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Abstract Climate change is melting glaciers and
altering watershed biogeochemistry across the globe,
particularly in regions dominated by mountain gla-
ciers, such as southeast Alaska. Glacier dominated
watersheds exhibit distinct dissolved organic matter
(DOM) characteristics compared to forested and
vegetated watersheds. However, there is a paucity of
information on how stream DOM composition
changes as glaciers retreat and terrestrial ecosystem
succession ensues. Importantly, it is unclear over what
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timescales these transformations occur. Here, we used
bulk, isotopic and ultrahigh resolution molecular-level
techniques to assess how streamwater DOM compo-
sition evolves in response to glacier retreat and
subsequent terrestrial ecosystem succession. For this,
water samples were collected from eleven streams
across a chronosequence spanning a temporal gradient
0 to ~ 1400 years since glacier retreat in coastal,
southeast Alaska. During the first ~ 200 years since
glacier retreat, stream DOM showed marked and
consistent changes in bulk, isotopic, and molecular-
level composition. In particular, there was a decreased
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relative abundance (RA) of ancient, energy-rich (e.g.,
elevated aliphatic contribution), low aromaticity (e.g.,
low SUVA,s4 and Al,,.q) DOM and an increased RA
of soil and vegetation derived aromatic DOM (e.g.,
more depleted 813C, elevated condensed aromatic and
polyphenolic contribution) that had a modern radio-
carbon age. After ~ 200 years of ecosystem devel-
opment, DOM composition was comparable to that
observed for other temperate and arctic forested
watersheds without permafrost influence. These
results underscore the timelines on which glacier
retreat may have substantial impacts on watershed
biogeochemistry and coastal ecosystems that receive
DOM from these rapidly changing landscapes.

Keywords Deglaciation - Dissolved organic
carbon - FT-ICR MS - Carbon isotopes - Succession -
Glacier bay

Introduction

Climate change induced glacier retreat is likely to
have major yet poorly constrained impacts on stream
dissolved organic matter (DOM) composition, impact-
ing the biogeochemistry of downstream and coastal
ecosystems (Canadell et al. 2019; Hood et al. 2015;
Lawson et al. 2014a; Milner et al. 2017; O’Neel et al.
2015; Pain et al. 2020). Currently, mountain glaciers
provide a large seasonal flux of DOM downstream
(0.58 £ 0.07 Tg C yr~'; Hood et al. 2015). Yet, many
mountain glaciers, have, or are now beginning to
retreat beyond the point of peak discharge (i.e., further
loss in ice mass results in a declining glacier-derived
contribution to streamflow; Milner et al. 2009;
Vaughan et al. 2013). With continued mass loss
projected to occur in the coming decades, the glacier-
derived DOM flux will diminish (Hood et al. 2015).
These watershed-scale changes will impact the quan-
tity and quality of streamwater DOM (Canadell et al.
2019; Fellman et al. 2014; Lafreniere and Sharp 2004;
Pain et al. 2020), since the low elevation deglaciated
portion of these catchments will become re-vegetated
(Matthews 1999; Milner et al. 2007). Despite unabated
glacier loss, the timescales on which contemporary
retreat and subsequent terrestrial ecosystem succes-
sion alters streamwater DOM composition is not
sufficiently understood to predict centennial changes
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to biogeochemical dynamics across the range of
deglaciating watersheds.

Efforts to predict the impact of glacier loss on
stream DOM composition have often used a space for
time approach, comparing endmember watersheds
with varying glacier cover to forested watersheds that
have been deglaciated for millennia (Behnke et al.
2020; Fellman et al. 2010, 2014; Hood and Berner
2009; Lafrenicre and Sharp 2004; Pain et al. 2020).
Research highlights that glacier-derived DOM is
chemically distinct from most aquatic ecosystems
(Kellerman et al. 2021). Glacier-derived DOM is A'*C
deplete (i.e., aged; ~ 2000-10,000 ybp) yet highly
bioavailable, associated with a high relative abun-
dance (RA) of aliphatic compounds (Aiken et al. 2014;
Arimitsu et al. 2018; Bhatia et al. 2010; Fellman et al.
2015a; Hood et al. 2009; Lawson et al. 2014b; Singer
et al. 2012; Spencer et al. 2014a; Stubbins et al. 2012;
Zhou et al. 2019a). Studies suggest that aged glacier
DOM maybe derived from atmospheric deposition
including anthropogenic aerosols, as well as poten-
tially subglacial palaeoorganic material and microbial
processes in supraglacial or subglacial environments
(Bhatia et al. 2010, 2013; Fellman et al. 2015a; Hood
et al. 2009; Lawson et al. 2014b; Musilova et al. 2017;
Spencer et al. 2014b; Stubbins et al. 2012). Glacier
DOM composition is the antipode to DOM in
deglaciated, forested watersheds. This terrestrial-
derived DOM is typically less bioavailable, modern,
has a high RA of aromatic and polyphenolic moieties,
together with fluorescence properties indicative of
fresh plant biomass and soil organic matter (Aiken
et al. 2014; Behnke et al. 2020; Fellman et al. 2010;
Kellerman et al. 2021; Lafreniere and Sharp 2004;
Pain et al. 2020). Despite a comprehensive under-
standing of these endmembers and theoretical models
proposed for the evolution of DOM composition with
glacier retreat (Behnke et al. 2020), assessments of the
nuanced changes in DOM composition between these
end-states and quantification of the timescales associ-
ated with these changes are currently lacking. This is
due to an absence of DOM compositional studies
assessing watersheds that cover temporal gradients in
glacier retreat. Therefore, it is unclear how DOM
composition changes in recently deglaciated catch-
ments through the processes of terrestrial ecosystem
succession.

The Coastal Mountain Glaciers of southeast Alaska
have experienced some of the highest rates of ice mass
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loss globally (Hugonnet et al. 2021; Zemp et al. 2019),
with glacier runoff projected to diminish this century
(Bliss et al. 2014). Glacier Bay, Alaska has acted as a
model chronosequence study area for assessing how
and over what timescales glacier retreat influences
watershed ecology and biogeochemistry (Milner et al.
2007). The bay provides a unique opportunity as it has
experienced rapid and well documented glacier reces-
sion since the end of the Little Ice age (ca. 1760;
Motyka and Beget 1996), and thus has streams
covering a well constrained and broad gradient in
glacier retreat and terrestrial ecosystem succession. To
date, studies have assessed changes to ecology,
including above ground biomass, as well as soil type
and quality, together with instream geochemistry
including macronutrients, dissolved organic carbon
(DOC) concentrations and optical proxies for DOM
aromaticity (e.g., Bormann and Sidle 1990; Buma
et al. 2017; Chapin et al. 1994; Engstrom et al. 2000;
Milner et al. 2000, 2007; Nagorski et al. 2014).
However, it remains unclear how the chemical prop-
erties of DOM evolve in Glacier Bay in response to
glacier retreat and subsequent terrestrial ecosystem
succession, despite this assessment being central to
understanding DOM reactivity and thus carbon
dynamics in these rapidly changing watersheds.

The goal of this study was to investigate the
centennial evolution of DOM composition following
the onset of glacier retreat. We compare the DOM
composition of streams in Glacier Bay, and near
Juneau, Alaska, covering a stream age (time since
glacier retreated from the stream mouth) gradient
of ~ 0-1400 years (Milner et al. 2000). Water
isotopes (3'%0) were used to identify the sources of
streamwater, particularly distinguishing between gla-
cier-derived runoff, including snow/ice melt contri-
butions, and rainfall. We analyzed DOM composition
through bulk (DOC concentration and optical proper-
ties), isotopic (8'*C-DOC and A'"C-DOC), and
molecular-level techniques (ultrahigh resolution Four-
ier transform ion cyclotron resonance mass spectrom-
etry; FT-ICR MS). We draw on the full spectrum of
data across the gradient in stream age to evaluate
how DOM composition changes in response to
glacier retreat and subsequent terrestrial ecosystem
succession, and assess over what timescales these
transformations occur. We hypothesis that over the
centennial timeframe glacial contributions to stream-
flow will decline and streamwater DOM

composition will shift from a glacier dominated,
aged (A'C-DOC deplete) relatively aliphatic
enriched DOM composition towards a modern,
terrestrial-derived DOM signature (e.g., 8'*C-DOC
deplete, relatively enhanced condensed aromatic and
polyphenolic contribution).

Methods
Sample sites and catchment characteristics

Eleven streams in southeast Alaska were sampled
from the 14th to 16th July 2013 during which time
there was no rainfall. This period represents the peak
glacier melt season where glacial contributions to
streamflow are at a maximum. Ten streams are
situated in Glacier Bay (Fig. 1). There is limited
access to land terminating glacier outflows in Glacier
Bay. Therefore, the eleventh stream, Herbert Glacier
outflow (GOy), which is a major outlet glacier of the
Juneau icefield, is situated ~ 60 km southeast of
Glacier Bay in the Juneau area (Fig. 1). Both areas
have a cool maritime climate, with average highs for
May-September of 14.8 and 15.6 °C for Glacier Bay
and Juneau, respectively (https://www.ncdc.noaa.gov/).

Besides Herbert Glacier, stream ages are taken
directly from Milner et al. (2000). To each stream age
estimate, 16 years was added to account for the period
between our sampling campaign and the Milner et al.
(2000) sampling campaign (2013 and 1997, respec-
tively). At Herbert Glacier, sampling was conducted
within 200 m of the glacier terminus, hence its
streamwater composition is considered a glacier
endmember (i.e., stream age ~ 0 years). Watersheds
in the northern part of Glacier Bay are in the early
stages of terrestrial ecosystem  succession
(< 100 years). Northern Glacier Bay watersheds have
some portion of glacier cover or have been recently
deglaciated, and have substantial barren ground and
low vegetation cover (with potential for remnant ice
and permanent snowfields; Nagorski et al. 2014).
Older streams, to the south and near the mouth of
Glacier Bay, are in the later stages of succession
(> 100 years) and have established above ground
biomass and developed biotic systems, including
wetlands (Milner et al. 2007; Nagorski et al. 2014).
The oldest and most southern Glacier Bay catchment,
Carolus River (~ 1393 years), is an old growth forest
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Fig. 1 Location of 2013 sample locations in Southeast Alaska. Land Ice Measurements (GLIMS; http://www.glims.org) and
a GOy, b early succession (50-100 years) streams (ESsg_j00) hydrology, land boundaries and hypsometry from Alaskan
and c late succession (> 100-210 years) streams and old growth Department of Natural Resources (http://www.asgdc.state.ak.
forest stream (1393 years) in Glacier Bay (LS;g9_210 and us)

OGF, 393, respectively). Map data: glacier cover from Global

watershed (of spruce, hemlock and cottonwood), range of the other watersheds (Nagorski et al. 2014),
which also has ~ 26% of its land area covered by thus it is used as a comparison to a mature forest
wetlands (Nagorski et al. 2014). This stream is > watershed. Together the streams cover a gradient in
1000 years older than the second oldest stream (Rush stream age from 0 to 1393 years (GOy to Carolus
Point Creek), and its slope and elevation fall within the River, respectively). At all sites, factors such as,
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presence of lakes, elevation, aspect, and slope may
affect water quality (i.e., '*0), along with the speed
of succession and vegetation community composition.
All watersheds were grouped according to stream age:
glacier outflow (Herbert Glacier) stream age O years
(GOy); early succession 50-100 years (ESso_100); late
succession > 100-210 years (LSi99_210); and old
growth forest 1393 years (Carolus River; OGF393).
Since terrestrial ecosystem succession is a continuous
process, statistical analysis was conducted on data
without use of discrete categories (see Sect. “Statis-
tical analysis™).

Field sampling

Streamwater samples were collected using pre-
cleaned (10% HCIl v/v for 48 h) 2 L Nalgene® bottles,
rinsed three times with streamwater before collection.
Collected water was immediately filtered through
0.7 um pre-combusted (450 °C, > 5 h) GF/F filters
and stored frozen in a series of pre-rinsed, acid washed
(10% HCl v/v for 48 h) polycarbonate bottles
(125 mL, 2 x 1 L), in the dark at — 20 °C. Water
isotope samples were filtered using the same method,
but stored in the dark at room temperature (20 °C) in
pre-rinsed 25 mL glass bottles with no head space
(Fellman et al. 2014).

Water isotopes

Water isotope analysis (5'®0) was conducted in order
to provide an indication of the relative contributions of
streamflow from glacier runoff (3'®0 deplete) and
modern precipitation (snow and rain 3'*0 enrichment
compared to glacier runoff; Fellman et al. 2014).
Samples were analyzed on a Picarro L2120-i analyzer
and results normalised Vienna Standard Mean Ocean
Water (VSMOW).

Dissolved organic carbon and carbon isotope
analysis

Concentrations of DOC were measured using standard
protocols on a Shimadzu TOC-Vcys analyzer (Stub-
bins and Dittmar 2012). DOC concentrations were
calculated based on the average of 3-5 injections with
a < 2% coefficient of variance (Mann et al. 2012). For
each stream, stable and radiogenic carbon isotopes
(8"°C-DOC and A'C-DOC, respectively) were

analyzed. 8'°C-DOC was measured using a O.L
Analytical Model 1010 TOC interfaced to a PDZ
Europa 20-20 isotope ratio mass spectrometer (Sercon
Ltd.), as described previously (Spencer et al. 2009).
A'™C-DOC was measured using standard methods at
the National Ocean Sciences Accelerator Mass Spec-
trometry Facility at the Woods Hole Oceanographic
Institution, USA. Briefly, DOC was UV-oxidised and
the resultant CO, was cryogenically purified and
analyzed for A'*C (Raymond et al. 2004).

Dissolved organic matter compositional analysis
Optical characterization

The fluorescence index (the ratio of emission intensity
at 470-520 nm obtained at with an excitation wave-
length of 370 nm) was calculated for each sample.
This optical metric provides an indication of bulk
DOM composition by its linkages to watershed
sources of DOM (Cory et al. 2010; McKnight et al.
2001). Streamwater absorbance at 254 nm was mea-
sured on a Genesis spectrophotometer. Decadic
absorbance was DOC-normalized to convert to speci-
fic ultraviolet absorbance at 254 nm (SUVA,s4), an
indicator of the aromaticity of bulk DOM (Weishaar
et al. 2003).

Ultrahigh-resolution mass spectrometry

For each stream, sample water was acidified to pH 2
using reagent grade HCI, then extracted via solid-
phase extraction onto pre-cleaned 100 mg PPL car-
tridges (Agilent Technologies), using the procedure
described in Dittmar et al. (2008). The volume of
sample extracted was adjusted dependent on the DOC
concentration of the sample, with a target loading of
40 pg C considering an assumed extraction efficiency.
Cartridges were then rinsed twice with pH 2 ultrapure
water and dried with ultra-high purity nitrogen gas.
The dried cartridges were eluted with HPLC grade
methanol into 2 mL pre-cleaned (10% HCI v/v 48 h)
and combusted (550 °C, 5 h) amber glass vials. The
vials were stored at 4 °C, in the dark, until analysis.
Eluted methanol was analyzed using electrospray
ionization in negative mode on the 15 T FT-ICR MS
(Bruker Solarix) at the University of Oldenburg,
Germany. 500 scans were accumulated for each
sample’s mass spectra. Spectra were internally
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calibrated and molecular formulae were assigned to
peaks with greater than five times the baseline signal to
noise ratio using MolecularFormulaCalc-©, which
assigns formulae within the bounds Cs_soHs_;00N1_30.
0¢_70S0-2Po_». The RA of each formula was calculated
as the percent contribution of that peak to the total
signal of all peaks within the sample. The nominal
oxidation state of carbon (NOSC) was calculated for
each formula (Riedel et al. 2012). Compound classes
were assigned to molecular formulae based on
stoichiometry and the modified aromaticity index
(Aloq; Koch and Dittmar 2006; Koch and Dittmar
2016). Al,oq values of 0.5-0.67 and > 0.67 were
classed as polyphenolic and condensed aromatics,
respectively; Alyo.q of < 0.5 and H/C < 1.5 were
highly unsaturated and phenolic compounds (HUPs);
H/C > 1.5-2.0, O/C < 0.9 and N = 0 were aliphatic;
H/C > 1.5-2, O/C < 0.9 and N > 0 were peptide-
like; and H/C > 1.5-2 and O/C > 0.9 were sugar-like
(Koch and Dittmar 2006). Note each molecular
formula may represent numerous structural isomers,
since compound classes are based purely on stochio-
metric similarity (Hertkorn et al. 2007). The percent
RA of a compound class was calculated as the sum
total of the RA of all peaks belonging to that class.

Statistical analysis

Principal component (PC) analysis was used to
connect the major DOM compositional changes
between samples to stream age and thus watershed
deglaciation. PC analysis was conducted using the
FactoMineR package (L€ et al. 2008) and considered
3'%0, DOC, §'*C-DOC, A'™C-DOC and all optical
and FT-ICR MS variables. FT-ICR MS metrics
(NOSC, Al oq, and mass), together with compound
and single heteroatom classes (CHO-only, CHON,
CHOS and CHOP) were weighted according to RA.
Metrics used in the PC analysis were scaled to one
standard deviation, so that variables on different
measurements scales were comparable. Asymptotic
regression of PC1 against stream age was conducted
using Base R (‘SSasymp’ function) and confidence
intervals were calculated using nlstools (Baty et al.
2015). Spearman rank correlations, between the RA of
each molecular formula and stream age, were calcu-
lated using the Base R ‘cor.test’ function. This was
performed to isolate how an individual compounds RA
changes with time since glacier retreat. Only
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significant correlations (p value > 0.05) and formulae
that were present in > 5 samples were included in the
examination of spearman rank output. All statistical
analyses were carried out using R (Version 1.1.463; R
Core Team 2020) and figures were made using ggplot2
(Wickham 2016).

Results

Geochemical setting and bulk dissolved organic
matter properties

Streamwater 8'®*0 values ranged from — 16.05 to
— 12.74%0 (Herbert Glacier outflow: GO,, to old
growth forest: OGF 393, respectively; Table 1), reflect-
ing a declining contribution of glacier or remnant ice
and/or permanent snowfields to streamflow with
increased stream age (Fig. 2a). Concentrations of
DOC increased with stream age (range 0.35-1.19 mg
CL™" GOy to OGF,303; Table 1, Fig. 2b). Our glacier
and old growth forest stream (GO, and OGF 303,
respectively) had 8'®*0 and DOC values that were
within the ranges reported for their respective water-
shed types in southeast Alaska during the glacier melt
season (i.e., June—September). For example, 5'%0
values in southeast Alaskan glacier outflows and old
growth forest streams ranged from — 15.6 to
— 17.0%0 (n=8) and — 12.6 to — 13.8%0 (n = 7),
respectively (Fellman et al. 2014). In past studies,
DOC concentrations ranged from 0.13 t0 0.37 (n = 14)
and 1.10-14.01 (mean 7.3 £ 4.6, n = 15) mg C L!
for glacier outflow and old growth forest watersheds,
respectively (Behnke et al. 2020; Fellman et al. 2014;
Nagorski et al. 2014; Spencer et al. 2014b). The DOC
concentration for OGF;39; was at the lower end of
previously reported values for old growth forest
watersheds; this could be a function of soil properties,
soil organic carbon stocks and/or the low streamflow
during the sampling period, since transport of DOC to
the stream would have been limited (Canadell et al.
2019; Hood et al. 2020). The marked similarity in
3'®0 and DOC values of our endmember samples
(GO and OGF;393, where n = 1) with other similar
watersheds in southeast Alaska, highlights that our
watersheds and sampling period were representative.

Mean 8'*C-DOC values were inversely associated
with stream age, with the most deplete §'*C-DOC
value observed at OGF;39; (Table 1, Fig. 3a).
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Table 1 Geochemical, bulk DOM and FT-ICR MS parameters for each stream in Southeast Alaska

GO ES1 ES2 ES3 ES4 LS1 LS2 LS3 LS4 LS5 OGF

Stream 0 52 59 67 78 138 153 168 183 208 1393
age (years)

580 (%o) —16.05 — 1500 — 1477 —1471 —1555 — 1382 — 1493 —13.65 — 1336 — 1382 — 1274

DOC 0.35 0.88 0.69 0.61 0.55 0.88 1.13 0.72 0.84 0.78 1.19
(mgL™")

53 c-pocC —245 —261 —257 —261 —252 —275 —288 —278 —284 —278 —1292
(%o)

A™C-DOC — 2461 —885 — 1531 — 1389 — 1773 476 —-257 —12 —749 —569 137
(%o0)

Fluorescence  1.64 1.43 1.58 1.43 1.53 1.39 1.43 1.46 141 1.44 1.39
index (FI)

SUVA,s, 1.69 2.83 2.03 2.13 1.81 4.11 3.53 2.94 3.59 2.82 4.62
(L mg
c! m_l)

Number (#) 4838 5676 5903 5605 5044 6815 6515 5914 5484 5537 5802
of assigned
formulae

Mean mass 369.38 43931  421.65 44353 43174 50376 48143  468.12 495.16  476.26  511.46
(Da)

NOSC -050 -020 -015 -018 —-027 -—-005 -—-008 -—-0.11 —-017 —=019 —=0.15
Alod 0.19 0.34 0.34 0.34 0.28 0.41 0.40 0.37 0.36 0.34 0.39
Mean H/C 1.45 1.17 1.17 1.13 1.23 1.02 1.04 1.07 1.11 1.12 1.05
Condensed 2.16 3.74 4.42 4.57 1.43 9.36 7.97 6.09 5.24 4.15 6.72
aromatics
(%RA)

Polyphenolic ~ 8.44 1947 1843 1895 1275 2022  21.03 1929  16.81 1593  18.88
(%RA)

Highly 39.36 60.69 59.97 63.75 69.09 66.13 65.39 68.27 69.79 72.81 69.70
unsaturated
and
phenolic
(%RA)

Aliphatic 36.93 12.07 12.69 10.80 12.20 2.84 391 493 4.66 5.60 331
(%RA)

Sugar-like 0.31 0.24 0.19 0.02 0.12 0.08 0.09 0.09 0.10 0.11 0.20
(%RA)

Peptide-like 12.80 3.78 4.30 1.91 4.41 1.36 1.60 1.32 3.40 1.40 1.19
(%RA)

CHO-only 45.53 53.68 48.62 53.30 45.15 49.22 47.76 50.38 57.69 55.52 58.87
(%RA)

Formulae 46.41 32.5 38.44 33.73 40.97 31.44 35.25 33.43 21.18 27.38 19.6
containing
N, SorP
(%RA)

All FT-ICR MS metrics are weighted according to RA. Stream ages for each stream are indicated and stream names are abbrievated:
Herbert Glacier outflow (GO), Carolus River old growth forest (OGF), and early and late succession streams (ES and LS respectively;
see Fig. 1 for full name)
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Fig. 2 a 5'%0 and b DOC A _12 B
concentration catagorised 12 ®
by stream age. Dots -13 ® —~
represent individual —~ 4
datapoints. GO, and Carolus 2\_0/ —14 == O 08 E E
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Stream Age (years)
Fig. 3 a 3'°C-DOC A
’ —— 50
b AC-DOC, ¢ FI and o5 B |
d SUVA,s, catagorised by B 0 ®
stream age. GO, and ; E ﬂ
OGF 393 streams are a n of ’g ’\? -50
one. Early and late e < :
succession streams are O 27 O -100
abrievated to ESsq_;9 and 7o) < 150
LS100-210, respectively. . B
Dots represent individual E ] _200
datapoint !
points 9
—o— -250] —@—
GO ES LS OGF GO ES LS OGF
C © (80-100)  (>100-210)  (13%9) D © (50-100)  (>100-210)  (1398)
1.65 . 5
E ——
1.60
O 4 |
1.55 [@)]
. : C]
L -1 3
1.50 ~
&
<
1.45 1 > 2 =0
L_ g E 3 D ——
n
1.40 e 1
GO ES LS OGF GO ES LS OGF
© (50-100)  (>100-210)  (13%9) ) (80-100)  4>100 210)  (1398)

Streamwater A'*C-DOC became enriched (i.e., more
modern) as watersheds transitioned from glacial
influenced towards late succession, old growth forests
(Table 1, Fig. 3b). GO, had the most depleted A'*C-
DOC value (— 246.1%0 ~ 2.220 ybp; Fig. 3b). Glob-
ally, DOC in bulk glacier runoff has been shown to be
ancient, with A'*C-DOC ranging from — 639 to
— 108%o0, n = 36 (Andrews et al. 2018; Bhatia et al.
2013; Csank et al. 2019; Spencer et al. 2014a) and in
southeast Alaska glacier outflows A'*C-DOC ranges
from — 355 to — 182%o0, n = 10 (Arimitsu et al. 2018,;
Behnke et al. 2020; Hood et al. 2009; Spencer et al.
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Stream Age (years)

2014b). Furthermore, glacier DOC is usually more
3'°C enriched than DOC derived from forested
ecosystems, including those in southeast Alaska
(= 26.35 to — 23.7%0, n = 14 compared to — 28.7
to — 28.0%o, n = 7; Fellman et al. 2014; Hood et al.
2009; Raymond and Bauer 2001). This trend was
evident across the streams analyzed here (GO d3¢-
DOC — 24.5%0 and OGF 393 — 29.2%0; Table 1,
Fig. 3a). Late succession (LSigp_210) and OGF; 303
A™C-DOC approached modern values (mean—
222 +48.2 and 13.7 in LS 99219 streams and
OGF 393, respectively; Table 1, Fig. 3b). Recently
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leached, modern DOC is characteristic of non-glacial
streams in southeast Alaska (A"*C-DOC of 33-69%o,
n = 4, respectively; Behnke et al. 2020; Hood et al.
2009) and undisturbed, forested watersheds without
permafrost influence (Butman et al. 2015; Raymond
and Bauer 2001).

Streamwater DOM optical properties mirrored
shifts in carbon isotopic signatures (Table 1, Fig. 3).
The fluorescence index (FI) of DOM ranged from 1.39
(OGF393) to 1.64 (GOgy) and showed a progressive
increase in the contribution of plant and soil derived
DOM to the streamwater pool with increased stream
age. Concomitantly, bulk aromaticity, as indicated by
SUVA,sy, increased (1.69—4.62 Lmg C~' m™") from
GO, to OGF;393 (Table 1, Fig. 3d). SUVA,s4 values
for OGF39; were comparable with those reported for
other old growth forest watersheds in southeast Alaska
(4.04 £ 0.79 L mg Cl'mln=8; Nagorski et al.
2014; Stubbins et al. 2012). Typically, glacier DOM is
associated with low SUVA,s4 (1.77 £ 1.16 L mg
C'm™, n=5) and high FI values (1.52 % 0.09,
n = 11; Fegel et al. 2016; Fellman et al. 2014;
Stubbins et al. 2012). Similarly, parallel factor anal-
ysis of glacier DOM has shown that protein-like
fluorophores dominate (typically > 70%) total fluo-
rescence (Chifflard et al. 2019; Hood et al. 2009;
Kellerman et al. 2020; Pautler et al. 2012; Smith et al.
2018; Stubbins et al. 2012; Zhou et al. 2019b). The
broad shifts in optical and isotopic DOM properties,
together with streamwater §'%0, likely reflected
shifting sources of DOM and streamwater with time
since glacier retreat.

Evolution of molecular-level dissolved organic
matter composition with glacier loss

GOy had the lowest number of assigned molecular
formulae of all the streams (4838 compared to mean of
5830 &£ 511 for the remaining streams; Table 1). The
mean number of formulae increased from GOy to early
succession (ESsq_190; mean # 5506 + 365) and
LSi00210 (mean # 6053 4+ 592) streams (Table 1).
Typically, OGF; 393 had fewer formulae than LS ;40210
streams (# formulae 5802; Table 1). Across all
streams, N, S or P containing formulae accounted for
32.8 + 8.0% of the RA of all formulae. Heteroatom
content declined from GOg to OGF;393, whilst CHO-
only content increased (Table 1). The RA weighted
average mass, Al,,q, NOSC and the RA of aromatic

and HUPs compound classes all increased from GO,
to OGF393 (Table 1, Fig. 4). Concomitantly, the
aliphatic and peptide-like contributions decreased
(Table 1, Fig. 4). This was in broad agreement with
previously reported values in southeast Alaska, where
glacier outflows have a far greater RA of aliphatics and
fewer condensed aromatic and polyphenolic com-
pounds than old growth forest watersheds (Behnke
et al. 2020; Stubbins et al. 2012). Sugar-like com-
pounds contributed very little DOM (0.02-0.31% RA)
to all streams and thus are not discussed further
(Table 1). GOy had substantially higher aliphatic and
peptide-like content (combined 49.7% RA) than all the
other streams (mean 9.77 £ 5.21% RA), resulting in a
marked decline in RA between GO, and ESsq ;09
streams (Table 1, Fig. 4).

PC analysis showed strong trends in molecular-
level DOM composition with stream age (Table 2,
Fig. 5). There was clear division of DOM composi-
tional variables in PC space (Fig. 5a). PC1 explains
70.3% of the variance in the dataset and was strongly
negatively associated with the percent RA of aliphatic
and peptide-like compounds, as well as FI and 8'°C-
DOC (Table 2). These metrics clustered in PC space
highlighting that bulk (optical and carbon isotopes)
and molecular-level (FT-ICR MS variables) metrics
were highly correlated (Fig. 5a). PC1 was positively
associated with SUVA,s, and several FT-ICR MS
variables including number of assigned formulae,
NOSC, mean mass, Al,.q, condensed aromatics (%
RA), polyphenolics (% RA) and HUPs (% RA;
Table 2). Furthermore, PC1 was positively associated
with 8'%0, DOC and A'*C-DOC (Table 2, Fig. 5a).
Therefore, enriched 5'%0 (i.e., precipitation rather
than glacier-derived streamflow) was associated with
more modern (A'*C-DOC enriched) and higher con-
centrations of DOC, where DOM was higher in mass,
oxidized (i.e., higher NOSC) and contained larger
relative contributions of HUPs, aromatic and polyphe-
nolic compounds (Fig. 5a).

Unlike the clear division of parameters in PC space
(Fig. 5a), samples were distributed across PC1 reflect-
ing the evolution in streamwater and DOM composi-
tion across the stream age gradient (Table 1; Fig. 5b).
GOy and ESsg_19p streams were found at negative
values of PC1, with LS;og_»19 streams and OGF 393 at
positive values (Fig. 5b). The position of samples
along PC1 was correlated with stream age and was
represented by an asymptotic regression curve
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together with compound class scores (d-f) seperated by stream
age category. GO( and OGF 393 streams are a n of one. Early and

(Fig. 5¢). This highlighted that the rate of change in
streamwater and DOM composition was initially rapid
(i.e., within the first ~ 200 years) and that the rate of
change decreased through time until a climax compo-
sition was reached (Fig. 5c). The change in DOM
composition was characterized by a decline in RA of
aliphatic and peptide-like compounds and an increase
in RA of HUPs, polyphenolic and aromatic com-
pounds (Table 1, Figs. 4, 5). This trend was mirrored
in bulk metrics (Table 1, Figs. 3, 5). Furthermore,
3'%0 and A'*C-DOC became enriched, showing a
declining contribution of ancient glacier-derived
DOM (Figs. 3, 5). The 95% confidence interval of
the regression curve indicated uncertainty in possible
climax compositions and timing (Fig. 5c). It is
unlikely that there is a single end-state composition
across Glacier Bay, given the variability around the
regression curve. However, the strong association of
PC1 with stream age and clear trends with 5'%0 mean
that it is likely that watersheds will trend towards a
comparable terrestrial vegetation dominated compo-
sition after ~ 200 years, as demonstrated by the
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Stream Age (years)

late succession streams are abrievated to ESso_j00 and LS;po_210,
respectively. Dots represent individual datapoints

minimal change in PCI position after this point
(Fig. 5¢). Therefore, it is apparent that the major
landscape control on DOM composition was time
since glacier retreat, through its influence on catch-
ment vegetation and soil organic carbon stocks.
Many of the individual molecular formulae present
between the streams were highly correlated with
stream age (# formulae correlated 1512; Fig. 6).
Spearman rank correlations between the RA of
molecular formulae (present in > 5 samples) and
stream age showed both a change in RA and the
detection of new molecular formulae with increased
stream age (Table 1, Fig. 6). Higher mass, more
oxidized (higher NOSC) condensed aromatic and
polyphenolic formulae were enriched in the DOM
pool and increased in RA in older streams (Table 1,
Fig. 6b). Whereas, low mass, aliphatic formulae
declined in RA and were eventually undetected with
increased stream age (Fig. 6¢). The correlation of
molecular formulae across the streams showed a
consistency in composition and that DOM
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Table 2 PC analysis matrix including eigenvalues for each
variable and % variance explained by each PC

Parameter PC1 PC2

3'%0 0.82 — 045
DOC 0.84 —0.17
3'*C-DOC —0.88 0.28
AC-DOC 093 —0.01
FI — 091 0.14
SUVA 0.84 —0.32
Assigned formulae (#) 0.77 0.47
Mean mass (Da) 096 —0.20
NOSC 0.93 0.33
Aloa 0.98 0.12
Condensed aromatics (% RA) 0.82 0.20
Polyphenolic (% RA) 0.87 0.32
Highly unsaturated and phenolic (% RA) 0.80 — 0.06
Aliphatics (% RA) — 095 —0.06
Sugar-like (%RA) — 060 —0.39
Peptide-like (% RA) —-092 -—-0.14
CHO-only (% RA) 0.58 — 0.69
CHON (% RA) — 043 0.89
CHOS (%RA) —-090 -—-024
CHOP (% RA) —0.82 —10.39
Variance (%) 70.3 13.2

composition evolves as stream age increased, trending
towards an enrichment in aromaticity.

Despite marked trends in DOM composition with
stream age, there was variability in the DOM compo-
sition within this trend (Fig. 5). This is reflected by the
departure of streams along the PC2 axis, especially in
LS00-210 streams (Fig. 5b). PC2 explains 13.2% of
the variability in the dataset and was positively
associated with the RA of CHON formulae (Table 2,
Fig. 5a). PC2 was negatively associated with the RA
of CHO-only formulae. There was no correlation of
PC2 with stream age. PC2 was likely driven by
compositional variability in streams > 100 years old.
LS4183, LSSzog and OGF1393 had low CHON content
(15.5, 21.2 and 12.0% RA, respectively, mean of
25.7% RA) and high CHO-only content (57.7, 55.5
and 58.9% RA, respectively, mean 51.4% RA; Table 1)
and thus were situated at negative values on PC2.
Whereas LS1135, LS2153 and LS3,¢g3 streams were
situated at the positive end of PC2 and had
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Fig.5 aand b PC analysis for streams based on environmental,
bulk-DOC, optical and FT-ICR MS parameters. b Shading
represents stream age, note separation along PC1 by stream age.
Stream names are abbreviated (see Fig. 1 for full name): GO
(GOy, 0 years), ES 1-4 (stream age > 50-100 years, early
succession), LS 1-5 (stream age > 100-210 years, late succes-
sion) and OGF Carolus River (1393 years). ¢ Asymptotic
regression for stream position on PC1 axis with stream age, grey
shading represents the 95% confidence interval of the asymp-
totic regression parameters

comparatively lower CHO-only (49.2, 47.8 and
50.4% RA, respectively; Table 1) and high CHON
content (28.2, 31.4 and 28.9% RA, respectively). The
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Fig. 6 van Krevelen diagrams showing the association between
individual molecular formulae and stream age. Only formulae
with significant correlations (p value < 0.05) are plotted.
a Colouring indicates strength of spearman correlation, where
positive (red) represent formulae that increase in RA with
stream age, blue is the inverse. b and ¢ Molecular compounds
are separated by direction of spearman correlation (positive and
negative are b and c, respectively). Dashed lines delineate the
approximate location of different compounds groups. (Colour
figure online)

variable positioning of streams along PC2 likely
reflected minor compositional differences between
these streams that are not driven by glacier retreat.
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Discussion

Glacier retreat driven changes in dissolved organic
matter composition

Bulk optical, isotopic and molecular-level data
showed that time since glacier retreat was a major
control on streamwater DOM composition (Fig. 5).
The distinct ancient aliphatic composition of glacier-
derived DOM was lost from streams within the
first ~ 200 years since glacier retreat, suggesting
DOM contributions to streamwater from glacial
sources (e.g., glacier ice, remnant ice and snowfields)
declined with increased stream age (Table 1, Figs. 2,
3, 4, 6). Concurrently, stream DOM composition
became increasingly dominated by terrestrial plant
and soil signatures (Table 1, Figs. 3, 4). The observed
trends in the streamwater DOM composition with
glacier retreat were consistent with previous studies
that assessed watersheds with gradients in glacier
cover, where low glacier cover was associated with
more enriched bulk A'"*C-DOC values (Fellman et al.
2014; Hood et al. 2009; Zhou et al. 2019a) and DOM
that contained a large proportion of organic matter
(OM) from fresh plant biomass and soil organic
material (i.e., 8'*C-DOC depletion and increased %
RA of aromatics and HUPs).

Despite the ancient aliphatic signature of DOM
being a ubiquitous feature of glaciers and their
environments, the sources of OM that explain glacier
outflow DOM composition remain uncertain (Behnke
et al. 2020; Bhatia et al. 2013; Kellerman et al. 2021;
Lawson et al. 2014b; Singer et al. 2012; Spencer et al.
2014a; Stubbins et al. 2012; Zhou et al. 2019a). GO,
had low aromaticity (i.e., low SUVAjs4, Al 04, and %
RA of condensed aromatic and polyphenolics; Table 1,
Figs. 3, 4), suggesting minimal DOM contribution
from terrestrial plant and soil sources (Behnke et al.
2020; Koch and Dittmar 2006). Thus, significant
contributions of OM from overridden, subglacial
palaeoorganic material are unlikely. It is possible that
microbial processing of overridden soils may con-
tribute to the highly aliphatic, ancient signature of
glacier outflows and thus GO, (Bhatia et al.
2010, 2013; Lawson et al. 2014b; Musilova et al.
2017). Similarly, microbial autotrophy in supraglacial
or subglacial environments could contribute to the
glacier DOM-pool (Bhatia et al. 2010; Musilova et al.
2017; Smith et al. 2017). Nonetheless, there was



Biogeochemistry

similarity between the DOC concentrations, as well as
the DOM age and composition of GOy (together with
DOM in supraglacial environments and glacier out-
flows globally) with water soluble organic carbon
from atmospheric aerosols and DOM in precipitation
(e.g., OM from fossil fuels, secondary aerosols and
biomass burning; Fellman et al. 2015a; Gurganus et al.
2015; Spencer et al. 2014a; Stubbins et al. 2012;
Wozniak et al. 2014). Therefore, our findings support
the hypothesis that atmospheric deposition on glacier
surfaces is a major source of organic material exported
from the glacier outflow, particularly in southeast
Alaska (Fellman et al. 2015a; Spencer et al. 2014b;
Stubbins et al. 2012).

Early succession streams (50-100 years) had
higher aliphatic contributions and FI values than
LS100-210 streams and OGF, 393 (Figs. 3, 4), as well as
typical non-glacial southeast Alaskan riverine DOM
(Behnke et al. 2020; Fellman et al. 2014; Stubbins
et al. 2012). Relatively depleted 8'*0 values (— 15.6
to — 14.7%o) suggested that glacier-derived contribu-
tions of DOM (e.g., from remnant ice or permanent
snowfields) remained somewhat important in ES5o_100
streams (Fig. 2). Similarly, atmospheric deposition is
not restricted to solely glacier surfaces (Spencer et al.
2014a; Stubbins et al. 2012), thus may have supplied
DOM, which was still readily apparent (i.e., not
overprinted by terrestrial sources), in ESsqg_joo streams
with no glacial contributions to streamflow. More
enriched A'"*C-DOC values in ESsq 100 streams than
GOy could mean that autochthonous production of
DOM was a relatively important source of OM a short
time after glacier retreat, when riparian vegetation OM
inputs were minimal (Milner et al. 2007). Microbial
processes have been shown to be important for setting
the initial biogeochemical conditions required for
colonization by vegetation (Ciccazzo et al. 2016; Frey
et al. 2013; Milner et al. 2007; Nicol et al. 2005).
Furthermore, biofilms develop in glacially-fed streams
and following retreat in Glacier Bay, possibly impact-
ing stream biogeochemistry (Milner et al. 2007;
Wilhelm et al. 2013). In light of declining glacial
contributions to streamflow with increased stream age,
autochthonous production could explain the marked
rise in number of assigned formulae between GO, and
ESso_100 streams (Noriega-Ortega et al. 2019) and
maintained high abundance of aliphatic and peptide-
like compounds (combined mean of ESsq_1¢g streams
15.54 + 1.95% RA; Table 1).

Declining 8'*C-DOC together with increased aro-
maticity and RA of HUPs compounds with increased
stream age, suggested that terrestrial plants and soils
became increasingly important OM sources with
glacier retreat and subsequent terrestrial ecosystem
succession. Terrestrial OM is visible in all ESsg 109
streams but dominates the molecular-level DOM
composition in streams > 100 years old (i.e.,
LS 00-210 streams; Table 1, Figs. 4, 5). Plants colonize
and soil organic carbon content is shown to increase
within the first 50 years after glacier retreat (Bardgett
et al. 2007; Milner et al. 2007). In Glacier Bay, ~

150 years after glacier retreat soil organic carbon
stocks and above-ground biomass are typically well
established (Milner et al. 2007). Thus, terrestrial
signatures dominated the molecular-level DOM com-
position of LS gg_»;o streams and hence the RA of
aliphatic formulae was far less than observed at
previous stages in succession (Table 1, Figs. 4,5). Itis
likely that aliphatic formulae associated with either
glacial-derived DOM, atmospheric deposition, or
in situ production may have been undetected by FT-
ICR MS, due to the increased prevalence of terrestrial
aromatic compounds. Furthermore, aliphatic com-
pounds may not be present or may have been removed
from the streamwater DOM pool, since with glacier
retreat channel conditions are likely to become more
favorable for stream microbes (i.e., increased water
temperatures and decreased turbidity), as shown by
increased microbial diversity, abundance and biomass
in non-glacial compared to glacial streams (Battin
et al. 2004; Brighenti et al. 2019; Milner 1987; Milner
et al. 2009, 2017). Thus, with glacier retreat stream
microbial communities may be better able to metab-
olize biolabile DOM inputs. Together microbial
metabolism and overprinting by terrestrial sources
likely explained the stark trends of individual molec-
ular formulae with stream age (Fig. 6), particularly
that some aliphatic compounds were undetected in
older streams.

By ~ 200 years since deglaciation, molecular-
level DOM composition was remarkably similar to
that observed for OGF; 393 (despite over 1000 years
difference in stream age), as well as temperate and
arctic riverine DOM without permafrost influence
(Behnke et al. 2020; Fellman et al. 2014; Spencer et al.
2008; Stubbins et al. 2012). Thus, following a similar
timeseries of terrestrial ecosystem succession in
Glacier Bay, stream DOM composition has shifted
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from glacier dominated to terrestrial vegetation and
soil dominated. Interestingly, the successional
changes in DOM composition highlight the majority
of the shift has occurred after only 200 years (Figs. 2,
3, 4, 5c¢). Thus, changes may still occur after
200 years, but our study suggests a consistent and
rapid shift in DOM compositional metrics within the
initial 200 years since deglaciation. Furthermore, it is
unlikely that all watersheds across Glacier Bay will
result in a single climax DOM composition, equivalent
to OGF; 393, as exemplified by the considerable
variability in Fig. 5c. Successional differences are
evident across Glacier Bay, where environments of a
similar age have a variety of vegetation community
compositions, landcover, and soil characteristics
(Buma et al. 2017; Fastie 1995; Nagorski et al.
2014). It is expected that the quantity and quality of
DOM will covary with these differences, along with
the timeframes required to reach stasis (Fig. 5¢). For
example, the extent to which succession leads to
upland forests or alpine tundra formation compared to
peatlands or forested wetlands will likely determine
the rate and magnitude of DOC increase and DOM
compositional change (Aitkenhead et al. 1999;
D’Amore et al. 2016; Fellman et al. 2008a; Hood
and Scott 2008). Notwithstanding the natural variabil-
ity in climax DOM composition and timings across
Glacier Bay, late succession streamwater DOM com-
position will be dominated by terrestrial DOM signa-
tures and thus will be distinct compared to glacier
outflows and early succession streams (Fig. 5; Behnke
et al. 2020; Fellman et al. 2010; Kellerman et al.
2021). It is likely that the much of this change in DOM
composition will occur within the first two centuries
since glacier retreat, regardless of the climax DOM
composition, as shown by the large and consistent
changes between the streams studied here (Fig. 5).
Therefore, the evolution of DOM composition in these
watersheds, places a molecular-level clock on DOM
biogeochemistry in downstream ecosystems following
watershed deglaciation.

Landscape controls on dissolved organic matter
composition

Heteroatom content declined with increased stream
age (Table 1, Fig. 5), which is consistent with previous
research showing that glacier-derived DOM contains
large percent contributions from heteroatoms (Behnke
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et al. 2020; Bhatia et al. 2010; Kellerman et al. 2021;
Spencer et al. 2014a; Stubbins et al. 2012). Despite
this, CHON content was higher than the mean in
LS1,38, LS2,53 and LS3¢g streams, helping to explain
the gradient in PC2 (Fig. 5). CHON content was not
driven by stream age, but rather it was likely a function
of other watershed and landscape characteristics. For
example, vegetation with nitrogen-fixing microbes
(e.g., alder species) colonize the landscape during
early to late (50150 years) succession (Bormann and
Sidle 1990). This has been shown to result in an
increase in soil and lake water total nitrogen concen-
trations in Glacier Bay (Engstrom et al. 2000; Milner
et al. 2007) and thus, conceivably, a rise in abundance
of streamwater CHON compounds. Additionally,
salmon colonize streams in Glacier Bay (Nagorski
et al. 2014) and when they occur in high densities
(particularly in July—August) have been shown to
seasonally influence DOM concentrations and com-
position by delivering protein-rich DOM to surface
waters in the region (Behnke et al. 2020; Fellman et al.
2008b, 2014; Hood et al. 2007). Thus, the enrichment
in CHON observed in LS1;35, LS2;53 and LS3¢g
streams could be due to salmon-derived inputs of
DOM that are rich in organic nitrogen (Hood et al.
2007). This salmon-derived DOM has also been
associated with an enrichment in streamwater 5'*C-
DOC and increased FI values (Behnke et al. 2020;
Chaloner et al. 2002; Fellman et al. 2014; Hood et al.
2007). However, the salmon influence on DOM
composition was not qualitatively observed in
LS1,38, LS255 and LS3 g streams during the 3-day
study period in early July, since there was no
consistent shift in 8'*C-DOC or FI values between
the streams (Table 1). Nitrogen-fixing vegetation are
eventually outcompeted by later succession conifers
and shrubs, such as spruce, hemlock and blueberry
species, resulting in a decline in soil and lake total
nitrogen concentrations (Engstrom and Fritz 2006;
Milner et al. 2007). Although vegetation species with
nitrogen-fixing microbes (e.g., alder) have been
strongly linked with stream total nitrogen concentra-
tions (e.g., Compton et al. 2003; Shaftel et al. 2012),
more research is required to explore linkages with
CHON content of DOM. Nonetheless, nitrogen-fixing
vegetation provides a plausible explanation for the
transient increase in CHON content in LS;g9.210
streams (Table 1, Fig. 5). The timing of this replace-
ment may be linked to landscape variables, such as
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distance from the competing species’ propagules,
rather than stream age (Fastie 1995).

Implications for downstream carbon cycling
with continued glacier loss

Marked changes to DOM composition have been
shown within the first ~ 200 years since glacier
retreat, where beyond this point in landscape devel-
opment DOM composition underwent minimal
change. The timeframe of the evolution in DOM
composition was consistent with terrestrial ecosystem
succession in Glacier Bay, where within the first
50 years there is increased biotic control on the
landscape, particularly due to gradual re-vegetation
and the formation of soil OM (Chapin et al. 1994;
Milner et al. 2007). The observed trends in DOM
composition across the streams studied here, suggest
that there are reasonably predictable shifts to DOM
composition as glaciers retreat and terrestrial ecosys-
tem system succession ensues. We expect these trends
are broadly applicable to other deglaciating catch-
ments where low elevation forest communities typi-
cally establish following glacier retreat, but especially
the watersheds that ring the Gulf of Alaska.
Southeast Alaska is experiencing rapid glacier loss,
with hydrological regimes shifts predicted to occur
this century (i.e., shift from glacier dominated towards
typical snow, rain or groundwater fed hydrograph;
Bliss et al. 2014; Edwards et al. 2013; Zemp et al.
2019). Our findings suggest that there will be
predictable changes to stream DOM composition on
this centennial timeframe. Notably, there is likely to
be a shift from ancient, highly bioavailable aliphatic
dominated DOM exported to downstream ecosystems
towards terrestrial-derived, modern, relatively aro-
matic enriched DOM. Ancient glacier-derived DOM
has been shown to be assimilated into proglacial
foodwebs (Fellman et al. 2015b; Hagvar and Ohlson
2013). However, the extent to which this seasonal
supply of glacier DOM currently subsidizes the
downstream microbial food web is unclear. Further-
more, it is uncertain whether declining DOM bioavail-
ability, associated with increased terrestrial DOM
contributions concurrent with glacier retreat, will be in
part compensated by an enhanced annual DOM supply
downstream (Edwards et al. 2021). The shift towards
aromatic-rich DOM derived from modern plant and
soil material has unknown consequences for coastal

carbon dynamics, heterotrophic productivity and thus
the highly productive marine foodwebs of the Gulf of
Alaska.

Funding This study was supported by NSF DEB (Grant Nos.
1145932/1146161/1145885/1145313) to RGMS, AS, EH and
PR, the DOI Alaska Climate Science Center, and a Fellowship
from the Hanse Institute for Advanced Studies (HWK,
Delmenhorst, Germany) granted to AS. Funding was also
provided by Alaska EPSCoR (OIA-1753748). The authors
would like to thank M. Fuentes for her editorial insight in the
production of this manuscript. Our thanks also go to the boat
captain, Z. Stenson for his assistance during fieldwork.

References

Aiken GR, Spencer RGM, Striegl RG, Schuster PF, Raymond
PA (2014) Influences of glacier melt and permafrost thaw
on the age of dissolved organic carbon in the Yukon River
basin. Glob Biogeochem Cycles 28:525-537

Aitkenhead J, Hope D, Billett M (1999) The relationship
between dissolved organic carbon in stream water and soil
organic carbon pools at different spatial scales. Hydrol
Process 13:1289-1302

Andrews MG, Jacobson AD, Osburn MR, Flynn TM (2018)
Dissolved carbon dynamics in meltwaters from the Russell
glacier, Greenland ice sheet. J Geophys Res
123:2922-2940

Arimitsu ML, Hobson KA, Webber DAN, Piatt JF, Hood EW,
Fellman JB (2018) Tracing biogeochemical subsidies from
glacier runoff into Alaska’s coastal marine food webs.
Glob Change Biol 24:387-398

Bardgett RD et al (2007) Heterotrophic microbial communities
use ancient carbon following glacial retreat. Biol Let
3:487-490

Battin T, Wille A, Psenner R, Richter A (2004) Large-scale
environmental controls on microbial biofilms in high-
alpine streams. Biogeosciences 1:159-171

Baty F, Ritz C, Charles S, Brutsche M, Flandrois J-P, Delign-
ette-Muller M-L (2015) A toolbox for nonlinear regression
in R: the package nlstools. J Stat Softw 66:1-21

Behnke MI, Stubbins A, Fellman JB, Hood E, Dittmar T,
Spencer RG (2020) Dissolved organic matter sources in
glacierized watersheds delineated through compositional
and carbon isotopic modeling. Limnol Oceanogr. https://
doi.org/10.1002/In0.11615

Bhatia MP, Das SB, Longnecker K, Charette MA, Kujawinski
EB (2010) Molecular characterization of dissolved organic
matter associated with the Greenland ice sheet. Geochim
Cosmochim Acta 74:3768-3784

Bhatia MP, Das SB, Xu L, Charette MA, Wadham JL, Kujaw-
inski EB (2013) Organic carbon export from the Greenland
ice sheet. Geochim Cosmochim Acta 109:329-344

Bliss A, Hock R, Radi¢ V (2014) Global response of glacier
runoff to twenty-first century climate change. J Geophys
Res 119:717-730. https://doi.org/10.1002/2013JF002931

@ Springer


https://doi.org/10.1002/lno.11615
https://doi.org/10.1002/lno.11615
https://doi.org/10.1002/2013JF002931

Biogeochemistry

Bormann BT, Sidle RC (1990) Changes in productivity and
distribution of nutrients in a chronosequence at glacier bay
national park, Alaska. J Ecol 78:561-578

Brighenti S, Tolotti M, Bruno MC, Wharton G, Pusch MT,
Bertoldi W (2019) Ecosystem shifts in Alpine streams
under glacier retreat and rock glacier thaw: a review. Sci
Total Environ 675:542-559

Buma B, Bisbing S, Krapek J, Wright G (2017) A foundation of
ecology rediscovered: 100 years of succession on the
William S Cooper plots in glacier bay, Alaska. Ecology
98:1513-1523

Butman DE, Wilson HF, Barnes RT, Xenopoulos MA, Ray-
mond PA (2015) Increased mobilization of aged carbon to
rivers by human disturbance. Nat Geosci 8:112-116

Canadell BM, Escoffier N, Ulseth AJ, Lane SN, Battin TJ (2019)
Alpine glacier shrinkage drives shift in dissolved organic
carbon export from quasi-chemostasis to transport limita-
tion. Geophys Res Lett 46:8872-8881

Chaloner DT, Martin KM, Wipfli MS, Ostrom PH, Lamberti GA
(2002) Marine carbon and nitrogen in Southeastern Alaska
stream food webs: evidence from artificial and natural
streams. Can J Fish Aquat Sci 59:1257-1265

Chapin FS, Walker LR, Fastie CL, Sharman LC (1994) Mech-
anisms of primary succession following deglaciation at
glacier bay Alaska. Ecol Monogr 64:149-175

Chifflard P, Fasching C, Reiss M, Ditzel L, Boodoo KS (2019)
Dissolved and particulate organic carbon in icelandic
proglacial streams: a first estimate. Water 11:748-748

Ciccazzo S, Esposito A, Borruso L, Brusetti L (2016) Microbial
communities and primary succession in high altitude
mountain environments. Ann Microbiol 66:43—60

Compton JE, Church MR, Larned ST, Hogsett WE (2003)
Nitrogen export from forested watersheds in the Oregon
coast range: the role of N 2-fixing red alder. Ecosystems
6:773-785

Cory RM, Miller MP, McKnight DM, Guerard JJ, Miller PL
(2010) Effect of instrument-specific response on the anal-
ysis of fulvic acid fluorescence spectra. Limnol Oceanogr
8:67-78

Csank AZ, Czimczik CI, Xu X, Welker JM (2019) Seasonal
patterns of riverine carbon sources and export in NW
Greenland. J Geophys Res 124:840-856

D’Amore DV, Edwards RT, Biles FE (2016) Biophysical con-
trols on dissolved organic carbon concentrations of Alas-
kan coastal temperate rainforest streams. Aquat Sci
78:381-393

Dittmar T, Koch B, Hertkorn N, Kattner G (2008) A simple and
efficient method for the solid-phase extraction of dissolved
organic matter (SPE-DOM) from seawater. Limnol Ocea-
nogr 6:230-235

Edwards RT, D’ Amore DV, Norberg E, Biles F (2013) Riparian
ecology, climate change, and management in North Pacific
Coastal Rainforests. In: North Pacific temperate rain-
forests: ecology and conservation. pp 43-72

Edwards RT, D’Amore DV, Biles FE, Fellman JB, Hood EW,
Trubilowicz JW, Floyd WC (2021) Riverine dissolved
organic carbon and freshwater export in the eastern gulf of
Alaska. J Geophys Res. https://doi.org/10.1029/
2020JG005725

@ Springer

Engstrom DR, Fritz SC (2006) Coupling between primary ter-
restrial succession and the trophic development of lakes at
glacier bay Alaska. J Paleolimnology 35:873-880

Engstrom DR, Fritz SC, Almendinger JE, Juggins S (2000)
Chemical and biological trends during lake evolution in
recently deglaciated terrain. Nature 408:161-166

Fastie CL (1995) Causes and ecosystem consequences of mul-
tiple pathways of primary succession at glacier bay Alaska.
Ecology 76:1899-1916

Fegel TS, Baron JS, Fountain AG, Johnson GF, Hall EK (2016)
The differing biogeochemical and microbial signatures of
glaciers and rock glaciers. J Geophys Res 121:919-932

Fellman JB, D’Amore DV, Hood E, Boone RD (2008a) Fluo-
rescence characteristics and biodegradability of dissolved
organic matter in forest and wetland soils from coastal
temperate watersheds in Southeast Alaska. Biogeochem-
istry 88:169-184

Fellman JB, Hood E, Edwards RT, D’Amore DV (2008b)
Return of salmon-derived nutrients from the riparian zone
to the stream during a storm in Southeastern Alaska.
Ecosystems 11:537-544

Fellman JB, Spencer RG, Hernes PJ, Edwards RT, D’ Amore
DV, Hood E (2010) The impact of glacier runoff on the
biodegradability and biochemical composition of terrige-
nous dissolved organic matter in near-shore marine
ecosystems. Mar Chem 121:112-122

Fellman JB, Hood E, Spencer RGM, Stubbins A, Raymond PA
(2014) Watershed glacier coverage influences dissolved
organic matter biogeochemistry in coastal watersheds of
southeast Alaska. Ecosystems 17:1014-1025

Fellman JB, Hood E, Raymond PA, Stubbins A, Spencer RGM
(2015a) Spatial variation in the origin of dissolved organic
carbon in snow on the juneau icefield Southeast Alaska.
Environ Sci Technol 49:11492-11499

Fellman JB, Hood E, Raymond PA, Hudson J, Bozeman M,
Arimitsu M (2015b) Evidence for the assimilation of
ancient glacier organic carbon in a proglacial stream food
web. Limnol Oceanogr 60:1118-1128

Frey B, Biihler L, Schmutz S, Zumsteg A, Furrer G (2013)
Molecular characterization of phototrophic microorgan-
isms in the forefield of a receding glacier in the Swiss Alps.
Environ Res Lett 8:15033-15033

Gurganus SC, Wozniak AS, Hatcher PG (2015) Molecular
characteristics of the water soluble organic matter in size-
fractionated aerosols collected over the North Atlantic
Ocean. Mar Chem 170:37-48

Hagvar S, Ohlson M (2013) Ancient carbon from a melting
glacier gives high 14 C age in living pioneer invertebrates.
Sci Rep 3:1-4

Hertkorn N et al (2007) High-precision frequency measure-
ments: indispensable tools at the core of the molecular-
level analysis of complex systems. Anal Bioanal Chem
389:1311-1327

Hood E, Berner L (2009) Effects of changing glacial coverage
on the physical and biogeochemical properties of coastal
streams in Southeastern Alaska. J Geophys Res. https://doi.
org/10.1029/2009JG000971

Hood E, Scott D (2008) Riverine organic matter and nutrients in
southeast Alaska affected by glacial coverage. Nat Geosci
1:583-587


https://doi.org/10.1029/2020JG005725
https://doi.org/10.1029/2020JG005725
https://doi.org/10.1029/2009JG000971
https://doi.org/10.1029/2009JG000971

Biogeochemistry

Hood E, Fellman JB, Edwards RT (2007) Salmon influences on
dissolved organic matter in a coastal temperate brown-
water stream. Limnol Oceanogr 52:1580-1587

Hood E, Fellman J, Spencer R, Hernes P, Edwards R, D’ Amore
D, Scott D (2009) Glaciers as a source of ancient and labile
organic matter to the marine environment. Nature
462:1044-1048. https://doi.org/10.1038/nature08580

Hood E, Battin T, Fellman J, O’Neel S, Spencer R (2015)
Storage and release of organic carbon from glaciers and ice
sheets. Nat Geosci 8:91-96. https://doi.org/10.1038/
ngeo2331

Hood E, Fellman JB, Spencer RG (2020) Glacier loss impacts
riverine organic carbon transport to the ocean. Geophys
Res Lett. https://doi.org/10.1029/2020GL089804

Hugonnet R et al (2021) Accelerated global glacier mass loss in
the early twenty-first century. Nature 592:726-731

Kellerman AM et al (2020) Glacier outflow dissolved organic
matter as a window into seasonally changing carbon
sources: leverett glacier, Greenland. J Geophy Res. https://
doi.org/10.1029/2019JG005161

Kellerman AM et al (2021) Molecular signatures of Arctic
glacial dissolved organic matter. Glob Biogeochem
Cycles. https://doi.org/10.1029/2020GB006709

Koch B, Dittmar T (2006) From mass to structure: an aro-
maticity index for high-resolution mass data of natural
organic matter. Rapid Commun Mass Spectrom
20:926-932

Koch B, Dittmar T (2016) From mass to structure: an aro-
maticity index for high-resolution mass data of natural
organic matter. Rapid Commun Mass Spectrom
30:250-250

Lafreniére MJ, Sharp MJ (2004) The concentration and fluo-
rescence of dissolved organic carbon (DOC) in glacial and
nonglacial catchments: interpreting hydrological flow
routing and DOC sources Arctic. Antarct Alp Res
36:156-165

Lawson EC et al (2014a) Greenland ice sheet exports labile
organic carbon to the Arctic oceans. Biogeosciences
11:4015-4028

Lawson EC, Bhatia MP, Wadham JL, Kujawinski EB (2014b)
Continuous summer export of nitrogen-rich organic matter
from the Greenland ice sheet inferred by ultrahigh resolu-
tion mass spectrometry. Environ Sci  Technol
48:14248-14257

Lé S, Josse J, Husson F (2008) FactoMineR: an R package for
multivariate analysis. J Stat Softw. https://doi.org/10.
18637/jss.v025.101

Mann P et al (2012) Controls on the composition and lability of
dissolved organic matter in Siberia’s Kolyma river basin.
J Geophy Res. https://doi.org/10.1029/2011JG001798

Matthews JA (1999) Disturbance regimes and ecosystem
response on recently-deglaciated substrates. In: Walker LR
(ed) Ecosystems of the World. Elsevier, Amsterdam,
pp 17-38

McKnight DM, Boyer EW, Westerhoff PK, Doran PT, Kulbe T,
Andersen DT (2001) Spectrofluorometric characterization
of dissolved organic matter for indication of precursor
organic material and aromaticity. Limnol Oceanogr
46:38-48

Milner AM (1987) Colonization and ecological development of
new streams in glacier bay national park. Alaska Freshw
Biol 18:53-70

Milner AM, Knudsen EE, Soiseth C, Robertson AL, Schell D,
Phillips IT, Magnusson K (2000) Colonization and devel-
opment of stream communities across a 200-year gradient
in glacier bay national park Alaska, USA. Can J Fish Aquat
Sci 57:2319-2335

Milner AM, Fastie CL, Chapin FS, Engstrom DR, Sharman LC
(2007) Interactions and linkages among ecosystems during
landscape evolution. Bioscience 57:237-247

Milner AM, Brown LE, Hannah DM (2009) Hydroecological
response of river systems to shrinking glaciers hydrological
processes. Int J 23:62-77

Milner AM et al (2017) Glacier shrinkage driving global
changes in downstream systems. Proc Natl Acad Sci USA
114:9770-9778

Motyka RJ, Beget JE (1996) Taku glacier, Southeast Alaska,
USA: late holocene history of a tidewater glacier. Arct Alp
Res 28:42-51

Musilova M, Tranter M, Wadham J, Telling J, Tedstone A,
Anesio AM (2017) Microbially driven export of labile
organic carbon from the Greenland ice sheet. Nat Geosci
10:360-360

Nagorski SA, Engstrom DR, Hudson JP, Krabbenhoft DP, Hood
E, DeWild JF, Aiken GR (2014) Spatial distribution of
mercury in Southeastern Alaskan streams influenced by
glaciers wetlands and salmon. Environ Pollut 184:62-72

Nicol GW, Tscherko D, Embley TM, Prosser JI (2005) Primary
succession of soil Crenarchaeota across a receding glacier
foreland. Environ Microbiol 7:337-347

Noriega-Ortega BE, Wienhausen G, Mentges A, Dittmar T,
Simon M, Niggemann J (2019) Does the chemodiversity of
bacterial exometabolomes sustain the chemodiversity of
marine dissolved organic matter? Front Microbiol
10:215-215

O’Neel S et al (2015) Icefield-to-ocean linkages across the
northern Pacific coastal temperate rainforest ecosystem.
Bioscience 65:499-512

Pain AJ, Martin JB, Martin EE, Rahman S, Ackermann P (2020)
Differences in the quantity and quality of organic matter
exported from Greenlandic glacial and deglaciated water-
sheds. Glob Biogeochem Cycles. https://doi.org/10.1029/
2020GB006614

Pautler BG, Woods GC, Dubnick A, Simpson AJ, Sharp MJ,
Fitzsimons SJ, Simpson MJ (2012) Molecular characteri-
zation of dissolved organic matter in glacial ice: coupling
natural abundance 1H NMR and fluorescence spec-
troscopy. Environ Sci Technol 46:3753-3761

R Core Team (2020) R: A language and environment for sta-
tistical computing. R Foundation for Statistical Comput-
ing, Vienna

Raymond PA, Bauer JE (2001) Use of 14C and 13C natural
abundances for evaluating riverine, estuarine, and coastal
DOC and POC sources and cycling: a review and synthesis.
Org Geochem 32:469-485

Raymond PA, Bauer JE, Caraco NF, Cole JJ, Longworth B,
Petsch ST (2004) Controls on the variability of organic
matter and dissolved inorganic carbon ages in northeast US
rivers. Mar Chem 92:353-366

@ Springer


https://doi.org/10.1038/nature08580
https://doi.org/10.1038/ngeo2331
https://doi.org/10.1038/ngeo2331
https://doi.org/10.1029/2020GL089804
https://doi.org/10.1029/2019JG005161
https://doi.org/10.1029/2019JG005161
https://doi.org/10.1029/2020GB006709
https://doi.org/10.18637/jss.v025.i01
https://doi.org/10.18637/jss.v025.i01
https://doi.org/10.1029/2011JG001798
https://doi.org/10.1029/2020GB006614
https://doi.org/10.1029/2020GB006614

Biogeochemistry

Riedel T, Biester H, Dittmar T (2012) Molecular fractionation of
dissolved organic matter with metal salts. Environ Sci
Technol 46:4419-4426

Shaftel RS, King RS, Back JA (2012) Alder cover drives
nitrogen availability in Kenai lowland headwater streams.
Alaska Biogeochemistry 107:135-148

Singer GA, Fasching C, Wilhelm L, Niggemann J, Steier P,
Dittmar T, Battin TJ (2012) Biogeochemically diverse
organic matter in Alpine glaciers and its downstream fate.
Nat Geosci 5:710-710

Smith HJ, Foster RA, McKnight DM, Lisle JT, Littmann S,
Kuypers MM, Foreman CM (2017) Microbial formation of
labile organic carbon in Antarctic glacial environments.
Nat Geosci 10:356-359

Smith HJ, Dieser M, McKnight DM, SanClements M, Foreman
CM (2018) Relationship between dissolved organic matter
quality and microbial community composition across polar
glacial environments. FEMS Microbiol Ecol 94:7

Spencer RGM, Aiken GR, Wickland KP, Striegl RG, Hernes PJ
(2008) Seasonal and spatial variability in dissolved organic
matter quantity and composition from the Yukon river
basin, Alaska. Glob Biogeochem Cycles. https://doi.org/
10.1029/2008GB003231

Spencer RGM et al (2009) Photochemical degradation of dis-
solved organic matter and dissolved lignin phenols from
the Congo River. J Geophys Res. https://doi.org/10.1029/
2009JG000968

Spencer RGM, Guo W, Raymond PA, Dittmar T, Hood E,
Fellman J, Stubbins A (2014a) Source and biolability of
ancient dissolved organic matter in glacier and lake
ecosystems on the Tibetan plateau. Geochim Cosmochim
Acta 142:64-74

Spencer RGM, Vermilyea A, Fellman J, Raymond P, Stubbins
A, Scott D, Hood E (2014b) Seasonal variability of organic
matter composition in an Alaskan glacier outflow: insights
into glacier carbon sources. Environ Res Lett
9:55005-55005.  https://doi.org/10.1088/1748-9326/9/5/
055005

@ Springer

Stubbins A, Dittmar T (2012) Low volume quantification of
dissolved organic carbon and dissolved nitrogen. Limnol
Oceanogr Methods 10:347-352

Stubbins A et al (2012) Anthropogenic aerosols as a source of
ancient dissolved organic matter in glaciers. Nat Geosci
5:198

Vaughan DG et al (2013) Observations: cryosphere. Cambridge
University Press, Cambridge

Weishaar JL, Aiken GR, Bergamaschi BA, Fram MS, Fujii R,
Mopper K (2003) Evaluation of specific ultraviolet absor-
bance as an indicator of the chemical composition and
reactivity of dissolved organic carbon. Environ Sci Tech-
nol 37:4702-4708

Wickham H (2016) ggplot2: elegant graphics for data analysis.
Springer, Cham

Wilhelm L, Singer GA, Fasching C, Battin TJ, Besemer K
(2013) Microbial biodiversity in glacier-fed streams. ISME
J7:1651-1660

Wozniak AS, Willoughby AS, Gurganus SC, Hatcher PG (2014)
Distinguishing molecular characteristics of aerosol water
soluble organic matter from the 2011 trans-North Atlantic
US GEOTRACES cruise. Atmos Chem Phy 14(16):8419—
8434. https://doi.org/10.5194/acp-14-8419-2014

Zemp M et al (2019) Global glacier mass changes and their
contributions to sea-level rise from 1961 to. Nature
568:382-386

Zhou Y et al (2019a) Variability in dissolved organic matter
composition and biolability across gradients of glacial
coverage and distance from glacial terminus on the Tibetan
plateau. Environ Sci Technol 53:12207-12217

Zhou L et al (2019b) Microbial production and consumption of
dissolved organic matter in glacial ecosystems on the
Tibetan plateau. Water Res 160:18-28

Publisher’s Note Springer Nature remains neutral with
regard to jurisdictional claims in published maps and
institutional affiliations.


https://doi.org/10.1029/2008GB003231
https://doi.org/10.1029/2008GB003231
https://doi.org/10.1029/2009JG000968
https://doi.org/10.1029/2009JG000968
https://doi.org/10.1088/1748-9326/9/5/055005
https://doi.org/10.1088/1748-9326/9/5/055005
https://doi.org/10.5194/acp-14-8419-2014

	The evolution of stream dissolved organic matter composition following glacier retreat in coastal watersheds of southeast Alaska
	Abstract
	Introduction
	Methods
	Sample sites and catchment characteristics
	Field sampling
	Water isotopes
	Dissolved organic carbon and carbon isotope analysis
	Dissolved organic matter compositional analysis
	Optical characterization
	Ultrahigh-resolution mass spectrometry

	Statistical analysis

	Results
	Geochemical setting and bulk dissolved organic matter properties
	Evolution of molecular-level dissolved organic matter composition with glacier loss

	Discussion
	Glacier retreat driven changes in dissolved organic matter composition
	Landscape controls on dissolved organic matter composition
	Implications for downstream carbon cycling with continued glacier loss

	Funding
	References




