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Abstract

In areas of active permafrost thaw, changes in organic carbon pools may significantly impact water quality and ecosystem
services across the landscape. Surface and pore waters were collected from streams and lakes in the Goldstream Valley near
Fairbanks Alaska over a period of three years, 2016-2018, to compare and contrast different thermokarst regimes, their
water quality, and dissolved organic matter (DOM). Waters were characterized by elemental analysis, major ions, and optical
characterization of DOM. We found DOM composition to be spatiotemporally heterogeneous, and influenced by complex
hydrology. This result is evidenced by analyzing DOM character between differing water bodies and depths, seasonality, as
well extent of metal association with DOM. Pore water DOM overall varied from the surface waters, with respect to both
optical metrics and seasonality. Optical parameters typically associated with terrestrial signals were observed to become
more prevalent in pore waters as summer progressed toward winter in an active thermokarst lake, potentially corroborating a
hypothesis of downward flow into the talik or rapid turnover of authochthonous-sourced DOM. In addition, winter sampling,
where surface inputs were assumed to be frozen, is essential to observe annual patterns of DOM composition. A principal
components analysis separated water bodies based on their thermokarst activity and by season. Dissolved organic matter in
these permafrost-impacted systems was found to be more complex than simply terrestrial or microbial, and extracted isolates
from these waters were not necessarily bounded by existing end-member references.
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Introduction

Northern permafrost soils hold the largest pool of terres-
trial organic matter, estimated at 1307 Gt C (Schuur et al.
2015). A large portion (25-35%) of this carbon exists in
yedoma, which consists of icy, organic-rich silt-dominated
syngenetic permafrost soils formed during the Pleistocene
(Strauss et al. 2017). It has been substantially modified by
warming and hydrology during the Holocene (Strauss et al.
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2017). Given their high ice content, yedoma permafrost soils
are especially susceptible to abrupt thaw and talik develop-
ment beneath thermokarst lakes (Walter Anthony et al. 2018;
Strauss et al. 2017; Heslop et al. 2019; Schirrmeister et al.
2011; Olefeldt et al. 2016). When ice-rich permafrost thaws,
ground surface collapse can lead to depressions that fill with
water. This process can lead to substantial export of carbon
and trace elements into the watershed (Kokelj et al. 2013;
Kessler et al. 2012; Larouche et al. 2015). Thermokarst lakes
have been estimated to cover 1.3 x 10° km? (Olefeldt et al.
2016) and this is likely to increase as more thermokarst lakes
are formed in the future (Chin et al. 2016; Frey and McClel-
land 2009; Kokelj et al. 2013; Thienpont et al. 2013), releas-
ing CH, and CO, (Elder et al. 2019; Walter Anthony et al.
2018; Winkel et al. 2019; and others). When thermokarst
lakes drain, sediments may refreeze, forming less ice-rich
soils that differ from their original late Pleistocene composi-
tion (Strauss et al. 2013; Walter Anthony et al. 2014).
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Thermokarst features have the potential to remain active
for long-periods of time at the edge of lakes, on the order of
centuries to millennia, allowing them to help drive delivery
of permafrost organic matter to surface waters (Abbott et al.
2014). Thawing permafrost is expected to release organic
carbon, ions, and nutrients, which has been observed in the
Yukon River Basin (O’Donnell et al. 2010; Toohey et al.
2016) and other permafrost-impacted sites (Kokelj et al.
2013; Kurek et al. 2022). Indeed, some studies (e.g., Kurek
et al. 2022; Johnston et al. 2019) observed increases in dis-
solved organic carbon (DOC) concentration from spring
through fall and into winter, along with shifts in optical
properties as well, but to date, these studies are relatively
few. Yedoma carbon represents some of the more character-
ized permafrost due to its high carbon content and potential
biolability upon thaw (Neff et al. 2006; Vonk et al. 2013;
Ewing et al. 2015; Spencer et al. 2015; O’Donnell et al.
2016; MacDonald et al 2021; Rogers et al. 2021), however
seasonal influences on its contribution to surface waters are
still relatively lacking, especially in winter. Understanding
compositional shifts in dissolved organic matter (DOM)
pools in permafrost-impacted systems across an entire
annual cycle may help to elucidate contributions of perma-
frost to surface waters, its mobilization and mineralization.
In addition, winter may be a lens through which to observe
permafrost influences because active layer hydrology is lim-
ited due to the ground surface being frozen.

Water flowing through surface organic-rich soil layers
increases DOC concentration (Frey and McClelland 2009),
but determining the hydrology of such systems can be com-
plex. Geochemical analyses are a powerful tool through
which to understand changes in hydrology and water sys-
tems, framing the context around which DOM pools may be
changing. Ions that complex or associate with organic mat-
ter may help to resolve carbon composition within certain
water bodies. For example, Ba:Cl ratios have been shown to
correlate with permafrost degradation in the Arctic during
late thaw (Barker et al. 2014), while certain metal(loid)s
may associate directly with DOM in ways dependent upon
the composition of humic substances. The complexation of
Fe and Al to DOM and their dependence upon composition
has been observed in Arctic and sub-Arctic surface waters
(Pokrovsky et al. 2018; Pokrovsky and Schott 2002; Stolpe
et al. 2013; Weyhenmeyer et al. 2014). Other elements such
as Sr may also adsorb favorably to proteinaceous compo-
nents of organic matter (Boyer et al. 2018). Thus, altered
DOM pools may influence geochemical parameters in the
water column as well.

As permafrost organic carbon is typically “fresher” and
less processed, with lower molecular weights and aromatic-
ity, it may have especially biolabile groups such as reduced
and saturated organics (Heslop et al. 2019; Vonk et al.
2015; Knobloch et al. 2018; Drake et al. 2015). However,
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Jongejans et al. (2018) revealed terrestrial character of DOM
in yedoma deposits from lake sediments in Alaska using C/N
ratios and lipid biomarkers. Despite these characterizations,
the relationship between permafrost and surface water DOM
is still unclear. Coupled with yedoma carbon’s susceptibility
to form thermokarst, it is important to characterize associ-
ated DOM to better understand its biogeochemical function
and ultimately its ecological impacts.

This study characterized the seasonal DOM and geo-
chemical composition of waters from three water bodies
with active thermokarst, two without, and two streams
within the Goldstream Creek Watershed, which is underlain
by discontinuous yedoma permafrost in interior Alaska. Our
objective was to fingerprint DOM compositional character
from bulk optical and geochemical parameters to determine
the influence of permafrost thaw and associated hydrology
on the composition of humic substances within the DOM
carbon pool. Based on our previous investigation showing
that the composition and reactivity of DOM isolates vary
in this watershed (Gagné et al. 2020), this study hypoth-
esized that the composition of the whole (non-isolated)
DOM pool in systems with active thermokarst would differ
from those in systems without active thermokarst, by ana-
lyzing the optical properties of the DOM and linking it to
the geochemistry of the studied waters. The permafrost con-
tribution to DOM in lake water, sediment pore waters and
streams is thus expected to increase in winter when surface
active layers are largely frozen. To answer these hypoth-
eses, the heterogeneity and seasonality of dissolved organic
matter was characterized in thermokarst-lake environments
containing original undisturbed yedoma, thawed yedoma
in thermokarst-lake taliks, and refrozen thermokarst-lake
sediments (Emond et al. 2018). We sampled the described
surface waters year-round over a period of three years (June
2016—October 2018). In addition, pore waters were sampled
coincidently from two of those lakes over the period of one
year (June 2016—March 2017). Elemental and ion concentra-
tions, as well as optical properties of the DOM pool were
measured to ascertain impacts of seasonality and permafrost
contributions. Aquatic samples were analyzed and compared
against optical properties of extracted and IHSS isolates to
place permafrost-impacted DOM in the context of existing
end-members.

Methodology
Site description
Goldstream Valley is a small residential watershed (East
Goldstream Creek sub-watershed) within the Tanana River

watershed. The Goldstream Valley is located in sub-Arctic
Fairbanks, Alaska (Emond et al. 2018). It is underlain by
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discontinuous permafrost with a mean annual air tempera-
ture of — 2.4 °C with a mean annual precipitation of 274 mm
(Fairbanks Int. Airport, 1981-2010, U.S. National Climatic
Data Center) and has been described previous (Gagné et al.
2020). The watershed is covered by boreal forest vegeta-
tion of black spruce (Picea mariana), white spruce (Picea
glauca), moss (Hylocomium spp.), alder (Alnus viridis), and
tussock cotton grass (Eriophorum vaginatum), with no pre-
vious glacier coverage. The thermokarst lakes and streams
overlay Pleistocene yedoma permafrost (Table 1), which is
rich in organic carbon and ice (Elder et al. 2019). These
water bodies are situated in a complex quaternary deposit
formed by silt and gravel deposition (Elder et al. 2019; Muhs
and Budahn 2006).

In total, three lakes, two ponds, and two streams were
sampled over the study period of June 2016—October 2018
(Table 1, Fig. 1). The characterization of the hydrology of
the water bodies in this system is complicated by discontinu-
ous permafrost, due to the potential of different flow paths
(macropores, inter-hummock regions, and water tracks)
(Carey and Woo 2000; O’Donnell and Jones 2006), and that
lateral flow into lakes may still be possible through shal-
low aquifers or surface water runoff (Olid et al. 2022). In
addition, streams in this watershed meander through areas
of various talik formation extent, and thus may have varied
contributions from thaw. Goldstream Creek was sampled in
two locations. The first site (GSC1) is primarily upstream
of most of the sampled lake/pond sites as well as residential
areas, and the second site (GSC2) is further downstream of
the sampled lake/pond sites. O’ Connor Creek (OCC) comes
from the north before it ultimately connects with Goldstream
Creek.

Table 1 Study site and sampling characteristics

The central part of Goldstream Lake (GSL) has been
dated to around 1000 years old, though the thermokarst
margin is under 60 years old, and most likely a closed talik
(Walter Anthony et al. 2021). Blacksheep Pond (BSP) is
a second-generation lake formed in the refrozen lake sedi-
ments of former drained basins, less than 60 years old and
also a closed talik (Walter Anthony et al. 2021). Doughnut
Lake (DNL) is considered to be an open talik, with stable
margins. Octopus Lake (OCT) is over 1000 years old, how-
ever its northern and southern basins joined via thermokarst
sometime after 1949, after which shorelines have remained
stable (Walter Anthony, unpublished data). O’Brien Pond
(OBP) is the remnant of a thawed pingo, and likely formed
when the adjacent road was made. A pingo can form when
groundwater recharges in areas without permafrost up-gra-
dient of the watershed and becomes trapped and under pres-
sure in lower areas beneath permafrost. Such artesian condi-
tions are commonly observed in watersheds underlain with
ice-rich permafrost, as the permafrost forms an impenetrable
barrier separating the supra-permafrost and sub-permafrost
portions of the aquifer (Callegary et al. 2013; Yoshikawa
and Hinzman 2003).

Sample collection

Samples were collected from over a period between March
2016 and October 2018 near bimonthly during spring thaw,
summer, fall freeze up, and winter seasons (see Tables
S1-S3 for n values during each season, and Figs S1, S2 for
frequency of sampling each site). Samples were taken from
both surface and bottom depths, with the exception of BSP
and OBP which were too shallow to develop a thermocline.

Name Abbr Lat. °N) Long. °W)  Surface Area (m?) Max depth (m)  Active thermokarst?  Sampled depths (cm)
Goldstream L. GSL 64.916 — 147.848 10,000 4.7 Yes 10 and ~300
Pole E GSLPE —90.6 to — 292.6
Pole C GSLPC —90.5 to — 290.6
Doughnut L. DNL 64.899 — 147.908 34,000 3.8 No 10 and ~200
Pole E DNLPE — 170.6 to — 370.6
Pole C DNLPC —296.3to —497.9
Octopus L. OCT 64.907 — 147.860 22,000 2 No 10 and ~200
O’Brien P. OBP 64.910 — 147914 530 <2 Thawed Pingo 10
Blacksheep P. BSP 64.888 —147.920 540 <2 Yes 10
Goldstream Cr. GSCl1 64.912 — 147832 - - - 10
GSC2 64.909 — 147948 - - - 10
O’Connor Cr. OCC 64.915 —147.899 - - - 10

All lakes formed in yedoma-type permafrost soils, but during the 2016-2018 study period were subject to varying degrees of thermokarst activ-
ity. GSL, DNL, and OCT were sampled at two depths—10 cm for epilimnion, and just above bottom at sampling location for hypolimnion. In
addition, GSL and DNL each had two pore-water sampling locations installed via drive poles (PE, PC): Pole E near the eastern margin of the

lake, and Pole C near the center of the lake
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Fig. 1 a Map of Sampling locations withing Goldstream Watershed.
Blue: streams; Yellow: lakes and ponds. b Selected sampling images.
From top left, clockwise: Goldstream Cr. (GSC2), April 2016. Gold-

Streams were not as frequently sampled due to thick ice pack
during winter months and safety concerns during freeze and
thaw water sampling.

At the time of collection, a YSI hydrolab probe was uti-
lized during sampling days where warmer temperatures
allowed for probe usage (> — 10 °C) and the following was
obtained: pH, temperature, dissolved oxygen, and conduc-
tivity. Surface samples (~ 10 cm depth) were collected in
250 mL brown acid-washed polyethylene bottles and placed
in a cooler until transported to the laboratory. Bottom water
samples were collected using a Van Dorn sampler sent to
the bottom of the lake and rinsed before collection. Upon
return to the laboratory, samples were filtered using 0.45 pm
polypropylene filters and run immediately for absorbance
and fluorescence, or samples were acidified with HCI in
muffled glass vials for DOC quantification, or diluted to 2%
omnitrace HNOj in acid-washed brown HDPE bottles for
ICP-MS and stored in the dark at 4 °C, or transferred to
HDPE bottles and placed into a — 18 °C freezer for ion
chromatography (IC).

Sampling poles were installed at two locations within
Goldstream Lake and Doughnut Lake. Pole 1 (PE; Pole
Edge) was installed on the eastern edge of the lake where
thermokarst of GSL is actively expanding (Water Anthony
et al. 2018), and Pole 2 (PC; Pole Center) in the center. The
poles were installed during the winter to take advantage of
stable ice cover platform. Each is driven to a different depth
within the sediment ranging from 3 to 4.5 m, and outfit-
ted with five rhizon soil solution samplers (RSSS) to obtain
water samples from within the sediments using a process
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stream L. (GSL), June 2017. O’Brien P. (OBP), June 2016. Octopus
L. (OCT), March 2016 (Color figure online)

similar to the methodology described by Alberto et al.
(2000). The RSSS are comprised of 5-cm long porous poly-
mer tubes with pore sizes of approximately 0.2 pm. Lake
sediment water (in-situ pore water) samples were obtained
by attaching acid-washed 60-mL syringes to the RSSS sam-
pling points. A vacuum was applied to each sampling point
and the syringes were held open with customized PVC pipe.
Syringes were left to come to equilibrium over a period of
3 to 5 days before samples were collected. The amount of
water collected from each syringe varied greatly (often less
than 10 mL total). In some cases, not all samples could be
collected and not from all depths, either due to small vol-
umes obtained from the syringes, or in some of the winter
samplings, the lines connecting the syringes to the RSSS
froze, prohibiting acquisition of samples. In these cases,
optical parameters and DOC quantification were prioritized
over cations.

Instrumentation

A list of chemicals used is provided in the Supplemen-
tary Information. Absorbance and fluorescence were run
on filtered water samples in a 1 cm quartz cuvette on an
Aqualog—800—C (Horiba Instruments, Edison, NJ, USA).
Absorbance was run from 200-800 nm every 1 nm with
0.1 s integration time. The ratio of slopes (Si) between
275-295 nm and 300-350 nm was determined according
to Helms et al. (2008). E2:E3 was determined following
(Peuravuori and Pihlaja 1997) and SUVA,s,, or specific
ultraviolet absorbance at 254 nm, was computed using
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absorbance at 254 nm normalized to DOC concentration
(Weishaar et al. 2003). Fluorescence excitation emission
matrices were run from 200-600 nm excitation every 3 nm,
and 240-600 nm emission every 4 px (2.33 nm), with an
integration time of 0.1 s. Samples were diluted to absorb-
ance < 1.0 A. U. at 254 nm prior to fluorescence. Excita-
tion emission matrices were blank subtracted, corrected for
instrument correction factors, Rayleigh scattering removed,
and inner filter correction applied according to Cory et al.
(2010). Raman normalization and subsequent computation
of fluorescence ratios: fluorescence index (FI, 4., =370 nm;
Aem =470/520 nm, Cory et al. 2010), humification index
(HIX, 4., =254 nm, A, = area from 435-480 nm/(total area
300-345 nm +435-480 nm), Ohno 2002), and biological
index (BIX, A.,,=310 nm; 4., =380/430 nm, Huguet et al.
2009) were determined with Matlab v.R2017a (Mathworks,
Natick, MA, USA). Total iron concentrations (measured
as described below) were used to correct SUVA,5, values
according to methods in Poulin et al. (2014) and are previ-
ously described (Gagné et al. 2020).

All elemental and ion measurements utilized quality con-
trol samples and blank checks every 10-15 samples with
external calibration curves. Metal(loid) concentrations in
surface waters were determined using an Agilent 7500ce
(Agilent Technologies, Santa Clara, CA, USA) inductively
coupled plasma-mass spectrometer (ICP-MS) following
EPA method 200.8 (US EPA 1994). Metal(loid)s specifi-
cally analyzed included the following, based on prevalence
of detectable concentrations and biogeochemical relevance:
Na, Mg, Al, K, Ca, Mn, Fe, As, Sr, Sb, and Ba. An internal
standard of Ge, Y, Sc, Rh, and Ir was used, along with refer-
ence standards (SLRS-5 and NIST 1640a) to ensure proper
tuning and quality assurance/control. Metals for pore waters
were determined by microwave plasma (MP)-Atomic Emis-
sion Spectroscopy (AES) on an Agilent MP-AES 4200 for
Na, Mg, K, and Ca, in samples preserved with 5% HNO;
and filtered to 1.5 um.

Select fresh water samples were analyzed for size fraction
analysis of the DOM fraction using a Postnova AF2000-
FFF (Postnova Analytics, Landsberf, Germany) coupled
to a UV-Vis diode array detector (UV-DAD; Shimadzu
SPD-M20A; Shimadzu Scientific Instruments, Columbia
MD, USA) prior to ICP-MS analysis. Samples were simul-
taneously collected using a PostNova fraction collector in
acid-washed metal free 13 X 100 mm polystyrene test tubes.
The FFF channel was equipped with a 500 pm spacer and
a 300 Da nominal cutoff polyethersulfone (PES) membrane
using 5 mM ammonium acetate mobile phase, while the
UV-DAD detector was set to a wavelength of 254 nm and
280 nm. Two separate injections were completed through
injecting 400 pL 0.45 pm filtered samples onto the FFF
membrane to get adequate sample amounts for fractions.
Fractions were then collected during the duration of time

NOM was observed through the UV-DAD at a minute a
piece for each tube, all tubes that were observed in collecting
through the UV-DAD detector were compiled and acidified
to a 2% HNOj solution prior to analysis by ICP-MS.

Anion concentrations were quantified using either a
Dionex ICS 5100 (Thermo Fisher Scientific, Waltham, MA,
USA) equipped with an AG18 2 mm diameter guard column
and AS18 2 mm diameter column, or a Dionex ICS 2000
equipped with Metpac, AG22 fast 2 mm diameter guard col-
umn, AS22 fast 2 mm diameter column, both with an elu-
ent of 4.5 mM Na carbonate + 1.4 mM Na bicarbonate with
an isocratic method at 0.30 ml min~!. Chloride and sulfate
were the only anions quantitatively observed, due to high
carbonate concentrations obscuring the anion spectra. Total
non-purgeable organic carbon and total dissolved nitrogen
(TDN) were run on a Shimadzu TOC-L CPH (Shimadzu
Scientific Instruments, Columbia MD, USA; LOQ=0.1 mg
CL™!, LOQ=0.05 mg N L™!) using non-dispersive, infrared
gas analysis following combustion organic carbon content
of samples.

Statistical approach

Statistical analysis was conducted using Prism v.9.4.0
(GraphPad; San Diego, CA, USA). Two-way ANOVA was
conducted to determine if measured concentrations varied
between sampled waters or between seasons to a threshold of
p <0.05. Given that variances were found to be significantly
different between most water bodies and seasons (Table S4),
for specific differences between sample sets, unpaired ¢ tests
with welch’s correction (no assumption of consistent stand-
ard deviations) were conducted, specifically: between sea-
sons for specific samples, between water bodies, and depths
(hypolimnion and epilimnion vs. pore waters) to a threshold
of p value <0.05.

Principal component analysis (PCA) was run utilizing
z-score normalized parameters of slope ratio (Sg), E2:E3,
SUVA,s,, DOC concentration, FI, HIX, BIX, and concen-
trations of major cations (Na, Mg, Al, K, Ca), as well as Fe.
These were chosen because they were able to be obtained
for most of the samples to be able to incorporate pore waters
into the PCA model, and z-scores helped attenuate large
fluctuations in certain parameters such as iron and sodium
concentrations. In total 141 out of 237 total collected sam-
ples were included in the PCA. PCA was performed using
variables which both maximized the chemical diversity and
the number of samples, as only samples with measurements
for all the input loadings are utilized in a PCA model. This
constraint led to a choice of: Si, E2:E3, DOC concentration,
TDN, SUVA,s,, FI, HIX, Na, Mg, K, Ca, which included
141 samples across water bodies, seasons, and depths in the
generation of the PCA model. Chloride and trace metals
were not included in the PCA so that pore-water samples
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(of which many were not able to be analyzed for anions
and trace metals) could be, and Fe was not included in the
PCA due to the small number of pore waters which yielded
enough volume for Fe measurements and thus would have
limited the inclusion of porewaters into the model.

Results
Surface waters

Overall, three seasonal cycles were captured from sampling
March 2016—October 2018, as observed through measured
water temperatures and ice when sampling. Winter months
also correlated with average daily temperatures for sampling
days to be below 0 °C. Typically ice coverage began in Octo-
ber and ended in late March. Several parameters correlated
with these seasonal cycles, such as pH and conductivity,
which rose over the summer season and then fell again dur-
ing the winter-spring. Studied lakes are generally shallow
(<5 m), but showed physical differences between epilimnion
and hypolimnion, as shown by water temperatures and dis-
solved oxygen concentrations at time of sampling (Fig. S1).
pH was on average lower in winters with a wide range of
variance across samples (Tables S1-S3). Increases in dis-
solved oxygen in nearly all surface waters were observed
in later summer (August—September), consistent with fall
turnover and mixing between epilimnion and hypolimnion
(Fig S3).

DOC concentrations were generally high but ranged
widely, with average concentrations between 12.29 and
100 mg C/L across surface waters for sampled lakes and
streams. The highest DOC concentration for both the
epilimnion and hypolimnion was observed in GSL, while
the lowest concentrations were observed in the stream
waters (Figs. 2, S1). Measured optical indices also spanned
a large range of generally terrestrial character (generally
high SUVA,s,, lower S}, moderate E2:E3, moderate FI
for whole waters, etc.), whose differences were not easily
resolvable between water bodies or seasons simply by time
series (Figs. S1, S2). Despite having a lower DOC concen-
tration than the other lakes, OCT had a higher SUVA,,
over most of the time sampled (Figs. 2, S1), however these
values may be inflated due to the excessive iron concentra-
tions (Poulin et al. 2014). However, sometimes Fe concentra-
tions were so high, that when correcting for iron, corrected
SUVA,;, values became artificially low (for example when
Fe was>1 mg/L, a corrected SUVA,s, could be as low as
0.14 L/mg C/m). In addition, using a correction like this,
one would have to assume that all the iron in solution is
Fe (IIT) as the samples were allowed to be oxic and at cir-
cumneutral pH during analysis, which may or may not be
the case depending on how DOM moieties may have stabi-
lized any complexation of Fe(II) species. Thus, values are
reported, uncorrected, with the understanding that iron pro-
portionally impacts SUVA and other absorbance metrics,
especially when iron concentrations are high. Major ions
Na, Mg, Ca, and also Sr to some extent experienced a rise
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Fig.2 DOC (top) and SUVA,s, (bottom) of differing lakes and sam-
pled depths by season. a Doughnut L. (DNL) and Goldstream L.
(GSL) at each depth: E epilimnion, H hypolimnion, PE pore-water
drive pole at lake edge; PC pore-water drive pole at lake center,
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separated by season: Spring=May—Jun, Summer=1Jul-Sept, Win-
ter=0Oct—Apr. b Epilimnion (E) DOC (top) and SUVA,s, (bottom)
data only for all lakes and ponds by season: BSP blacksheep P., OCT
octopus L., OBP O’Brien P
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in concentration over summer periods, and then a decrease
over the winter months (Fig. S2).

DOC concentration in general was higher in GSL and
BSP than in DNL or OCT. While two-way ANOVA found
that parameters varied significantly between specific water
bodies sampled or between seasons (Table S4), few statis-
tical differences between specific sample set means were
found to be significant by 7 test, mainly due to small sample
sizes (n often <6). For the lakes, where both epilimnion and
hypolimnion waters were sampled, no DOC measurements
were found to be statistically different, however there were
significant differences between hypolimnion and porewaters
in GSL (Spring p=0.0007; Summer p =0.0006). Differences
between DOC concentration in lakes were only found to be
significant in the summer and not other seasons (Table S5).
No differences in DOC concentration were found between
specific stream samples within any given season. However,
despite the differences in DOC concentration between lakes
in the summer, optical properties between lakes only showed
statistically significant differences between select spring and
winter samples. Optical properties such as SUVA,s,, Sg.
E2:E3, and BIX were statistically different between some of
the lakes in winter, and fewer lakes in the spring (Table S5;
Fig. S3). FI and HIX did not show any significant differences
between lakes or sampled waters.

For metals, GSL epilimnion and hypolimnion showed
differences in Na, Mg, K, Ca, Fe, Sr, and Ba (Fig. S4).
Meanwhile, DNL only varied with As concentration, and
OCT only with Al. For this reason, water column measure-
ments were combined together for clustering purposes in
the PCA modeling. Of particular note are the exceptionally
high iron concentrations in some of the surface waters, given
the relatively oxic and pH neutral conditions. Fe concen-
trations reached as high as 5.29 mg L™! in surface waters
(GSL) and 9.38 mg L~! (OCT) in bottom waters. Anion con-
centrations varied greatly, though showed few differences
between epilimnion and hypolimnion waters (Fig. S2), with
few apparent temporal trends.

Surface waters exhibited similar trends of increasing
DOC concentration from spring through to winter, though
few means of DOC concentration were statistically different
due to low sample size (Fig. 2, Table S5). SUVA,s, values
tended to decrease going into winter. Consistent with the
time series in Fig. S1, fluorescent optical properties such as
FI and BIX did not show as strong of trends when grouped
by season (Fig. S3). There were no statistical differences in
fluorescent optical properties between surface or pore waters
within lakes, nor when comparing against seasons.

Generally, streams had lower values and variability in
measured concentrations of constituents than the lake waters,
with concentrations typical for streams in this watershed and
the greater Yukon River Basin (Mutschlecner et al. 2018).
However, despite significant variance between surface

waters and between seasons by ANOVA, there was no sta-
tistical difference in mean DOC concentrations between sur-
face waters, and few differences between optical parameters
by season. Variance in SUVA,s, and Sy was smaller in the
summer for stream samples, though TDN tended to increase
in winter samples, with OCC having the highest mean TDN
values of the three sampling points. A higher proportion of
OCC’s flow path from its head waters to the sampling point
is underlain by permafrost (Emond et al. 2018), which may
explain more nitrogen content if there are fresher materials.

Many metal(loid)s showed a similar pattern with season-
ality as DOC concentration, even if not statistically signifi-
cant due to the low sample size, especially the+ 1 and +2
cations (Na, Mg, K, Ca, Sr, Ba) and Sb (Fig. S4). Others,
such as Fe and Al, which are more likely to be present as + 3
ions or other oxidation states (e.g., Mn, As), did not show
such trends. Certain values reflect the background geology
such as arsenopyrites and carbonates in the area, while oth-
ers are more reflective of surface inputs and runoff.

Pore waters

The sampled pore waters were analyzed by DOC concen-
tration, TDN, optical parameters, and major cations (Fig.
S5). The two lakes yielded rather different patterns in depth
profiles for measured parameters, though in general there
were too few acquired parameters from DNL pore waters
to resolve any temporal changes. DOC concentration in
the pore water was on average higher in GSL than in DNL
(Table S2), which also appeared to have variance in con-
centration with time and depth, as well as between poles
(Fig. S5, Table S5). For example, average summer edge and
central pole porewaters had a DOC concentration of 73.58
and 108.41 mg/L respectively for DNL, but nearly twice that
at429.77, and 212.55 mg/L for edge and central pore waters
in GSL (Table S3). In general, DOC concentration tended to
increase with depth, and there is a shift toward higher DOC
concentration as the summer season advanced in the GSL
poles (Fig. S5). Despite differences in DOC concentrations,
optical parameters of the pore waters showed less variation
between poles within a lake, or between lakes, indicating
that while the content of the organic carbon was different,
the compositional signatures may be less distinguishable.
SUVA,;, values generally decreased for PE, but increased
for PC across the summer season, suggesting relatively less
terrestrial signature in PE and more terrestrial signature for
PC. This trend is consistent with E2:E3 and Sg, where E2:E3
also increases for PE (S largely invariant) but decreases for
PC into the winter months. Fluorescence parameters were
not necessarily consistent with absorbances, as FI and BIX
went up for all poles during the season. However, fluores-
cence is merely a small sub-pool of the chromophoric DOM
pool, and thus trends in fluorescence may not reflect overall
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trends in the DOM. In general, pore waters displayed higher
DOC concentration but lower SUVA,s, than their requisite
surface waters in all seasons except winter, however the low
sample number from each season resulted in few statistically
resolved differences (Fig. 2).

Fewer data for aqueous metal concentrations are available
in the pore-water samples than the surface waters due to
the low sample volumes obtained (Table S3). Despite this,
stark differences in major cation concentrations can be seen
between DNL and GSL pore waters. However, statistical
significance between pore-water sampling sites (PE vs. PC)
or compared to surface waters are largely unresolvable with
the number of samples. In general, GSL has higher concen-
tration of ions compared to DNL, with no apparent trends
in depth with the exception of 1) Mg, which decreases with
depth in GSL PC, and 2) in the winter months, Na increases.
On their own it is difficult to make conclusions primarily
from the cation data alone.

Relationship between DOM and geochemical
parameters

Linear regressions between DOC concentration and the
various optical and inorganic measurements were per-
formed to understand which ions might be associating
with DOM, indicative of source waters, or correlated with
surface runoff and/or lateral flow. DOC concentration was
found to correlate to+ 1 and + 2 cations: Na, Mg, K, Ca,
Sr, and Ba as well as Sb and TDN (Figs. S6, S7). No such
correlation was observed for the other metals, nor for any
analyzed anions. When color coded by water body, patterns
emerge in the element:DOC plots, which appear to cluster
by water body due largely to differences in DOC concentra-
tion ranges (e.g., Figs. 3, S6). GSL and BSP have the highest
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Fig. 3 Linear correlation of left: Sr and right: Fe by dissolved organic
cartbon (DOC) concentration. Orange colored data (diamonds,
squares) represent open or transitional taliks. Blue colored data (cir-
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DOC concentrations and often also the highest metal(loid)
concentrations for those that correlate to DOC concentra-
tion, followed by DNL and OCT, with streams and OBP
having the lowest DOC concentrations. When streams and
OBP are plotted on this correlation, they do not necessarily
fall on the same linear trend as the lakes (e.g., Fig. 3). This
lack of correlation could possibly be due to the extent of
association of that element to DOC, DOM composition, or
the nature of hydrological source inputs. Despite the lack of
change in DOC concentration, streams do show increases in
certain cations (Na, Mg Ca, K) in winter months compared
to spring, which may be indicative of meltwater diluting
runoff concentrations as has been observed in other streams
at this latitude (Mutschlecner et al. 2018).

Iron does not correlate to DOC concentration (R*>=0.06;
Fig. 3). As Fe can complex to DOM (e.g., Poulin et al. 2014;
Ohno et al. 2008), to understand the extent of association
with DOM, field-flow fractionation was performed to iso-
late DOM and quantify associated metal(loid)s in samples
collected May 2018. Of the metal(loid)s studied, only Fe
had substantial percentage association with the 300 Da
cutoff, with percent Fe associated with the 300 Da fraction
dropping below 12% when Fe total was over 1 mg L™!. Mg,
K, Mn, Sr, all had percent association around 1.0% of the
total dissolved element. Na, Al, Ca, As, Sb, Ba were all
below detection limit (BDL) for the 300 Da fraction and
thus association with DOM was assumed to be negligible.
Water bodies with the highest total dissolved Fe generally
had the smallest Fe concentrations in the 300 Da fraction
(Fig. 4A, B), supporting the lack of correlation of Fe to DOC
concentration. However, there is also no correlation with
the concentration of Fe in the 300 Da fraction and DOC
concentration (Fig. 4C). In addition, normalizing the Fe in
the 300 Da fraction to DOC concentration resulted in no
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correlation to optical properties with the exception of BIX
(R*=0.5581, p=0.0207). However, as Fe can increase DOM
absorbance or quench fluorescence (Ohno et al. 2008; Poulin
et al. 2014, Stirchak and Donaldson 2021), this observation
may simply be an artefact of the high total Fe. Even when
SUVA,s, was corrected for Fe content (Poulin et al. 2014;
Gagné et al. 2020), few correlations were observed.

Chloride does not correlate with parameters reflecting
DOM composition and source (Fig. S8), and is likely to be
reflective of surface runoff and lateral flow. Normalizing
metal(loid) concentrations to chloride may yield informa-
tion about which metal(loid)s are also possibly from runoft/
lateral flow. Overall, relationships with selected metal(loid)
s and chloride were weaker than that with DOC concentra-
tion. Relationships correlate most with+ 1 and +2 cations,
as well as Sb (Fig. S8). However, when analyzing metal to
chloride correlations by season, relationships such as with
Ba which had been shown to be a marker of late fall inputs
by permafrost in the Arctic (Barker et al. 2014) are not pre-
sent in the current dataset.

Principal components 1 (PC1) and 2 (PC2) explained
40.11% and 12.25% of the total variance, respectively
(Figs. 5, S9). As expected, SUVA,5, s loading is in the direc-
tion opposite of E2:E3 and FI, which trend to lower values
being more terrestrial whereas SUVA,s, has higher values
being terrestrial in character. It is interesting to note that
DOC concentration and SUVA do not necessarily explain
the same variance of the data set, as they are on opposite
directions of PC1, which is consistent with the water body
and seasonality comparisons between DOC concentration
and SUVA,5, described above. Likewise, other elements that
correlated well with DOC concentration appear in a similar
location on the loadings plot as DOC concentration. Other
optical parameters, such as S and HIX show more spread
along PC2, and thus PC2 may be an indicator more of DOM
compositional character. In the score plots (Fig. 5), scores

water body. ¢ Total Fe associated with 300 Da fraction vs. DOC con-
centration (Color figure online)

are clustered by water body, with GSL and BSP on the nega-
tive axis of PC1, DNL and OBP around the origin of PC1
and slightly elevated in PC2, and then OCT and the streams
on the most positive direction of PC1. Despite the clustering
by water body, there was no separation of samples by depth
in the PCA. When color coded by month, the winter samples
within each water body appear the lower side of the cluster
for that water body with respect to PC2.

Discussion
Thermokarst influence on DOM character

The observed higher DOC concentrations in water bodies
with recent thermokarst activity is consistent with observa-
tions in other studies of permafrost-impacted systems (Frey
and McClelland 2009; O’Donnell and Jones 2006; Prokush-
kin et al. 2007; Striegl et al. 2005, 2007). Increases in DOC
concentration have been observed in permafrost-impacted
streams of western Siberia (Frey and Smith 2005) and high
Arctic thaw slumps (Grewer et al. 2016). In the PCA (Fig. 5)
as well as several of the correlation plots (Figs. 3, S6), BSP
and GSL, the two water bodies with active thermokarst, clus-
tered together and also presented the highest DOC measure-
ments, as high as 156.08 mg C/L. PC2 tracks negatively with
HIX and to a lesser degree SUVA,s,, but positively with S,
and to a small degree FI. Higher SUVA,;, and HIX values,
and lower FI and Sy are often correlated with more ter-
restrial character or humification (Ohno 2002; Helms et al.
2008; Cory et al. 2010; Hansen et al. 2016). Thus, these opti-
cal parameters may indicate that GSL and BSP, despite their
contact with a thaw margin, may actually overall have more
terrestrial character of DOM, even if it was not necessarily
resolved by 7 tests. This may be a result of surface contribu-
tions from active layer soils whose organic matter is highly
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Fig.5 PCA model of DOM and geochemical variables in the Gold-
stream Watershed. a Score plot of samples in the PCA, color coded
by water body. Blue and purple colors indicate water bodies with
active thermokarst, whereas yellow and orange colors indicate those
without. Streams are colored green as they traverse areas of varied

terrestrial in character (Gagné et al. 2020), or flow from
lateral taliks (Eckhardt 2020), or perhaps merely a result of
the vegetation accumulated at the bottom of the lake during
its initial formation and subsidence. Of course, any of these
optical parameters may be exaggerated by the presence of
high iron, however, the exceptionally high total iron concen-
trations (> 1 mg/L) were detected in water bodies both with
and without active thermokarst.

Aluminum and Fe are commonly known to associate with
organic carbon (Pokrovsky and Schott 2002), however this
study observed no correlation between DOC concentration
and the two metals, in part to the very high concentrations in
several water bodies. A positive correlation of Fe and DOC
concentration has been previously observed in permafrost-
impacted waters (Oleinikova et al. 2019; Pokrovsky and
Schott 2002). The lack of positive correlation with Fe and
DOC concentration in this study (Fig. 4) is likely instead
caused by the large concentration of Fe saturating sites
available for complexation with DOM (Weyhenmeyer et al.
2014). Metal(loid) to carbon relationships might not neces-
sarily be explained by complexation, as field-flow fractiona-
tion results only showed Fe having significant complexation
to the colloidal fraction of water samples. Mg, K, and Sr
were the only other elements to have consistent detectable
levels above the detection limits with the 300 Da fraction.
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permafrost coverage. b The same score plot of samples in the PCA,
color coded by month of the year, with yellow centered around July
for summer months and blue to represent winter months. ¢ Loadings
plot of the variables in the PCA model by component (Color figure
online)

This implies that the other inorganics quantified in this study
are not associating with DOC, and any positive correlations
observed may reflect another process, such as colocation
within a source input rather than specific complexation.
With the exception of Al, Fe, and As, nearly all of the
highest metal(loid) concentrations were detected in GSL and
BSP. (Fig. S2), the water bodies with active thermokarst. In
addition, for several of the measured concentrations, GSL
pore waters exhibit higher concentrations than DNL pore
waters (Fig. S5). Higher metal concentrations are consistent
with other studies in permafrost-impacted systems, where
major metals (Ca, Mg, K, and Na) in streams are associated
with increased permafrost degradation in the Arctic (Kel-
ler et al. 2007; Stottlemyer 2001) and sub-Arctic regions
(Petrone et al. 2006, 2007) of Alaska, as well as Canadian
streams affected by retrogressive thaw slumps (Kokelj et al.
2013; Lafreniere and Lamoureux 2013). These may be indic-
ative of increased groundwater contributions, as they are
regarded as relatively conservative in these systems (Frey
and McClelland 2009; Vonk et al. 2015; Toohey et al. 2016).
OBP, which is suspected to have increased groundwater
input due to artesian conditions, did not necessarily result
in higher concentrations of dissolved major metals (Fig. S4).
However, several elements are elevated with respect to the
measured DOC compared to the other lakes (Mg, Ca, Mn,
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Sr, Sb, Figs. 3, S6), despite having similar DOM optical
character. This could be indicative of groundwater contribu-
tion to OBP that is distinct from DOM inputs, and thus the
DOM in OBP may represent primarily active layer sources.

Streams sampled in this study clustered tightly together
within the PCA, which could be due to the fact that the
stream sample sites are all near the bottom of the water-
shed’s hydrologic gradient, or reflective of similar surface
sources upstream of the sampling points. The streams are
predominantly underlain by permafrost (Emond et al. 2018),
and thus it is likely that the hydrology of the watershed pro-
vides streams with similar water sources through surface
flow, and limited influx from groundwater, consistent with
lower cation concentrations observed in the streams com-
pared to the lakes. In addition, historically there has been
dredging and placer mining (LaPerriere and Reynolds 1997,
Spence 1994) for gold (Brown et al. 1982), which also likely
explains the correlation of Fe to As through arsenopyrites
(FeAsS). Historical dredging and placer mining altered the
flow path of GSC1 (Lesh and Ridgway 2007) and thus may
have also altered the source inputs and extent of thaw.

Seasonality of DOM in permafrost systems

The surface waters all exhibit similar trends of increasing
DOC concentration toward winter with many varying signif-
icantly by season (Table S4). We suspect increasing DOC is
not merely a product of meltwater diluting concentrations in
the spring and/or evaporation over the summer season, since
the pore waters also displayed this seasonality, but instead
reflecting a difference of sources. In addition, times series
of DOC showed a steady increase in DOC concentration
in the lakes across winter months (Fig. S1). For DNL and
GSL, surface waters shifts in DOM optical character differed
across seasons compared to their pore waters (Figs. 2, S3).
Winter decreases in SUVA,, for surface waters are likely
more dramatic than shown due to coincident increased total
Fe in winter, impacting absorbance (Poulin et al. 2014). A
winter decrease in SUVA,, in all lakes, not just those with
active thermokarst, may suggest degradation of vegetation-
derived DOM to less aromatic materials (Shatilla and Carey
2019) rather than an introduction of freshly mobilized DOM
from permafrost, consistent with downward or lateral flow
from deepened active layers (Eckhardt 2020). It is possible
that the active layer did not fully freeze in winter, potentially
allowing shallow lateral flow throughout the winter, as may
have been the case at least in part for winter of 2017-2018.
Indeed, incomplete refreeze in winter has already been dem-
onstrated from in-situ ground temperatures since 2018 for
study sites in this watershed (Farquharson et al. 2022). Like-
wise, it might be expected that water from a pingo would
be indicative of sub-permafrost groundwater contributions
flowing vertically upward in artesian conditions, but as

a thawed pingo from an open talik, flow is not necessar-
ily constrained by impenetrable barriers from permafrost
(Callegary et al. 2013; Yoshikawa and Hinzman 2003). An
unfrozen active layer in winters may help to explain why
nearly all lakes saw increases in element concentrations over
winter, but those increases were most dramatic for the water
bodies with active thermokarst.

Several metal(loid)s varied with season in the studied
water bodies (Na, Al, Ca, Mn, Fe, As, Sr, Ba; Table S4).
However, others such as K and Mg did not. Iron and Al
were slightly higher in streams and lake surface waters in the
spring, which may indicate mobilization of these otherwise
insoluble elements via DOM during spring freshet (Bagard
et al. 2011). Positive correlations between Na, Mg, Ca, Sr,
and Ba with chloride may indicate the presence of lateral
surface flow contributions into the lakes rather than from
permafrost thaw. Chloride was observed to only show minor
increases due to permafrost degradation in sub-Arctic Can-
ada streams (Kokelj et al. 2013), and thus, correlations with
chloride may instead indicate leaching of adjacent surface
soils assisted by precipitation (Lockwood et al. 1995; McNa-
mara et al. 1997). The Goldstream watershed is underlain by
carbonate rich schist (Schirrmeister et al. 2016). Weather-
ing of calcite and carbonate minerals from the active layer
(Keller et al. 2007) may be responsible for leaching some
of these cations into the surface waters. Barker et al. (2014)
found a positive correlation of Ba and chloride occurs in
Arctic streams during active layer thaw depth maxima, how-
ever, normalizing to chloride failed to reveal any seasonal
trends in the current study. Chloride could be indicative of
surface sources in this instance, including late season rain
increasing surface runoff around sampling sites that may
convolute a seasonal signal. Overall, winter revealed a dif-
ferent carbon pool compared to spring and summer seasons,
potentially due to the isolation from surface sources. The
differences were not uniform across water bodies with and
without active thermokarst. As thaw progresses, especially
with a lack of freezing of the active layer, one may expect
winter seasons to reflect DOM pool composition of more
mixed sources, such as in spring and summer, and a distinc-
tion in winter seasons may become more difficult to observe.
Thus, the timing of this sampling presents a unique oppor-
tunity to isolate the impacts of thaw on DOM composition.

Multidimensional characterization of dissolved
organic matter in permafrost systems

When PCA is run with optical parameters alone (absorb-
ance and fluorescence indices, DOC concentration, and
TDN), similar clustering of lakes and seasonality is present,
however the separation is less distinct (Fig. S10) The inclu-
sion of geochemical variables allowed for more distinction
along both axes, rather than predominantly along just one
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axis. In the PCA shown above (Fig. 5), PC2 largely seems
to be explained by optical indices, whereas PC1 is more
dominated by elemental concentrations, and to some extent
SUVA,s,, though SUVA,, may reflect Fe concentrations.
Separation along geochemical parameters may contribute to
the ability to differentiate between deeper and shallow source
DOM inputs, which may partly explain why winter samples
are not just lower along PC2 indicating more terrestrial con-
sistent signals, but also lower along PC1, reflective of the
increased ions. It is interesting to note that optical loadings
do not separate solely along a single axis. SUVA,s, is almost
directly opposite from FI and E2:E3, which may indicate
a spectrum of terrestrial to microbial consistent character.
However, HIX and Sy are nearly perpendicular to the other
optical loadings, suggesting there is more dimensionality
to the DOM optical character than a simple explanation of
terrestrial to microbial sourcing. An example of this is that
the overall high terrestrial signal evidenced by the optical
indices could be reflected by multiple terrestrial sources of
DOM in the surface and/or pore waters. These could include
surface run off or lateral flow through the active layer soil
into the lakes and stream waters, or leaching of a vegeta-
tion layer (including black spruce) which would have been
on the soil surface at the time of lake formation and which
may be poorly decomposed in the more oxygen depleted
lake sediment, or possibly groundwater flow in contact with
freshly thawing permafrost. Thus, there may be different
terrestrial-character DOM pools compared to the active layer
sources, and may not necessarily be distinguished by solely
comparing simple bulk properties such as the optical param-
eters used in this study. However, by combining the optical
parameters with the other concentrations and metrics used in
the PCA in this study, analysis starts to reveal more nuanced

compositional differences of the DOM pools than a limited
terrestrial-microbial characterization would otherwise allow.

Such a need for a more nuanced characterization of DOM
pools is especially relevant when characterizing PPL isolates
extracted from these same waters (data reported in Gagné
et al. 2020). Compared to the surface waters, optical param-
eters of PPL isolates shift, as expected (Fig. 6). In general
SUVA,;, decreases, which may be a function of a lack of
retention of Fe in the PPL extraction process. The absorb-
ance and fluorescence ratios all decrease as well. And while
PPL isolates do not capture exactly the same carbon pool
as [HSS references captured by XADS (Li et al. 2017), it is
interesting to note that in several cases, IHSS end-member
references bound (SUVA,s,, FI, BIX) and don’t bound (S,
E2:E3, HIX) optical parameters, further corroborating that a
simple description of extent of terrestrial character is not suf-
ficient to fully describe the source inputs of the DOM pools.

Conclusion

In areas of active permafrost thaw, changes in organic car-
bon pools can potentially have significant impacts on water
quality and the ecosystem services that organic matter pro-
vides to the landscape. Overall, it was found that DOM
composition in a yedoma discontinuous permafrost water-
shed was found to be heterogeneous both temporally and
spatially, and impacted by complex hydrological patterns.
This is especially evident through differences in seasonal
trends between surface and pore waters, as well as the
extent of metal complexation by DOM. For example, opti-
cal parameters typically associated with terrestrial signals
were observed to become more prevalent in pore waters
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as summer progressed through winter in an actively thaw-
ing permafrost lake, potentially corroborating a hypothesis
of downward flow into the talik. In addition, winter sam-
pling, where surface inputs are frozen and thus negligible,
is essential to observe annual cyclic patterns of organic
matter composition and displayed shifts in not just geo-
chemical parameters but also composition of that DOM. A
principal components analysis distinguished water bodies
by active thermokarst, as well as season of sampling. In
doing so, optical properties of DOM in permafrost systems
were revealed to be more complex than simply described
as terrestrial or microbial, and PPL isolates from these
waters were not necessarily bounded by existing end-
member reference isolates. Together, the composition of
DOM in permafrost-impacted waters is complicated by
a number of hydrological, biogeochemical, and seasonal
conditions, all of which together will influence the release,
transformation, and ecological role of these substances in
a changing climate.
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