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ABSTRACT: Accelerated glacier melt and runoff may lead to inputs of labile
dissolved organic matter (DOM) to downstream ecosystems and stimulate
the associated biogeochemical processes. However, still little is known about
glacial DOM composition and its downstream processing before entering the =" <,
ocean, although the function of DOM in food webs and ecosystems largely
depends on its composition. Here, we employ a set of molecular and optical
techniques (UV—vis absorption and fluorescence spectroscopy, 'H NMR,
and ultrahigh-resolution mass spectrometry) to elucidate the composition of
DOM in Antarctic glacial streams and its downstream change. Glacial DOM
consisted largely of a mixture of small microbial-derived biomolecules. 'H
NMR analysis of bulk water revealed that these small molecules were
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processed downstream into more complex, structurally unrecognizable molecules. The extent of processing varied between streams.
By applying multivariate statistical (compositional data) analysis of the DOM molecular data, we identified molecular compounds
that were tightly associated and moved in parallel in the glacial streams. Lakes in the middle of the flow paths enhanced water
residence time and allowed for both more DOM processing and production. In conclusion, downstream processing of glacial DOM
is substantial in Antarctica and affects the amounts of biologically labile substrates that enter the ocean.
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1. INTRODUCTION

Dissolved organic matter (DOM) is a highly heterogeneous
mixture of numerous organic compounds that collectively play
an essential role in key ecosystem processes.”” It ubiquitously
exists in natural waters and contains a similar mass of carbon as
atmospheric CO, or the global biomass.” As such, DOM is an
important component of global biogeochemical cycles.
Although the reactivity and functions of DOM have been
linked to its composition,”> DOM remains poorly charac-
terized at the molecular level because of its extreme
heterogeneity and polydispersity.”” Studying DOM composi-
tion is fundamentally important because it largely controls
photoreactivity, bioavailability, and ultimately persistence of
DOM in the environment.”® Understanding environmental
and anthropogenic impacts on DOM composition is also
important for water quality, carbon cycling, and feedback to
human society.”"’

Increasing air temperatures alters the Antarctic hydrologic
cycle by melting glaciers and ice sheets, which contain
approximately 70% of freshwater on Earth, increase water
discharge to the oceans, and ultimately raise the global mean
sea level.'" Satellite gravimetry has shown that mass loss of
Antarctic glacial ice has significantly accelerated since 2006."”
Glacial ice contains a detectable amount of labile, small organic
molecules,">'* and such organic carbon is released from
glaciers through melt at the glacier surface that discharges at
the glacier terminus or by glacier calving, thereby contributing
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to downstream biogeochemical cycles.'> Consequently, glacial
runoff has been suggested to be a quantitatively important
source of labile DOM to marine ecosystems."

Nevertheless, detailed studies of DOM in polar glacial
environments are scarce. Given the importance of polar glacial
environments in the global C cycle and as a sentinel of climate
change, DOM composition in glacial meltwater and its
downstream change are an important subject of research. In
this study, we examined the DOM composition of streams
from the Langhovde ice-free area on Soya Coast (Liitzow-
Holm Bay, East Dronning Maud Land, East Antarctica) using
complementary analytical techniques, namely, 'H nuclear
magnetic resonance spectroscopy (NMR), Fourier-transform
ion cyclotron resonance mass spectrometry (FT-ICR MS), and
excitation-emission matrix spectroscopy combined with
parallel factor analysis (EEM-PARAFAC). The complementary
nature of these methods enables the characterization of major
DOM constituents and their processing under different
environmental settings on a molecular level.>'*
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We hypothesized that (i) glacial DOM in Langhovde
consists largely of a mixture of small biomolecules, and if this is
the case, (ii) these small molecules are actively processed
downstream before entering the ocean. We further investigated
if the degree of downstream processing of DOM depends on
environmental and hydrological conditions such as vegetation
and the existence of lakes in the middle of the flow paths.

2. MATERIALS AND METHODS

2.1. Study Area. The sampling campaign was conducted
during the austral summer in January 2017 as a part of the 58th
Japanese Antarctic Research Expedition. There are several ice-
free areas on Soya Coast with hundreds of lakes and several
streams, which were formed during the last 7000 years under
the glacier retreat and isostatic uplifts that occurred after the
Last Glacial Maximum.'® The Langhovde ice-free area is
located ~25 km away from Japan’s Syowa Station. The
Yukidori and Yatsude Valleys in Langhovde run from the edge
of the continental ice sheet to Lutzow-Holm Bay (Figure S1).
The streams are fed by meltwater from the glacier and flow on
the impermeable bedrock, with coarse gravel and sandy
deposits covering the bedrock. In the middle of the valleys
are Lakes Yukidori (8.6 m depth) and Heito (4.5 m depth)
(Figure S1). Lake Heito is formed behind a natural snow dam
in the upper section of the Yatsude Valley. These streams are
separated by a rocky hill and they share a common climate,
geology, and glacier as the sole water supply, but differ in
vegetation. Many of the neighboring valleys (including the
Yukidori Valley) and lakes in the southern part of the
Langhovde area contain well-developed colonies of mosses,
algae, and lichens."” In contrast, Lake Heito and the stream
below the snow dam in the Yatsude Valley contain very little
flora. Such a contrast in the distribution and colonization of
flora may have resulted from the repeated physical
disturbances induced by breaching of the dam once per
decades.'® This contrasting vegetation allowed us to evaluate
the possible influence of vegetation on DOM composition.
Snow petrels (Pagodroma nivea) and south polar skuas
(Stercorarius maccormicki) inhabit during the short summer
period in both valleys, which is the main nutrient source for
vegetation. These streams appear only during the short austral
summer, when the valleys receive melt water inputs from the
glacier and patchy snows, which limited the sampling of stream
water to that period of a year. Stream samples were collected at
approximately regular intervals from the beginning (glacial
meltwater) to the end (before the outlet to the sea) of each
stream (Figure S1). Information regarding sample handling is
given in the Supporting Information.

2.2, Optical Analysis and Basic Bulk Parameters. UV—
vis absorption spectra and fluorescence EEMs were measured
on site, immediately after sampling and filtration (GF-7S,
Advantec, Tokyo, Japan) as previously reported.'” Briefly,
UV-—vis absorption spectra were measured using a GENESYS
10S UV—visible spectrophotometer with a 5 cm path length
quartz cuvette. Absorbance data in this paper are expressed as
Napierian absorption coefficients (a;, m™").*>*' Fluorescence
EEMs were collected with a FluoroMax-4 spectrofluorometer.
The EEMs were corrected for all necessary steps to remove
biases and normalized in Raman units (RU).”” The spectral
slope (Sy75_205y in nm~1)*>** and dissolved organic carbon
(DOC)-specific ultraviolet absorbance (SUVA,,, in L mg C™*
m™')° were calculated as previously reported (Table S1).
Overlapping fluorescence spectra in EEMs were deconvoluted

by PARAFAC.** For PARAFAC, we used EEM data collected
from Soya Coast lakes in addition to the stream samples.'” The
identified seven components, which collectively explained
>99.95% of the variability of sample EEMs, were named
according to their rounded fluorescence emission maximum:
Cis Ciiss Cser Csor Casor Cusor and Csgp, with variation
explained by each component decreasing sequentially from
Cyys to Cygp (Table S1)."?

DOC and total dissolved nitrogen (TDN) were measured in
the laboratory in Japan using a total organic carbon analyzer
combined with a total nitrogen measuring unit (TOC-L¢py,
Shimadzu, Kyoto, Japan) as in ref 25. Dissolved inorganic
nutrients (PO,>~, NH,*, NO,”, NO;~, and SiO;*”) were
determined colorimetrically using an autoanalyzer as pre-
viously reported.”® The detection and quantification limits (in
uM) for inorganic nutrients were 0.01 and 0.06 for PO,*~, 0.01
and 0.12 for NH,*, 0.01 and 0.07 for NO,~, and 0.03 and 0.47
for NO;™. Details about sample handling and storing were
previously reported.'” Dissolved organic nitrogen (DON)
concentrations were calculated as the difference between the
TDN and DIN concentrations, and the proportion of DON in
TDN (%DON) was subsequently calculated.

2.3. Bulk Water 'H NMR. We employed SPR-WS-
WATERGATE '"H NMR spectroscopy for bulk DOM*” on a
Bruker AVANCE 500 spectrometer (Bruker GmbH, Karlsruhe,
Germany) (Table S1). This sequence achieves very high
sensitivity for low-abundant DOC samples by effectively
deleting the water 'H signal, with a slight attenuation of
signals up to 1.1 ppm on either side of the water resonance.”’
Experimental preparations and settings generally followed
those previously described.”® In addition, to facilitate NMR
analysis, samples corresponding to 0.05 mg C (4.2 umol C)
were evapo-concentrated using a small pear-shaped flask and
rotary evaporator at <40 °C with care not to totally dry up.
Concentrates were transferred to glass vials with repeated
washing of D,O, filtered with precleaned glass fiber syringe
filters (Whatman GF/F) using a glass syringe with a Teflon
plunger tip, and transferred to 5 mm Shigemi NMR tubes. The
average recovery rate of 87% on a DOC basis was achieved. A
slight loss was possibly due to any or combination of
volatilization of small organic molecules, precipitation during
rotary evaporation, and retention on the flask wall and glass
fiber filters. We did not use NaOD because the addition of
NaOD produced insoluble precipitates, most likely Na,SO,
due to its relatively low solubility. The measurement time
could be shortened drastically (1—2 h per sample) thanks to
evapo-concentration compared to natural abundance measure-
ments (~30 h)."> Fourier transformation, phase correction,
and integration were done using TopSpin 3.6.2 (Bruker
GmbH, Karlsruhe, Germany). Chemical shift assignments were
based on previous reports:**’ methyl, methylene, and purely
aliphatic protons (HC > 4 bonds away from next heteroatom,
Sy ~ 0.5—1.6 ppm); functionalized protons (HC > 2 bonds
away from next heteroatom, 8y ~ 1.6—3.1 ppm) including
those of carboxyl-rich alicyclic molecules (CRAM, &y > ~2.2
ppm) ;30 methoxy, alcohols, esters, and sugar/aminosugar
protons (3.1—4.4 ppm); and aromatic protons (mainly from
amino acid side chains) (6.5-8.3 ppm). Signals from lactic
(1.27—-1.39 ppm) and acetic (1.86—1.98 ppm) acids with
varying intensity and width were present in all samples
(Figures 2 and S3). Too broad signals in these chemical shift
regions in some samples were problematic in that it can give
false impressions of the relative spectral intensity between the
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Table 1. General Water Chemistry in the Yukidori and Yatsude Streams

sample EC” temp. DOC” a,,” TDN DON“
name’  (mSm™) pH  (°C M) (m)  (pM)  (uM)
Yukidori' 3.0 8.6 12 27.1 0.79 18.1 s.1
Yukidori® 7.5 10.0 1.5 60.3 1.65 66.5 6.9
Yukidori® 6.8 8.6 2.5 553 1.40 66.3 7.6
Yukidori* 7.6 8.1 3.6 46.1 121 64.3 5.6
L. Yukidori 6.0 8.2 6.6 74.5 0.71 10.6 8.0
Yukidori® 6.7 7.1 8.3 70.8 0.82 11.9 8.7
Yukidori’ 8.1 7.1 438 40.1 091 29.9 8.4
Yukidori® 9.3 7.1 7.9 43.7 1.29 36.6 10.0
Yukidori’ 9.2 6.8 8.0 56.4 1.75 34.4 10.6
Yatsude' 10.1 7.2 1.8 36.4 0.89 10.5 43
L. Heito 3.6 7.3 1.8 53.7 1.19 15.8 12.0
Yatsude® 7.3 7.1 1.0 34.4 0.81 8.0 64
Yatsude® 9.0 7.2 0.9 383 1.07 22.1 s.1
Yatsude® 9.5 7.2 1.1 47.0 0.90 27.1 7.6
Yatsude® 8.7 7.0 22 59.0 1.26 56.6 122
Yatsude’ 9.1 6.9 2.1 57.5 1.30 63.9 9.7
Yatsude® 7.0 7.1 5.0 26.6 0.70 49.6 9.2
Yatsude’ 11.3 7.1 3.0 53.5 0.69 52.1 11.1

% DON DOC/DON” NO,” NO;~ NH, POS’" SiO;*
(%) (molar ratio) (M)  (uM)  (uM)"  (uM)  (uM)
282 53 057 1218 022 ND 6.16
10.4 8.8 1.54 5782 021 Tr 26.52
11.4 7.3 1.00 5753 0.8 ND 19.62

8.7 8.3 059 5794  0.19 Tr 17.50
75.6 9.3 ND 233 027 Tr 16.17
729 8.2 Tr 3.06 015 Tr 23.70
282 4.8 ND 2129 016 Tr 27.29
274 44 Tr 2631 0.16 ND 42.12
30.7 53 0.15 2336 031 ND 34.38
40.8 8.5 0.13 596 014 ND 50.30
763 4.5 0.20 338 017 ND 4.50
79.9 5.4 021 138 ND ND 15.99
229 7.6 025 1662  0.18 Tr 17.79
28.2 6.2 008 1905 031 Tr 19.11
21.5 4.8 Tr 4426 014 0.07 19.37
152 5.9 0.17 5385  0.13 Tr 18.85
18.5 2.9 008 4022  Tr Tr 11.95
21.3 4.8 Tr 4082  Tr ND 40.76

“Data from Kida et al. (2019a)."’ “The sample numbers represent the water flow direction, from the beginning (glacial meltwater, no. 1) to the end
(no. 9) of each stream. Abbreviations: Tr, below the quantification limit; ND, below the detection limit; EC, electrical conductivity; a,s,, absorption
coefficient of DOM at 254 nm; TDN, total dissolved nitrogen; DON, dissolved organic nitrogen; and %DON, nitrogen-based percent of DON in

TDN.

preassigned chemical shift regions. We excluded the corre-
sponding regions from the integration, following past
literature.”"

2.4. DOM Extraction and FT-ICR MS. DOM was
extracted and desalted ;Jrior to FT-ICR MS analysis following
an established method™ using cartridges filled with a styrene
divinylbenzene copolymer (Agilent Bond Elut PPL, 100 mg).
Depending on the DOC concentration, the volume used for
extraction was adjusted, such that 4 ymol C was applied to
each cartridge. The extraction of DOM inevitably leads to
some fractionation of DOM molecules,****** but it was
necessary for high-quality FT-ICR MS analysis. In this study,
the extraction efficiency was 14—33% on a DOC basis (Table
S2). We performed mass spectrometric analysis of DOM
extracts via FT-ICR MS on a 15 T solariX XR Fourier-
transform ion cyclotron resonance mass spectrometer (Bruker
Daltonik GmbH, Bremen, Germany). The system was
equipped with an electrospray ionization source (ESI, Bruker
Apollo II) applied in negative ionization mode. Methanol
extracts were mixed with ultrapure water (50:50 v/v) for FT-
ICR MS analysis and diluted to a final DOC concentration of
2.5 mg C L™". 200 single scans with an ion accumulation time
of 0.1 s were recorded over a mass range of m/z 92—2000 Da
and added to one spectrum. Data processing, molecular
formula assignments, and compound category classifications
were done with the software package ICBM-OCEAN;™ details
are explained in the Supporting Information (Section 2).

2.5. Calculation of DOM Functional Molecular
Diversity. The functional molecular diversity of DOM
analyzed by FT-ICR MS was calculated according to Mentges
et al.’® In the chemical context, the functional diversity is
computed as a distance function using the absolute difference
between any two molecular formulae with respect to a given
chemical property. The value of the functional diversity can be
interpreted as the expected difference between two molecules
with respect to the selected property.’® In this study, the
functional diversity was calculated with m/z and number of C

10177

atoms as indicators of molecular weight, hydrogen-to-carbon
(H/C) ratio as an indicator of saturation, nitrogen-to-carbon
(N/C) ratio as an indicator of relative nitrogen richness, and
the modified aromaticity index (Al,.;)*’ and double-bond
equivalent (DBE) as indicators of DOM aromaticity.

2.6. Statistics/CoDa Analysis. We introduce the concept
of compositional data (CoDa) analysis’® to multivariate
analysis of DOM molecular group data obtained by the set
of analytical techniques to account for their compositional
nature. CoDa are vectors with strictly positive components
(e.g, percentages, concentrations, frequencies, abundances,
and shares) describing parts of a whole. Ratios between
components are considered to be relevant to decipher the
information of interest (for a latest good overview on CoDa
analysis, see ref 38). It is increasingly recognized that special
care needs to be paid in relation to sample data geometry when
working with CoDa. In CoDa, the sample space is constrained,
endowed with a Euclidean-type geometry (called Aitchison
geometry), which is different from the usual one.”® Often,
DOM compositions are represented in percentages of groups,
such as the relative abundances of PARAFAC components, of
proton distributions, and of molecular formulae. These
percentage data are an obvious example of CoDa. Directly
applying statistical techniques that were developed for original
data in the ordinary Euclidean geometry (such as correlation
analysis and principal component analysis) on these “closed”
or “raw” compositional data is often statistically inadequate
and may lead to misleading, spurious results.””*" Generally
speaking, most classical statistical method based on a linear
relationship between variables may be unable to properly
handle CoDa, which was already recognized by Pearson®" but
unfortunately largely ignored in the literature,*”* also in
DOM research.

We therefore conducted a CoDa version of principal
component analysis (CoDa-PCA) on DOM molecular group
data. The original group data in a D-dimensional constrained
space was centered logratio (clr)-transformed by
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Figure 1. DOM composition downstream changes (right to left) in the Yukidori (left column) and Yatsude Valleys (right column). (a,b)
Chromophoric DOM properties; (c,d) fluorescent DOM composition resolved by parallel factor analysis; (e,f) 'H distribution by bulk DOM 'H
NMR spectroscopy; (gh) major molecular compound groups estimated by FT-ICR MS; and (ij) minor molecular compound groups. Blank
symbols represent lake water samples. "H NMR spectra of the samples highlighted by shading (e,f) are presented in Figure 2. Abbreviations:
SUVA,,, specific UV absorbance at 254 nm; S,,5_,05, spectral slope determined between 275 and 295 nm; Zubiquitous humic-like, sum of percent
ubiquitous humic-like fluorescence components; Zprotein-like, sum of percent protein-like fluorescence components; and functionalized H,
functionalized aliphatic protons with heteroatoms 2 or more bonds away, including CRAM.*® (a—d) Data from Kida et al. (2019a)."’

using the robComposition package.”* Here, the four composi-
clr(x) = {In ( ) with g(x) = g/%%,-%p tions were taken as a single composition to compute the clr.

Subsequently, PCA was performed on clr-transformed data

38,40

using the R prcomp function™ with centering.” " Because one
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Figure 2. Magnified "H NMR spectra of the samples highlighted by shading in Figure le,f. Insets for '"H NMR spectra are the aromatic 'H region
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sample had a zero value of a fluorescence component Cy, we
removed Cs, from the analysis. In the case of CoDa-PCA, the
interpretation of a single variable and the correlations between
(original) variables cannot be assessed as in ordinary PCA
because all clr-transformed variables are essentially dependent
on one another through the geometric mean of the
composition. Only two most frequently used properties for
the interpretation of compositional variability are introduced
here. First, the lengths of the arrows in the covariance biplot
are, up to the projection, approximations of the standard
deviation of the corresponding clr-transformed variable, clr(x;)
=In(,/g(x)). Second, the distances between the vertices of the
i-th and the k-th clr-variable are approximations, up to the
projection, of the standard deviation of the corresponding log
ratio, In(x;/x;). The second point means that if the vertices of
the two arrows nearly coincide, it indicates that the variance
In(x;/x;) is nearly zero, so that the ratio x;/x, is nearly
constant. For other interpretations of CoDa-PCA biplots, we
refer to the literature.”®*® We also computed the variation
array’’ and analytical precision of FT-ICR MS to confirm the
findings of CoDa-PCA (Tables S3 and S4), as the graphical
representation depends on the projection. The larger the
variability captured in the biplot, the more confident one can
be in the visual findings.

3. RESULTS

The Yukidori and Yatsude stream samples had high DIN
concentrations and low %DON (Table 1). Nitrate was by far
dominant among DIN and it showed clear spatial trends along
the flow path, with its concentrations increasing downstream
and low concentrations observed in the glacial meltwater and

10179

lakes (Table 1). %DON showed an opposite trend to that of
nitrate (Table 1). Other inorganic nitrogen species and
phosphate (PO,>”) concentrations were consistently low
(Table 1). The DOC concentrations were <75 uM and
showed fluctuating trends in both streams with the highest
DOC concentration observed in Lake Yukidori (Table 1).
SUVA,, and S,;5_,9s varied almost mirror-symmetrically in
both streams, with more pronounced changes observed in the
Yukidori Valley. The lake samples particularly had low
SUVA,;, and high S,;5_,95 values (Figure 1).

EEM-PARAFAC (Figures 1 and S2) revealed seven
fluorescence components in our data set: two protein-like
components (Cj,s and C,y,), one microbial-derived compo-
nent (Csq), one photorefractory humic-like component
(C460), and three photodegradable humic-like components
(Cy1sy Casop and Cypp)."” The relative abundance of C,q and
C.60 remained almost constant and consistently low, while that
of the protein-like components and photodegradable humic-
like components varied largely (Figures 1 and S1). The
protein-like components and photodegradable humic-like
components showed very similar patterns as S,;5 595 and
SUVA,,,, respectively, with high protein-like component
contributions and low photodegradable humic-like component
contributions in the lakes (Figure 1).

"H NMR of bulk water revealed many well-resolved 'H
signals, indicating that a sizeable fraction of the stream DOM
was composed of a mixture of small, identifiable molecules
(Figures 2 and S3). For example, a large intensity singlet due
to the CHj group of acetic acid and a doublet due to the CH;
group of lactic acid were observed at 1.92 and 1.34 ppm,
respectively (Figures 2 and S3). A quartet due to the CH
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Figure 3. Downstream changes (right to left) of the functional molecular diversity of m/z values (a), number of C atoms (b), H/C ratios, (d), N/C
ratios, (e) modified aromaticity index (Al,,.4), and (f) DBE in the Yukidori and Yatsude Valleys. Blank symbols represent lake water samples.

group of lactic acid was also observed at around 4.16 ppm in
the majority of samples (Figure 2)."> Formic acid at 8.5 ppm
was observed in all samples, while some samples had
observable signals in aromatic (amide) regions between 7
and 8 ppm (Figures 2 and S3). Nevertheless, broad '"H NMR
profiles characteristic of complex DOM mixtures were
observed in all samples superimposed by the resolved signals
(Figure 2). Aromatic H contributions were low (<5%, Table
S1) and likely derived from proteinaceous materials.

In each of the SPE-DOM samples, 3500—8000 molecular
formulae were detected by FT-ICR MS (Table S2). Intensity-
weighted averages of the molar ratios (H/C and O/C) and
mass-to-charge ratio (m/z) of the molecular formulae varied
little among samples (Table S2). The ranges of H/C, O/C,
and m/z were 1.31-1.39, 0.40—0.44, and 340.5—363.1,
respectively (Table S2). The intensity-weighted averages of
the modified aromaticity index (Al,.q)°" ranged between
0.193 and 0.249 (Table S2). The relative contributions from
molecular compound groups estimated by FT-ICR MS were
similar in the two valleys, in the order of highly unsaturated
(HU) O-poor compounds > unsaturated compounds > HU O-
rich compounds > unsaturated compounds with N & aromatic
compounds > saturated compounds & condensed aromatic
compounds (Figure 1). CHO-only molecular formulae
consisted of 60—74% of the assigned molecular formulae,
followed by CHON-containing formulae (21—34%) (Table
S2).

The functional molecular diversity for each FT-ICR MS
index exhibited diverging trends between streams (Figure 3).
In the Yatsude Valley, the functional diversity for all indices
was highest either in glacial meltwater or in Lake Heito and
decreased downstream; while in the Yukidori Valley, the
functional diversity for all indices remained almost constant or
increased downstream. The functional diversity of glacial
meltwater DOM was always higher in the Yatsude Valley, while
the opposite was observed at the most downstream sampling
point (outlet to the sea). L. Heito increased the functional
diversity of DOM with respect to m/z, number of C atoms,
and N/C ratio (Figure 3).

CoDa-PCA holistically revealed molecular compositional
differences between samples and detected differences in DOM

composition between the valleys (Figure 4). PC1 explained
37.8% of the compositional variance in the data. PCl
correlated positively with the relative proportion (relative to
the mean of all elements considered) of HU compounds,
CHO-only molecular formulae, and photorefractory humic-like
fluorescence (%C,qp). PC1 correlated negatively with the
relative proportion of saturated compounds and some
heteroatom-containing molecular formulae (CHOP,
CHONP, and CHONS) (Figure 4a). There was a clear split
on PC1l between samples dominated by HU compounds
(positive PC1) and by saturated compounds (negative PC1).
Samples from the Yukidori and Yatsude Valleys were roughly
separated on PC1 by these compounds (Figure 4b). PC2
explained further 25.4% of the compositional variance and
correlated positively with the relative proportion (relative to
the mean of all elements considered) of humic-like
fluorescence (%C415, %C440, and %CS500) and aromatic
and condensed aromatic compounds. PC2 correlated neg-
atively with the relative proportion of protein-like fluorescence
(%C325), unsaturated compounds including those with N
(e.g., peptides), and CHON molecular formulae (Figure 4a).
PC2 split samples dominated by a “terrestrial” signature
(positive PC2) and those with a microbial signature (negative
PC2). Yukidori downstream samples were more enriched in
aromatic compounds and humic-like fluorescence (Figure 4b),
which was in accordance with the findings from Figure 1.

4. DISCUSSION

4.1. Source and Nature of DOM in the Streams. The
set of employed analytical techniques consistently indicated
the predominant microbial origin of DOM as expected. For
instance, the dominance of HU O-poor compounds over HU
O-rich compounds was a stark contrast to the dominance of
the latter (such as phenolics) in DOM from forested
catchments (Figure 1).** Compared to DOM from ten of
the largest world rivers,” Al 4 and m/z values were lower and
the proportions of N-containing molecular formulae were
much higher (Table S2). The low DOC/DON ratio and the
UV-based indices (high S,75_5s and low SUVA,,) also
supported the microbial origin of DOM in the streams.
Typically, a higher (steeper) S,,5_,05 value suggests a decrease

https://doi.org/10.1021/acs.est.1c03163
Environ. Sci. Technol. 2021, 55, 10175—-10185


https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c03163/suppl_file/es1c03163_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c03163/suppl_file/es1c03163_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c03163/suppl_file/es1c03163_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c03163/suppl_file/es1c03163_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c03163/suppl_file/es1c03163_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c03163/suppl_file/es1c03163_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c03163/suppl_file/es1c03163_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c03163/suppl_file/es1c03163_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c03163/suppl_file/es1c03163_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c03163/suppl_file/es1c03163_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c03163?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c03163?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c03163?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.1c03163?fig=fig3&ref=pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.1c03163?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environmental Science & Technology

pubs.acs.org/est

a
Q
EX
0.2
%, °
o g
— X g
N S
«© <
e
ln' Sa[wate - 4
N 001
~UONP HU O
S CHONF o 2 -\%ro poor
> .
s %%,
q'?'\) > 1% %,
021 S& 5 i
s g
o
T T T T
-0.50 -0.25 0.00 0.25
PC1 (37.79%)
2 -
Yatsude 1
Yatsude 4
Yatsu%%&(grllsgde 5
< " ¢ Yukidori 8
uki 1
S ®
cr). Yalsud\éagwe 8
Te] 0- Yatsude 7 Yukidori 7
AN [ ]
~ Yukidori 4
LN) Yuk\:mm
L. Heito Yﬁ}ﬁﬁ?ﬁe Yukidori 6 L. Yukidori
a_,. . S )
Yukidori 2
@
=24
Valley Yatsude @ Yukidori
T T T
-2 0 2

PC1 (37.79%)

Figure 4. Compositional data-principal component analysis (CoDa-
PCA) of the Yukidori and Yatsude Valleys DOM composition, with
centered logratio (clr)-transformation of CoDa, where all the four
compositions were taken as a single composition to compute the clr.
Arrows are color-coded according to the compositions for visual-
ization. (a) Interpretations of the relationships between arrows should
follow the special rules of the CoDa-biplot. Briefly, the fundamental
elements of a CoDa-biplot are the links between arrow heads, not the
arrows themselves. See the manuscript for details. Distances among
objects in (b) are approximations of their Aitchison distances in the
multidimensional space. Samples are numbered from 1 to 9 along the
flow path, and lake samples are represented by the blank circles.
Abbreviations: HU, highly unsaturated and func. H, functionalized H.

in aromaticity of DOM and an increase in the degree of
photodegradation.”””” The low SUVA,, values, an indicator
of the aromaticity of DOM,” found in the studied streams
(mostly <1 L mg C™' m™") were comparable to or lower than
that of offshore marine DOM.*° Nevertheless, the SUVA,,
values were higher and the S,,;_,o5 values were lower than
observed in other Soya Coast lakes and similar to that of lake
porewater.'” This low S,;5_,95 value suggests that the stream
water DOM was not as much photodegraded as in lakes in the
same region because photobleaching is known to increase the
Sy75-205 values.””>® The relative abundance of the photo-
degradable humic-like components was higher (27—58% in
streams) than other Soya Coast lakes (6—35%)," further

supporting the findings of the UV-based indices that the
stream water DOM was not as much photodegraded (Figure
1)

DOM in the streams consisted largely of a mixture of small,
identifiable molecules according to the dominant and well-
resolved 'H signals (Figures 2 and S3). This corroborates
previous findings that DOM contained in polar glaciers is
largely a mixture of microbial-derived small molecules such as
small organic acids, amino acids, and sugars derived from
bacterial energy cycles and metabolism."”'* However, the
studied Antarctic stream DOM possessed distinct molecular
and elemental properties compared to that of the ocean, which
is also almost entirely microbial-derived. Marine DOM
generally has much broader, mostly unresolved 'H NMR
signals because of the great diversity of functional groups and
molecular environments as a result of extensive microbial
processing.”*”*" Accordingly, our results indicate that DOM in
the Antarctic streams is of microbial origin and not yet highly
processed through continuous microbial reworking like in the
ocean. The low DOC/DON ratios (median 5.7, Table 1) were
in the range of that of microbial biomass, supporting that the
Antarctic stream DOM was at the very beginning of the
microbial degradation network.

The similarity of the compound group contributions
between the valleys and less in-stream variability than other
spectroscopic techniques applied to bulk DOM may be due to
the low extraction efficiencies by PPL (Table S2). The low
recovery rate was probably because the majority of stream
DOM was composed of hydrophilic monomers such as small
organic acids and polar carbohydrates, which are too polar to
be retained by PPL (Figures 2 and S3). In addition, colloidal
organic matter, which by operational definition is part of
DOM, does not penetrate the pore space of PPL and is
presumably poorly retained.”> The solid-phase extraction
procedure of DOM by PPL was optimized to recover a
maximum (~65%) of highly processed DOM from marine and
fresh waters.”” As such, the extraction efficiency of DOM by
PPL increases during experiments with progressing microbial
processing of phytoplankton-derived or monomeric DOM.>>>*
Overall, the low extraction efficiency, low DOC/DON ratios,
and well-resolved 'H NMR signals all consistently pointed
toward a recent microbial source and lack of strong microbial
processing of DOM in the streams.

The four humic-like fluorescence components resolved by
EEM-PARAFAC may be counterintuitive to the well-resolved
'H signals indicating the dominance of small biomolecules
(Figures 1 and 2). Humic-like fluorescence is usually attributed
to aromatic terrestrial OM such as partial degradation products
of lignin and phenols.” One possibility is that concentrations
of the fluorescent constituents responsible for the humic-like
fluorescence (moss-derived phenols or terrestrial OM from
atmospheric deposition®®) were too low to be detected by
NMR."* However, increasing numbers of evidence point out
that certain fluorescence components reoccur irrespective of
the sample source.”**”*® The three photodegradable humic-
like components in this study correspond to recently proposed
three ubiquitous components.'”** Exudation by phytoplankton
and bacteria®”®® or physicochemical reactions such as cross-
linking of lipid precursors in the presence of dissolved
nitrogen61 can result in humic-like fluorescence, none of
which is aromatic in nature. Therefore, another possibility is
that the emergence of humic-like fluorescence may not
necessarily require compounds that resonate in the aromatic
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chemical shift region in '"H NMR. Considering the
biogeochemical importance of the photoreactive fraction of
DOM,>***** clarifying mechanisms leading to the emergence
of the reoccurring fluorescence deserves future research.

4.2. Downstream Processing of DOM in the Streams.
Clear downstream changes in the DOM composition were
evident in the Yukidori Valley, especially in its bulk properties
analyzed by spectroscopic techniques (Figure 1). For instance,
parameters associated with a microbial signature (S75_50s, %
protein-like fluorescence, carbohydrate H) increased, while
those with an apparent “terrestrial” signature (SUVA,s,, %
ubiquitous humic-like fluorescence) decreased in Lake
Yukidori (Figure 1).%*%°° Similar patterns were also observed
in Lake Heito (Figure 1). As fluorescence intensity of protein-
like and humic-like components increased and decreased,
respectively (Table S1, Figure S2), both the photodegrada-
tion’>* and in situ microbial production of DOM* within the
lakes occurred simultaneously. In both streams, nitrate
concentrations increased downstream, while showing low
values in the meltwater and lakes (Table 1). These trends
may indicate that nitrate was supplied to the streams from
surrounding sea—bird nests as a result of nitrification of feces
and consumed by phytoplankton and benthic phototrophs
within the lakes. The simultaneous increase in DOC and DON
concentrations (Table 1), protein-like fluorescence (Table S1),
and carbohydrate H (Figure 1) all indicated an active microbial
production of DOM within the lakes. Thus, lakes play an
important role in the downstream fate of glacial DOM and
nutrients by enhancing water residence time leading to larger
DOM production and processing.

The progressive downstream increases in the relative
contribution of aromatic and condensed aromatic compound
groups (from 2.3 to 4.7%) and HU O-poor compound groups
(52—61%) after Lake Yukidori indicated the supply of these
compound groups from the stream bank vegetation such as
mosses and/or their selective preservation in the Yukidori
Valley (Figure 1). The intensity-weighted average of Al,,.4 and
DBE also showed clear increase downstream, while H/C
(saturation) decreased (Figure S4). The optical parameters
(increase in SUVA,;, and %ubiquitous humic-like fluores-
cence)™® and H distributions (increase in functionalized
H)**°* supported the findings of FT-ICR MS (Figure 1).
Mosses are enriched in phenolic compounds such as p-
hydroxyacetophenone, p-hydroxybenzaldehyde, and p-hydrox-
ybenzoic acid.**** Therefore, abundant mosses only found in
the Yukidori Valley likely influenced its DOM composition by
contributing aromatic and HU compounds (Figures 1 and S4).
The increase in aromaticity of DOM could also be due to the
microbial processing of freshly produced DOM. In the deep
ocean, C-specific absorbance of DOM and presumably its
aromaticity increases with time.”> This “browning” is not due
to external terrestrial inputs but due to microbial reworking of
DOM.

The '"H NMR spectra highlighted the difference between
Yukidori and Yatsude DOM constituents and their down-
stream processing that were not observable by bulk optical
properties (Figure 2). "H NMR profiles of the starting point of
the streams (Yukidori 1 and Yatsude 1) were similar, except for
higher contribution from lactic acid in Yukidori 1 (Figures 2
and S3), indicating that differences in downstream 'H NMR
spectra between the valleys could be ascribed to in-stream
processes. The most notable difference was the lack of sharp
signals from small molecules and the overall downstream

broadening of Yukidori 'H NMR spectra (Figure 2). In
contrast, Yatsude DOM remained much sharper signals
derived from small molecules in carbohydrate and aliphatic
H regions (Figure 2). Furthermore, distinct signals at the
aromatic (amide) region were also evident in Yatsude DOM,
which were absent in its meltwater (Yatsude 1) (Figure 2).
This indicates that there was a production of amino acids and/
or peptides in the Yatsude Valley and that these presumably
highly labile biomolecules were not fully degraded during the
flow paths. Generally, 'H spectral line broadening is associated
with degradation of identifiable biomolecules and microbial
reworking of primary producers’ exudates.”’ Paramagnetic
species can also broaden NMR spectra, but they cannot explain
the lack of sharp signals from small molecules (Figure 2).
Thus, these results collectively suggest that microbial
reworking of DOM may be more active in the Yukidori Valley
than in the Yatsude Valley.

The functional molecular diversity of solid-phase extracted
DOM chemical properties estimated by FT-ICR MS revealed
another novel aspect of downstream processing of DOM
(Figure 3). The decreasing functional diversity in the Yatsude
Valley suggests the increasing homogeneity of DOM along the
flow paths with respect to the chosen chemical properties;
while in the Yukidori Valley, the constant or even increasing
functional diversity was observed for all indices (Figure 3).
These diverging trends in functional diversity could be
explained by the presence/absence of river bed/bank mosses
and associated material inputs. In the Yukidori Valley with
abundant mosses, especially after Lake Yukidori, aromatic
compounds were supplied from living and decomposing
mosses to the stream.'” These material inputs particularly
increased the functional diversity regarding aromaticity (Al,,.q,
DBE) and saturation (H/C) (Figure 3c,e,f). In the Yatsude
Valley with few mosses, new material inputs from vegetation
were limited. Thus, the reduction in the functional diversity
with respect to molecular weight (m/z, #C) (Figure 3ab)
could be explained by preferential remineralization of high
molecular mass compounds by microorganisms along the flow
path.® Degraded DOM with fewer larger molecules shows
lower functional diversity, while fresh DOM, containing both
large and small molecules, shows a high functional diversity
with respect to molecular weight (m/z, #C).>® Note that, here,
we refer to “large” and “small” molecules in terms of the
analytical window of FT-ICR MS (>92 m/z), while “small”
molecules contributing to the observed sharp signals in the 'H
NMR spectra (Figure 2) had a lower molecular weight (<90)
and were outside of the analytical window of FT-ICR MS. The
intensity-weighted average of m/z values of Yatsude samples
generally decreased downstream and had strong linear
correlations with the functional diversity of all considered
chemical properties (Figures S4 and S5). This indicated that
downstream preferential remineralization of high molecular
mass compounds was a major factor that decreased the
functional diversity of solid-phase extracted DOM (Figure 3).
A list of the top 20 largest-mass molecular formulae that
decreased downstream in relative intensity in the Yatsude
Valley is presented in Table SS. These were mostly CHO-only
molecular formulae (Table S5). Meanwhile, the increased
functional diversity regarding molecular weight (m/z, #C) and
relative N abundance (N/C) in the Lake Heito suggests a new
in situ production of proteinaceous DOM, which was strongly
supported by the distinct amide "H NMR signals and elevated
protein-like fluorescence in Lake Heito DOM (Figure 2b and
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Table S1). Lists of the N-containing molecular formulae that
increased more than 200% (n = 49) in relative intensity or
were newly generated (n = 953) at L. Heito are presented in
Tables S6 and S7. Such a new production did not increase the
functional diversity regarding aromaticity (Al,., DBE)
because of a lack of newly synthesized aromatic compounds
by microbes (Figure 3e,f).

4.3. Fate of DOM in the Streams. Condensed aromatic
compounds and CHONS and CHONP molecular formulae
proportionally varied greatly considering the longest arrows in
the CoDa-PCA biplot (Figure 4a). Consequently, these
variables were those having high relative variations, reflected
by long distances between the vertices of clr-variables (Figure
4a). This is in accordance with their high logratio variances
(Table S3). Care should be taken here because a small fraction
tends to have a large relative analytical error and may distort
the CoDa-biplot. We confirmed that this is not the case in this
study because variation between samples was sufficiently high
for all parameters compared to analytical errors (Table S4).
The proportionally high variations of these molecular
compounds suggest that they underwent rapid production
and consumption in the streams, for instance, by microbial
production, bacterial consumption, and photodegrada-
tion.' 724902 Additionally, the short link between the vertices
of the arrows of HU O-rich/O-poor compounds indicates that
their ratio is nearly constant throughout the data set (Figure
4a), which implies that these molecular compound groups
were tightly associated and moved in parallel in the studied
streams and that their relative abundance (percentages) was
mostly determined by change in other compound groups’
abundance. This is a new finding that was not observed by a
raw PCA with original non-clr-transformed data where these
compound groups seemed to be negatively correlated as a
result of a presumably spurious correlation (not reported).
Similar associated behaviors can be observed among photo-
degradable humic-like components (C,;5, C440, and Cgog) and
among aliphatic H, functionalized H, and carbohydrate H
(Figure 4a).

In summary, this study shows that glacial DOM is largely a
mixture of microbial-derived small molecules, consistent with
the past findings."”'* Glacial DOM is actively processed along
the flow path before entering the ocean. The extent how much
glacial DOM undergoes processing and receives new
production depends on the environmental conditions such as
vegetation. Lakes also play an important role in the
downstream fate of glacial DOM and nutrients by enhancing
water residence time leading to larger DOM production and
processing. Whether glacial runoff is associated with inputs of
biologically labile substrates to the ocean'> depends on
downstream environments and associated processing of glacial
DOM.
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