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Abstract As high latitudes warm, a portion of the large organic carbon pool stored in permafrost will
become available for transport to aquatic ecosystems as dissolved organic carbon (DOC). If permafrost
DOC is biodegradable, much will be mineralized to the atmosphere in freshwater systems before reaching
the ocean, accelerating carbon transfer from permafrost to the atmosphere, whereas if recalcitrant, it will
reach marine ecosystems where it may persist over long time periods. We measured biodegradable DOC
(BDOC) in water flowing from collapsing permafrost (thermokarst) on the North Slope of Alaska and tested
the role of DOC chemical composition and nutrient concentration in determining biodegradability. DOC from
collapsing permafrost was some of the most biodegradable reported in natural systems. However, elevated
BDOC only persisted during active permafrost degradation, with a return to predisturbance levels once
thermokarst features stabilized. Biodegradability was correlated with background nutrient concentration, but
nutrient addition did not increase overall BDOC, suggesting that chemical composition may be a more
important control on DOC processing. Despite its high biodegradability, permafrost DOC showed evidence of
substantial previous microbial processing, and we present four hypotheses explaining this incongruity.
Because thermokarst features form preferentially on river banks and lake shores and can remain active for
decades, thermokarst may be the dominant short-term mechanism delivering sediment, nutrients, and
biodegradable organic matter to aquatic systems as the Arctic warms.

1. Introduction

Arctic rivers deliver between 34 and 38 Tg yr�1 of dissolved organic carbon (DOC) to the Arctic Ocean and
surrounding basins [Holmes et al., 2012]. Another 37–84 Tg yr�1 of DOC is delivered to inland waters but
respired to the atmosphere or buried in lakes and streams before reaching the ocean [Aufdenkampe et al.,
2011; McGuire et al., 2009]. As permafrost volume shrinks due to climate change, more of the 1670 Pg of soil
organic carbon (C) contained in the permafrost region [Tarnocai et al., 2009] will thaw and some portion
will become available for transport to aquatic ecosystems as DOC. The quantity and quality of DOC release
will depend on changes in local and regional hydrology [Frey and McClelland, 2009; O’Donnell et al., 2012;
Tank et al., 2012]. The importance of this permafrost DOC to regional and global C cycles depends largely on
its biodegradability—the degree to which DOC is available for uptake and mineralization by microorganisms
[McDowell et al., 2006]. If permafrost DOC is largely biodegradable, a larger portion will be mineralized in
soil and freshwater systems before reaching the ocean, accelerating C transfer from permafrost to the
atmosphere, whereas if this DOC is recalcitrant, more will reach marine ecosystems where it may persist on
long time scales [Amon and Meon, 2004; Bianchi, 2011]. In Arctic and boreal systems, biodegradable DOC
(BDOC) ranges from<10% in soil water from the seasonally thawed active layer to 90% for some vegetation-
derived DOC [Kalbitz et al., 2003;Michaelson et al., 1998;Wickland et al., 2007]. Riverine BDOC varies seasonally
from <10 to 40% with highest biodegradability typically during snowmelt [Holmes et al., 2008; Mann et al.,
2012; Wickland et al., 2012]. However, very little is known about BDOC from thawing permafrost, with
conflicting evidence showing higher and lower biodegradability compared to DOC from litter and active
layer soil [Balcarczyk et al., 2009; Cory et al., 2013; Vonk et al., 2013].

Before permafrost DOC can enter the modern C cycle, regardless of its biodegradability, it has to come
into contact with surface or ground waters. Because hydraulic conductivity in Arctic mineral soil is often
very low [Frampton et al., 2011; Zhang et al., 2000], much permafrost C may be inaccessible to hydrologic
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export, even after thaw. However, in soil where ice volume exceeds pore space, permafrost thaw is
accompanied by ground subsidence or thermokarst [Jorgenson et al., 2008], which can rapidly mobilize
sediment, nutrients, and C [Bowden et al., 2008]. On hillslopes, riverbanks, and lakeshores, thermokarst can
release permafrost DOC from meters below the active layer [Vonk et al., 2013] and may impact watershed-
level BDOC and nutrient concentrations [Bowden et al., 2008; Woods et al., 2011]. The term thermokarst
includes a suite of thermo-erosional features with different morphologies determined primarily by ice
content, substrate type, landscape position, and slope [Osterkamp et al., 2009]. In upland landscapes, the
three most common thermokarst morphologies are retrogressive thaw slumps, active layer detachment
slides, and thermo-erosion gullies [Jorgenson and Osterkamp, 2005]. In addition to surface subsidence due
to ground ice loss, mechanical erosion and mass wasting play a role in the formation of these features;
however, we will refer to them collectively as thermokarst following literature convention [Kokelj and
Jorgenson, 2013]. Thaw slumps have a retreating headwall and are fueled by a variety of ground ice types,
active layer detachment slides form when the seasonally thawed surface layer of vegetation and soil
slips downhill over an ice-rich transition zone, and thermo-erosion gullies form due to ice wedge melt,
growing with a generally linear or dendritic pattern (supporting information Figure S1). These three
morphologies currently impact approximately 1.5% of the landscape in the western foothills of the
Brooks Range [Krieger, 2012] and could affect up to 30% of the North Slope of Alaska with moderate
warming [Jorgenson et al., 2006].

In this study we measured the biodegradability of DOC released by thermokarst across common tundra
vegetation and permafrost types on the North Slope of Alaska. We hypothesized that permafrost DOC would
be more biodegradable than DOC from the active layer due to two nonmutually exclusive mechanisms. First,
permafrost DOC may contain more biodegradable chemical compounds due to limited prior microbial
processing or differences in original vegetation sources. Second, high-nutrient concentrations in permafrost
meltwater may accelerate DOC breakdown by relieving nutrient limitation of heterotrophic microorganisms.
If DOC chemical composition is the main driver of biodegradability, we predicted that DOC aromaticity
and the C:N ratio of dissolved organic matter (DOM) would be negatively correlated with biodegradability.
If nutrient concentration is the dominant driver of DOC biodegradability, we predicted that the addition of
nutrients would stimulate DOC processing, particularly at sites with low ambient nutrient concentrations.
Likewise, we predicted that BDOCwould differ bymodern vegetation community and thermokarst type since
these factors influence DOC chemical composition and nutrient concentration. We tested these hypotheses
and predictions by (1) characterizing DOC composition released by thermokarst, (2) incubating DOC with

Figure 1. Map of study area.
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and without added nutrients, (3) comparing BDOC between feature and vegetation types, and (4) developing
relationships between DOC composition, nutrient content, and BDOC.

2. Methods
2.1. Study Sites

We collected water from 19 thermokarst features and 8 reference water tracks in Arctic tundra near the Toolik
Field Station and Feniak Lake (Figure 1 and Table 1). Both areas are situated in the foothills of the Brooks
Range on the North Slope of Alaska. Toolik Field Station is located 254 km north of the Arctic Circle and
180 km south of the Arctic Ocean. The average annual temperature is �10°C and the average monthly
temperatures range from�25°C in January to 11.5°C in July. The Toolik area receives 320mm of precipitation
annually with 200mm falling between June and August [Toolik Environmental Data Center Team, 2011].
Feniak Lake is located 360 km west of Toolik in the central Brooks Range at the northeast boarder of the
Noatak National Preserve. The Feniak Lake region receives more precipitation than the Toolik area with
annual average precipitation at 450mm [Western Regional Climate Center, 2011]. Both Toolik and Feniak Lake
are underlain by continuous permafrost with glacial till, bedrock, and loess parent materials ranging in age
from 10 to 400 ka [Hamilton, 2003].

2.2. Sample Collection and Analysis

We collected water from thermokarst feature outflows and reference water tracks near the Toolik Field
Station (June to August in 2011 and August 2012) and near Feniak Lake (July 2011). In the Toolik area we
sampled eight retrogressive thaw slumps (hereafter thaw slump), one active layer detachment slide, six
thermo-erosion gullies (hereafter gully), and six reference water tracks. In the Feniak area we sampled two
thaw slumps, one active layer detachment slide, one gully, and two reference water tracks. At each site,
we collected four replicate samples from the main channel, which we filtered (0.7μm effective pore size,
Advanctec GF-75) into 250mL amber low-density polyethylene (LDPE) bottles for transport to the lab where
we performed photometric analysis and set up incubations within 24 h of collection. For most sites a 60mL
high-density polyethylene (HDPE) bottle for background nutrient concentrations was also filtered (0.7μm) in
the field and frozen upon return to the lab until analysis, typically within 3 months.

We measured DOC with a Shimadzu TOC-5000 connected to an Antek 7050 chemiluminescent detector to
quantify total dissolved nitrogen (N) after combustion to NOx. We characterized DOC composition by UV
absorbance at 254 nm (SUVA254), a photometric measure of DOC aromaticity [Weishaar et al., 2003], and the
C:N of DOM, an indicator of DOM source and degree of prior processing [Amon et al., 2012]. UV absorbance
was measured on a Shimadzu UV-1601 using a 1.0 cm quartz cell, and SUVA254 was calculated by dividing
UV absorbance by DOC concentration. NO3

�, NH4
+, PO4

3�, and K were analyzed on a Dionex DX-320 ion
chromatograph. Dissolved organic N (DON) was calculated by subtracting inorganic N (NO3

�, NH4
+, and NO2

�)
from total dissolved N. To distinguish rain from snowmelt and permafrost meltwater, δD and δ18O were
analyzed on a Picarro L1102-i via cavity ring-down spectroscopy.

2.3. BDOC Assays

DOC biodegradability is the degree to which DOC is available for uptake andmineralization bymicroorganisms.
Operationally, biodegradable DOC (BDOC) is often defined as the percent DOC mineralized or taken up over
a certain time period, usually 7–40 days [McDowell et al., 2006], thoughDOC breakdown can also be characterized
by single or multiple exponential models [Wickland et al., 2007]. We assessed DOC biodegradability by DOC
drawdown after 10 and 40days. After initial collection and filtration in the field, 31mL aliquots from each field
bottle were filtered through 0.22μm polyethersulfone membrane filters (Sterivex GP 0.22, Millipore) to remove
bacteria and were placed in 70mL glass incubation vials. To control for variability in microbial community
among sites, we made a common inoculum by shaking the 0.22μm filters from all sites with 100mL of
deionized water and allowing them to soak for 30min. Prior to initial sampling, 1mL of this bacterial inoculum
was added to each incubation vial. In 2011, all vials received a nutrient amendment, increasing ambient
concentrations by 80μM NH4

+/NO3
� and 10μM PO4

3� [Holmes et al., 2008], to relieve potential nutrient
limitation of DOC processing and facilitate comparison with other studies [McDowell et al., 2006]. In 2012, we
compared DOC drawdown between amended and ambient nutrient incubations performed in tandem to test
the effect of added nutrients on DOC processing. Samples were stored in the dark at room temperature for the
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duration of the incubation. Incubation vials were tightly capped to limit evaporation but were opened and
wafted weekly to ensure adequate oxygen supply.

To quantify DOC loss, we sampled each vial 3 times during the incubation, at day 0, day 10, and day 40 (t0, t10,
and t40, respectively). At samplings, 5mL was drawn from each vial, filtered (0.22μm) into acid-washed, glass
scintillation vials, and acidified with 100μL of 2N HCl to remove inorganic C and kill any residual bacteria not
removed during filtration. Because this method removes microbial biomass before measuring DOC, the
change in DOC concentration represents DOC loss due to both mineralization and microbial uptake. Acidified
samples were stored tightly capped in the dark at room temperature until analysis within 3 months. Average
DOC concentration of the four analytical replicates for each site and sampling time step was used to calculate
loss. Analytical replicates with evidence of contamination or analytical error were excluded from the means,
though this occurred less than 5% of the time and never resulted in dropping a site or sampling time step.

Because no single metric of DOC biodegradability is agreed upon as the most ecologically relevant, we
characterized DOC biodegradability in several ways. We hereafter refer to the DOC loss by t40 as biodegradable
DOC (BDOC), and further separate fast BDOC as loss from t0� t10 and slow BDOC as loss from t10� t40. We refer
to DOC remaining at t40 as recalcitrant. To compare fast and slow BDOC in a single metric we calculated the
proportion of fast BDOC (fast BDOC μM/total BDOC μM). The 10day increment for fast BDOC corresponds to
the average stream transport time of 10.9 days (range of 3-20 days) for rivers in the study area based on average
stream velocity and channel length [Dery et al., 2005;McNamara et al., 1998]. Because this simplified estimate of
residence time does not include transient storage within the channel or layovers in lakes and estuaries, the
40day increment may better represent typical transit time from headwater to sea.

2.4. Nutrients and DOC Chemical Composition

We used Pearson product-moment correlation and multiple linear regression to compare the relative
importance of nutrients and DOC composition to BDOC. All regression and correlation analyses were based
on BDOC data from nutrient amended incubations and therefore test indirect correlations between nutrients and
other factors such as vegetation type, flow path, DOM source, or micronutrients rather than direct effects of N or
phosphorus (P) on BDOC. We compared the explanatory power of NH4

+, NO3
�, PO4

3�, K, δ18O, SUVA254, DOC:
DON, DOC:DIN, and thermokarst activity level (defined below) in predicting fast, slow, and total BDOC. Activity was
recoded low to high and treated as a continuous variable for correlations but was excluded from other analyses
since it is nonparametric and was highly correlated with both potassium (K) and ammonium (NH4

+). Akaike
information criterion (AIC) was used to identify the most parsimonious models and rank predictors within each
model. To determine differences between amended and ambient nutrient treatments for fast, slow, and total
BDOC, we applied a single population two-way t test.

2.5. Thermokarst Activity, Type, and Vegetation

To understand the release of BDOC as thermokarst features develop through time, we classified features on a
0–3 activity index based on turbidity of outflow, rate of thermo-degradation, and state of revegetation.
This qualitative index uses space for time substitution to follow the development of a hypothetical feature
from before initiation (0) to after stabilization (3). Activity levels are defined as follows: 0, no apparent present
or past thermo-degradation; 1, active thermo-degradation (>25% of headwall is actively expanding) with
completely turbid outflow; 2, moderate thermo-degradation (<25% of headwall is expanding) with
somewhat turbid outflow; 3, stabilized or limited thermo-degradation with complete or partial revegetation
and clear outflow. We performed a one-way analysis of variance (ANOVA), testing for differences in BDOC
between thermokarst activity levels, and applied Tukey’s honest significant difference to determine
significant differences.

Because vegetation community influences both active layer and permafrost DOC composition and nutrient
concentration, we grouped sites into three broad vegetation classes (Table 1): moist acidic tundra, moist
nonacidic tundra, and shrub tundra. We tested for differences in total BDOC, SUVA254, C:N, and nutrient
concentration between the three vegetation types. Because feature activity varied between classes, we
tested for differences between vegetation classes with an analysis of covariance (ANCOVA) that compared
adjusted means after controlling for activity. To test how ground ice type and thermokarst morphology
influence BDOC, we performed an ANCOVA comparing BDOC from gullies and thaw slumps independent of
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activity. Comparisons with active layer detachment
slides or more involved vegetation classifications
such as ecotype [Jorgenson et al., 2009] were not
possible due to limited sample size.

2.6. Seasonal Changes in BDOC

To quantify seasonal variability of BDOC, repeat
measurements were taken at the four most accessible
sites (two gullies and adjacent water tracks) 4 times
from 15 June to 18 August 2011, and repeat
measurements were taken opportunistically at seven
other sites. A two-way t test for unequal variance was
performed on the range (maximum–minimum) of
BDOC to compare variability at impacted and reference
sites through the 2011 season.

2.7. Additional Statistics

Repeat measurements from four features (two
gullies, one thaw slump, and one water track) were
included in the regression analysis as independent
samples because of substantial variability in BDOC
and chemistry between sample dates, which were
more than 2 months apart in every case. Repeat
measurements from 12 sites (four gullies, four thaw
slumps, and four water tracks) were also included as
independent samples in ANOVAs and ANCOVAs for
the same reasons and to capture seasonal variability
in biodegradability and water chemistry.

For all analyses, we evaluated normality with normal
probability plots and equal variance by plotting
observed values against residuals. For multiple linear
regression models, highly correlated predictors were
removed prior to running the full model or applying
AIC, and in addition to visual assessment, variance
inflation factor, RESET, Breusch-Pagan, and Durbin-

Watson tests were used to check colinearity, linearity, equal variance, and autocorrelation, respectively.
Variables were natural log transformed, raised to the 0.25 exponent, and/or were centered on zero by
subtracting the mean when necessary to meet these assumptions. For ANCOVA analysis, homogeneity of
regression slopes was checked with interaction plots between site activity and the variable of interest. A
polynomial term for δ18O was included to capture the nonlinear relationship with BDOC due to depleted δ18O
both in snowmelt early in the season and ground ice in the middle to late season. All statistical tests were
evaluated with α=0.05, and analysis was performed in R (version 3.0.2). See acknowledgments for access to
the complete data set.

3. Results
3.1. Site Activity

Sites occurred on a variety of tundra vegetation and permafrost types and exhibited a range of activity levels
(Table 1). Thermokarst increased BDOC relative to reference waters, with greatest impact at the most active
features with concentrations approaching reference in themore stable features (Figure 2 and Table 2). DOC loss
exceeded 50% after 10 days at several sites and reached 67% loss after 40days at thaw slump 7 located in
Pleistocene-aged yedoma. Total BDOC varied significantly by activity (F(3,46) = 9.09, p< 0.001) with means of
12.8, 40.9, 31.8, and 20.6% for activity levels 0–3, respectively (Figure 2 and Table 2). BDOC of the two highest
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activity levels differed significantly from reference water tracks (p< 0.001 and p=0.02), but there was no
significant difference in BDOC between stabilized sites and reference water tracks (levels 3 and 0; p=0.31).

DOC concentrations from active thermokarst features (levels 1 and 2) were highly variable with average
concentration over 3 times higher than in reference water tracks (Table 2). Differences in DON were even
more pronounced with concentrations in active features nearly 8 times higher than reference concentrations.
Consequently, C:N of DOM for active features was half that of reference sites. Similarly, SUVA254 values at impacted
sites were half as high as in reference waters, indicating less aromatic DOC compounds in thermokarst outflow.
Nutrient concentrations were generallymuch higher in thermokarst water (70, 39, and 15 times higher for K, NH4

+,
and PO4

3�, respectively), though NO3
� concentration in the most active features was only 1.3 times higher than

reference waters. Rainwater was enriched in δ18O (�16.56‰, SD=3.46) relative to ground ice from feature
headwalls (�24.11‰, SD=3.98) and snow meltwater (�27.58‰, SD=3.15).

Table 2. Carbon, Nitrogen, and Water Chemistry Parameters by Thermokarst Activity Levela

0 1 2 3

Activity Level Median Mean SE Median Mean SE Median Mean SE Median Mean SE

Parameter
DOC 716 727 59 1400 2254 588 796 2828 1363 943 1071 189
BDOC (%) 11.4 12.8 2.0 39.6 40.9 4.7 24.4 31.8 7.3 16.4 20.6 2.8
Proportion fast 0.67 0.66 0.09 0.52 0.48 0.06 0.55 0.57 0.09 0.59 0.61 0.05
DON 17.0 16.6 2.21 71.8 109.5 36.2 22.9 145.0 124.9 22.3 26.3 5.64
DOC:DON 40.4 41.2 3.55 20.7 21.7 1.51 20.5 23.7 5.10 32.0 35.4 3.68
NO3

� 0.10 2.32 2.19 2.73 3.61 0.81 2.74 4.87 3.48 0.21 4.87 3.48
NH4

+ 1.64 1.63 0.26 35.3 64.5 18.7 33.5 25.1 11.9 2.05 4.35 2.00
PO4

3� 0.009 0.015 0.008 0.156 0.242 0.082 0.054 0.144 0.094 0.036 0.063 0.020
SUVA254 4.26 4.13 0.29 1.25 1.94 0.38 3.09 2.64 0.52 4.52 4.97 0.70
δ18O �20.495 �20.932 1.04 �1.569 �22.927 1.304 �22.880 �22.804 0.614 �19.550 �19.227 0.626

aFor activity levels 0–3, n = 11, 13, 7, and 19, respectively. BDOC (%) determined by DOC loss during a 40 day laboratory incubation in the dark at 20°C with
added nutrients (80 μM NH4

+/NO3
� and 10 μM PO4

3�). Proportion fast is the proportion of total BDOC loss that occurred during the first 10 days of the incuba-
tion. All concentrations are in μM. SUVA254 = specific UV absorbance at 254 nm (Lmg C�1m�1). See Table 1 for definition of activity levels.

Table 3. Correlations Between Water Chemistry Parameters, Site Activity, and DOC Biodegradabilitya

Activity Fast BDOC (ln %) Slow BDOC (%) Total BDOC (%) Total BDOC (ln μM)

Metrics of DOC Biodegradability
Fast BDOC (ln %) 0.33 *
Slow BDOC (%) 0.72 *** 0.27
Total BDOC (%) 0.62 *** 0.82 *** 0.68 ***
Total BDOC (ln μM) 0.59 ** 0.58 *** 0.68 *** 0.81 ***

Predictor Variables
Initial DOC (ln μM) 0.35 * 0.17 0.41 ** 0.41 ** 0.84 ***
SUVA254 (ln (Lmg C�1m�1)) �0.56 *** �0.54 *** �0.45 ** �0.62 *** �0.52 ***
DOC:DON �0.73 *** �0.51 ** �0.66 *** �0.62 *** �0.68 ***
NH4

+ (ln μM) 0.82 *** 0.37 * 0.68 *** 0.66 *** 0.66 ***
NO3

� (μM)0.25 0.55 ** 0.28 0.2 0.28 -0.03
DIN (μM) 0.60 *** 0.47 *** 0.48 ** 0.64 *** 0.64 ***
PO4

3� (μM)0.25 0.60 *** 0.64 *** 0.67 *** 0.78 *** 0.68 ***
K (ln μM) 0.85 *** 0.50 ** 0.64 *** 0.64 *** 0.59 ***
18O (ln (δ2)) 0.05 0.39 * 0.02 0.31 0.29
18O (δ) �0.31 �0.23 �0.11 �0.3 �0.36 *
DOC:DIN (ln) �0.49 ** �0.31 �0.08 �0.27 0.00

aRelationships were visually inspected and transformedwhen necessary tomeet the assumption of linearity (transformation
used noted for each unit in the left column). Strength of relationship was determined by Pearson product-moment correlation.
*p< 0.05.
**p< 0.01.
***p< 0.001.
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The proportion fast BDOC (fast BDOC/total BDOC) did not vary significantly with thermokarst activity
(p= 0.24, n= 50, SE = 0.34), with an overall average of 0.58 of the total DOC loss occurring by t10 (Figure 1).
However, the proportion fast BDOC varied widely among individual sites, from less than 0.01 to 1.0.

3.2. Nutrients and DOC Chemical Composition

We used correlation and multiple linear regression to assess the strength of associations between nutrients
and DOC composition with DOC biodegradability. Pearson product-moment correlations revealed moderate
to strong relationships between the four metrics of BDOC and both DOC chemical composition and nutrient
concentration (Table 3). Individual parameters were correlated with fast, slow, and total BDOC (%) as well as total
BDOC concentration (μM). PO4

3� had the strongest positive correlation with both fast and total BDOC, and PO4
3�

and C:N were equally correlated with total BDOC concentration. Thermokarst activity had the strongest
relationship with slow BDOC. Fast BDOCwas not significantly correlated with slow BDOC (Pearson’s r=0.27, n=50,
p=0.054). All parameters, except the δ18O terms, were correlated with thermokarst activity, with K and NH4

+

expressing the strongest relationships (Pearson’s r=0.85 and 0.82, respectively, n=27, p< 0.001; Table 3).

Multiple linear regression models accounted for 67–83% of the variation in the four metrics of BDOC, with
chemical composition, nutrient content, and water isotopes all included as significant predictors in the
various models (Table 4). PO4

3� and NH4
+ were retained after stepwise AIC for all four of the BDOC metrics,

with SUVA254 and δ18O making three of the
four final models (Table 4). Most predictors
were individually significant (α< 0.05) in their
specific model with the exception of SUVA254
and C:N in the fast BDOC model; DOC, PO4

3�,
and SUVA254 in the slow BDOCmodel; and C:N
and δ18O in the BDOC concentration model
(p= 0.07, 0.06, 0.07, 0.16, 0.13, 0.06, and 0.25,
respectively). However, these terms were
retained in the final models since they
improved the AIC score and were not overly
correlated with other predictors in their
models. The model estimating fast BDOC had
the weakest relationship with measured
BDOC (R2 = 0.67) and the BDOC concentration
model had the strongest relationship
(R2 = 0.83; Figure 3). Variance inflation factor
was low for all parameters (<3) and the
RESET, Breusch-Pagan, and Durbin-Watson
tests were all nonsignificant, indicating
acceptable colinearity, linearity, equal
variance, and autocorrelation.

Table 4. Multiple Linear Regression Models for Four Metrics of DOC Biodegradabilitya

Variable Equation R2 F

Fast BDOC (ln %) �0.36 ln(SUVA + 0.25) +�0.021 (DOC:DON) + 0.20 ln((δ18O + 21.2)2)–0.60 ln[DOC] + 2.52 [PO4]
0.25 + 6.1 0.67 12.4

Slow BDOC (%) 9.48 [PO4]
0.25–2.57 ln(SUVA + 0.25) + 4.87 ln[DOC] + 3.30 ln[NH4] + 1.50 (δ18O + 21.2)–22.8 0.70 13.9

Total BDOC (%) 28.2 [PO4]
0.25 + 3.46 ln((δ18O + 21.2)2)–8.84 ln(SUVA + 0.25) + 0.616 (δ18O + 21.2) + 6.35 ln[NH4] + 4.57 0.79 21.5

Total BDOC (ln μM) 0.054 (δ18O + 21.2)–0.023 (DOC:DON) + 0.188 ln((δ18O + 21.2)2) + 0.385 ln[NH4] + 2.51 [PO4]
0.25 + 3.56 0.83 27.8

aMultiple linear regression models were selected for fast, slow, and total BDOC (%) from full models with the following predictors: initial DOC, SUVA254, DOC:
DON, NH4

+, PO4
3�, and δ18O. For total BDOC concentration, initial DOC was excluded as a predictor since it is a part of the response variable. Stepwise AIC was

used to compare full models against models with subsets of predictors with lowest AIC score determining final models. Predictors are ordered within each model
from lowest to highest individual AIC ranking. δ18O was centered on zero before analysis by subtracting the mean (�21.1993), and a polynomial term was
included to reflect the dual sources of depleted oxygen (snow and permafrost meltwater). Models including the following terms were< 2 AIC units different than
the final model (suggesting equal power and parsimony): fast BDOC (%) including NH4

+, slow BDOC (%) including DOC:DON, total BDOC (%) including initial DOC,
and total BDOC (ln uM) excluding polynomial δ18O term. For all regressions n = 29 and p< 0.0.
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We tested the effect of nutrient concentration on
DOC processing by comparing amended and
ambient nutrient incubations. The addition of
inorganic N and P nearly doubled the amount of fast
BDOC (SE=3.48, t(6) = 3.1, p=0.02), which averaged
9.2% for vials without added nutrients and 17.5%
in amended incubations, but did not significantly
affect slow BDOC (nonsignificant decrease of 2.7%,
SE= 1.63, t(6) =�1.64, p=0.15) or total BDOC
(nonsignificant increase of 5.5%, SE=3.01, t(6) = 1.84,
p=0.12; Figure 4). Furthermore, variation in the
response to nutrient additionwas positively correlated
with DIN concentration (R2 = 0.79, F(1, 5) = 19.4,
p=0.007), with sites higher in DIN showing a
stronger response to nutrient addition (Δ fast BDOC
(%)= 0.13 [DIN (μM)] + 1.5, Figure 5).

3.3. Feature and Vegetation Type

We compared BDOC by feature and vegetation
type to test for differences due to how DOC is

released from permafrost and original DOC source. Slumps were higher in BDOC than gullies (F(1,29),
p=0.026) with adjusted means of 37.9% versus 25.0% total BDOC after controlling for differences in activity
(Figure 6). BDOC differed with vegetation type independent of activity (F(2,46), p = 0.006), with greater BDOC
at sites located on moist nonacidic tundra compared to moist acidic tundra, with adjusted means of 36.6 and
21.2% total BDOC (Figure 7). SUVA254 varied by vegetation (F(2,44), p=0.0001), with nonacidic sites lower than
acidic sites with adjusted means of 4.3 and 2.2 Lmg C�1m�1, but C:N ratio, DIN, and PO4

3� did not significantly
vary across vegetation types (F(2, 28), p=0.28, 0.43, and 0.44, respectively). For all parameters, shrubs were
intermediate between acidic and nonacidic tundra and did not vary significantly from either type.

3.4. Seasonal Patterns of BDOC

While individual sites had high variability in BDOC between samplings through the season, there was no clear
trend in BDOC seasonality for reference or impacted waters (Figure 8). The average of BDOC range

(maximum–minimum values for an individual
site over the season) varied by up to 50% with
an overall average of 20.4% (n= 12, SE = 4.8).
Impacted sites were more variable than
reference water tracks with a mean BDOC
range of 28.7% compared to the reference
mean of 12.4% (t(8.83) =�2.4, p= 0.04). For the
two gullies and water tracks where repeat
measurements were taken at least monthly,
BDOC was highest in the middle to late season
(July and August). Lowest BDOC for all sites
occurred early in the season on 15 June.

4. Discussion
4.1. Permafrost DOC Pools
and Biodegradability

DOC from collapsing permafrost on the North
Slope is some of the most biodegradable
reported in natural systems. Across multiple
vegetation types, landscape ages, and
thermokarst morphologies, DOC from
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permafrost is consistently more biodegradable than
surface-derived DOC. High BDOC is accompanied by
elevated DOC concentrations, resulting in extremely high
rates of DOC mineralization from waters impacted by
permafrost collapse. However, elevated BDOC only persists
during active permafrost degradation, and BDOC returns
to predisturbance levels once thermokarst features
stabilize and start to revegetate. This finding informs the
importance of thermokarst morphology in determining
BDOC release from permafrost. Though gully and active
layer detachment features are more common on the
landscape and make up a larger portion of total
thermokarst area [Krieger, 2012], they typically stabilize
within a few years [Godin and Fortier, 2012; Lewkowicz and
Harris, 2005]. Thaw slumps, however, can remain active for
decades [Lantuit et al., 2012; Lantz and Kokelj, 2008],
mobilizing biodegradable permafrost DOC from meters
below the surface.

4.2. DOC Composition

DOC aromaticity and C:N of DOM were negatively related
to biodegradability, supporting our hypothesis that
chemical composition of permafrost DOC contributes to its
high biodegradability. The fact that fast and slow BDOC
were poorly correlated and responded differently to
nutrient addition is evidence that multiple pools of DOC
with differing degrees of biodegradability are at play.

Arctic river DOC is typically most biodegradable during
snowmelt [Holmes et al., 2008; Mann et al., 2012], when
recently fixed vascular plant inputs dominate DOM sources
[Neff et al., 2006; Spencer et al., 2008]. This DOM released
during snowmelt has high SUVA254 (~4.0), high C:N (>40),
and has undergone little microbial processing due to rapid
transport across frozen soil [Holmes et al., 2012; Mann et al.,
2012; Spencer et al., 2008]. In contrast, permafrost DOM
has low SUVA254 (1.9) and low C:N (21.7) in the range of
soil or microbially derived DOM (10–25), suggesting
considerable prior processing [Amon and Meon, 2004;
Amon et al., 2012; Kawahigashi et al., 2004; Neff et al., 2006].
Yet permafrost DOM is more biodegradable than DOM
released during snowmelt. This inconsistency highlights
the complexity of predicting BDOC, particularly when
comparing fresh and degraded DOM. While the chemical
composition of permafrost DOM is distinct from Arctic
snowmelt DOM, it is similar to late-winter DOM in the
Yukon basin, which has high BDOC (40%), low SUVA254 (2.0),
and low C:N (20.7) [O’Donnell et al., 2012; Wickland et al.,
2012]. A possible explanation for this similarity is that some
of the DOM in wintertime base flow is coming from
permafrost via soil water, groundwater, or thermokarst
inputs. The Yukon basin is underlain by discontinuous
permafrost and has experienced substantial warming and
changes in precipitation [Chapin et al., 2010] with large areas
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experiencing permafrost degradation
[Belshe et al., 2013; Lu and Zhuang, 2011;
Osterkamp, 2005]. The only other published
estimate of presnowmelt, riverine BDOC is
from the Kolyma basin in Eastern Siberia,
where BDOC was less than 5% [Mann et al.,
2012]. If permafrost DOM is the source of
winter BDOC in the Yukon, this could explain
the large difference between these
catchments. The Kolyma is underlain by
continuous permafrost and has experienced
less severe summer and winter warming
[Chapin et al., 2005; Serreze et al., 2000];
therefore, the contribution of permafrost
DOM to winter BDOC should be relatively
lower than in the Yukon.

4.3. Nutrients

Nutrient addition had mixed effects on
BDOC, in line with previous findings
[Balcarczyk et al., 2009; Holmes et al., 2008].

The fact that sites with high DIN showed a greater response to nutrient addition was contrary to our
prediction that low-nutrient sites would respond most strongly and does not support the hypothesis that
nutrient availability limits DOC processing. Because DIN is highly correlated with site activity, the relationship
between DIN and response to nutrient addition may indicate that sites with more biodegradable, permafrost-
derived DOC are more sensitive to nutrient addition. This interaction coincides, albeit on a much faster time
scale, with observations of bulk soil C processing in tundra soil, where higher nutrient availability enhances
labile C processing but suppresses recalcitrant C processing [Lavoie et al., 2011].

Regression and correlation analysis revealed that inorganic nutrients, particularly PO4
3� and NH4

+, are
associated with DOC biodegradability. These relationships were robust in predicting the biodegradability of
both surface and permafrost-derived DOM (Figure 4), suggesting common controls on biodegradability,
regardless of source. However, the fact that NH4

+ was highly correlated with site activity may mean that its
relationship with BDOC is partially or primarily correlative. PO4

3� was relatively less correlated with activity
and was generally a better predictor of BDOC, suggesting an influence on BDOC independent of activity. It is
important to note that correlation and regression analysis was based on data from incubations with added
nutrients. As such, relationships between initial nutrient concentration and BDOC are likely due to indirect
correlations between nutrients and other factors such as vegetation type, flow path, DOM source, or
micronutrients rather than direct effects of N or P on BDOC.

Mineral soil in the Arctic are enriched in inorganic N relative to organic soil [Harms et al., 2013; Keuper et al., 2012],
and increased active layer depth could modify hydrologic flow paths, causing the simultaneous export of
biodegradable permafrost DOC and DIN on a local or landscape scale [Harms et al., 2013; Jones et al., 2005;
Striegl et al., 2005; Wickland et al., 2012]. Similarly, in the case of thermokarst, nutrient concentration is
highly associated with feature activity, resulting in the features releasing the most permafrost DOC also
releasing highest concentrations of inorganic nutrients. Another possibility explaining the correlation
between BDOC and inorganic nutrients is that the nutrients associated with water rich in BDOC are at least
partially derived from the DOM itself during mineralization.

4.4. Acidic and Nonacidic Tundra DOM Biodegradability

Sites draining moist nonacidic tundra sites had higher BDOC than those draining moist acidic tundra sites.
This pattern may be due to more decomposable DOM inputs from nonacidic tundra or accelerated
decomposition of DOM in acidic tundra soil before reaching the stream. While litter decay rates are similar
between acidic and nonacidic tundra, decomposition can occur up to 84% more rapidly at acidic sites,
potentially due to increased N availability and differences in microbial community [Hobbie and Gough, 2004;
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Hobbie et al., 2005; Nordin et al., 2004]. If DOM is processed faster in acidic tundra, a larger portion of BDOC
would be consumed before reaching the stream or being incorporated into permafrost, leading to lower
BDOC in moist acidic tundra ground ice and surface water. Alternatively, there is evidence that DOM
biodegradability may be inversely correlated with biodegradability of the plant residue from which it
leached. Litter from sedges decomposes fastest, followed by deciduous shrubs and mosses [Hobbie, 1996].
Leachate biodegradability follows the opposite pattern, with very high BDOC in moss-derived DOM, followed
by deciduous shrubs and sedges [Wickland et al., 2007]. If this pattern holds, DOM from nonacidic sites with
lower litter and soil decay rates may have higher BDOC.

4.5. BDOC and Thermokarst Morphology

Differences in the biodegradability of DOC released from thaw slumps and gullies suggest that ground ice
type influences BDOC (Figure 2). However, lower BDOC in gully outflow may be due to dilution of permafrost
meltwater by surface water inputs, rather than differences in ground ice BDOC. Gullies often form in
convergent topography with a larger upslope catchments than thaw slumps [Krieger, 2012]. Consequently,
gully outflow has a lower proportion of permafrost versus surface-derived water and DOM. This explanation
is supported by the fact that the gully with the highest BDOC (gully 7, Table 1) was the only one without
surface water input.

4.6. Why Is Permafrost DOC So Biodegradable?

Different mechanisms potentially account for elevated BDOC in wedge and relic glacial ice formations, which
are themost common ground ice types in our study area and are widespread throughout the Arctic [French and
Shur, 2010; Zhang et al., 1999]. Ice wedges form when spring runoff flows into surface cracks formed from
thermal contraction during extreme cold in the previous winter [Fortier and Allard, 2004]. Because ice wedges
are filled during the later stages of snowmelt [Lauriol et al., 1995] the water that fills them is rich in the same
litter and winter microbial activity-derived DOC that fuels patterns of high BDOC in Arctic surface waters
during snowmelt. Over centuries and millennia this unprocessed spring leachate could build up in ice
wedges, providing a labile BDOC source upon thaw. However, the low C:N and SUVA254 of permafrost DOM
suggests it is derived from microbial or soil sources as opposed to fresh plant matter. If snowmelt DOM is
the major source of ice wedge DOM, considerable processing must take place during or after incorporation.
As for the source of BDOC in buried glacial ice, modern glacial ice can contain highly biodegradable DOC
derived from microbial production [Hood et al. 2009], which more closely matches the DOM characteristics
we observed in thermokarst outflows. If such DOC was present when relic glacial ice was stranded and
buried, microbially derived C could explain high BDOC in thaw slumps fueled by buried glacial ice. However,
DOC concentrations in modern glacial ice are typically low, and ice ablation or another concentrating process
would be necessary to produce the high concentrations of BDOC observed in thermokarst outflow.

If nutrient availability does not enhance BDOC, how can DOM from ground ice types such as ice wedges and
transition ice be more biodegradable than the surface sources from which they derive? We hypothesize four
potential mechanisms that could increase DOC biodegradability relative to modern DOC sources. First,
permafrost mineral soil strongly sorbs hydrophobic C species, which tend to be recalcitrant [Kawahigashi
et al., 2006, 2004]. Upon permafrost thaw, the DOC available for export could have a higher biodegradability
since the less bioavailable compounds have effectively been filtered by the mineral soil. Second, repeated
freeze-thaw cycles can release highly biodegradable DOC from the microbial community [Schimel and
Clein, 1996]. This release is typically taken up rapidly or respired by microorganisms that survived the cycle
[Schimel and Clein, 1996]. However, if these pulses of bioavailable DOCwere released near a freezing front at the
permafrost table or near an ice wedge crack they could be incorporated into ground ice. Third, microbial
metabolism has been shown to continuewell below the freezing point [Wilhelm et al., 2012], and it is not known
what portion ofmicrobial biomass andmetabolites is incorporated into permafrost as DOC rather than respired.
Although microbial metabolism rates are low at temperatures typical of continuous permafrost—processing
1–2μgg�1 C d�1 [Mikan et al., 2002; Osterkamp, 2005]—subzero metabolism could process a substantial
portion of available soil organic matter over several millennia. Incomplete breakdown of frozen soil organic
matter, either during freeze-thaw cycles or subzero metabolism, could lead to the accumulation of simple
carbon compounds such as acetate, which could explain the low C:N and SUVA254 of permafrost-derived DOM.
Finally, some vegetation paleocommunities may have produced relatively biodegradable DOM compared to
modern communities. This seems a likely explanation for the extremely high BDOC in Pleistocene-aged
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loess deposits where C derives primarily from grasses [Zimov et al., 2006]. However, for other permafrost
types on the North Slope, pollen records reveal spatially heterogeneous community shifts, rather than a
landscape-scale pattern of more biodegradable DOM sources [Anderson et al., 1994; Fritz et al., 2012;
Oswald et al., 2003].

An additional factor not considered here, which may further enhance DOC mineralization after release from
permafrost, is high photodegradability of permafrost DOM when exposed to sunlight after reaching the
surface [Cory et al., 2013]. Several features included in our study (ALD 1, gullies 1 and 2, and thaw slumps 2–4 and 8)
showed more than a 40% increase in microbial conversion of DOC to CO2 when exposed to sunlight [Cory et al.,
2013]. Actual rates of permafrost DOCmineralizationmay be higher thanmeasured in our dark incubations in field
conditions when exposed to sunlight.

5. Conclusions

As the Arctic warms, DOC from thawing permafrost will play an increasingly important role governing
freshwater and estuarine C and nutrient dynamics through the season. The overall ecological importance of
thermokarst BDOC depends on the number of features, their location on the landscape, and the length of
their active period. Approximately a third of permafrost has ice content in excess of 10% [Zhang et al., 1999]
and is susceptible to thermokarst upon thaw [Jorgenson et al., 2006]. With up to 80% of near surface
permafrost projected to degrade by 2100 if human greenhouse gas emissions are not reduced [Slater and
Lawrence, 2013], thermokarst could impact up to 5.5 × 106 km2 by the end of the century.

Since thermal disturbance from flowing or standing water often triggers gully and thaw slump formation,
thermokarst may be the dominant short-termmechanism delivering sediment, nutrients, and biodegradable
organic matter to aquatic systems as the Arctic warms. This could have significant local, landscape, and
global consequences [Bowden et al., 2008; Thienpont et al., 2013]. Thermokarst outflow is most active
when temperature is high in the middle to late summer, precisely when Arctic surface water BDOC is lowest
[Holmes et al., 2008; Mann et al., 2012; Wickland et al., 2012]. Chronic loading of BDOC from widespread
thermokarst could cause a substantial shift in late-season DOC dynamics in Arctic streams, lakes, and
estuaries. Permafrost BDOC release could also be important for the global C cycle, enhancing the permafrost
C feedback due to direct CO2 release from the decomposition of permafrost DOC and enhanced heterotrophic
processing of nonpermafrost DOC due to the priming effect [Bianchi, 2011; Guenet et al., 2010].

High lability of permafrost DOC should be considered when estimating changes in DOC delivery to aquatic
ecosystems. Due to substantial DOC losses on time scales less than residence time of many Arctic waters,
monitoring of river mouth or estuarine DOC could miss a large portion of DOC released from degrading
permafrost which was processed in transit.
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