
Eroding Permafrost Coastlines Release Biodegradable
Dissolved Organic Carbon to the Arctic Ocean
Emily M. Bristol1,2 , Megan I. Behnke3,4 , Robert G. M. Spencer3 , Amy McKenna3,5 ,
Benjamin M. Jones6 , Diana L. Bull7, and James W. McClelland1,8

1Department of Marine Science, The University of Texas at Austin, Port Aransas, TX, USA, 2Now at U.S. Geological
Survey, Pacific Coastal & Marine Science Center, Santa Cruz, CA, USA, 3Department of Earth, Ocean, and Atmospheric
Science, Florida State University, Tallahassee, FL, USA, 4Now at Alaska Coastal Rainforest Center, University of Alaska
Southeast, Juneau, AK, USA, 5Department of Soil and Crop Sciences, Colorodo State University, Fort Collins, CO, USA,
6Institute of Northern Engineering, University of Alaska Fairbanks, Fairbanks, AK, USA, 7Climate Systems, Sandia
National Laboratories, Albuquerque, NM, USA, 8The Ecosystems Center, Marine Biological Laboratory, Woods Hole,
MA, USA

Abstract Coastal erosion mobilizes large quantities of organic matter (OM) to the Arctic Ocean where it
may fuel greenhouse gas emissions and marine production. While the biodegradability of permafrost‐derived
dissolved organic carbon (DOC) has been extensively studied in inland soils and freshwaters, few studies have
examined dissolved OM (DOM) leached from eroding coastal permafrost in seawater. To address this
knowledge gap, we sampled three horizons from bluff exposures near Drew Point, Alaska: seasonally thawed
active layer soils, permafrost containing Holocene terrestrial and/or lacustrine OM, and permafrost containing
late‐Pleistocene marine‐derived OM. Samples were leached in seawater to compare DOC yields, DOM
composition (chromophoric DOM, Fourier transform ion cyclotron resonance mass spectrometry), and
biodegradable DOC (BDOC). Holocene terrestrial permafrost leached the most DOC compared to active layer
soils and Pleistocene marine permafrost. However, DOC from Pleistocene marine permafrost was the most
biodegradable (33 ± 6% over 90 days), followed by DOC from active layer soils (23 ± 5%) and Holocene
terrestrial permafrost (14 ± 3%). Permafrost leachates contained relatively more aliphatic and peptide‐like
formulae, whereas active layer leachates contained relatively more aromatic formulae. BDOC was positively
correlated with nitrogen‐containing and aliphatic formulae, and negatively correlated with polyphenolic and
condensed aromatic formulae. Using estimates of eroding OM, we scale our results to estimate DOC and BDOC
inputs to the Alaska Beaufort Sea. While DOC inputs from coastal erosion are relatively small compared to
rivers, our results suggest that erosion may be an important source of BDOC to the Beaufort Sea when river
inputs are low.

Plain Language Summary Arctic coastlines are rapidly eroding into the ocean. Soils along these
coastlines contain large quantities of organic matter (OM) that dissolves in seawater and may be consumed by
microbes. If this dissolved organic matter (DOM) is biodegradable, it can be an important energy source to
coastal food webs and/or quickly decomposed to greenhouse gases. We used laboratory experiments to examine
the chemical composition of the DOM that is released from eroding soils into seawater and measured its
biodegradability. We compared results for three different layers of soil at Drew Point, Alaska, including near‐
surface soils that thaw seasonally and deeper soils that are perennially frozen (permafrost). Our results show that
different layers, which contain OM of different sources and ages, have distinct chemical characteristics that
impact biodegradability. While rivers supply more OM to the Alaska Beaufort Sea than coastal erosion, our
results show that DOM released from all soil layers is highly biodegradable, and that DOM from deep
permafrost is the most biodegradable. We deomonstrate that coastal erosion can be an important source of OM
to Arctic coastal ecosystems, particularly in locations and seasons (e.g., late summer) that receive fewer river
inputs.

1. Introduction
The Arctic Ocean is strongly influenced by terrestrial inputs of organic matter (OM) and other nutrients,
impacting biogeochemical cycling and estuarine ecosystem dynamics (McClelland et al., 2012). Large rivers have
been well studied across the Arctic, and are known to contribute massive quantities of OM to the Arctic Ocean,
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largely in the dissolved form (Holmes et al., 2012; McClelland et al., 2016). Dissolved organic carbon (DOC)
from permafrost watersheds tends to be relatively biodegradable, with a notable proportion rapidly utilized by
microbes (Vonk et al., 2015). In the estuarine environment, this terrestrial OM acts as an energy subsidy for
nearshore heterotrophs and accumulates in marine food webs (Bell et al., 2016; Dunton et al., 2012). Reminer-
alization of terrestrial OM also releases inorganic nutrients that support a substantial amount of marine primary
production in the Arctic Ocean (Tank et al., 2012; Terhaar et al., 2021).

Rapidly eroding Arctic coastlines also release terrestrial OM to the ocean, yet very few studies have examined the
composition or biodegradability of eroded organic carbon (OC). Erosion currently mobilizes an estimated 8.5–
15.4 Tg OC yr− 1 to the Arctic Ocean (Nielsen et al., 2022; Terhaar et al., 2021). While this erosional OC flux is
less than OC flux from rivers draining the pan‐Arctic watershed (34 Tg DOC yr− 1, Holmes et al., 2012; 5.8 Tg
particulate OC yr− 1, McClelland et al., 2016), eroding coastlines may be an important source of biolabile OC at
certain places or times of the year. Riverine DOC fluxes and biodegradability peak in June during the spring
freshet (Behnke et al., 2021; Drake et al., 2018; Spencer et al., 2015; Textor et al., 2019; Vonk et al., 2015;
Wologo et al., 2021), whereas erosion peaks later, occurring during the summer open water season when waves
and storms are more active (Irrgang et al., 2022). Furthermore, coastal erosion rates and associated OC fluxes are
forecasted to increase by a factor of∼1.5 by 2100 due to Arctic warming and sea ice decline (Nielsen et al., 2022).
While research on the fate of eroding permafrost in the marine environment is limited, initial studies that
incubated bulk soils and permafrost in seawater show that eroding OC can be rapidly decomposed in the marine
environment (Tanski et al., 2019, 2021).

While erosion primarily mobilizes OC in the particulate form, this material may be leached to dissolved forms
(Dou et al., 2008) that are readily utilized by microbial communities (Bruhn et al., 2021). Here, we examine the
composition and biodegradability of DOC that is rapidly released from eroding bluffs in seawater. To simulate
DOC release in the coastal ocean, we leached active layer soils and permafrost from Drew Point, Alaska in
Beaufort Sea surface water. Leachates were incubated over 26 and 90 days in dark, aerobic conditions to measure
DOC loss due to microbial uptake or remineralization (i.e., biodegradable DOC; BDOC). Additionally, we used
chromophoric dissolved organic matter (CDOM) measurements and ultra‐high resolution Fourier‐transform ion
cyclotron resonance mass spectrometry (FT‐ICR MS) to examine the composition of leached dissolved organic
matter (DOM). While these methods have been used to assess the composition and biolability of DOC in
freshwaters across the Arctic (Behnke et al., 2021; Drake et al., 2018; Spencer et al., 2015; Textor et al., 2019;
Vonk et al., 2015; Wologo et al., 2021), this is the first study to link BDOC with high‐resolution DOM
compositional data from permafrost leached in seawater. Finally, we scale these results to assess the biogeo-
chemical and ecological importance of BDOC leached from eroding material along the Alaska Beaufort Sea
coast.

2. Study Area
The Alaska Beaufort Sea coast is fringed by barrier islands and shallow estuarine waters that, despite being ice
covered for approximately 9 months of the year, are highly productive. These shallow lagoons and coastal waters
are vital habitat for anadromous and marine fish (Stanek et al., 2022), migratory waterfowl (Richardson &
Johnson, 1981), bowhead whales (Schell et al., 1989), and other marine mammals that are important for local
Iñupiat subsistence fishing and hunting. The Alaska Beaufort Sea receives freshwater, OM, and nutrients from
rivers draining the North Slope of Alaska during the spring freshet in June and throughout the summer open water
season until freeze up in early October (McClelland et al., 2014). In addition, much of the coastline is eroding,
retreating at an average rate of 1.9 m yr− 1, and at maximum annual rates of 25 m yr− 1 (Figure 1; Gibbs &
Richmond, 2017). This coastal permafrost erosion supplies large quantities of OM to the nearshore Beaufort Sea
(Bristol et al., 2021; Ping et al., 2011).

This study focuses on Drew Point, a section of exposed coastline located∼100 km southeast of Utqiaġvik. Similar
to much of the North Slope of Alaska, the terrain near Drew Point consists mainly of thermokarst lakes and
drained lake basins (B. M. Jones & Arp, 2015; B. M. Jones et al., 2022). Underneath tundra soils and reworked
lake sediments, deeper permafrost at Drew Point contains relict marine sediment deposited during a late‐
Pleistocene marine transgression (Figure 2; Bristol et al., 2021; Dinter et al., 1990). Bluffs are tall (1.6–7.1 m)
compared to most of the Alaska Beaufort Sea coast, and therefore store large stocks of OC above sea level
(∼86 kg OC m− 2 for an average 3.7 m bluff; Bristol et al., 2021; Ping et al., 2011). Moreover, erosion rates at
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Drew Point are extremely rapid and increasing over time, currently averaging ∼17.2 m yr− 1 (Figure 1; Jones
et al., 2018). Recent OC fluxes from just a 9 km stretch of coastline near Drew Point (12,332 Mg OC yr− 1) are
similar to OC fluxes from the Kuparuk River, which is the third largest river draining the North Slope of Alaska
(Bristol et al., 2021; McClelland et al., 2014).

Figure 1. Short term (1980s–2010s) average shoreline change rates for protected and exposed mainland coastline along the
Alaska Beaufort Sea (Gibbs & Richmond, 2017). Negative values indicate shoreline loss. The Arctic Ocean basemap was
compiled by ESRI.

Figure 2. (a) Example of an eroding bluff near Drew Point, Alaska. “Active layer” refers to the seasonally thawed terrestrial
soils near the tundra surface. “Holocene terrestrial permafrost” refers to perennially frozen Holocene‐age terrestrial soils
and/or lacustrine sediments. “Pleistocene marine permafrost” refers to relict marine sediment that was deposited during a
Late‐Pleistocene marine transgression, but that is presently located above and below sea level in eroding bluffs.
(b) Collecting permafrost samples by coring horizontally into an exposed bluff at the young drained lake basin site near Drew
Point, Alaska.
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3. Methods
3.1. Sample Collection

Active layer and permafrost samples were collected from exposed bluffs near Drew Point during August 2019
(Figure 2). Three active layer samples, three shallow permafrost samples, and three deeper permafrost samples
were collected from a young (500 years BP) drained thermokarst lake basin (Hinkel et al., 2003; M. C. Jones
et al., 2012). An additional three active layer samples were sampled from primary material that has never been
reworked by thaw‐lake cycles. Samples from the drained lake basin were collected by scraping thawed material
from an exposed bluff face before coring horizontally with a 7.5 cm diameter SIPRE core auger. Due to tall
(∼6 m), steep bluffs at the primary surface site, active layer samples were collected by drilling vertically from the
tundra surface to a depth of approximately 35 cm; these cores were subsampled to capture a similar depth range as
horizontal cores. The SIPRE core barrel was wiped clean in between samples, and the average depth of the sample
was measured from the tundra surface. Core sections were stored in clean Ziplock bags inside coolers packed with
ice or frozen permafrost and transported back to the Barrow Arctic Research Center in Utqiagvik, Alaska by
helicopter or float plane. Samples were stored in a freezer at − 20°C at the Barrow Arctic Research Center until
transported frozen back to the University of TexasMarine Science Institute. Seawater used for the experiment was
collected from Beaufort Sea surface waters offshore from Kaktovik, AK during August 2018, filtered through
pre‐combusted Whatman GF/F (0.7 μm) filters, transported frozen to the University of Texas Marine Science
Institute, and stored at − 20°C. The seawater had a salinity of 31.

3.2. Dissolved Organic Carbon Leaching

Active layer and permafrost samples were thawed at 4°C and gently homogenized. Then, subsamples were taken
to measure total organic carbon (TOC) content. After subsampling, the homogenized soil/sediments were
refrozen, so that TOC could be quantified before leaching. Slurries were formed by combining thawed soil/
sediment samples with 700 mL GF/F filtered seawater in pre‐combusted beakers. We normalized the soil/
sediment TOC added to each slurry with a target concentration of 5 g TOC L− 1. This was equivalent to∼75–550 g
wet soil/sediment L− 1, depending on TOC and water content. This TOC to seawater ratio was chosen so that
leachate DOC concentrations would be roughly similar to each other, and so that DOC concentrations would high
enough to quantify low percent DOC losses (i.e., BDOC) precisely. Leachate DOC ranged from 4.6 to 38 mg
DOC L− 1 (see associated data set for more detail; Bristol et al., 2024). These values are within range of DOC
concentrations measured in shallow coastal waters, rivers, and/or supra‐permafrost groundwater in the region
(Beaufort Lagoon Ecosystem LTER, 2024; Bristol, 2023; Connolly et al., 2020). To act as a control, one beaker
contained only Beaufort Sea surface water. The slurries and seawater control were covered, stored in the dark, and
gently stirred three times throughout the leaching period. After 24 hr, the slurries and seawater control were
decanted and vacuum filtered using pre‐combusted GF/F filters.

3.3. Biodegradable Dissolved Organic Carbon

To facilitate comparison with other studies, we generally followed the standardized biodegradable dissolved
organic carbon (BDOC) protocol suggested by Vonk et al. (2015). This lability assay measures DOC loss
throughout an incubation, often 28 days at room temperature, in the dark to prevent photochemical reactions or
primary production. Initial samples were 0.7 μm filtered before the incubation, removing particulate matter but
allowing some microbial biomass to pass through. At the end of the incubation period, samples were re‐filtered
(0.7 μm) to remove any bacterial aggregates that may have formed. Therefore, the DOC loss represents DOC that
was respired and/or incorporated into microbial biomass.

Immediately after filtering the slurries, each leachate and the seawater control were subsampled for initial
chemical analyses (i.e., DOC concentration, CDOM, FT‐ICR MS). Acid washed, pre‐leached polycarbonate
bottles were used throughout the experiment. Each leachate and the seawater control were incubated in triplicate
in the dark on a shaker table in an environmental chamber and sampled at 26 and 90 days. The incubation
temperature averaged 19°C. Bottles were sealed to prevent evaporation but had a 1:1 solution to headspace ratio
and were uncapped for 10 minutes weekly while on the shaker table to allow fresh air into the headspace and
underlying water. After 26 and 90 days, triplicate sets of bottles were re‐filtered using pre‐combused GF/F filters
and subsampled for DOC and CDOM analyses.
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3.4. Bulk Geochemical Analyses

Subsamples for soil/sediment TOC (%) analysis were acidified with 10% ultrapure HCl in silver capsules before
carbon mass was analyzed with a Thermo Fisher EA‐Isolink‐CNSOH elemental analyzer. Concentrations of DOC
were measured with a Shimadzu TOC‐V CSH analyzer. Samples were acidified to a pH of 2 with concentrated
HCl (ACS reagent grade; JT Baker) immediately after filtering and DOC concentrations were analyzed within
24 hr. BDOCwas measured as the percent loss of leached DOC (i.e., leachate DOC concentration minus seawater
control DOC concentration) between the initial and final timepoints of the incubation. The Beaufort Sea surface
water sample contained 1.2 mg DOC L− 1, and there was no detectible change in seawater DOC concentrations
throughout the incubation experiment. There was no correlation between DOC concentrations and BDOC
measurements, indicating that initial leachate DOC concentrations did not impact decomposition rates.

Subsamples for CDOM were stored at 4°C and measured within 24 hr using an Ocean Optics UV‐visible light
absorbance spectrophotometer. Ultrapure water blanks were run approximately every five samples, and sample
spectra were blank corrected. Parameters S275–295 (log‐transformed spectral slope between 275 and 295 nm) and
SR (275–295 nm slope:350–400 nm slope) were calculated from CDOM spectra according to Helms et al. (2008).
The specific ultra‐violet absorbance at 254 nm (SUVA254; decadic absorbance at 254 nm normalized by DOC
concentration) was calculated according to Weishaar et al. (2003). All bulk chemical analyses were completed at
the University of Texas Marine Science Institute.

3.5. Fourier Transform Ion Cyclotron Resonance Mass Spectrometry

Leachate DOM samples for 21 T FT‐ICR MS analyses were solid phase extracted onto reverse phase BondElut
PPL cartridges (100 mg; Agilent) following an established protocol (Dittmar et al., 2008). Briefly, leachate
subsamples were acidified to a pH of 2 with HCl, passed through pre‐conditioned PPL cartridges, rinsed with
acidified water, and eluted with 1 mL methanol for a target concentration of 40 μg C mL− 1. ACS reagent grade
HCl (JT Baker) and LC/MS grade methanol and water (Fisher Chemical) were used throughout.

Extracts were stored in methanol at − 20°C until analysis on a custom‐built hybrid linear ion trap 21 T FT‐ICRMS
at the National High Magnetic Field Laboratory in Tallahassee, Florida (Hendrickson et al., 2015; Smith
et al., 2018) with negative electrospray ionization. For each spectrum, 100 time domain acquisitions were
conditionally co‐added. Mass spectra were phase‐corrected (Xian et al., 2010) and elemental compositions
iteratively assigned to peaks with signal magnitude >6σ root‐mean‐square baseline noise (Bahureksa et al., 2022;
O’Donnell et al., 2016) with PetroOrg © TM software (Corilo, 2015). Formulae were assigned using elemental
constraints of C1–45H1–92O0–35N0–4S0‐2 and with a mass accuracy ≤300 ppb (Table S1 in Supporting Informa-
tion S1). The modified aromaticity index (AImod) was calculated from the neutral elemental composition to
provide qualitative measure of the degree of aromaticity (Koch & Dittmar, 2006, 2016). Elemental ratios and
AImod were used to correlate elemental compositions to compound classes defined by atomic elemental ratios of
H/C and O/C: polyphenolics (0.5 < AImod ≤ 0.66); condensed aromatics (AImod > 0.66); highly unsaturated and
phenolics (AImod ≤ 0.5, H/C < 1.5, O/C ≤ 0.9); aliphatic (1.5 ≤ H/C ≤ 2.0, O/C ≤ 0.9, and N = 0); sugar‐like (O/
C > 0.9); and peptide‐like (1.5 ≤ H/C ≤ 2.0, and N > 0) (Behnke et al., 2021). Each assigned molecular formula
may contain multiple isomers, and compound structure cannot be assessed from direct infusion mass spec-
trometry of DOMwith any mass detector. The relative abundance of each formula was calculated by normalizing
each peak magnitude to the sum of all peak magnitudes assigned in each sample. The relative abundance
(expressed as percentages; %RA) of each compound class and elemental composition grouping (e.g., CHO,
CHON) were then calculated as the sum of all the relative abundances of all the peaks in each compound class
divided by the sum of all the assigned formulae abundances in each sample. For all mass spectra presented herein,
9,704–14,974 peaks were assigned elemental compositions with root‐mean‐square mass measurement accuracy
for samples ranging from 36 to 48 ppb (Table S1 in Supporting Information S1).

3.6. Statistical Analyses

The experimental samples that were incubated and analyzed in triplicate (i.e., DOC concentrations and CDOM
after 26 and 90 days) were averaged before any statistical analyses. Therefore, the standard error values reported
represent variability among samples that were collected at different locations rather than experimental replicates.
To test differences in bulk metrics between horizons, we first assessed normality of data using the Shapiro‐Wilk
test and the homogeneity of variance across groups using Levene's test. For variables that passed both tests
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(p > 0.05), we assessed differences between horizons using a one‐way ANOVA followed by a Tukey Honest
Significant Differences post hoc test. For variables that failed the Shapiro‐Wilk test (p < 0.05), we assessed
differences between horizons using Kruskal‐Wallis rank sum tests followed by Wilcoxon post hoc tests. For
variables that passed the Kruskal‐Wallis test but failed Levene's test, we assessed differences between horizons
using the Welch One‐Way ANOVA test followed by Games Howell post‐hoc tests.

Principal component analysis (PCA) was used to examine relationships between DOM characteristics such as
BDOC, %RA of compound classes, and CDOM parameters; these variables were scaled to unit variance.
Spearman's rank correlation coefficients were used to examine how DOC leaching yields and BDOC were related
to %RA of compound classes and other compositional metrics from FT‐ICR MS analysis of DOM. Coefficients
were reported if they had an absolute value Spearman's rank correlation coefficient |(ρ) > 0.2 and a p‐
value < 0.05. To examine which DOM molecular formulae were associated with biodegradability, we calculated
Spearman's rank correlation coefficients between BDOC at 26 days (BDOC26; %) and peak intensity of each
molecular formulae. These p‐values were adjusted using a false discovery rate correction, and correlations with
adjusted p‐values< 0.05 were selected for analysis. Statistical analyses were completed using the “rstatix” v.0.7.0
(Kassambara, 2021), “Hmisc” v.4.6.0 (Harrell, 2021), and R Statistical Software v.4.1.3 (R Core Team, 2022).
Additionally, “tidyverse” (Wickham et al., 2019) v.1.3.1 and “ggfortify” v. 0.4.14 (Horikoshi & Tang, 2016)
packages were used to process and visualize the data.

4. Results and Discussion
4.1. Dissolved Organic Carbon Leaching Yields

Active layer soils and Holocene terrestrial permafrost had high TOC content (∼11%) compared to Pleistocene
marine permafrost (∼1.7%; Figure 1 and Table 1). DOC leaching yields after 24 hr in seawater were statistically
different between horizons when normalized to dry weight (Welch, p < 0.0001) and when normalized to TOC
content (ANOVA, p < 0.001; Figure 3). When normalized to dry weight, Holocene terrestrial permafrost leached
the most DOC (0.70 ± 0.02 mg‐DOC gdw− 1), followed by active layer soils (0.27 ± 0.07 mg‐DOC gdw− 1) and
Pleistocene marine permafrost (0.043 ± 0.004 mg‐DOC gdw− 1); each of these horizons was notably different
from the other two (Games‐Howell, p < 0.05). When normalized to TOC, Holocene terrestrial permafrost leached
much more DOC (6.3 ± 0.4 mg‐DOC g− 1 TOC) than active layer (2.4 ± 0.4 mg‐DOC g− 1 TOC) and Pleistocene
marine permafrost (2.7 ± 0.7 mg‐DOC g− 1 TOC; Tukey, p < 0.01).

Previous studies of DOC leaching from permafrost in seawater are very limited. To our knowledge, only one
study to date has examined DOC yield from permafrost in seawater. Using tundra soils and permafrost near Elson
Lagoon on the western Beaufort Sea, Dou et al. (2008) observed that seawater significantly reduced DOC yields
compared to pure water. Similar to our results, upper permafrost samples near Elson Lagoon released more DOC
compared to overlying active layer soils sampled at similar depths as in our study (Dou et al., 2008). Inland studies
from Arctic Alaska showed that ∼2% or less of total permafrost OC was released as DOC when freeze dried soils
were shaken in freshwater (Gao et al., 2018; Guo et al., 2007; Xu et al., 2009). Our DOC leaching yields were
<1% of total OC, but these extractions were performed gently on soils over a short time period and are therefore a

Table 1
Bulk Characteristics of Active Layer (AL), Holocene Terrestrial Permafrost (TP), and Pleistocene Marine Permafrost (MP) Samples

Horizon
Depth
(cm)

TOC
(%)

Leaching yield (mg‐DOC
gdw− 1)

Leaching yield (mg‐DOC
g− 1 TOC)

BDOC26
(%)

BDOC90
(%)

S275–295
(nm− 1 × 102) SR

SUVA254 (L
mg− 1 m− 1) n

AL 29 ± 1 11 ± 2 0.27 ± 0.07 2.4 ± 0.4 9.0 ± 3 23 ± 5 1.5 ± 0.03 0.82 ± 0.02 1.5 ± 0.2 6

TP 62 ± 3 11 ± 0.4 0.70 ± 0.02 6.3 ± 0.4 9.1 ± 2 14 ± 3 1.5 ± 0.09 0.77 ± 0.04 1.7 ± 0.3 3

MP 260 ± 12 1.7 ± 0.3 0.043 ± 0.004 2.7 ± 0.7 26 ± 5 33 ± 6 1.5 ± 0.3 1.2 ± 0.1 1.3 ± 0.3 3

Note. All reported values are mean ± standard error. Sample depth (cm from tundra surface), Total Organic Carbon content (TOC; %), Dissolved Organic Carbon
leaching yields normalized to dry weight (mg‐DOC gdw− 1) and to TOC content (mg‐DOC g− 1‐TOC), biodegradable DOC in leachates after 26 and 90 days incubations
(BDOC26, BDOC90), and Chromophoric Dissolved Organic Matter indices of initial leachate DOM (S275− 295, SR, SUVA254).
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conservative estimate of the DOC yield in the nearshore environment, where eroded material could be leached for
months in turbulent shallow waters.

4.2. Biodegradable Dissolved Organic Carbon

Biodegradable DOC (BDOC; i.e., percent loss of DOC throughout the dark incubation) was clearly different
between horizons after 26 days (ANOVA, p = 0.01; Table 1 and Figure 3) but less distinct after 90 days
(ANOVA, p = 0.1). After 26 days, an average 26 ± 5% of DOC from Pleistocene marine permafrost was
consumed, which was more than twice the active layer (9.0 ± 3%; Tukey, p = 0.1) and Holocene terrestrial
permafrost (9.1 ± 2%; Tukey, p = 0.03). While active layer and Holocene terrestrial permafrost had similar
BDOC after 26 days, by 90 days, BDOC leached from the active layer (23 ± 5%) was intermediate to Pleistocene
marine permafrost (33 ± 6%) and Holocene terrestrial permafrost (14 ± 3%).

While many studies have used bottle incubation experiments to examine the biodegradability of DOC from inland
permafrost and waterways (see meta‐analysis by Vonk et al., 2015), this is the first of such studies to measure
DOC losses from coastal permafrost leached in seawater. One relevant study from the western Canadian Arctic
used a chemostat system to compare bacterial growth efficiency in DOC leached from three distinct deposits
(Bruhn et al., 2021). While we cannot directly compare our results due to the different methods used, Bruhn et al.
observed variable bacterial growth efficiencies, with higher utilization of DOC leached from moraine deposits
and lower utilization of DOC leached from lacustrine and fluvial deposits (2021). Our BDOCmeasurements from
coastal permafrost DOM in seawater are within the range of values observed from incubations of fresh soil

Figure 3. Characteristics of dissolved organic matter leached from active layer soils (AL; n = 6), Holocene terrestrial
permafrost (TP; n = 3), and Pleistocene marine‐derived permafrost (MP; n = 3). (a) dissolved organic carbon (DOC)
leaching yield normalized by total organic carbon, (b) biodegradable DOC over 26 days, (c) biodegradable DOC over
90 days, (d) aliphatic formulae (%RA), (e) peptide‐like formulae (%RA), (f) sugar‐like formulae (%RA), (g) highly
unsaturated and phenolic formulae (%RA), (h) polyphenolic formulae (%RA), and (i) condensed aromatic formulae (%RA).
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leachates and inland waters in permafrost regions (Vonk et al., 2015). BDOC in Pleistocene marine permafrost
leachates from Drew Point was within the range of BDOC values measured from thermokarst features on the
North Slope of Alaska (∼10–60% over 40 days; Abbott et al., 2014) or from North Slope rivers during the spring
freshet (∼20–40% over 3 months; Holmes et al., 2008), but was less biodegradable than DOC from late‐
Pleistocene Siberian permafrost (∼40–60% over 28 days; Spencer et al., 2015; Vonk et al., 2013). Our
leachate BDOC measurements were also within the range measured from soil and permafrost leachates from
Interior Alaska (9–45% over 28 days; Textor et al., 2019), active layer and permafrost porewater from the Yukon
Coastal Plain (5%–17% over 21 days; Speetjens et al., 2022), and supra‐permafrost groundwater sampled from
Beaufort Sea coastal soils (3%–19% over 28 days; Bristol, 2023; Connolly, 2019). While our coastal active layer
and Holocene terrestrial permafrost leachates had lower BDOC compared to some inland permafrost
leachates, losses were greater than observed in northern Alaskan rivers during the summer season (Holmes
et al., 2008), indicating coastal erosion as a potentially important source of BDOC to the Arctic Ocean during the
summer.

4.3. Composition of Leachate Dissolved Organic Matter

CDOM revealed some differences in the bulk DOM leached from the three horizons (Table 1). S275–295, a proxy
for molecular weight (Helms et al., 2008), was remarkably similar between horizons. However, SR, which is
inversely related to molecular weight and aromaticity (Helms et al., 2008; Spencer et al., 2012), was variable
across horizons (Kruskal‐Wallis, p = 0.03) with Pleistocene marine permafrost leachates having the highest SR
(1.2 ± 0.1) and Holocene terrestrial permafrost having the lowest (0.77 ± 0.04). SR results likely reflect the
different origins of OM, as the Pleistocene permafrost at Drew Point contains marine‐derived OM (e.g.,
phytoplankton) that tends to be lower molecular weight and less aromatic compared to terrestrial OM derived
from vascular plants (Hansen et al., 2016; Helms et al., 2008). SUVA254, which is positivity correlated with
aromaticity (Weishaar et al., 2003), was not clearly different between horizons (ANOVA, p = 0.8). In general,
higher molecular weight and/or highly aromatic DOM with lower slopes, lower slope ratios and/or higher
SUVA254 values are expected to be more stable in the environment (Hansen et al., 2016). Except for SUVA254
values, which were lower than typically observed in Arctic rivers, these CDOM indices are within the ranges
commonly reported for porewater, soil leachates, streams, and rivers across the Arctic (Behnke et al., 2021; Gao
et al., 2018; MacDonald et al., 2021; Speetjens et al., 2022).

Percent relative abundance (%RA) of formulae in assigned FT‐ICRMS compound classes revealed more distinct
compositional differences between horizons (Figure 3; Table 2). The %RA of aliphatic, peptide‐like, and highly
unsaturated and phenolic compounds in leached DOM were markedly different between horizons (ANOVA,
p < 0.01). DOM leached from permafrost had a higher %RA of aliphatic and peptide‐like compounds compared to
DOM leached from active layer soils (Tukey, p < 0.05), and the permafrost horizons were similar to each other.
While sugar‐like formulae were a small fraction of formulae detected, there were also notable relationships
suggesting that the two permafrost horizons had a higher %RA of sugar‐like formulae compared to active layer
leachates (Kruskal‐Wallis p = 0.06). These aliphatic, peptide‐like (i.e., N‐containing aliphatic), and sugar‐like

Table 2
Molecular Composition of Dissolved Organic Matter Leached from Active Layer (AL), Holocene Terrestrial Permafrost (TP), and Pleistocene Marine Permafrost (MP)
Leachates as Measured by FT‐ICR MS

Horizon
Mass
(Da) AImod

Cond.
aromatics
(%RA)

Polyphenolic
(%RA)

Highly
unsaturated
and phenolic
(%RA)

Aliphatic
(%RA)

Peptide‐
like
(%RA)

Sugar‐like
(%RA)

CHO
(%RA)

CHON
(%RA)

CHONS
(%RA)

CHOS
(%RA)

AL 531 ± 6 0.31 ± 0.01 2.1 ± 0.3 12 ± 0.8 81 ± 0.9 4.4 ± 1 0.51 ± 0.2 0.032 ± 0.02 67 ± 0.6 24 ± 2 0.67 ± 0.2 7.4 ± 0.9

TP 515 ± 6 0.28 ± 0.01 2.4 ± 0.3 11 ± 1 70 ± 2 12 ± 1 4.2 ± 1 0.29 ± 0.1 63 ± 0.2 24 ± 0.6 1.1 ± 0.1 12 ± 0.6

MP 501 ± 8 0.25 ± 0.01 1.8 ± 0.4 8.5 ± 1 74 ± 3 12 ± 2 4.2 ± 1 0.3 ± 0.2 60 ± 1 27 ± 1 2 ± 0.5 11 ± 2

Note. Relative intensity weighted average mass (mass), modified aromaticity index (AImod), and percent relative abundance (%RA) of compounds from FT‐ICR MS
analysis of DOM leached from active layer (n = 6), Holocene terrestrial permafrost (n = 3), and Pleistocene marine permafrost (n = 3). All reported values are
mean ± standard error.
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compound classes are typically associated with bioavailable formulae that are preferentially utilized by microbial
communities (D’Andrilli et al., 2015, 2023; Spencer et al., 2015; Textor et al., 2019). Compared to both
permafrost horizons, the active layer had a higher %RA of highly unsaturated and phenolic compounds (Tukey,
p < 0.05). The highly unsaturated and phenolic compound class contains aromatic compounds such as lignins and
tannins derived from vascular plants, and aquatic carboxyl‐rich alicyclic molecules that tend to be chemically
stable (Behnke et al., 2021; D’Andrilli et al., 2015; Hertkorn et al., 2006; Kellerman et al., 2018). Similarly, we
also detected differences in modified aromaticity index (AImod; ANOVA, p = 0.01), which was higher in the
active layer compared to Pleistocene marine permafrost (Tukey, p = 0.01). The %RA of formulae without het-
eroatoms (i.e., CHO; formulae without nitrogen or sulfur) also varied between horizons (ANOVA, p < 0.001),
with active layer DOM containing the highest %RA of molecular formulae without heteroatoms (Tukey,
p < 0.01). Active layer leachates contained less nitrogen and sulfur containing compounds (CHONS; %RA)
compared to Pleistocene marine permafrost (Tukey, p = 0.02). Additionally, there were weaker relationships
suggesting that the active layer contains fewer sulfur containing compounds (CHOS; %RA) compared to Ho-
locene terrestrial permafrost (Tukey, p = 0.07) and Pleistocene marine permafrost (Tukey, p = 0.08). Together,
these results suggest that active layer leachates contain relatively more aromatic formulae, whereas the permafrost
leachates contain relatively more aliphatic molecular formulae and heteroatom‐containing molecular formulae.

The permafrost leachates contained a high %RA of aliphatic (∼12%) and peptide‐like (∼4%) molecular formulae
compared to DOM from pan‐Arctic streams, rivers, and lakes (Behnke et al., 2021; Johnston et al., 2018, 2021;
Kurek et al., 2023; Textor et al., 2019; Wologo et al., 2021). For example, in a multiyear study of six major Arctic
Rivers across seasons, %RA of aliphatic and peptide‐like compounds averaged only ∼4–6% and 0.3%–0.7%
respectively, using the same 21T FT‐ICR MS and methodology as utilized in this study (Behnke et al., 2021).
DOM leached from active layer soils was more similar to surface water inputs to the Arctic Ocean, likely
reflecting transport of active layer DOM to surface waters via supra‐permafrost groundwater flow (Behnke
et al., 2021; Connolly et al., 2020). Likewise, the DOM leached from the active layer in our experiments was
remarkably similar in composition to supra‐permafrost groundwater DOM sampled from Beaufort Sea coastal
soils during summer (Bristol, 2023; Connolly, 2019). The higher %RA of aliphatic and peptide‐like molecular
formulae observed in permafrost leachates compared to active layer leachates likely accumulated from slow
microbial processing over thousands of years in anoxic frozen soils (Antony et al., 2017; Hodgkins et al., 2016;
Musilova et al., 2017). Other studies have also shown that permafrost‐derived DOM contains relatively more
aliphatic compounds than overlaying active layer soils, consistent with our observations (MacDonald et al., 2021;
Ward & Cory, 2015).

To further investigate the differences in DOM composition across horizons, we examined individual molecular
formulae that were unique to active layer soil leachates versus permafrost (Figure 4). “Unique” formulae were
defined as molecular formulae that were detected in all leachates within a category but were not detected in any
other leachates. This analysis resulted in similar patterns to the compound class %RA comparisons. Formulae
unique to active layer leachates were highly unsaturated and phenolic compounds with lower average H/C ratios
(0.95 ± 0.02) compared to permafrost leachates (1.60 ± 0.01). Additionally, most unique formulae leached from

Figure 4. Unique molecular formulae leached from (a) active layer soils (n = 6) and (b) permafrost (n = 6). All formulae
detected in the seawater control were removed from leachate dissolved organic matter pools prior to analysis of unique
molecular formulae. Colors indicate the compound class of each formula, and symbols indicate if the compound contains
nitrogen and/or sulfur.
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permafrost contained nitrogen and were categorized as peptide‐like. Interestingly, there were more formulae
unique to all six permafrost leachates (168 formulae; Figure 4) than unique to the sub‐classifications of Holocene
terrestrial permafrost (53 formulae) and Pleistocene marine permafrost (27 formulae; Figure S1 in Supporting
Information S1).

The compositional similarity of DOM leached from Holocene terrestrial and Pleistocene marine permafrost is
somewhat surprising. Since the origins of OM in the two permafrost horizons are distinct (i.e., terrestrial/
lacustrine vs. marine), these analyses of leached DOM suggests that a notable fraction of formulae in permafrost
are produced by microbial or physical processing in conditions unique to permafrost, rather than originating from
the parent source of OM. We hypothesize that aliphatic and peptide‐like compounds are formed by microbial
activity in anoxic permafrost soils (Ewing et al., 2015; Heslop et al., 2019; Leewis et al., 2020), although
lacustrine and marine primary production may also be a source of biolabile, aliphatic OM to permafrost horizons
(D’Andrilli et al., 2015). Other studies have demonstrated that permafrost soils contain a higher abundance of low
molecular weight, oxygen‐poor, and aliphatic compounds relative to overlaying active layer soils (MacDonald
et al., 2021; Textor et al., 2019;Ward & Cory, 2015). Previous studies of Yedoma permafrost show the prevalence
of highly biolabile, low molecular weight organic acids accumulate from incomplete anerobic decomposition of
OM over thousands of years (Drake et al., 2015; Ewing et al., 2015; Heslop et al., 2019). We hypothesize that
aliphatic and peptide‐like formulae that are more abundant or unique to permafrost slowly accumulate from
anerobic microbial activity in frozen permafrost and these formulae can rapidly be decomposed in aerobic
conditions following permafrost thaw. We also note that permafrost leachate DOM had a higher %RA of sulfur‐
containing formulae (Table 2), which may reflect redox conditions in permafrost (Lau & Del Giorgio, 2020).

4.4. Relationships Between Dissolved Organic Matter Composition and Biodegradability

Principal component analysis (PCA) of the leachate samples largely corroborated our comparisons of compound
classes between horizons, with samples grouping together by layer (Figure 5). Active layer and permafrost
samples clearly separated along PC1, which explained 49% of the data variance. Active layer leachates separated
on the positive end of PC1, which correlated with AImod, molecular weight, CHO, and highly unsaturated and
phenolic compounds. Sugar‐like, aliphatic, CHONS, and peptide‐like compounds were negatively related to PC1,

Figure 5. Principal components analysis of leached dissolved organic matter (DOM) characteristics including relative
abundance (%) of compound classes, relative intensity weighted average mass (mass), modified aromaticity index (AImod),
biodegradable dissolved organic carbon at 26 (BDOC26) and 90 days (BDOC90), and chromophoric dissolved organic matter
indices (i.e., S275–295, SR, SUVA254). Color indicates the horizon DOM was leached from and symbols indicate the surface
geomorphology.
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corresponding to the Pleistocene marine permafrost leachates. Holocene terrestrial permafrost generally grouped
between the other two horizons, possibly reflecting similarities in OM source with the active layer and similarities
in diagenic processing with the Pleistocene marine permafrost. In addition to showing these compositional dif-
ferences between horizons, the PCA provided insight on how DOM biodegradability relates to chemical
composition. BDOC at both timepoints fell along PC2, which explained 21% of the variability. CHON (%RA),
BDOC90, and S275–295 were strongly negatively related to PC2, and SUVA254 and condensed aromatics were
strongly positively related to PC2. BDOC26 was negatively related to PC2 and, to a lesser extent, negatively
related to PC1. The PCA thus supported the high %RA of peptide‐like, aliphatic, sugar‐like, and sulfur containing
formulae in permafrost. However, PC2 added greater nuance with respect to the drivers of DOM biodegradability;
the separation along PC2 suggests that leachates with lower molecular weight DOM, higher %RA of nitrogen‐
containing formulae, and fewer aromatic and polyphenolic formulae are more biodegradable, particularly after
the longer incubation period.

Spearman rank correlation coefficients further reveal how leaching yields andBDOCare related to the composition
of DOM (Table 3). DOC leaching yields were positively correlated with %RA of peptide‐like and sugar‐like
compounds and negatively related to %RA of highly unsaturated and phenolic compounds. As suggested by the
PCABDOC26 was negatively related with unsaturated and aromatic compound classes and positively related with
saturated compound classes (i.e., aliphatic, peptide‐like, sugar‐like). While BDOC26 had more significant corre-
lations than BDOC90, the patterns were similar. These relationships are also supported by CDOM data. BDOC at
both timepoints was positively correlated with initial leachate S275–295 and SR and negatively correlated with
SUVA254 (Table S2 in Supporting Information S1), indicating that lowermolecularweight (Helms et al., 2008) and
less aromatic (Weishaar et al., 2003) DOM was more easily used by microbial communities. Furthermore,
SUVA254 generally increased throughout the BDOC incubations (Figure S3 in Supporting Information S1), which
reflects the preferential consumption of less aromatic compounds by microbial communities.

Spearman correlations were also used to investigate which individual formulae, as detected by FT‐ICRMS, were
correlated with biodegradability (Figure 6). Combining results from all leachates, we did not detect any corre-
lations (p‐adj < 0.05) between BDOC26 or BDOC90 and peak intensity of individual formulae, which is un-
surprising given the apparent chemical differences between permafrost and active layer samples and thus the
likelihood that different formulae are bioavailable in each sample type. Within just the permafrost leachates,
however, the formulae that were strongly positively correlated with BDOC26 were typically nitrogen containing
formulae with H/C > 1.0. Formulae that were strongly negatively correlated with BDOC26 had H/C < 1.0 and did
not contain nitrogen. Previous work linking BDOC experiments with FT‐ICR MS compositional data show
similar results, where formulae with higher H/C ratios (i.e., aliphatic, sugar‐like, peptide‐like compound clas-
sifications) are more biolabile and quickly decomposed across a wide range of DOM sources including vegetation
leachates, freshwaters, and soils sampled globally (D’Andrilli et al., 2015, 2023). Formulae with high H/C are
also linked to BDOC in focused studies of high latitude environments, including studies of DOM from
permafrost‐influenced streams and rivers, as well as vegetation, soil, and permafrost leachates (Spencer
et al., 2015; Textor et al., 2019). However, our latter timepoint (BDOC90) incubation results indicated that DOM
pools with a higher %RA of nitrogen containing formulae and lower %RA of condensed aromatic and poly-
phenolic compounds were more biodegradable on longer time scales (Table 3, Figure 5). This is consistent with
previous work that suggests that phenolic and aromatic compounds are generally stable and may even inhibit

Table 3
Spearman's Correlations (|ρ| > 0.2; p < 0.05) Between Leaching Yields (mg‐DOC g− 1 Total Organic Carbon), Biodegradable Dissolved Organic Carbon (DOC) After
26 days (BDOC26), Biodegradable DOC After 90 days (BDOC90) and Dissolved Organic Matter Compositional Metrics From FT‐ICR MS

Mass
(Da) AImod

Condensed
aromatics
(%RA)

Polyphenolic
(%RA)

Highly
unsaturated
and phenolic
(%RA)

Aliphatic
(%RA)

Peptide‐
like
(%RA)

Sugar‐
like
(%RA)

CHO
(%RA)

CHON
(%RA)

CHONS
(RA)

CHOS
(%RA)

Leaching
yield

– – – – − 0.58 – 0.38 0.50 – – – 0.25

BDOC26 − 0.56 − 0.76 − 0.72 − 0.80 − 0.22 0.52 0.55 0.36 − 0.43 – 0.48 0.29

BDOC90 – − 0.33 − 0.52 − 0.50 – – – – – 0.35 – –
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microbial activity (D’Andrilli et al., 2015; Mann et al., 2014; Ward & Cory, 2015). Linkages between the %RA of
nitrogen containing formulae and BDOC has also been shown in a study of supra‐permafrost groundwater and
surface waters along the Alaska Beaufort Sea coast (Bristol, 2023). We hypothesize that aliphatic compounds are
quickly consumed, driving differences in BDOC on shorter timescales. BDOC on longer timescales is better
predicted by higher abundance of nitrogen‐containing compounds and lower relative abundance of highly aro-
matic compounds, which are a larger proportion of the initial DOM pool.

Although FT‐ICR MS analysis revealed many similarities between DOM leached from the two permafrost ho-
rizons, Holocene terrestrial permafrost had significantly lower BDOC than Pleistocene marine permafrost
(Figure 3). This may be partially attributed to the greater %RA of aromatic and polyphenolic formulae and lower
%RA of nitrogen‐containing formulae in Holocene terrestrial permafrost, characteristic of more stable, terres-
trially derived OM (Figure 3, Table 2). It may also be that the aliphatic and peptide‐like formulae unique to
permafrost DOM in this study (Figures 4 and 5) are a small fraction of the DOM pool. We also acknowledge that
the microbial communities present in soil/sediments and/or that developed during the bottle incubations could
impact decomposition rates. One hypothesis is that the microbial community in seawater is better suited to utilize
marine‐derived OM (Grevesse et al., 2022; Logue et al., 2016; Underwood et al., 2019) due to its greater
availability in the marine environment. Since marine‐derived permafrost has porewater salinity values that
approach seawater (Bristol et al., 2021), it is possible that salt tolerant microbes in the sediment inoculated the
seawater, leading to more rapid DOC consumption in the first timepoint (BDOC26) relative to the terrestrial soil
leachates. It is also possible that discrimination during solid phase extraction and/or ion suppression during
electrospray ionization led to underestimating the abundance of highly saturated carbohydrates or other biolabile
compounds present in the leachates (Grasset et al., 2023; Hertkorn et al., 2013).

4.5. Scaling Leaching and Biodegradability Measurements

To scale the results of this experimental work, we combined our leaching and BDOC values with previously
published measurements of TOC stocks in eroding bluffs at Drew Point, Alaska (Bristol et al., 2021). A typical
4 m bluff at Drew Point stores 98.8 kg TOC m− 2, with each horizon contributing a similar amount of OC to the
total stock (Table 4). Assuming our experimental leaching rates from each horizon, we expect the Holocene
terrestrial permafrost in an average bluff to contribute a higher portion of total DOC yields (∼46%) compared to
the other horizons following bluff collapse. However, when our BDOC results are considered, we predict the
Pleistocene marine permafrost to contribute the most BDOC. Combining these data with high resolution mea-
surements of modern (2008–2018) erosional TOC fluxes (12,297 Mg C yr− 1; Bristol et al., 2021), we predict that
∼39 Mg yr− 1 of DOC leaches from eroding material along this 9 km study coastline. This estimate is small
compared to DOC inputs from the nearest river, the Colville, which is the largest river draining the North Slope

Figure 6. Subset of individual molecular formulae in panels (a) active layer soils and (b) permafrost that had strong Spearman
rank correlation coefficients (padj < 0.05) between the peak intensity of individual molecular formula and BDOC26 (%). All
formulae with padj < 0.05 had Spearman ρ of 1 or − 1, indicating perfect monotonic relationships between peak intensity and
biodegradable dissolved organic carbon. Spearman rank correlation coefficients are indicated by the color scale, with light
colors signifying positive correlations and dark colors signifying negative correlations. Symbols indicate if formulae contain
nitrogen and/or sulfur.
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(∼120 Gg DOC yr− 1; McClelland et al., 2014). However, considering that Drew Point is over 100 km from the
Colville, erosion is still likely an important source of DOM to local nearshore waters. Moreover, we predict that
∼9.4 Mg (∼24%) of the leached DOC can be decomposed in the coastal environment. This erosion‐derived DOC
is more biodegradable than typical summer and fall surface water DOC (Holmes et al., 2008;Wologo et al., 2021),
likely related to the relatively high fraction of aliphatic and nitrogen containing compounds present in our
leachates.

We also estimate DOC yields from soils eroding along the entire Alaska Beaufort Sea coast (1,957 km) using
TOC flux estimates from Ping et al. (153 Gg OC yr− 1; 2011). Since marine‐derived OC is not found in eroding
permafrost across the entire coastline, we averaged our active layer and Holocene terrestrial permafrost leaching
and BDOC values to estimate that approximately 662 Mg DOC quickly leaches from eroding soils. Of this
leached DOC, we estimate that 123 Mg DOC can incorporated in biomass or decomposed. To compare this value
to river inputs entering the Alaska Beaufort Sea during the open water season, we assume that ∼40% of annual
river discharge occurs during the summer and use average DOC concentrations from this season to estimate that
the three largest rivers draining to the Alaska Beaufort Sea supply 32,820 Mg DOC during the summer
(McClelland et al., 2014). About ∼5% of summer riverine DOC, or 1,641 Mg DOC, is biodegradable (Holmes
et al., 2008). While our estimates of BDOC leached from eroding soils are <10% of what major rivers supply
during the open water season, this is a considerable amount of biolabile OM that has not been accounted for in
previous assessments. These scaling exercises are conservative estimates of DOC yields, as we only measured
DOC released over 24 hr in a laboratory setting with little agitation. Along Beaufort Sea coastlines with high
erosion rates, there is substantial wave action that reworks sediments along the coastline. While leaching yield
rates will diminish over time (Wickland et al., 2007), we expect higher DOC release from eroded soils over days
or weeks in the nearshore environment. Additionally, improved erosion rate estimates along the Alaska Beaufort
Sea (Gibbs & Richmond, 2017) are higher than estimated by Ping et al. (2011), so we are likely also under-
estimating TOC fluxes and therefore DOC release from eroding soils on the Beaufort Sea coast.

Even if annual erosion‐derived DOC inputs are small in magnitude relative to surface water DOC fluxes to the
ocean, the timing of these inputs may be ecologically significant to coastal Arctic food webs. Numerous studies
along the Alaska Beaufort Sea coast have demonstrated that terrestrial OM supports multiple trophic levels,
including benthic organisms, fish, and birds (Bell et al., 2016; Dunton et al., 2012; Harris et al., 2018; Stanek
et al., 2022). During summer, however, the fluxes and the quality of riverine DOC are substantially lower than
during the spring freshet (Behnke et al., 2021; Holmes et al., 2008, 2012; McClelland et al., 2014; Wickland
et al., 2012). Additionally, declines in inorganic nutrient inputs and solar radiation following the freshet are
associated with declines in autochthonous production (Connelly et al., 2015; Kellogg et al., 2019; McClelland
et al., 2014). Previous work along the Beaufort Sea showed that, during this transition from spring to summer,
planktonic lagoon food webs shift from being phototrophic to heterotrophic‐dominated (Connelly et al., 2015;
Kellogg et al., 2019). Therefore, leached DOM from eroded material may be an important energy subsidy for
these detrital‐based summer food webs, providing a fresh source of bioavailable DOM to consumers.

5. Conclusions
Our results demonstrate that DOC is rapidly leached from eroding active layer and permafrost soils in seawater,
and that a considerable fraction of this leached DOC can be quickly decomposed or incorporated within microbial

Table 4
Total Organic Carbon Stocks, Dissolved Organic Carbon Leaching Yields, and Biodegradable Dissolved Organic Carbon Yields From a Typical 4 m Bluff Eroding at
Drew Point, Alaska

Horizon Elevation (m) TOC stock (kg TOC m− 2) DOC yield (g DOC m− 2) BDOC yield (g BDOC m− 2)

Active Layer 3.6–4.0 39.9 (40%) 90.1 (26%) 21.7 (29%)

Holocene Terrestrial Permafrost 3.0–3.6 25.1 (25%) 157.9 (46%) 22.6 (30%)

Pleistocene Marine Permafrost 0–3.0 33.8 (34%) 92.6 (27%) 30.7 (41%)

Total 4 98.8 340.6 75.0

Note. Percent values in parentheticals represent the contribution of each horizons to the bluff. TOC stocks were calculated using data from Bristol et al. (2020, 2021).
DOC yields were estimated using our 24 hr experimental leaching yields. BDOC was estimated using our BDOC90 results.
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biomass. We found that marine‐derived permafrost OM was more biodegradable than terrestrially derived OM in
seawater. However, FT‐ICR MS data show that permafrost horizons of different origins leached similar aliphatic
molecular formulae that were either not detected or less relatively abundant in active layer leachates, suggesting
there are physical or chemical processes occurring within permafrost that alter DOM composition. Since both
leaching and biodegradable DOCwas relatively variable across horizons, future studies should focus on sampling
additional sites and examining how landscape geomorphology and/or bulk geochemical measurements can be
used to assess leaching and biodegradability across the coastline.

Although we estimate that eroded soils supply considerably less DOC than rivers along the Alaska Beaufort Sea
coast, we hypothesize that erosion is an important source of BDOC to nearshore coastal waters where and when
river inputs are low. We expect the relative importance of coastal erosion to be greater along sections of coastline
that are far from large rivers and/or have high erosion rates, such as along the western Beaufort Sea (Figure 1).
Perhaps more importantly, North Slope river discharge, DOC concentrations, and DOC biodegradability are high
during the spring freshet in May or June, but rapidly decline thereafter (Holmes et al., 2008; McClelland
et al., 2014). Coastal erosion primarily occurs later in the summer open water season (Irrgang et al., 2022), thereby
leaching relatively fresh, biolabile DOC to coastal waters when biodegradable DOC inputs from rivers are low.

Data Availability Statement
Geochemical data including soil and permafrost leaching yields, biodegradability measurements, and summa-
rized DOM composition data are available at Environmental Data Initiative (https://doi.org/10.6073/pasta/
bffc3d4e9cdc255ff0e8582d668c006e; Bristol et al., 2024). Soil and permafrost data used to estimate total organic
carbon stocks at Drew Point are available at Environmental Data Initiative (https://doi.org/10.6073/pasta/
cc4d53a91ed873765224fcb6d09f5eb7; Bristol et al., 2020). Raw FT‐ICR MS data files are available at Open
Science Framework (https://doi.org/10.17605/OSF.IO/MD2YZ; McKenna et al., 2024).
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