of DOM in
snow and ice in Taylor Valley.

There was a statistically significant correlation between DOC
concentration and humic-like components (1 and 2) loadings in
Andersen Creek meltwater (> = 0.82, p < 0.05). The other
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FIGURE 2. The 2006-2007 melt season DOC (M), pH (M), and discharge record (gray line) with time for Andersen Creek. The inset
shows the results of the diurnal monitoring. The flow in Andersen Creek ceased after the 08:00 sampling point on 23 December 2006. Note
the increase in pH likely due to the flushing of acidic chemical species during snowpack melt early in the melt season. DOC = dissolved

organic carbon.

protein-like component 3 was not correlated with component 4
(r* = 0.004, p < 0.05) but was significantly correlated with the
humic-like components 1 and 2 (> = 0.30and > = 0.44, p < 0.05).

A cluster analysis of the component loadings organizes DOM
spectra into groups based on similarities in loadings between the
components identified by the PARAFAC model (Fig. 5). The aver-
age EEM for Clusters 1-4 and 6 indicated different combinations of
humic-like, marine humic-like, and protein-like (tryptophan-like)
fluorophores (Table 3; Fig. 6), potentially indicative of DOM with
both labile and recalcitrant moieties. The average EEM for Cluster
5 was unique because it displayed a single protein-like (component
4; tyrosine-like) fluorophore that is present in EEMs from DOM
in all of the snow and glacier ice samples, as well as DOM from
the lowest sampling point along the Canada Stream transect, and
Andersen Creek meltwater on Day 338 (4 December 2006). This
was potentially indicative of a less complex form of DOM contain-
ing protein-like moieties and lacking humic-like moieties. Cluster
1 was the most populated and was comprised almost entirely of
EEMs from Andersen Creek meltwater samples (33 of 34 spectra),
in addition to an EEM from the uppermost sampling point on the
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Canada Stream transect (sampled immediately downstream from
where supraglacial meltwater cascades off of Canada Glacier into
the stream channel). Cluster 2 was comprised of EEMs from Lake
Popplewell outflow, Lyons Creek, and early season Andersen
Creek DOM. Cluster 3 was comprised of EEMs from the upper
reaches of the Onyx River transect, Taylor Valley streams (An-
drew’s Stream, Lawson Creek, Santa Fe Stream, House Stream,
and Priscu Stream), and 2 late-season Andersen Creek samples.
Clusters 4 and 6 were comprised of EEMs from Andersen Creek,
Delta Steam, Bowles Creek, the middle sampling point of Canada
Stream, and the lower reaches of the Onyx River transect.

Given a constant optical flow path length and solute molar
extinction coefficient, the fluorescence intensity of the individual
fluorophores is a function of the concentration of that fluorophore.
Previous studies have used fluorophore intensity as an indicator
of relative fluorophore concentration (e.g. Fellman et al., 2010b).
Therefore, it is possible to compare the fluorescence intensity of
fluorophores from different samples as an indication of changes in
fluorophore abundance between samples. Figure 7 is a plot of the
ratio between the protein-like peak fluorescence intensity relative
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FIGURE 3. The excitation (top) and emission (bottom) spectra for
the 4 components identified by the PARAFAC model. The assign-
ment of these fluorophores as compounds is taken from the litera-
ture (Parlanti et al., 2000; Yamashita and Tanoue, 2003; Coble,
2007).

to that of the humic-like fluorescence in DOM along the Onyx
River. Overall, humic-like fluorescence became a slightly more
prominent feature, relative to protein-like fluorescence, in DOM
with increasing distance from Lake Brownworth. In contrast,
sources of proteinaceous and humic fluorescence loaded similarly
on the bulk DOM in Andersen Creek in (Fig. 4).

Discussion

During the 42 d monitoring period approximately 20.29 kg
of DOM as DOC was exported to Lake Hoare in Andersen Creek
meltwater. This should be taken as a very coarse estimate because
DOC and Andersen Creek meltwater discharge do not co-vary (Fig.
2, part a). While Andersen Creek discharge was logged at 15 min
intervals, the once daily monitoring of DOC concentrations raises
the possibility that we may have failed to detect episodic pulses
of DOC, possibly resulting from changes in hydrological flow rout-
ing and access to discrete DOC pools (e.g. Day 352; Barker et al.,
2006). DOM in Andersen Creek meltwater was sampled at the
same time each day and results of the diurnal sampling exercise
indicate that the DOC concentration at sampling time (21:30) ap-
proximated the average daily DOC concentration in Andersen
Creek meltwater (Fig. 2, part b), suggesting that the estimated flux
of DOC export to Lake Hoare is reasonable.

The concentration of dissolved ions (as indicated by EC), par-
ticularly fluoride, chloride, and nitrate varied with DOC concentra-
tion in Andersen Creek. Meltwater pH was negatively correlated
with DOC concentration (©* = —0.35), particularly early in the
melt season (Fig. 2), which is indicative of melt-induced flushing
of acidic chemical species (e.g. HSO,) from the snowpack (e.g.
Tranter et al., 1986; Eichler et al., 2001).

Lake Hoare is the most oligotrophic of the Taylor Valley lakes
with DOC concentrations below 0.5 mg/L, and below 0.3 mg/L in
the upper water column (Clocksin et al., 2007). Lake Hoare and
other ice-covered lakes in the McMurdo Dry Valleys are character-
istically very poorly mixed and exhibit stable chemoclines due to
the function of the permanent ice cover as a barrier between the
water column and atmospheric circulation. Because of this, the
hydrological and hydrochemical influence of incoming stream flow
is limited to the upper few meters of the lake water column. Given
the low DOM content of the upper water column in Lake Hoare,
the contribution of tens of kilograms of DOM from each stream
flowing into the lake annually represents a significant DOM source
to support heterotrophic biological activity in the upper water col-
umn. This is particularly true of Lake Hoare where other DOC
sources (e.g. phytoplankton extracellular release and nutrient diffu-
sion from the hypolimnia) are relatively small (Takacs et al., 2001).
For example, as a back-of-the-envelope calculation, multiplying
the volume of Lake Hoare (17,500,000 m?; Priscu, 2012) by the
measured 0.4 mg/L DOC in the Lake Hoare water column
(Clocksin et al., 2007) yields an estimate of a 7000 kg DOC in
Lake Hoare water. Thus, our estimate of the DOC exported from
Andersen Creek suggests that there is more than 350 times more
DOC in Lake Hoare than is delivered to Lake Hoare by Andersen
Creek in a single melt season (not accounting for interannual varia-
tion in Lake Hoare volume or water column DOC concentration).
While the DOC flux from Andersen Creek to Lake Hoare seems
small relative to the standing stock of DOC in the lake water col-
umn, DOC in Canada Glacier meltwater represents the only signifi-
cant external source of DOC to the Lake Hoare ecosystem, and
therefore a potentially important, although limited, ecological re-
source. However, any role that DOM plays in the proglacial ecosys-
tem (e.g. heterotrophic substrate) is a function of its molecular
characteristics, and changes in the fluorophore composition over
the monitoring period suggest that DOM characteristics, and thus
potential function, change over time.

As explained earlier, the 4 component PARAFAC model best
describes the variance in the EEM data set. While humic substances
and protein-like material are both used by microorganisms to sup-
port metabolism (Anesio et al., 2004; Hood et al., 2009), the latter
are generally considered to be indicative of more labile DOM moie-
ties (Hertkorn et al., 2002).

Previous investigations of the fluorescence characteristics of
DOM glacier ice and snow indicate that the dominant feature in
the fluorescence spectra is component 4, referred to by others as
the “‘tyrosine-like fluorophore’” (Barker et al., 2006, 2009; Coble,
2007; Dubnick et al., 2010). Further, DOM exhibiting this fluoro-
phore may be microbially labile (Yamashita and Tanoue, 2003;
Hood et al., 2009). We use the specific amino acids to describe
the components only for the purposes of delineating between their
fluorescence signature as we have no independent evidence that
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these compounds are responsible for the observed fluorescence.
However, if these amino acids exist in meltwater DOM, then they
would be considered potentially labile, and because DOM in melt-
water from snow and ice may contain microbially labile com-
pounds, it may be a useful metabolic substrate for microbial com-
munities in downstream aquatic environments. Our results show

that there is a conversion of the bulk DOM fluorescence, and thus
possibly its overall composition, in glacier meltwater upon export,
which will affect how glacially exported DOM functions in down-
stream environments. The cluster analysis indicates that the DOM
in all but one of the Andersen Creek meltwater samples (Day 338)
produced EEMs indicative of component 3 (also called the ‘‘trypto-
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TABLE 3 phan-like fluorophore’’) and humic-like and/or marine humic-like

. o - . fluorophores in meltwater DOM. The Andersen Creek DOM spec-
Fluorophores present in the average excitation emission matrix

(EEM) for each individual cluster. trum from Day 338 may have been influenced by flow from a

nearby intermittent waterfall which routed supraglacial meltwater

Cluster # Ex,,, Em,,,, Peak Assignment directly from the glacier surface to within ~5 m of the daily sam-
250 459 A, of humic-like!? pling location. This waterfall was intermittently active from Day

1 280 346 tryptophan-like?, tryptophan standard® 338 to Day 340 when Taylor Valley air temperatures increased
330 418 C, a humic-like'? above freezing (Fountain, 2011). The correlation between meltwa-

250 455 A, o humic-like ter DOC concentration and dissolved solute concentration, and the

2 280 342 3§ tryptophan-like, tryptophan standard introduction of DOM with the tryptophan-like (component 3) and
310 398 B marine humic-like humic fluorophores, suggest that glacier ice and snowmelt acquires

260 423 Ao humic-like a secondary source of dissolved solutes and DOM in stream chan-

3 280 352§ tryptophan-like nels. This may occur during streamflow as meltwater is routed
300 403 M marine humic-like through the stream channel and/or by the addition of supplemental

250 354 humic-like DOM from channel-marginal sources, or through processes occur-

4 280 353 tryptophan ring during hyporheic zone exchange. This DOM is comprised of
300 359 marine humic-like humic material (components 1 and 2), which would presumably

be less easily mineralized by resident microbial communities than

2 . 3
5 270300 v tyrosine-like”, tyrosine standard proteinaceous material (Fellman et al., 2009); however, the humic

250 445 o humic-like material may have a significant impact on viral dynamics in streams

6 280 355 tryptophan-like and lakes (Anesio et al., 2004). The change in tyrosine-like fluores-

320 415 B marine humic-like cence to tryptophan-like fluorescence may be indicative of a bio-

'Coble et al. (1998). geochemical transformation from one component to the other, or
possibly the addition of component 3 (tryptophan-like) to the bulk
DOM which may cause component 4 (tyrosine-like) fluorescence
to be radiationlessly transferred to component 3 (Weber, 1960;
Chiu and Bersohn, 1977), thereby inhibiting the detection of any
tyrosine-like fluorescence.

2Parlanti et al. (2000).
3Yamashita and Tanoue (2003).
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In-stream biogeochemical modification of glacially exported
DOM was observed along the Onyx River where the DOM became
increasingly humic-like in character with distance from the glacier
headwater at Lake Brownworth (Fig. 7). Fluorescence intensity for
both the humic-like fluorophore and the marine humic-like fluoro-
phore increased by 23% and 18% relative to the intensity of the
tryptophan-like fluorophore. The DOM in Lake Brownworth did
not exhibit the ‘‘tyrosine-like’” fluorophore despite the fact that it
is fed by Wright Glacier meltwater, suggesting that (a) Wright
Glacier meltwater DOM did not contain the ‘‘tyrosine-like’” fluoro-
phore, (b) DOM in Wright Glacier’s supraglacial melt was quickly
altered in a similar fashion to that observed in Andersen Creek,
and/or (¢) DOM was transformed in Lake Brownworth. DOM in
Wright Glacier ice is protein-like in character (Dubnick et al., 2010)
and microbially induced ‘‘nutrient stripping’’ occurs in Lake
Brownworth (Howard-Williams et al., 1997). These data support
the hypothesis that supraglacially exported DOM was altered dur-
ing transport to and/or within Lake Brownworth. Interestingly,
Green et al. (2005) also identified microbial nutrient stripping in

8

FIGURE 7. The ratio of tyrosine-like flu-
orescence to marine humic and humic-
like fluorescence along the sampling tran-
sects at (a) Onyx River, and Andersen
Creek on (b) Day 343 and (c) Day 369.

the Boulder Pavement section of the Onyx River resulting in nitrate-
poor water entering Lake Vanda. The ratio of tyrosine-like to both
humic-like and marine humic-like fluorescence was lowest in the
Boulder Pavement section of the Onyx River transect (Fig. 7, part
a), suggesting that either these components were being mineralized
by resident microbes or that there was a source of humic material
that is being added to the bulk DOM pool.

In Andersen Creek, the ratio of tyrosine-like to humic-like
and marine humic-like fluorescence changed along its length (Fig.
7, parts b and c¢). Similar to the Onyx River bulk DOM fluorescence,
tyrosine-like fluorescence was replaced by tryptophan-like fluores-
cence. Discrete sources of proteinaceous material contributed to
the DOM in Andersen Creek. For example, during the Andersen
Creek transect on Day 343, proteinaceous-like material was de-
pleted in Andersen Creek meltwater, relative to humic-like and
marine humic-like material, until sampling site 8, the outlet where
Andersen Creek flows into Lake Hoare, where protein-like fluores-
cence became a more significant component of the bulk DOM. On
Day 369 (4 January 2007), tyrosine-like fluorescence became more
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prominent at site 3, relative to site 2 (upstream). Significant enrich-
ment of the tyrosine-like fluorophore was noticed at site 5 followed
by depletion at site 6 (downstream). While the source of this tyro-
sine-like material and the mechanism of its incorporation into the
Andersen Creek DOM pool are not known, they may be related to
the hydrologic evolution of the Andersen Creek system where
DOM from channel-marginal areas is mobilized by seasonal snow-
melt, permafrost melt, or increased meltwater flow through the
hyporheic interface. Evidence supporting this hypothesis is that
sampling site 5 was located in Andersen Creek near a small channel
marginal pond. The presence of an ephemeral channel between the
pond and Andersen Creek suggests that there may have been a
periodic hydrologic exchange of material between them. Unfortu-
nately we are unable to test this hypothesis because sites 5 and 6
were not sampled along the transect on Day 343 when the pond
was frozen and no hydrologic exchange was observed.

The extent of glacially exported DOM modification in Taylor
Valley streams appears to be a function of both transit distance
from the glacial source and access to different sources of DOM.
Glacier-marginal streams contain DOM which is similar to that
observed in Andersen Creek, while streams that either flow for
extended distances from their glacial source (Delta Stream) or that
flow through algal or bryophyte-rich areas (Bowles, middle Canada
Stream) contain DOM which is more humic in character. Interest-
ingly, DOM from these streams and the two furthest sampling
points along the Onyx River transect populate Cluster 6. Cluster
6 exhibits the most prominent fluorophore indicative of marine
humic-like material, so-called because it is found in marine envi-
ronments and is humic-like in character. While the mechanisms
that contribute to the formation of marine humic-like material are
unknown, it has been associated with phytoplankton activity and
englacial microbial abundance (Yamashita et al., 2007; Barker et
al., 2010). Thus, it may be tentatively taken as evidence of potential
in-stream microbial activity and biogeochemical activity.

Conclusions

Despite the oligotrophic status of the McMurdo Dry Valley
aquatic ecosystem, glacier fed streams export tens of kilograms of
DOM as DOC annually. This DOM is initially exported in glacier
snow and ice melt as potentially labile compounds and is character-
ized by a dominant tyrosine-like fluorophore in its fluorescence
spectra. Interestingly, supraglacial snow, snowpack accumulation
in the Taylor Valley floor, and glacier ice share this spectrofluoro-
metric characteristic, which is similar to results reported for DOM
from a range of glacier environments globally (Barker et al., 2006,
2009; Fellman et al., 2010a; Dubnick et al., 2010).

The ubiquity of this feature in snow and glacier ice DOM
suggests that glacially derived DOM contains labile organic sub-
strates that may serve an important function for downstream hetero-
trophic processes and that this function may be similar to glacier
environments globally. However, observations from this study indi-
cate that this tyrosine-like fluorophore does not persist as an iso-
lated fluorophore once exported to the aquatic environment and is
subject to rapid biogeochemical transformation or physical mixing
with other OM pools within the stream channel or along its margins
which masks its spectral signature.
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By choosing fluorescence spectroscopy as an analytical tech-
nique, our characterization of glacially exported DOM and its sub-
sequent proglacial transformation in this study is limited to those
components that fluoresce. Given the seemingly ubiquitous charac-
teristics of glacier-derived DOM and the immediate change to the
bulk DOM in glacier streams, a more thorough characterization of
the bulk DOM pool from glacial sources and through downstream
ecosystems would yield valuable information about first-order bio-
geochemical processes involving DOM that influence aquatic ecol-
ogy in some of the most significant rivers globally and the global
carbon cycle.
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