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Abstract The thawing of ancient organic carbon stored in arctic permafrost soils, and its oxidation to carbon
dioxide (CO2, a greenhouse gas), is predicted to amplify global warming. However, the extent to which organic
carbon in thawing permafrost soils will be released as CO2 is uncertain. A critical unknown is the extent to
which dissolved organic carbon (DOC) from thawing permafrost soils is respired to CO2 by microbes upon
export of freshly thawed DOC to both dark bottom waters and sunlit surface waters. In this study, we quantified
the radiocarbon age and 13C composition of CO2 produced by microbial respiration of DOC that was leached
from permafrost soils and either kept in the dark or exposed to ultraviolet and visible wavelengths of light. We
show that permafrost DOC most labile to microbial respiration was as old or older (ages 4,000–11,000 a BP) and
more 13C‐depleted than the bulk DOC in both dark and light‐exposed treatments, likely indicating respiration of
old, 13C‐depleted lignin and lipid fractions of the permafrost DOC pool. Light exposure either increased,
decreased, or had no effect on the magnitude of microbial respiration of old permafrost DOC relative to
respiration in the dark, depending on both the extent of DOC oxidation during exposure to light and the
wavelength of light. Together, these findings suggest that photochemical changes affecting the lability of
permafrost DOC during sunlight exposure are an important control on the magnitude of microbial respiration of
permafrost DOC in arctic surface waters.

Plain Language Summary Organic carbon has been frozen in arctic permafrost soils for thousands
of years. As these soils warm and thaw, the vast stores of ancient organic carbon they contain can amplify global
warming if the carbon is converted to carbon dioxide (a greenhouse gas) in both dark soils and when drained into
sunlit lakes and streams. However, quantifying the carbon dioxide produced from thawed permafrost organic
carbon requires understanding the controls on this conversion. Here we show that native permafrost microbes
can respire permafrost organic carbon to carbon dioxide both in the dark and after carbon exposure to different
wavelengths of light. The carbon dioxide produced was as old as the organic carbon in the soil, suggesting that
even ancient carbon can be respired by microbes. This study suggests that respiration by microbes will
contribute to the rapid conversion of ancient permafrost organic carbon to carbon dioxide in sunlit arctic surface
waters, further amplifying global warming.

1. Introduction
Permafrost soils are thawing in many regions of the Arctic (e.g., Jorgenson et al., 2006; Osterkamp, 2007; Smith
et al., 2022; Zhao et al., 2020). Once thawed, the ancient organic carbon in permafrost soils can be respired to
carbon dioxide (CO2, a greenhouse gas; Schuur et al., 2015; Vaughn & Torn, 2019), contributing to the arctic
amplification of climate change (McGuire et al., 2018). Permafrost thaw and thaw slump disturbances (ther-
mokarsts; Kokelj & Jorgenson, 2013; Olefeldt et al., 2016) may also increase the lateral export of old, previously‐
frozen dissolved organic carbon (DOC) from permafrost soils to surface waters (Frey & McClelland, 2009;
McFarlane et al., 2022; Plaza et al., 2019). DOC draining from permafrost soils to arctic streams is labile to
microbial respiration (Drake et al., 2015; Mann et al., 2015; Spencer et al., 2015), particularly after the
composition of this DOC has been altered by sunlight exposure (i.e., coupled photochemical and microbial
degradation of DOC; Cory et al., 2013; Ward et al., 2017).

In arctic freshwaters, coupled photochemical and microbial degradation of DOC may account for over 90% of the
total DOC processed in the water column (Cory et al., 2014). Sunlight has a strong influence on DOC composition
and thus on its respiration to CO2 in arctic waters due to high concentrations of sunlight‐absorbing

RESEARCH ARTICLE
10.1029/2023JG007853

Key Points:
• Microbes respire ancient, 13C‐depleted

dissolved organic carbon (DOC) from
permafrost soils to carbon dioxide

• Effects of sunlight exposure on the
amount of permafrost DOC respired
depend on the extent of DOC oxidation
by each wavelength of light

• Sunlight exposure of permafrost DOC
can increase or decrease microbial
respiration in arctic lakes and streams

Supporting Information:
Supporting Information may be found in
the online version of this article.

Correspondence to:
R. M. Cory,
rmcory@umich.edu

Citation:
Rieb, E. C., Polik, C. A., Ward, C. P.,
Kling, G. W., & Cory, R. M. (2024).
Controls on the respiration of ancient
carbon draining from permafrost soils into
sunlit arctic surface waters. Journal of
Geophysical Research: Biogeosciences,
129, e2023JG007853. https://doi.org/10.
1029/2023JG007853

Received 24 OCT 2023
Accepted 10 APR 2024

Author Contributions:
Conceptualization: E. C. Rieb,
C. A. Polik, C. P. Ward, G. W. Kling,
R. M. Cory
Data curation: E. C. Rieb
Formal analysis: E. C. Rieb
Funding acquisition: E. C. Rieb,
C. P. Ward, G. W. Kling, R. M. Cory
Investigation: E. C. Rieb, C. A. Polik,
C. P. Ward
Methodology: E. C. Rieb, C. A. Polik,
C. P. Ward, G. W. Kling, R. M. Cory
Resources: C. P. Ward, G. W. Kling,
R. M. Cory
Software: E. C. Rieb, C. A. Polik
Supervision: C. P. Ward, G. W. Kling,
R. M. Cory
Validation: E. C. Rieb, C. P. Ward
Visualization: E. C. Rieb, R. M. Cory

© 2024. The Authors.
This is an open access article under the
terms of the Creative Commons
Attribution License, which permits use,
distribution and reproduction in any
medium, provided the original work is
properly cited.

RIEB ET AL. 1 of 19

https://orcid.org/0000-0002-0276-8238
https://orcid.org/0000-0003-2979-0280
https://orcid.org/0000-0002-6349-8227
https://orcid.org/0000-0001-9867-7084
mailto:rmcory@umich.edu
https://doi.org/10.1029/2023JG007853
https://doi.org/10.1029/2023JG007853
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2023JG007853&domain=pdf&date_stamp=2024-05-08


(chromophoric) DOC (CDOM) that absorb all or nearly all incoming ultraviolet (UV) and visible sunlight in the
water column (Cory et al., 2014, 2015). Rates of sunlight degradation of DOC are not strongly influenced by
water column depth, mixing, or turbidity in arctic surface waters (Cory et al., 2015; Cory & Kling, 2018; Li
et al., 2019). Further, permafrost DOC is readily degraded by even the less energetic visible wavelengths of
sunlight (Bowen et al., 2020b; Ward & Cory, 2016).

Most of the permafrost DOC degraded by UV and visible sunlight remains in the DOC pool as partially oxidized
or chemically‐altered compounds (Stubbins et al., 2017; Ward & Cory, 2016, 2020). Thus, even after sunlight
degradation, permafrost DOC may be detected by its radiocarbon age in surface waters, as reported in headwater
streams impacted by thawing permafrost (Mann et al., 2015; Neff et al., 2006; Spencer et al., 2015; Vonk
et al., 2013) and in one major arctic river (Schwab et al., 2020). As permafrost DOC is increasingly exposed to
sunlight during transport from streams to rivers, its lability to microbes should increase (Cory et al., 2013; Ward
et al., 2017), promoting its respiration to CO2. Consistent with this expected loss of permafrost DOC by coupled
photochemical and microbial degradation, most studies have reported little to no old DOC in major arctic rivers
receiving DOC from streams impacted by permafrost thaw (Aiken et al., 2014; Neff et al., 2006; Rogers
et al., 2021; Wild et al., 2019).

In addition to loss of permafrost DOC by coupled photochemical and microbial degradation, preferential
degradation of the oldest fractions of the permafrost DOC by these processes could mask the presence of ancient
DOC in streams. Permafrost DOC is a mixture of thousands of compounds that span a range of ages (e.g., Rogers
et al., 2021). There is evidence that older DOC is selectively respired relative to modern DOC in rivers and lakes
(Mann et al., 2015; McCallister & del Giorgio, 2012). McCallister and del Giorgio (2012) hypothesized that
selective respiration of relatively old DOC was due to its degradation by sunlight. For the mixture of DOC ages
found in permafrost DOC, this hypothesis is supported by evidence that sunlight degradation of permafrost DOC
produced the same low molecular weight, aliphatic DOC compounds most labile to microbial respiration in the
dark (Nalven et al., 2020; Ward et al., 2017). However, it is not known whether sunlight exposure makes rela-
tively older or younger compounds within the old permafrost DOC pool more labile to microbes.

The 13C composition of the permafrost DOC respired by microbes, in addition to the age, may characterize the
chemical composition of permafrost DOC most labile to microbes. Prior work showed that the fraction of
permafrost DOC respired by microbes in the dark has a 13C composition that is similar to the bulk DOC (Mann
et al., 2015; Spencer et al., 2015). A null interpretation of these results is that all 13C compositions of permafrost
DOC are similarly labile to microbial respiration. Another interpretation is that the relatively large amount of
DOC respired masked any preferential respiration of labile fractions of DOC differing in their 13C composition
compared to the bulk permafrost DOC. For example, prior studies used warm incubations (20°C) supporting high
respiration rates and consumption of up to 50% of the DOC. As the amount of DOC consumed increases, the
isotopic signature of the CO2 produced should increasingly match the average isotopic signature of the bulk DOC.
Therefore, the similarity between the 13C composition of the bulk and respired permafrost DOC in prior work
does not necessarily imply that all fractions of the bulk permafrost DOC are similarly labile to microbial
respiration. In contrast, in arctic surface waters impacted by permafrost thaw, such as small headwater streams,
conditions including ice‐free average water temperatures of 3–12°C (Adams et al., 2010; Cory et al., 2014;
Docherty et al., 2019), short residence times, and rapid replenishment with fresh, terrestrial DOC (Cory
et al., 2015; Neilson et al., 2018) may favor respiration of a smaller percentage of the DOC pool. Under these
conditions, it is not known whether microbes selectively respire compound classes that are depleted or enriched in
13C compared to the bulk DOC.

The respiratory quotient of DOC respired may also provide information on fractions of permafrost DOC most
labile to microbes. This quotient of CO2 produced to O2 consumed during respiration is thought to depend on the
oxidation state of the substrate respired (Masiello et al., 2008). Substrates with a lower average oxidation state of
carbon are hypothesized to yield relatively less CO2 per mol O2 consumed compared to substrates having a higher
average oxidation state of the carbon (Masiello et al., 2008; Pries et al., 2020). This hypothesis is based on
respiratory quotients for glucose, oxalic acid, and other small organic compounds (Dilly, 2001; Theenhaus
et al., 1997). While the respiratory quotients for larger or more heterogeneous DOC compounds like lipids or
lignin‐like DOC have not been tested, this hypothesis predicts that more reduced lipid and lignin‐like compounds
are respired with a lower respiratory quotient than more oxidized carbohydrates and organic acids (Dilly, 2001;
Romero‐Kutzner et al., 2015).
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Finally, another major uncertainty preventing a quantitative assessment of the effects of sunlight exposure on
respiration of permafrost DOC is the wavelength dependence of this process. The one study that has isolated the
effects of individual wavelengths of light on DOC degradation reports substantial variability in both the direction
and magnitude of the effects of ultraviolet (UV) and visible wavelengths of light on microbial respiration (Reader
& Miller, 2014). Because more visible than UV photons of sunlight are absorbed by DOC, incorrect assumptions
about the relative importance of UV and visible light for producing DOC labile to microbes can lead to a sys-
tematic under‐ or overestimation of CO2 from microbial respiration in arctic surface waters.

To address these knowledge gaps, permafrost DOC spanning a range of ages and compositions was collected from
younger and older glacial surfaces and from under two common vegetation types in the Alaskan Arctic.
Permafrost DOC was exposed to UV and visible wavelengths of LED‐generated light, alongside dark controls.
Following light exposure, biological incubations at water temperatures of arctic surface waters were conducted to
make the first direct quantifications of the radiocarbon age of CO2 produced by microbial respiration of ancient
permafrost DOC, both in the dark and after light exposure. The 13C composition of CO2 from respiration and
respiratory quotients were also quantified to characterize the composition of permafrost DOC most labile to
microbes.

2. Materials and Methods
2.1. Soil Collection

Permafrost soil cores were collected on the North Slope of Alaska during the ice‐free summer months of June‐
August 2018 near the Toolik Field Station (Table S1 in Supporting Information S1). In the foothills of this region,
mountain glaciations have produced land surfaces of different ages from relatively younger (∼14,000 years BP
since last glaciation) to relatively older (>250,000 years BP since last glaciation; Hamilton, 2003). Soil cores
were collected from within the permafrost layer (at 85 cm below the surface and ∼10–30 cm below the maximum
summer thaw depth; see Romanowicz & Kling, 2022) of Imnavait Creek wet sedge (wet sedge) and Toolik Lake
tussock tundra (tussock tundra) soils, which represent the dominant landscape ages and vegetation types of the
low Arctic (Figure S1 and Table S1 in Supporting Information S1; Ping et al., 1998; Trusiak et al., 2018a; Walker
et al., 2005; Walker & Maier, 2008). DOC leached from these soils has a range of chemical compositions and ages
(Bowen et al., 2020b; Trusiak et al., 2018a; Ward et al., 2017). In June 2022, soil was sampled from a thermokarst
failure on the shore of Lake LTER 395 on the North Slope of Alaska (referred to as “thermokarst”), where an
abrupt collapse of thawing soil exposed deeper permafrost soil (Figure S1 and Table S1 in Supporting Infor-
mation S1). Soil was sampled from the permafrost layer on a freshly‐cleaned soil profile in the headwall of the
thermokarst failure (>80 cm below the surface and ∼10–30 cm below the maximum summer thaw depth) using
MilliQ‐rinsed pickaxes.

The permafrost and thermokarst soil samples were collected as previously described in detail (Bowen
et al., 2020b), including precautions to minimize radiocarbon (14C) contamination by rinsing gloves and tools
with deionized water prior to soil collection and storing soil samples in 14C‐free facilities and freezers. These
protocols were shown to result in no detectable 14C contamination of soils (Bowen et al., 2020b). All soils were
stored in freezers at the Toolik Field Station until overnight shipment to Woods Hole Oceanographic Institution
(WHOI), where soils were stored in 14C‐free freezers until further use.

2.2. Soil Leachate Preparation and Characterization

DOC was leached from the permafrost and thermokarst soils as previously described (Bowen et al., 2020b).
Briefly, frozen soil and UVC‐oxidized MilliQ water (Table S2 in Supporting Information S1) were mixed in 5‐
gallon, MilliQ‐rinsed HDPE buckets and allowed to leach in the dark for 1–4 days at 4°C. Both the soil‐to‐water
ratio of soil leachates and the leaching time were adjusted to achieve a final concentration of ∼500–1,500 μM
DOC in the leachates, as estimated from the absorbance of chromophoric dissolved organic matter at 305 nm
(a305).

All leachates were passed through MilliQ‐rinsed 60 μm mesh screens to remove the largest particulates and then
through MilliQ‐rinsed 5 μm high‐capacity Whatman cartridge filters. Subsamples of each leachate for light
exposure experiments were then filtered through 0.2 μm high‐capacity cartridge filters to minimize microbial
activity (Step A in Figure S2 in Supporting Information S1; Ward et al., 2017). Additional subsamples of each
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leachate were prepared as inoculum for biological incubations by passing the 5‐μm‐filtered water through 1.2 μm
glass‐fiber filters (hereafter referred to as the inoculum; Step B in Figure S2 in Supporting Information S1). All
filters used to prepare leachates were rinsed with 5 L of MilliQ water before use. Leach tests for DOC
contamination from the filters found that less than 5 μM DOC leached into MilliQ rinses from the Whatman and
Sterivex filters. Thus, any 14C contamination from filtering permafrost leachates was within the instrumental
precision of the radiocarbon analyses (≤6‰; see Bowen et al., 2020b). Prior work following the same protocols
as in this study for leachate preparation concluded that potential 14C contamination during the soil leaching
process before filtration was also within the instrumental precision of the radiocarbon analyses (Bowen
et al., 2020b). Soil leachates for light exposure experiments and biological incubations were stored at 4°C until
further use (less than 48 hr for light exposure experiments, and less than 1 week for biological incubations).
Supporting soil leachate chemistry analyses (pH, specific conductivity, iron, DOC, and chromophoric and
fluorescent dissolved organic matter) were performed as previously described (Bowen et al., 2020b; Cory
et al., 2013, 2014; Kling et al., 2000).

Due to sample loss during experiments and 14C analyses, duplicate leachates were prepared from the thermokarst
and tussock tundra soils. From the thermokarst soil, the first leachate prepared was used for both UV and visible
light treatments and the second leachate was used for the dark control. From the tussock tundra soil, there was
sample loss from the first leachate (labeled A) for some of the dark and visible light treatment samples (Table 1).
Thus, the second leachate prepared from the tussock tundra soil (labeled B) replaced the samples lost from
leachate A and provided experimental duplicates for the samples analyzed from leachate A (Table 1). See Section
S1.1 in Supporting Information S1 for details.

2.3. LED Light Exposure Experiments

Each 0.2‐μm‐filtered soil leachate was allowed to warm from the 4°C storage temperature to room temperature for
12–24 hr prior to the start of dark or light treatments. Each soil leachate was then placed in six precombusted,
500 mL quartz flasks with ground glass stoppers without headspace. For each soil leachate, duplicate quartz flasks

Table 1
Δ14C and δ13C of Permafrost DOC and the CO2 From Respiration of Permafrost DOC During Biological Incubations

Treatment Imnavait wet sedge tundra Toolik tussock tundra A Toolik tussock tundra B LTER 395 thermokarst

Δ14C‐DOC (‰) Dark −594 ± 2 −502 ± 2 −441 ± 2 −433 ± 1

UV −589 ± 2 −502 ± 2 −432 ± 1 −440 ± 1

Visible −582 ± 2 −502 ± 2 −439 ± 2 −437 ± 1

Δ14C‐CO2 respired (‰) Dark −689 ± 52 −668 ± 22 −448 ± 6

UV −572 ± 2 −740 ± 40 −597 ± 2 −415 ± 1

Visible −627 ± 16 −624 ± 4 −405 ± 0
14C age of DOC (a BP) Dark 7,170 ± 35 5,540 ± 30 4,610 ± 25 4,500 ± 20

UV 7,080 ± 35 5,540 ± 30 4,470 ± 20 4,600 ± 20

Visible 6,940 ± 35 5,540 ± 30 4,580 ± 20 4,560 ± 20
14C age of CO2 respired (a BP) Dark 9,439 ± 1,360 8,815 ± 541 4,711 ± 81

UV 6,755 ± 40 10,835 ± 1,240 7,229 ± 35 4,247 ± 10

Visible 7,853 ± 339 7,793 ± 94 4,100 ± 5

δ13C‐DOC (‰) Dark −28.8 −25.3 −25.9 −26.3

UV −28.1 −25.6 −25.5 −25.9

Visible −28.2 −25.3 −25.7 −26.0

δ13C‐CO2 respired (‰) Dark −40.2 ± 2.7 −31.9 ± 1.3 −32.2 ± 0.7

UV −37.3 ± 0.5 −44.9 ± 3.0 −29.9 ± 1.0 −28.5 ± 0.3

Visible −32.8 ± 0.6 −28.1 ± 0.2

Note. The Δ14C and δ13C of permafrost DOC are reported following dark treatment, UV light treatment (305 nm), or visible light treatment (405 nm), and subsequent
inoculation. The Δ14C and δ13C of the CO2 from respiration of permafrost DOC are reported following biological incubations. Values for DOC are reported with the
instrumental error, and values for CO2, when available, are reported as the average ±1 SE of experimental replicates (n = 2).
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were exposed to 305 and 405 nm LED light treatments using custom‐built 10 × 1 LED chip arrays maintained at
30°C using heat sinks and cooling fans (Bowen et al., 2020b; Ward et al., 2021). These wavelengths representing
UV (305 nm) and visible (405 nm) sunlight were chosen because studies suggest that production of DOC photo‐
products labile to microbial respiration is highest near 305 nm (Miller et al., 2002) and differs by wavelength
(Reader & Miller, 2014; Wetzel et al., 1995). Duplicate dark controls were run alongside light treatments at room
temperature (23°C) in the dark (Step C in Figure S2 in Supporting Information S1).

Changes in water chemistry and photochemical O2 consumption during light exposure were measured as in prior
work (Table S3 in Supporting Information S1, Ward & Cory, 2016). The amount of DOC oxidized to CO2 during
LED light exposures was estimated from photochemical O2 consumption, assuming 1 mol DOC completely
oxidized to CO2 per mol O2 consumed (Cory et al., 2014; Ward & Cory, 2020). This is a conservative estimate of
the amount of DOC oxidized because the ratio of CO2 produced per O2 consumed is often >1 in high‐DOC and
high‐iron waters similar to permafrost leachates (Bowen et al., 2020b; Ward & Cory, 2020). The durations of light
exposures were chosen to achieve complete oxidation of ∼5%‐10% of the initial DOC from all leachates and
ranged from 20 to 120 hr depending on the soil site and wavelength (Table S3 in Supporting Information S1).
Oxidation of 5%–10% of the DOC was chosen because prior work showed substantial microbial response (in both
respiration and bacterial production) upon oxidation of <5% of the DOC (Nalven et al., 2020; Ward et al., 2017).
In addition, short residence times in headwater streams impacted by permafrost thaw likely mean that only a small
percent of the DOC is oxidized before export downstream (e.g., Cory & Kaplan, 2012). For each soil site, the
same amount of DOC was oxidized by both UV and visible light (Table S3 in Supporting Information S1).

The duplicates of soil leachates from each dark or light treatment were composited in precombusted glass bottles
(Step D in Figure S2 in Supporting Information S1) and stored overnight in the dark at 4°C before further use in
biological incubations. This storage period allowed for decay of reactive oxygen species produced upon exposure
of DOC to UV and visible light (Andrews et al., 2000; Cory et al., 2010; Page et al., 2014; White et al., 2003).

2.4. Biological Incubations

Each soil leachate treatment (dark, UV, visible) was mixed with the respective inoculum from each site to achieve
20% inoculum by volume (Cory et al., 2013; Step D in Figure S2 in Supporting Information S1). From each
inoculated dark and light‐exposed leachate, replicates for 14C and 13C analysis of the CO2 produced by microbial
respiration were filled in precombusted 125 mL borosilicate bottles with greased glass stoppers and no headspace
(Step E in Figure S2 in Supporting Information S1). For each dark or light‐exposed leachate, there were duplicate
viable and killed treatments to quantify the C isotopic signatures of the CO2 produced during respiration. The
viable treatment was unamended, and the killed treatment was amended with saturated mercuric chloride (all
preservations had 1% HgCl2 by sample volume).

The amount of DOC respired from each dark and light‐exposed leachate was quantified as O2 consumption and
CO2 production by microbial respiration (Table S4 in Supporting Information S1). O2 consumed and CO2 pro-
duced by respiration were quantified as the difference in dissolved O2 and dissolved inorganic carbon (DIC),
respectively, between viable and killed treatments from a split of each inoculated dark and light‐exposed leachate
placed in precombusted, gas‐tight 12 mL soda glass exetainers with no headspace (Step E in Figure S2 in
Supporting Information S1). For each dark and light‐exposed leachate, there were triplicate viable and killed
treatments for analysis of O2 and DIC. The viable treatment was unamended, and the killed treatment was
amended with saturated mercuric chloride.

All viable and killed inoculated soil leachates were incubated in the dark at 10°C for between 17 and 30 days (Step
E in Figure S2 and Table S4 in Supporting Information S1). This incubation temperature is representative of a
typical, annual average temperature for non‐frozen lakes and streams near soil sampling sites (Cory et al., 2014).
The incubation duration was chosen for each set of dark and light‐exposed soil leachates from a soil site so that
respiration produced at least a 10% increase in the total DIC of the water compared to the start of the incubation
(Table S4 in Supporting Information S1). A 10% increase in the total DIC was chosen so that the 14C and 13C
isotopic compositions of the CO2 produced by microbial respiration were detectable against the isotopic com-
positions of the background DIC in the soil leachates. At the end of the incubations, all viable leachate treatments
in 125 mL borosilicate bottles and 12 mL exetainers were preserved by addition of saturated mercuric chloride.
These preserved samples were stored at 4°C in the dark until 14C and 13C analysis (up to 2 months) or until
analysis of O2 consumption and CO2 production by respiration (less than 2 weeks) as previously described
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(Bowen et al., 2020b; Cory et al., 2014). Respiratory quotients were calculated as the ratio of CO2 production to
O2 consumption by microbial respiration.

2.5. Δ14C and δ13C of DOC

A 75 mL sample of each soil leachate after dark or light treatment and inoculation (Step D in Figure S2 in
Supporting Information S1) was 0.22‐μm Sterivex filtered and frozen for 14C and 13C analysis of the DOC present
at the start of the biological incubations (Table 1 and Table S5 in Supporting Information S1). The Δ14C and δ13C
of the DOC were quantified at the National Ocean Sciences Accelerator Mass Spectrometry (NOSAMS) Facility
at WHOI, using previously described methods (Xu et al., 2021). Briefly, soil leachates were acidified to pH < 2
with UVC‐oxidized trace‐metal grade phosphoric acid (85%) and stripped of dissolved inorganic carbon (DIC)
with high‐purity helium gas in the dark. The DOC was then oxidized with UVC light to DIC, and the resultant
CO2 was extracted cryogenically. A subsample of the CO2 was analyzed for 13C using a VG Prism‐II or Optima
stable isotope ratio mass spectrometer, and the δ13C (‰) was calculated as follows:

δ13C = (13Rsample /
13Rstandard – 1) )

where 13R is the isotope ratio of a sample or standard (VPDB), as defined by:

13R = (13C /
12C)

The remaining CO2 was reduced to graphite with H2 and an iron catalyst, and then analyzed for 14C isotopic
composition using an accelerator mass spectrometer at the NOSAMS facility (Longworth et al., 2015). The Δ14C
(‰) and radiocarbon age of DOC were calculated from the fraction modern using the oxalic acid I standard
(NIST‐SRM 4990).

2.6. Δ14C and δ13C of CO2 From Microbial Respiration

To characterize the isotopic composition of the DOC respired by microbes, the Δ14C and δ13C of dissolved
inorganic carbon (DIC) were quantified in duplicate at NOSAMS from the viable and killed treatments of each
dark and light‐exposed leachate at the end of the incubation (after Step E in Figure S2 in Supporting Informa-
tion S1), following procedures previously described for quantification of the Δ14C and δ13C of CO2 produced
from photomineralization of permafrost DOC (Bowen et al., 2020b). Water samples were acidified as described in
Section 2.5 and stripped of DIC using high‐purity nitrogen gas. The 14C and 13C of the resultant, trapped and
purified CO2 were analyzed at the NOSAMS facility and converted to Δ14C and δ13C values as described in
Section 2.5.

The Δ14C and δ13C of CO2 produced by microbial respiration of permafrost DOC (Δ14Cresp and δ13Cresp) were
calculated as follows:

∆14Cresp =
(∆14CViable × [DIC]Viable) − (∆14CKill × [DIC]Kill)

[DIC]Viable − [DIC]Kill

δ13Cresp =
(δ13CViable × [DIC]Viable) − (δ13CKill × [DIC]Kill)

[DIC]Viable − [DIC]Kill

The Δ14C and δ13C of CO2 produced by microbial respiration of permafrost DOC are reported as the average ± 1
standard error (SE) of duplicate viable treatments relative to duplicate killed controls (Table 1 and Table S5 in
Supporting Information S1). See Section S1.2 in Supporting Information S1 for details about statistical analyses.

3. Results
3.1. DOC and Leachate Characterization

All soil leachates were relatively dilute (specific conductivity 8 to 24 µS cm−1; Table S2 in Supporting Infor-
mation S1), mildly acidic (pH 5.5 to 6.8, Table S2 in Supporting Information S1), and relatively high in both DOC
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concentration (609–1,726 μM C; Table S2 in Supporting Information S1) and total dissolved iron concentration
(3.1–22.2 μM iron) compared to most arctic surface waters that are not directly impacted by permafrost thaw
(Aiken et al., 2014; Cory et al., 2013, 2014). The composition of the DOC in all leachates was characteristic of
DOC draining from permafrost soils based on the relatively low SUVA254 and high fluorescence index (Abbott
et al., 2014; Cory et al., 2013; Mann et al., 2014; Spencer et al., 2015; Stubbins et al., 2017). Compared to pore
waters from the upper, thawed soil layer at the same sites in the Alaskan Arctic, the permafrost soil leachates had
lower conductivity but similar pH and DOC concentrations (Page et al., 2013, 2014; Trusiak et al., 2018a, 2018b).
Thus, the composition of the permafrost leachates in this study was similar to the composition of both streams and
soil pore waters in permafrost tundra.

3.2. Respiration of DOC

Respiration produced from 8 ± 1 to 93 ± 7 μM CO2 (mean ± 1 SE) over the 17 to 30‐day incubations at 10°C for
all dark and light‐exposed soil leachates (Figure 1, Table S4 in Supporting Information S1), which was from
0.7 ± 0.1 to 5.4 ± 0.4% of the initial DOC. The rate of CO2 production was significantly, positively correlated
with the DOC concentration at the start of the incubation (Figure S4 in Supporting Information S1, p < 0.01).

Light exposure increased, decreased, or did not change the amount of DOC respired to CO2 compared to
respiration of DOC kept in the dark, with the effect of light differing by wavelength and by soil site. For the wet
sedge, tussock tundra B, and thermokarst soil leachates, microbial respiration was 76%, 16%, and 219% higher,
respectively, in the UV light treatment than in the dark treatment (Figure 1, Figure S3 in Supporting Informa-
tion S1). Respiration from the tussock tundra A leachate was 44% lower in the UV treatment than in the dark
treatment. For the thermokarst and tussock tundra A leachates, respiration was 153% and 14% higher, respec-
tively, in the visible light treatments than in the dark treatment (Figure 1, Figure S3 in Supporting Information S1).
Respiration from the wet sedge leachate was 25% lower in the visible light treatment than in the dark treatment.
For the tussock tundra B leachate, there was no significant difference in respiration between the UV and visible
treatments and the dark treatment (Figure 1, Figure S3 in Supporting Information S1).

The respiratory quotient (the ratio of CO2 production to O2 consumption by microbial respiration) for respiration
of DOC from the dark and light‐exposed soil leachates ranged from 0.61 ± 0.16 to 1.47 ± 0.15 (Figure S3 and
Table S4 in Supporting Information S1). Microbes respired UV‐exposed wet sedge DOC with a significantly
higher respiratory quotient compared to the dark DOC from this soil site. In contrast, microbes respired UV‐
exposed tussock tundra A DOC with a lower respiratory quotient compared to the dark DOC. For the tussock
tundra B and thermokarst leachates, the respiratory quotient was not significantly different between dark and UV‐

Figure 1. CO2 produced versus O2 consumed by microbial respiration of DOC kept in the dark (gray), exposed to ultraviolet
light (UV; 305 nm, teal), and exposed to visible light (405 nm, orange) for: Imnavait wet sedge tundra (circle symbols),
Toolik tussock tundra A (square symbols), Toolik tussock tundra B (diamond symbols), and LTER 395 thermokarst (triangle
symbols). Panel (a) shows all of the data, and the region outlined in red is enlarged in panel (b). Data are plotted with the 1:1
line (dashed). Values for CO2 production and O2 consumption are shown as the average ±1 SE of experimental replicates
(n = 3). When no error bars are visible, they are smaller than the data point symbols.
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light exposed DOC. Unlike UV light, visible light exposure resulted in no significant difference in respiratory
quotient compared to the dark DOC for any soil sites.

3.3. Δ14C of Initial and Respired DOC

The age of the DOC in the soil leachates after dark or light treatment and inoculation (Step D in Figure S2 in
Supporting Information S1) ranged from ∼4,500 a BP for thermokarst and tussock tundra A and B DOC to
∼7,000 a BP for wet sedge DOC (Table 1). DOC in leachates of soils collected from the younger‐age landscape
(tussock tundra A, tussock tundra B, and thermokarst; Table S1 in Supporting Information S1) was younger than
the DOC in the wet sedge leachate, which was collected from the older‐age landscape. The CO2 from respiration
in all dark and light‐exposed leachates had a wider range in age than did the DOC, from 4,100 to 10,835 a BP
(Table 1). There was no significant correlation between the Δ14C of the DOC and the Δ14C of the CO2 from
respiration (Figure 2a, Table 1).

For all of the soil leachates paired with a dark control, CO2 from respiration of light‐exposed DOC was younger
than the CO2 from respiration of DOC kept in the dark. The degree to which CO2 from respiration of light‐
exposed DOC was enriched in 14C relative to respiration of DOC kept in the dark ranged from 33 ± 6‰ for
UV‐treated thermokarst leachate to 117 ± 54‰ for UV‐treated wet sedge leachate (Figure 2a).

For the majority of the soil leachates that were exposed to both UV and visible light, there was no wavelength‐
dependent effect of light on the 14C isotopic composition of the CO2 from respiration. The exception to this result
was the tussock tundra A leachate, for which the CO2 from the visible light treatment was significantly enriched in
14C compared to the CO2 from the UV light treatment (Figure 2a). For the thermokarst and tussock tundra B
leachates, there was little to no significant difference in the 14C isotopic composition of the CO2 from respiration
between the UV and visible light treatments (Figure 2a).

3.4. δ13C of Initial and Respired DOC

The 13C isotopic composition of the DOC in the leachates after dark or light treatment and inoculation (Step D in
Figure S2 in Supporting Information S1) ranged from −28.8‰ to −25.5‰ (Table 1). Wet sedge DOC was the
most 13C‐depleted (−28.4 ± 0.2‰), while thermokarst and tussock tundra DOC were relatively more 13C‐
enriched (−26.0 ± 0.1 and −25.7 ± 0.1‰, respectively; Table 1). The CO2 produced by microbial respiration
of permafrost DOC had a substantially wider range of 13C isotopic compositions than did the DOC, from −44.9‰
to −28.1‰, and was always depleted relative to the DOC by 2–19‰ (Table 1). There was no significant cor-
relation between the δ13C of the DOC and the δ13C of CO2 from respiration (Figure 2b, Table 1). The δ13C of CO2

Figure 2. (a) Δ14C composition and (b) δ13C composition of CO2 produced from microbial respiration of DOC kept in the
dark (circle symbols), exposed to ultraviolet light (UV; 305 nm, diamond symbols), and exposed to visible light (405 nm,
square symbols) versus the composition of the initial DOC of dark or light‐exposed permafrost DOC for: Imnavait wet sedge
tundra (orange symbols), Toolik tussock tundra A (dark blue symbols), Toolik tussock tundra B (yellow symbols), and LTER
395 thermokarst (teal symbols). Data are plotted with the 1:1 line (dashed). Values for Δ14C‐CO2 and δ13C‐CO2 are shown as
the average ±1 SE of experimental replicates (n = 2).
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from respiration in dark and light‐exposed soil leachates was significantly, positively correlated with both the
respiratory quotient (Figure 3a) and the Δ14C of the CO2 from respiration (Figure 3b).

For the wet sedge and tussock tundra B soil leachates, light exposure had no significant effect on the 13C isotopic
composition of the CO2 from respiration compared to respiration of DOC kept in the dark (Figure 2b). For the
thermokarst leachate, the CO2 from respiration in UV and visible light treatments was significantly enriched in
13C compared to the CO2 from respiration in the dark treatment. For all of the soil leachates that were exposed to
both UV and visible light, there was little to no wavelength‐dependent effect of light on the 13C isotopic
composition of the CO2 from respiration (Figure 2b).

4. Discussion
These first quantifications of the age of CO2 produced by microbial respiration of permafrost DOC (Figure 2a)
show that microbes can respire ancient permafrost DOC to CO2 upon export of this carbon to sunlit surface
waters, as expected from prior work (Cory et al., 2013). This result is consistent with prior studies that
quantified the age of permafrost DOC respired in the dark based on changes in the bulk DOC age (Mann
et al., 2015; Spencer et al., 2015). Together, these results and prior work demonstrate that permafrost DOC is
labile to microbial respiration in arctic surface waters, whether it is freshly thawed from dark soils (this study;
Mann et al., 2015; Melchert et al., 2022; Spencer et al., 2015) or has been exposed to UV and visible sunlight
(this study).

While the permafrost DOC respired by microbes was always old (>4,000 a BP), microbial respiration consistently
produced younger CO2 from light‐exposed DOC than from dark controls. There are several potential explanations
for this result. First, sunlight might completely oxidize relatively older DOC, leaving behind relatively younger
DOC for microbes to respire. Studies exposing DOC from marine and lower‐latitude freshwaters to high doses of
UV light have found that younger DOC is preferentially oxidized to CO2 by sunlight (Beaupré & Druffel, 2012;
Beaupré et al., 2007; Ishikawa et al., 2019). However, for permafrost DOC exposed to environmentally‐relevant,
lower doses of UV and visible light, the age of the DOC completely oxidized to CO2 by light has been shown to be
similar to the age of the bulk permafrost DOC (≤70‰, or ≤930 years, different from the bulk DOC; Bowen
et al., 2020b). This result, combined with the small amount of DOC completely oxidized to CO2 by sunlight prior

Figure 3. δ13C‐CO2 produced from microbial respiration of DOC kept in the dark (circle symbols), exposed to ultraviolet
light (UV; 305 nm, diamond symbols), and exposed to visible light (405 nm, square symbols) increased with (a) increasing
respiratory quotient and (b) decreasing age of the CO2 from: Imnavait wet sedge tundra (orange symbols), Toolik tussock
tundra A (dark blue symbols), Toolik tussock tundra B (yellow symbols), and LTER 395 thermokarst (teal symbols). In panel
(a), data were fit using a least‐squares regression where R2 = 0.94 and p < 0.01. All values on the x‐axis are shown as the
average ±1 SE (n = 3). All values on the y‐axis are shown as the average ±1 SE (n = 2). In panel (b), data were fit using a
least‐squares regression where R2 = 0.57 and p < 0.05. All values on the x‐ and y‐axes are shown as the average ±1
SE (n = 2).
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to the incubation (Table S3 in Supporting Information S1), suggests that complete oxidation of DOC during light
exposure should not cause substantial changes in the average age of the bulk DOC available for microbes to
respire.

Second, light might cause microbes to respire younger DOC by altering the composition of the DOC remaining
after light exposure (Bowen et al., 2020a; Cory et al., 2010; Ward & Cory, 2016; Wetzel et al., 1995), either by
making younger DOC more labile or older DOC less labile compared to the same age fractions kept in the dark.
These changes in the lability of different DOC age fractions would represent an increase or decrease in the amount
of total labile DOC available for microbes to respire and might correspond to light treatments in this study that
increased or decreased the magnitude of microbial respiration, respectively. Consistent with the former, prior
work demonstrated that a major effect of sunlight exposure of permafrost DOC was to produce DOC labile to
microbial respiration (Nalven et al., 2020; Ward et al., 2017). Results from this study suggest that the labile DOC
produced by sunlight is relatively younger than the DOC respired by microbes in the dark.

These results confirming microbial respiration of old permafrost DOC both in the dark and after light exposure
should apply to permafrost‐thaw impacted waters across the Arctic for the following reasons. First, the
composition of the DOC from permafrost soils in this study, as given by SUVA254 and fluorescence index, is
within the range previously reported for permafrost organic carbon from other arctic sites (Bowen et al., 2020b;
Cory et al., 2013; Mann et al., 2015; Spencer et al., 2015; Stubbins et al., 2017). Second, the 13C and 14C of the
permafrost DOC is within the range for soil organic carbon in general (Hoefs, 2015; Trumbore & Druffel, 1995)
and specifically for permafrost DOC (Bowen et al., 2020b; Mann et al., 2015; Rogers et al., 2021; Spencer
et al., 2015; Stubbins et al., 2017; Vonk et al., 2013). Third, the respiratory quotients for permafrost DOC are
within the range previously reported (Berggren et al., 2012; Cory et al., 2014), suggesting that microbes in this
study respired terrestrially‐derived DOC by similar respiratory pathways as in other freshwaters.

While the age and composition of the bulk, permafrost DOC is consistent with prior work, the age and
composition of the DOC respired both in the dark and after light exposure differs from prior work. For example,
prior studies showed that microbes respire fractions of permafrost DOC that are similar in both age and 13C
composition to the bulk DOC (δ13C of respired DOC of −26 to −23‰; Mann et al., 2015; Melchert et al., 2022).
In contrast, results from this study show that the CO2 from respiration is often older and substantially more 13C‐
depleted (−44.9‰ to −28.1‰) than the bulk DOC.

Differences in the incubation conditions and amount of DOC consumed might explain why respiration of rela-
tively old and 13C‐depleted permafrost DOC fractions was observed here but not in prior studies. In prior work
performed at 20°C, between 35% and 50% of permafrost DOC was respired during incubations (Mann et al., 2015;
Rogers et al., 2021; Spencer et al., 2015; Vonk et al., 2013). In contrast, in this study, incubations were performed
at 10°C to be representative of temperatures in arctic surface waters (Adams et al., 2010; Cory et al., 2014;
Docherty et al., 2019), and respiration consumed only 1%–5% of the DOC. The lower respiration rates produced
by the relatively cold incubation temperature in this study are likely more representative of respiration rates in
arctic surface waters (O’Donnell et al., 2016), in comparison to incubations at higher temperatures. As the amount
of DOC consumed increases, the isotopic signature of the DOC consumed becomes closer to the isotopic
signature of the bulk DOC. Conversely, when only small amounts of the total DOC are consumed, there might be
selective respiration of isotopically lighter fractions of the DOC pool. Thus, the C isotopic composition of CO2

from respiration in this study might reflect the C isotopic composition of the most labile fractions of the DOC
pool. However, the age and 13C composition of the CO2 from respiration is insufficient on its own to interpret the
DOC substrates most labile to microbes. Thus, here we interpret the C isotopic composition of CO2 from
respiration alongside other proxies for substrate composition from this study and the literature.

4.1. Microbes Respire 13C‐Depleted Fractions of Permafrost DOC to CO2

In this study, the δ13C of CO2 (Figure 2b) likely reflects the selective respiration of a range of 13C‐depleted
fractions within the bulk DOC from each soil site. For example, microbial respiration of wet sedge and tus-
sock tundra A DOC produced CO2 that was highly 13C‐depleted relative to the expected range of δ13C for bulk
soil organic carbon (Drake et al., 2015; Hoefs, 2015; Mann et al., 2015; Melchert et al., 2022; Trumbore &
Druffel, 1995). Microbial respiration of predominantly lipid or lignin‐like fractions of the DOC pool could
produce 13C‐depleted CO2 because these compound classes are more depleted in 13C compared to other fractions
of DOC (δ13C ranges of −27 to −38‰ for lipids and −25 to −32‰ for lignin‐like DOC; Benner et al., 1987;
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Bertoldi et al., 2014; Kling & Fry, 1992; McCallister & del Giorgio, 2008). From other soil sites (tussock tundra B
and thermokarst), microbial respiration produced CO2 that, while still 13C‐depleted relative to the DOC, was
much closer to the 13C composition of the bulk DOC. At these sites, microbes might have respired a range of the
fractions of the DOC pool, including relatively 13C‐depleted lipid and lignin‐like compounds as well as relatively
13C‐enriched carbohydrates and organic acids (Bowling et al., 2008; Whelan et al., 1970). In addition to pref-
erential microbial respiration of 13C‐depleted sources within the DOC pool, other processes might have
contributed to the respiration of a range of 13C‐depleted CO2 (Section S2.2 in Supporting Information S1).

The respiratory quotient of CO2 production to O2 consumption during respiration provides further evidence in
support of microbial respiration of a range of fractions of DOC (Figure 3a). The range of respiratory quotients for
respiration of DOC in the literature (∼0.5–4; Allesson et al., 2016; Berggren et al., 2012; Cory et al., 2014; del
Giorgio et al., 2006) is hypothesized to depend on the composition of the DOC compounds respired (Masiello
et al., 2008). Relatively more reduced (and relatively 13C‐depleted) lipid and lignin‐like compounds are predicted
to be respired with a lower respiratory quotient than are more oxidized (and relatively 13C‐enriched) carbohy-
drates and organic acids within the DOC pool (Dilly, 2001; Masiello et al., 2008; Romero‐Kutzner et al., 2015).
Assuming the hypothesis above explains variability in the respiratory quotient for DOC, then the strong, positive
correlation between the respiratory quotient and the 13C of the CO2 from respiration (Figure 3a) is consistent with
the expected 13C composition of different fractions of the DOC pool.

Results in this study suggesting that old, 13C‐depleted DOC can constitute the majority of the DOC respired by
microbes from the wet sedge and tussock tundra A permafrost soil sites are consistent with prior work. Rogers
et al. (2021) provided evidence that the oldest, most 13C‐depleted fractions of DOC from Yedoma permafrost soil
separate out at the lowest energies by ramped‐pyrolysis oxidation and thus might be the most labile to microbial
respiration (Leifeld & von Lützow, 2014), as observed for the wet sedge and tussock tundra A permafrost soils in
this study (Figure 3b).

There are also several lines of evidence from prior work for respiration of lignin‐like permafrost DOC, which is
proposed to contribute to the highly 13C‐depleted signature of the most labile permafrost DOC in this study. For
example, lignin‐like formulas constituted a substantial percentage of the DOC respired by microbes from
permafrost soils in previous studies (Nalven et al., 2020; Rogers et al., 2021; Ward et al., 2017). Additionally,
microbial communities associated with permafrost soils across the Arctic have been shown to have a relatively
high abundance of genes related to the metabolism of a wide range of organic carbon fractions including aromatic
DOC associated with lignin (Nalven et al., 2020; Waldrop et al., 2023). These findings suggest that permafrost
microbial communities are equipped to respire the abundant lignin‐like fractions of the DOC pool (Ward
et al., 2017).

Unlike lignin‐like DOC, lipid fractions have not been shown to be consumed by microbes from permafrost DOC.
However, lipid fractions of soil organic matter are relatively labile to microbial respiration (e.g., Reynolds
et al., 2018). The lack of evidence for respiration of lipid fractions of permafrost DOC could be due to limitations
of the electrospray ionization (ESI) FT‐ICR MS analysis that has frequently been used to characterize the
composition of DOC (Rogers et al., 2021; Spencer et al., 2015; Ward et al., 2017). Lipid fractions of DOC are
known to ionize poorly via ESI, making it difficult to assess changes in the lipid content of permafrost DOC
(Hockaday et al., 2009).

4.2. Light Exposure Had Wavelength‐Dependent Effects on the Magnitude of DOC Respired

Given that the most common effect of light treatment was to increase respiration relative to respiration in the dark
(Figure 1, Figure S3 and Table S4 in Supporting Information S1), results from this study are generally consistent
with the prior conclusion that exposure of permafrost DOC to broadband sunlight stimulates microbial respiration
(Cory et al., 2013; Nalven et al., 2020; Ward et al., 2017). However, results from this study show that different
wavelengths of light have a broader range of effects on respiration than previously observed, ranging from
increasing to decreasing respiration relative to respiration of DOC kept in the dark. These effects are likely due to
changes in the DOC pool size and the DOC chemical composition.

Light exposure of DOC has been proposed to increase or decrease respiration by increasing or decreasing the
amount of DOC labile to microbes, respectively (Bowen et al., 2020a; Ward et al., 2017; Wetzel et al., 1995).
Light exposure of DOC can change the amount of biologically labile DOC by completely oxidizing some of this
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DOC to CO2 (reducing the total amount of DOC labile to respiration), and by
concurrently changing the chemical composition of the remaining DOC to
make it more or less labile to microbes (Bowen et al., 2020a; Cory et al., 2010;
Ward & Cory, 2016; Wetzel et al., 1995; Xie et al., 2004). Therefore, changes
in the magnitude of respiration after DOC light exposure reflect the net effect
of light exposure on the size of the labile DOC pool.

The net effect of light exposure on the amount of labile DOC—and, thus, on
whether respiration increases or decreases after light exposure relative to
respiration of dark DOC—likely depends on the extent to which DOC was
oxidized during light exposure in this study. For the two soil sites with less
than 5% of the DOC pool oxidized to CO2 by UV or visible light (tussock
tundra B and thermokarst; Figure 4), both UV and visible light had either no
net effect or increased respiration relative to respiration in the dark. For the
two soil sites where 5% or more of the DOC pool was oxidized to CO2 by UV
or visible light (wet sedge and tussock tundra A), UV and visible light either
increased or decreased respiration relative to respiration in the dark
(Figure 4). These results are consistent with prior work demonstrating that
increasing oxidation of DOC by broadband sunlight generally increases
respiration when a relatively small amount (<5%) of the DOC is oxidized to
CO2 (Bowen et al., 2020a; Reader & Miller, 2014; Ward et al., 2017) but
might have diminishing returns or even decrease respiration relative to
respiration in the dark at greater amounts of DOC oxidized (Bowen
et al., 2020a; Reader & Miller, 2014).

For DOC from a given soil site, UV and visible light doses were chosen to
achieve the same extent of DOC oxidation by light of both wavelengths

(Table S3 in Supporting Information S1). Thus, the differences in the microbial response to UV versus visible
light‐exposed DOC for a given soil site should be due to wavelength‐dependent differences in the production and
removal of labile DOC. UV wavelengths of light have been proposed to be more efficient at yielding low mo-
lecular weight acids and aldehydes than are visible wavelengths of light (Miller et al., 2002; Wetzel et al., 1995).
In turn, low molecular weight acid and aldehyde photo‐products are thought to be highly biologically labile
(Drake et al., 2015; Miller et al., 2002) and might account for increases in respiration after light exposure of DOC.
For the wet sedge and thermokarst soil sites, for which UV light exposure of DOC increased respiration (Figure 1,
Table S4 in Supporting Information S1), the relatively high respiratory quotients for DOC exposed to UV light
(≥1) are consistent with respiration of organic acids (Table S4 in Supporting Information S1; Masiello
et al., 2008). For the UV light treatment of the thermokarst site, production of CO2 with a 13C composition similar
to the bulk DOC provides further evidence in support of respiration of organic acids, which are expected to have a
similar 13C composition to that of the bulk DOC (Figure 2b, Table 1; Bowling et al., 2008). These results suggest
that UV light was relatively more efficient at producing labile DOC than was visible light for DOC from the wet
sedge and thermokarst soils.

However, higher‐energy UV light might also be relatively more efficient at removing biologically labile DOC
than is lower‐energy visible light (Reader & Miller, 2014). When this is the case, net production of labile DOC
might be higher under visible light than UV light. For example, for the tussock tundra A soil site, UV light
decreased respiration while visible light increased respiration relative to respiration in the dark (Figure 1, Figure
S3 and Table S4 in Supporting Information S1). For this soil site, the relatively high respiratory quotient for DOC
exposed to visible light (RQ of 0.96; Figure S3 and Table S4 in Supporting Information S1), compared to the
relatively lower respiratory quotient for DOC from the same site exposed to UV light, is consistent with respi-
ration of labile organic acids (Masiello et al., 2008) following exposure of DOC to visible light.

However, there are conflicting conclusions in the literature about whether changes in DOC composition during
light exposure could affect the respiratory quotient. Some studies report increases in the respiratory quotient after
light exposure, interpreted as respiration of more highly oxidized, low molecular weight DOC photoproducts
from light‐exposed DOC than from dark DOC (Allesson et al., 2016; Berggren et al., 2012). In contrast, other
studies provide evidence that microbes respire the same types of DOC after light exposure that they are already

Figure 4. The difference between CO2 production from microbial respiration
in light and dark DOC treatments versus the percentage of DOC that was
oxidized by light prior to biological incubations for DOC exposed to
ultraviolet light (UV; 305 nm, diamond symbols) and visible light (405 nm,
square symbols). Values for the difference between CO2 production from
respiration in light and dark DOC treatments are shown as the average ±1 SE
of experimental replicates (n = 3).
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genomically‐equipped to respire in the dark (Cory et al., 2014; Nalven et al., 2020; Ward et al., 2017). Results of
this study provide support for the latter interpretation by demonstrating that microbes respired fractions of the
DOC pool with similar 13C compositions and respiratory quotients both after light exposure and in the dark for
DOC from most soils and wavelengths of light (Figure 2b, Figure S3 and Table S4 in Supporting Information S1).
Given that both the δ13C of CO2 from respiration and the respiratory quotient are thought to depend on the
composition of the DOC (Berggren et al., 2012; Crow et al., 2006; Masiello et al., 2008; Pries et al., 2020), these
results suggest that light exposure of DOC did not substantially change the fractions of DOC respired or their
respiratory pathways compared to respiratory pathways in the dark for most soil sites. Thus, changes in the
magnitude of respiration after light exposure are most likely a response to changes in the size of the labile DOC
pool, rather than to major shifts in the composition of the most labile DOC available to microbes.

4.3. Rates of Microbial Respiration of Permafrost DOC in Arctic Surface Waters

Water‐column production rates for any product of DOC photodegradation are sensitive to the wavelength‐
dependent yield of the product per mole of light absorbed by chromophoric dissolved organic matter (CDOM,
the light‐absorbing fraction of DOC). In the case of respiration increased or decreased by DOC light exposure, the
product is more or less CO2 from respiration upon absorption of light by CDOM, respectively, compared to
respiration in the dark. In prior studies where exposure of DOC to broadband (natural) sunlight was found to
increase respiration of the DOC relative to dark controls (Cory et al., 2013, 2014), the assumptions were that (a)
all wavelengths of sunlight increased respiration of DOC, and (b) exposure of DOC to UV wavelengths of
sunlight was more efficient at increasing respiration than exposure to visible wavelengths of sunlight (e.g., Cory
et al., 2013, 2014). In contrast, this study shows that both UV and visible wavelengths of light can also decrease
respiration relative to respiration in the dark. Additionally, this study shows that exposure to UV light can result in
similar or lower amounts of CO2 from respiration than does exposure to visible light for some permafrost DOC.
Thus, water‐column rates of respiration of sunlight‐exposed DOC (e.g., Cory et al., 2014) must be revised in
response to the invalidated assumptions.

A quantitative revision of water‐column rates of respiration of sunlight‐exposed DOC requires measurements of
the wavelength‐dependent yield of more or less CO2 from respiration per mole of light absorbed by CDOM,
which was not possible based on the experimental design in this study (see Section S1.3 in Supporting Infor-
mation S1). However, results from this study enable a qualitative assessment of the net effect of sunlight exposure
of DOC on water‐column respiration rates. An important factor modulating the wavelength‐dependent effect of
DOC light exposure on water column respiration rates is the amount of UV versus visible light absorbed by DOC
in the water column. Although absorbance of light by DOC is much higher in the UV than in the visible, more total
visible than UV light reaches the surface, and thus more visible than UV light is absorbed by DOC in the water
column (Figure S5 in Supporting Information S1). Thus, relatively small yields of more or less CO2 from
respiration of DOC exposed to visible light can have a disproportionately large impact on water‐column rates of
CO2 production compared to the yields of CO2 from respiration of DOC exposed to UV light.

For example, for the tussock tundra A DOC, the extra CO2 from respiration of tussock tundra DOC exposed to
visible light might completely or partially offset the reduction in CO2 from respiration of tussock tundra DOC
exposed to UV wavelengths of light, relative to respiration in the dark. Conversely, for wet sedge DOC, the
reduction in CO2 from respiration of wet sedge DOC exposed to visible wavelengths of light might completely or
partially offset the extra CO2 from respiration of wet sedge DOC exposed to UV wavelengths of light.

However, the experimental light doses in this study were chosen to achieve equal oxidation of DOC by both UV
and visible wavelengths of light for each soil site (Table S3 in Supporting Information S1) and are not repre-
sentative of the ratio of UV to visible photon doses reaching arctic surface waters. To oxidize the same amount of
DOC with visible as with UV light, the ratio of visible to UV light received by DOC from LEDs in this study
(∼56:1; Table S3 in Supporting Information S1) was ∼5 times greater than the ratio of visible to UV light received
by DOC from natural sunlight in arctic surface waters (∼11:1; Bowen et al., 2020b). This difference in the ratio of
visible to UV between this study and broadband sunlight in prior work might explain why prior work has reported
that sunlight generally increases microbial respiration relative to respiration in the dark (Cory et al., 2013, 2014;
Ward et al., 2017). For example, consider the DOC from the wet sedge soil site, for which this study showed that
UV light exposure increases respiration and visible light exposure decreases respiration relative to respiration in
the dark (Table S4 in Supporting Information S1). In arctic surface waters, wet sedge DOC would receive ∼5

Journal of Geophysical Research: Biogeosciences 10.1029/2023JG007853

RIEB ET AL. 13 of 19

 21698961, 2024, 5, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023JG

007853 by U
niversity O

f M
ichigan Library, W

iley O
nline Library on [08/05/2024]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License



times less visible light than in this study over the period of time required to receive the same amount of UV light as
in this study. As discussed previously, small doses of light frequently increase microbial respiration relative to
respiration in the dark, while larger doses of light can decrease microbial respiration because labile DOC is
increasingly altered or removed during photo‐oxidation. Therefore, while this study showed that relatively large
doses of visible light decrease respiration of wet sedge DOC, it is possible that the lower doses of visible light
from natural sunlight would have a weaker effect.

These results demonstrate two knowledge gaps to be addressed to quantify water‐column rates of CO2 production
from respiration of DOC in sunlit surface waters. First, the wavelength dependence of the yield of more or less
CO2 from respiration of sunlight‐exposed DOC must be quantified. Second, the wavelength‐dependent yield of
any product of DOC photodegradation (including CO2 from respiration) should be quantified using doses of UV
and visible light similar to what is absorbed by DOC during its residence times in sunlit surface waters.

5. Conclusions
By measuring the age of CO2 produced by respiration of light‐exposed permafrost DOC, we show that ancient
permafrost DOC is respired upon exposure to sunlight in arctic surface waters. The CO2 produced by microbes in
light treatments and in dark controls was as old or older than the bulk DOC. It is already established that the
coupled oxidation by sunlight and microbial respiration of DOC is an important control on the oxidation of
modern DOC to CO2 in arctic surface waters (Cory et al., 2013, 2014; Stubbins et al., 2017; Ward et al., 2017). As
the annual thaw depth increases, or as thermokarst failures expose permafrost soils to surface conditions, the
modern DOC exported from land to water will be increasingly mixed with old organic compounds ranging in age
from a few thousands of years up to ∼45,000 years before present (Schwab et al., 2020; Strauss et al., 2017).
Therefore, sunlight exposure will continue to be an important control on the magnitude of CO2 emitted from arctic
freshwaters as the DOC in these waters is increasingly comprised of ancient permafrost carbon in a warming
Arctic.

Additionally, this study showed that the permafrost DOC respired by microbes both in the dark and after light
exposure was substantially 13C‐depleted relative to the bulk DOC. This result is interpreted as evidence that 13C‐
depleted fractions of the permafrost DOC pool, including a mixture of lipid and lignin‐like DOC, are more
biologically labile than 13C‐enriched DOC fractions, both when freshly thawed from dark soil and after exposure
to sunlight. Microbial respiration of permafrost DOC in small headwater streams that are most strongly impacted
by permafrost thaw (Aiken et al., 2014; Neff et al., 2006; Vonk et al., 2013) is likely fueled primarily by these
most labile, 13C‐depleted fractions of the permafrost DOC pool. In these waters, labile permafrost DOC that is
consumed by coupled oxidation by sunlight and microbial respiration is expected to be rapidly replenished by
fresh DOC inputs from soils (Cory et al., 2015; Neilson et al., 2018). However, as water residence times increase,
the DOC remaining that is exported downstream might be composed of a greater percentage of 13C‐enriched
fractions than DOC received from permafrost soils.

Results of this study and prior work (Bowen et al., 2020a; Cory et al., 2013; Ward et al., 2017) suggest that the
magnitude of permafrost DOC respired in sunlit arctic surface waters depends in part on the extent to which DOC
oxidation by sunlight changes the amount of labile DOC. Sunlight exposure is expected to consistently increase
respiration of permafrost DOC (relative to respiration in the dark) in arctic headwater streams, where short
residence times of days to weeks mean that a small percentage of permafrost DOC will be oxidized by sunlight
prior to export downstream (Cory et al., 2015). As permafrost DOC moves from headwater streams to larger
streams, both the water residence time and stream surface area increase (e.g., Neilson et al., 2018). With
increasing time spent in sunlit waters, the percentage of permafrost DOC oxidized by both sunlight and microbes
in larger streams is generally expected to increase (Cory et al., 2015). Greater oxidation of DOC by sunlight in
larger streams might increasingly remove DOC labile to microbes, offsetting some of the increases in oxidation of
DOC driven by the longer water residence time. However, the reported lack of old permafrost DOC in major
arctic rivers (Aiken et al., 2014; Neff et al., 2006; Rogers et al., 2021; Vonk et al., 2013; Wild et al., 2019)
suggests that more of the permafrost DOC reaching surface waters is oxidized to CO2 than is exported down-
stream to larger rivers. Results from this study implicate increased respiration of sunlight‐exposed DOC as a
contributor to this loss of permafrost DOC in the smaller, shallow, unshaded surface waters of the Arctic (Cory
et al., 2014) that are increasingly ice‐free during peak solar radiation (Cooley et al., 2019; Zhang et al., 2021).
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Text S1. Supporting Methods 

S1.1 Preparation of multiple leachates for tussock tundra and thermokarst soils 

An original set of dark control samples for the thermokarst soil leachates was compromised due 

to substantial microbial respiration consuming dissolved organic carbon (DOC) in the dark 

control leachate as it sat at room temperature during light exposure experiments and prior to 

biological incubations (Step C in Fig. S2). To replace the compromised dark control thermokarst 

waters, a second leachate was prepared from the thermokarst soil on a different date using the 

same soil and leaching conditions. The original thermokarst soil leachate was used for the 

ultraviolet (UV) and visible light treatments and subsequent biological incubation, while the 

second thermokarst soil leachate was used for the dark treatment and subsequent biological 

incubation (see Table S2). See SI Section 2.3 for a discussion of differences in water chemistry 

between the two thermokarst leachates. For all other soils, no detectable microbial respiration 

occurred in the dark controls during light exposure experiments, and thus the same soil leachate 

was used for both the dark and light treatments. Microbial respiration in soil leachates from any 

site during light exposure was negligible because microbes remaining in the leachates after 

filtration likely do not survive the exposure to intense UV and visible light (Ward et al., 2017). 

Separately, samples of the CO2 from microbial respiration in the dark and visible light-exposed 

tussock tundra leachate were lost during preparation for isotopic analysis at the National Ocean 

Sciences Accelerator Mass Spectrometry (NOSAMS) Facility. Therefore, a second soil leachate 

was prepared from the tussock tundra soil using the same soil and leaching conditions, and all of 

the dark and light treatments and biological incubations for this soil leachate were repeated. 

Throughout the manuscript, the incomplete 14C (UV and visible light treatments only) and 13C 

(UV light treatment only) data from the original tussock tundra leachate (tussock tundra A) are 

presented along with the complete 13C and 14C data for all light and dark treatments from the 

second tussock tundra leachate (tussock tundra B). 

S1.2 Statistical analyses 

Statistical tests were used to determine whether light exposure of permafrost DOC resulted in 

significant changes in the amount or isotopic composition of CO2 from microbial respiration, and 

whether the isotopic composition of CO2 from microbial respiration changed significantly as a 

function of any other variables. Two-tailed, paired t-tests were conducted to determine 

significant differences in CO2 from respiration, respiratory quotient, and Δ14C and δ13C of CO2 

from respiration in the light-exposed versus dark treatments. Statistical significance was defined 

as p < 0.05. T-tests were used to determine whether the slopes and intercepts of each least-

squares regression in Figures 3, 4, and S4 were significantly different from zero. 

S1.3 Quantifying the yield of products of DOC photodegradation 

The wavelength-dependent yield of products of DOC photodegradation (including the additional 

or lesser amount of CO2 from respiration of DOC after light exposure) per mole of light absorbed 



by the light-absorbing fraction of DOC cannot be reported in this study. Calculating the yield of 

products of photodegradation requires quantifying the amount of light absorbed by DOC. The 

light exposure experiments in this study were not designed to allow reliable quantification of the 

amount of light absorbed by DOC for the following reasons. First, soil leachates were exposed to 

UV and visible LED lights in spherical quartz flasks, causing leachate in different regions of the 

flasks to be different distances away from the light source and to have different pathlengths 

through the water. Additionally, an array of multiple LEDs were used at each wavelength (UV 

and visible), resulting in non-uniform intensity of downwelling irradiance across the area of the 

chamber in which leachates were exposed to light. Therefore, the products of DOC 

photodegradation by UV and visible wavelengths of light are reported as concentrations in this 

study, rather than as yields. 

S1.4 Quantifying methane concentrations in permafrost soil leachates 

To help interpret the 13C composition of CO2 from microbial respiration of DOC in permafrost 

soil leachates, we report methane concentrations in permafrost soil leachates used in other work 

but prepared using similar methods as in this study. Details about the leachates and methane 

concentrations are summarized in Table S6 and discussed in SI Section 2.1.2. 

Methane concentrations in one leachate of Imnavait wet sedge permafrost soil were quantified 

via the following methods. DOC was leached from wet sedge permafrost soil with the same soil 

to water ratio and leaching conditions as the wet sedge leachate used in this study, as detailed in 

Table S2. After leaching, this wet sedge soil leachate was passed through a MilliQ-rinsed 60 μm 

mesh screen to remove the largest particulates. Subsequently, the leachate was passed through 

MilliQ-rinsed 5 μm and 0.2- μm high-capacity Whatman cartridge filters (Step A in Fig. S2). 

After filtration, a subset of the 0.2-μm filtered leachate was treated as inoculum and stored at 4 

°C until further use in biological incubations (Step B in Fig. S2). Another subset of the 0.2-μm 

filtered leachate was prepared as a dark-treated water (without corresponding light treatments) 

and allowed to warm from the 4 °C storage temperature to room temperature for ~24 hours prior 

to the start of dark treatments. Prior to the dark treatment, this soil leachate was placed in 

duplicate precombusted, 500-mL Pyrex bottles with gastight stoppers without headspace. These 

duplicate leachates were then stored in the dark at room temperature for 3 days (Step C in Fig. 

S2). After dark treatments, the duplicates of the dark-treated soil leachate were composited in a 

precombusted, glass bottle (Step D in Fig. S2) and stored overnight in the fridge at 4 °C. Finally, 

the composited, dark-treated leachate was mixed with 0.2-μm filtered leachate that had been 

treated as inoculum (Step D in Fig. S2) to achieve 20% inoculum by volume. Methane 

concentrations in the final leachate mixture (after Step D in Fig. S2) were measured on a 

membrane inlet mass spectrometer (MIMS). 

Separately, methane concentrations in leachates of permafrost soils from four sites (Imnavait wet 

sedge, Toolik wet sedge, Imnavait tussock tundra, and Toolik tussock tundra; Table S6) were 

quantified via the following methods. Frozen permafrost soil from each site (3,660 g) was mixed 

with 15 L of MilliQ water in 5-gallon, MilliQ-rinsed HDPE buckets and allowed to leach in the 



dark for ~36 hours at 4 °C. The leachates were then passed through MilliQ-rinsed 200 µm nitex 

mesh screens to remove the largest particulates. In triplicate, 500 mL of the leachate was added 

to jars containing 600 g of permafrost soil from the same site, and the jars were sealed with 

airtight lids containing a septum for gas sampling. The sealed jars were shaken thoroughly to 

allow dissolved gases from the permafrost leachate and soil mixture to equilibrate with gas in the 

headspace of the jar at 4 °C. Gas samples from the headspace of the incubation vessel were 

analyzed for methane via gas chromatography on a Shimadzu GC-14A gas chromatograph 

(Romanowicz et al., 2021). Dissolved methane concentrations in the permafrost leachates were 

calculated using Henry’s Law and the partial pressure of methane in the headspace of the jar 

(Table S6). 

S1.5 Mass balance calculations of the 13C content of oxidized methane 

A mass balance calculation was performed to estimate the 13C composition of methane-derived 

CO2 potentially produced during biological incubations in this study using the following 

equation: 

δ13CCO2
= fCO2-CH4

(δ13CCH4
) + fCO2-DOC(δ13CDOC) 

where fCO2-CH4
 and fCO2-DOC are the fractions of the total CO2 from respiration that are derived 

from methane and non-methane DOC, and δ13CCH4
 and δ13C  are the 13C isotopic 

compositions of methane and DOC in permafrost soils, respectively. δ13CCO  is the net δ13C of 

the total CO2 produced during biological incubations, reported in Table 1. This calculation 

assumes that there are only two carbon sources for the CO2 produced during each biological 

incubation experiment: methane and non-methane DOC. In order to give a conservative estimate 

of how 13C-depleted the methane in permafrost leachates was, the fraction of the total CO2 

derived from methane was calculated using the maximum concentration of methane measured in 

permafrost soil leachates (1.2 µM; Table S6). This assumed that virtually all of the methane 

present was oxidized to CO2. The fraction of the total CO2 derived from non-methane DOC was 

calculated as the difference between the total CO2 and the fraction derived from methane. A δ13C 

value equal to that of the bulk DOC in each leachate (Table 1) was assigned to CO2 derived from 

non-methane DOC. When solved for δ13CCH4
, this calculation demonstrated that the methane in 

the permafrost leachates in this study would have to have δ13C values of -120‰ or lower for 

oxidation of 1.2 µM methane to account for the highly depleted δ13C of the total CO2 produced 

during biological incubations of wet sedge and tussock tundra A leachates.  

Because this calculation assumed complete oxidation of the initial methane present, any potential 

fractionation factor associated with aerobic oxidation of methane to CO2 by methanotrophs in the 

incubations was disregarded. If less than all of the methane present were oxidized to CO2, then 

fractionation during aerobic methane oxidation would produce further-13C-depleted CO2 relative 

to the methane substrate, with fractionation factors ranging widely from ~4 to 30‰ (Whiticar, 

1999). Therefore, fractionation during oxidation of a smaller amount of the initial methane 



present could potentially produce similarly 13C-depleted CO2 as complete oxidation of the initial 

methane present. 

Text S2. Supporting Text 

S2.1 Constraints on the age range of permafrost DOC respired to CO2 

Both the DOC leached from permafrost soils and the CO2 from respiration of that DOC are 

mixtures of C compounds of different ages. Thus, while this study reports the average 14C 

isotopic composition of the initial DOC and CO2 from respiration, these Δ14C values do not 

provide full information about the range of 14C isotopic compositions present in either mixture. 

The exact distribution of ages within DOC draining from any permafrost soil is poorly 

characterized (Rogers et al., 2021). However, it is possible to place minimum and maximum 

constraints on the ages of DOC that could be present in leachates of permafrost soils in this 

study.  

First, to constrain the oldest C that could be present in samples, most of the organic carbon 

accumulation in all landscape ages sampled in this study began after the end of the last glacial 

period and the start of the Holocene. For example, bulk organic carbon from peat near our 

Imnavait sampling sites is ~11,000 a BP at 160 cm depth and from ~ 5,000 to 8,000 a BP at the 

sampling depth of 85 cm at Imnavait Creek in this study (Eisner, 1991; macrofossil dates at these 

depths from a similar location are slightly younger but overall similar, Nichols et al., 2017). 

Therefore, even with the possibility of cryoturbation of older, deeper organic matter upward to 

the sampling depths in this study, the maximum age of this older organic carbon is ~12,000 a BP.  

Second, to constrain the youngest C that could be present in samples, permafrost soils in this 

study were collected from 10-30 cm deeper than the maximum, active-layer thaw depths at 

Imnavait Creek and Toolik Lake (Romanowicz & Kling, 2022). Thus there should be little or no 

injection of modern C from above into our samples, even by cryoturbation. This is because 

cryoturbation operates at freeze-thaw fronts (Bockheim, 2007), and the main cryoturbation 

activity in North Slope tundra soils was during the mid-Holocene thermal maximum estimated 

from 9,500-6,500 a BP (Bockheim, 2007) or from 6,900-4,800 a BP (Marion & Oechel, 1993). 

Therefore, it is unlikely that much modern carbon from fresh plant material is present in our 

samples. The ages of organic carbon compounds in the permafrost DOC in this study, as well as 

the CO2 from respiration of that DOC, should fall within a maximum range from several 

thousands of years old to ~12,000 a BP.  

Despite these constraints, the DOC and CO2 ages reported in this study are still averages of 

different organic compounds of different old ages. Therefore, while the average age of the CO2 

respired from light-exposed permafrost DOC is slightly younger than the average age of the CO2 

respired from permafrost DOC in the dark (Fig. 2a), it is not possible to determine exactly how 

light exposure affects the distribution of ages of permafrost DOC respired. However, for all soils 

and wavelengths for which light exposure increased respiration relative to dark controls, mass 

balance estimates were made of the age of the additional CO2 from respiration of light-exposed 



DOC. These estimates assumed that (1) for respiration of DOC up to the equivalent amount of 

CO2 produced from the dark treatments, this CO2 had the same average 14C composition from 

respiration of both the dark and light-exposed DOC, and (2) any difference in the average 14C 

composition of CO2 respired between dark and light treatments (Fig. 2a) was due to a different 
14C composition of the additional CO2 from the light treatment, compared to the dark control 

(Figs 1 and 2a, Tables 1 and S4). These mass balance calculations show that the average Δ14C 

value of the additional CO2 from respiration of the light-exposed DOC was -419‰ for UV-

treated wet sedge, -265‰ for UV-treated tussock tundra B, and -400‰ and -376‰ for UV- and 

visible-treated thermokarst, respectively. These Δ14C values are between 40‰ to 170‰ less 14C-

depleted (i.e., younger) than the bulk DOC at each site and correspond to ages of 2,400 to 4,300 

a BP. Despite being younger than both the CO2 from dark respiration and the bulk DOC, and 

similar to the youngest age of DOC expected at the depths in this study (described above), these 

ages for the additional CO2 from respiration of light-exposed DOC are still thousands of years 

old. Thus, these calculations further support the conclusion in this study that permafrost DOC 

with ages greater than ~2,500 years old is labile to microbial respiration after exposure to 

sunlight. 

S2.2 Multiple processes can contribute to microbial production of CO2 that is 13C-depleted 

relative to the bulk DOC 

As discussed in the main text, the most 13C-depleted CO2 might reflect the isotopic signature of a 

small pool of the most labile fraction of permafrost DOC respired by microbes, composed of 13C-

depleted lipid and lignin-like DOC. However, respiration of 13C-depleted DOC fractions cannot 

entirely account for the most depleted δ13C-CO2 values reported here. For example, the CO2 

from respiration of the UV-exposed tussock tundra A permafrost DOC (-44.9‰) was more 13C-

depleted than expected for the most 13C-depleted lipid or lignin-like components of the DOC 

pool (likely ranging from -38 to -31‰ for lipids and from -31 to -17‰ for lignin-like DOC; 

Benner et al., 1987; Bertoldi et al., 2014; Kling & Fry, 1992; McCallister & del Giorgio, 2008; 

Wedin et al., 1995). Furthermore, evidence suggests that microbes respire a range of compounds 

within permafrost DOC (Nalven et al., 2020; Ward et al., 2017), thus making it less likely that 

the most depleted CO2 was from respiration of a single fraction of highly 13C-depleted DOC. 

Here, we discuss the following processes that might contribute to the production of 13C-depleted 

CO2: (1) kinetic isotope fractionation during microbial respiration of DOC, (2) respiration of 13C-

depleted methane, and (3) respiration of 13C-depleted DOC photoproducts.  

The most likely explanation is that multiple of the processes discussed here contributed to the 

respiration of 13C-depleted CO2 in this work. The degree to which the 13C isotopic composition 

of CO2 produced by microbial respiration reflects different DOC sources (including different 

fractions of the DOC pool and methane) versus isotopic fractionation (including kinetic isotope 

effects associated with microbial respiration and photochemical isotope fractionation) remains 

poorly understood. 



S2.2.1 Kinetic isotope fractionation during respiration of DOC  

First, kinetic isotope effects occurring during microbial respiration can produce CO2 that is 13C-

depleted relative to the organic carbon substrate for some organic compounds thought to be 

models for soil organic matter (Blair et al., 1985). However, a kinetic isotope effect is not well 

constrained for microbial respiration of DOC, in which there is a wide range of organic 

compounds with different 13C compositions available for microbes to respire (Bowling et al., 

2008). Additionally, the magnitude of the fractionation is likely variable and dependent on 

environmental factors including organic matter quality, microbial community composition, and 

microbial growth phase (Breecker et al., 2015; Crow et al., 2006; Santruckova et al., 2000). 

Thus, no study of DOC has confidently distinguished the effects of kinetic isotope fractionation 

and selective respiration of different soil fractions on the 13C composition of CO2 from 

respiration (Boutton, 1996; Breecker et al., 2015; Crow et al., 2006). However, the magnitude of 

the kinetic isotope effect is generally believed to be small during respiration of DOC (Boutton, 

1996). Prior studies reporting kinetic isotope fractionation between CO2 produced by microbial 

respiration and the bulk soil organic carbon estimate that CO2 from respiration can range from 

<1 to 3‰ depleted in 13C relative to the bulk soil organic carbon (e.g., Blair et al., 1985; 

Boutton, 1996; Breecker et al., 2015; DeNiro & Epstein, 1978; Nakamura et al., 1990; 

Santruckova et al., 2000). This fractionation factor is not large enough to explain why CO2 

produced by microbial respiration in this study was on average 8‰ depleted relative to the DOC 

(and with individual depletion values as low as 19‰). Therefore, kinetic isotope fractionation 

associated with microbial respiration is likely not the primary factor behind respiration of highly 
13C-depleted CO2 from permafrost DOC in this study. 

S2.2.2 Respiration of 13C-depleted methane 

Second, the 13C-depleted composition of CO2 from respiration of permafrost DOC might be a 

product of CO2 derived from oxidation of 13C-depleted methane. Biogenic methane in permafrost 

soils is highly 13C-depleted, with δ13C ranging from -99 to -40‰ (Quay et al., 1988; Rivkina et 

al., 2007; Shingubara et al., 2019; Vaughn et al., 2016). Additionally, studies of tundra soils from 

some of the same sites as in this study have shown that the native microbial communities in these 

soils contain methanotrophs capable of oxidizing methane to CO2 under aerobic conditions 

similar to the incubations conducted in this study (Romanowicz et al., 2021). The effects of 

oxidation of methane on the isotopic composition of CO2 from respiration are expected to have 

the greatest effect on δ13C-CO2 values when the amount of CO2 from respiration of DOC is low. 

Because the magnitude of respiration was low in this study, both in absolute magnitude (8-93 

µM CO2) and as a percent of the initial DOC (1-5%), the 13C-depleted signature of CO2 from 

methane oxidation could have been amplified here in comparison to incubations where a much 

larger percentage of the non-methane DOC was respired (Mann et al., 2015; Vonk et al., 2013). 

Consistent with this expectation, the most 13C-depleted CO2 was produced when respiration was 

the lowest (< 25 µM CO2). In other studies, in which respiration is inferred to have produced up 

to ~5000 µM CO2, the oxidation of the amount of methane typically measured in oxic permafrost 



leachates would not have had a large influence on the overall 13C composition of the CO2 from 

respiration (Mann et al., 2015; Spencer et al., 2015). Additionally, oxidation of methane is 

consistent with the positive correlation between δ13C-CO2 and the respiratory quotient (Fig. 3a). 

Oxidation of 13C-depleted methane is expected to have the lowest respiratory quotient (~0.5) 

(Hilman et al., 2022) because carbon in methane is in its lowest oxidation state. 

However, it is unlikely that oxidation of 13C-depleted methane alone can account for the most 

depleted δ13C-CO2 values reported here. Methane concentrations in permafrost leachates tested 

in this study are expected to be low, given the aerated conditions of the biological incubations 

conducted. Consistent with this expectation, permafrost leachates from the same sites and 

prepared similarly to those used in this study had dissolved methane concentrations of 1.2 µM or 

less after equilibrating with atmospheric gases over several days during filtering and storage 

before the start of the incubation (Table S6; K. Romanowicz, pers. comm.). These methane 

concentrations are not expected to increase during incubations, because production of methane 

by methanogens is unlikely under aerobic conditions (Hoehler et al., 2010). Assuming complete 

oxidation of the initial ~ 1 µM methane present in soil leachates to CO2 during incubations, the 

initial methane would have to have δ13C values of -120‰ or lower to produce the depleted δ13C-

CO2 values observed in this study (see SI Section 1.5). This value of -120‰ is well below even 

the most 13C-depleted methane in permafrost soils in the literature (Quay et al., 1988; Rivkina et 

al., 2007; Shingubara et al., 2019; Vaughn et al., 2016) indicating that methane concentrations in 

soil leachates during incubations were likely too low for methane oxidation alone to produce the 

observed 13C-depletion of the CO2.  

S2.2.3 Respiration of 13C-depleted DOC photoproducts 

A third possible explanation for the 13C-depleted CO2 from microbial respiration of some 

permafrost DOC is that photochemical isotope fractionation occurs during light exposure, 

producing new DOC photoproducts that are 13C-depleted relative to the initial DOC. Prior work 

has shown that oxidation of DOC by sunlight produces CO2 that is between 1 and 8‰ depleted 

in 13C relative to the bulk DOC (Bowen et al., 2020; Opsahl & Zepp, 2001). However, this result 

has been interpreted as the selective oxidation of depleted lignin and tannin components of the 

DOC pool, rather than a kinetic isotope fractionation. A fractionation factor ranging from -4.8 to 

-1.2‰ has been reported for the photochemical breakdown of organic pollutants (Ratti et al., 

2015; Willach et al., 2018). If light exposure similarly resulted in the production of 13C-depleted 

photoproducts from DOC, then subsequent respiration of these photoproducts could contribute to 

microbial respiration and the production of highly 13C-depleted CO2 that was observed from the 

UV-treated wet sedge and tussock tundra A permafrost DOC.  

In addition to the lack of evidence in the literature for photochemical isotopic fractionation of the 

DOC pool, there are several reasons why photochemical fractionation of the DOC pool is 

unlikely to explain the results of this study. First, respiration of 13C-depleted CO2 was not limited 

to the light-exposed permafrost DOC. Microbial respiration also produced CO2 that was 

substantially 13C-depleted relative to the DOC in the dark wet sedge treatment, where no 



photochemical fractionation would have occurred. Additionally, the evidence suggests that 

photochemical fractionation would selectively release 13C-depleted CO2, leaving the remaining 

DOC 13C-enriched (Bowen et al., 2020; Opsahl & Zepp, 2001). Therefore, light exposure might 

be expected to cause microbes to respire more 13C-enriched DOC, which is opposite of the 

substantial 13C-depletion of CO2 from respiration of some of the light-exposed permafrost DOC. 

Finally, even for light-exposed DOC, the fractionation factors reported in past work for organic 

pollutants are not large enough to account for the full range of δ13C-CO2 values, which were as 

much as 19‰ depleted relative to the DOC for the UV-treated tussock tundra A soil site. 

Therefore, while photochemical fractionation might contribute to the 13C-depleted signature of 

CO2 from respiration of some light-treated permafrost DOC, it alone cannot explain the full 

range of 13C isotopic compositions of the CO2 from respiration of DOC from all of the soil sites 

and treatments. Other factors (e.g., preferential respiration of 13C-depleted DOC fractions, as 

previously described) must also be contributing to microbial production of 13C-depleted CO2. 

S2.3 Different DOC concentrations in duplicate thermokarst leachates have minimal 

impact on light-dark differences in respiration 

Of the duplicate leachates prepared from the thermokarst soil, the leachate used for the UV and 

visible light treatments had higher DOC than the leachate used for the dark treatment (1726 and 

1328 µM DOC respectively; Table S2). Because the CO2 production from respiration was 

significantly, positively correlated with initial DOC concentration in leachates in this study (Fig. 

S4), this difference in initial DOC concentration between the light-treated and dark thermokarst 

leachates likely had a small effect on the magnitude of CO2 respired from light relative to dark 

treatments. 

The approximately linear relationship between DOC concentrations in inoculated, dark-treated 

leachates from all of the sites at the start of incubations and the magnitude of CO2 subsequently 

produced by respiration (data points for dark treatments in Fig. S4) was used to predict how 

much more CO2 microbes would have respired from the dark-treated thermokarst leachate if it 

had a higher initial DOC concentration similar to that of the light treatments. If this were the 

case, microbial respiration in the hypothetical dark thermokarst leachate with higher DOC would 

produce 33 μM CO2, a 12% increase in respiration compared to the 30 μM CO2 measured from 

respiration in the actual dark thermokarst leachate with lower DOC (Table S4). If respiration 

from the dark thermokarst leachate had been higher by this amount, then respiration in the UV 

and visible light treatments of the thermokarst leachate would have been 184% and 125% higher 

than in the dark treatment, as compared to the values of 219% and 153% higher, respectively, 

that are reported in this study. Thus, the difference in DOC concentrations between light and 

dark treatments of the thermokarst leachate are not large enough to change the results for this soil 

site: both UV and visible light increased microbial respiration relative to thermokarst DOC 

respired in the dark, and the effect of both UV and visible light on the magnitude of microbial 

respiration was much greater for the thermokarst leachate than for any of the other two soil sites. 



 

Figure S1. Map of sampling sites for permafrost soils collected from the dominant tundra types 

near Toolik Lake on the north slope of the Brooks Range in northern Alaska, USA. Permafrost 

soils were collected from Toolik Lake tussock tundra (1), from a thermokarst failure on the shore 

of Lake LTER 395 (2), and from Imnavait Creek wet sedge tundra (3). Major vegetation classes 

in this region, shown in color, were taken from Walker and Maier (2008). Wet sedge and tussock 

tundra vegetation are equivalent to the poor fen (dark pink) and moist acidic tundra (light tan) 

complexes shown on this map, respectively. 



 
 

Figure S2. Experimental design for the light exposure and biological incubation experiments 

with permafrost soil DOC leachates. Four different permafrost leachates were prepared from 

permafrost soils collected from sites representing the dominant landscape ages and vegetation 

types of the low Arctic (Walker et al., 2005; Walker & Maier, 2008). Permafrost leachates from 



each soil site were 0.2-µm filtered and stored in the dark at 4 °C until later use in light exposure 

experiments (Step A). A subset of each permafrost leachate was 1.2-µm filtered for inoculum 

and stored in the dark at 4 °C until further use in biological incubations (Step B). The 0.2-µm-

filtered leachate from each soil site was either kept in the dark or exposed to either ultraviolet 

(UV; 305 nm) or visible (405 nm) LEDs at room temperature (Step C). Subsequently, the dark 

and light-exposed waters were inoculated with 1.2-µm filtered inoculum from Step B to achieve 

20% inoculum by volume (Step D). Inoculated dark and light-exposed waters were incubated in 

the dark at 10 °C for between 17 to 30 days, alongside killed control treatments (Step E). At the 

end of biological incubations, the quantity and C isotopic composition of CO2 from microbial 

respiration in all dark and light-exposed treatments was quantified. 



 
 

Figure S3. (a) Rates of CO2 production by microbial respiration, (b) rates of O2 consumption by 

microbial respiration, and (c) the respiratory quotient for microbial respiration of permafrost 

DOC collected from four soil sites and either kept in the dark (grey) or exposed to ultraviolet 

light (UV; blue) or visible light (405 nm, orange). All values are shown as the average ± 1 SE of 

experimental replicates (n = 3). 



 
 

Figure S4. Rates of CO2 production from microbial respiration of permafrost DOC kept in the 

dark (circle symbols), exposed to ultraviolet light (UV; 305 nm, diamond symbols), and exposed 

to visible light (405 nm, square symbols) versus the initial concentration of DOC in biological 

incubations of: Imnavait wet sedge tundra (orange symbols), Toolik tussock tundra A (dark blue 

symbols), Toolik tussock tundra B (yellow symbols), and LTER 395 thermokarst (teal symbols). 

Data were fit using a least-squares regression where R2 = 0.54 and p < 0.01. All values on the y-

axis are shown as the average ± 1 SE of experimental replicates (n = 3). 



 
Figure S5. Wavelength-dependent water column rates of light absorption by the light-absorbing 

portion of permafrost DOC from: Imnavait wet sedge tundra (orange), Toolik tussock tundra A 

(dark blue), Toolik tussock tundra B (yellow), and LTER 395 thermokarst (teal). The black 

dashed line marks the transition between shorter ultraviolet (UV) wavelengths of light and longer 

visible wavelengths of light. Water column rates of light absorption were calculated using the 

wavelength-dependent light absorption by CDOM and the daily incoming photon flux spectrum 

measured on 21 June 2018 at Toolik Lake Field Station on the North Slope of Alaska (Cory et 

al., 2014). Rates of light absorption were integrated over the depth of Imnavait Creek, a small 

headwater creek draining tundra soils near the Toolik Lake Field Station. 



Table S1 

Date, location, and depth of permafrost soil collection  

Permafrost soil 

Landscape 

age  

(k a BP) Glaciation 

Date of soil 

collection Latitude Longitude 

Depth of 

soil 

collection 

(cm) 

Thaw 

depth (cm) 

Imnavait wet sedge tundra 250 Sagavanirktok 19 Jul 2018 68°36’31.90"N 149°18’47.90"W 85 50 

Toolik tussock tundra (A and B) 14 Itkillik I 17 Jul 2018 68°37’16.18"N 149°36’54.17"W 85 24 

LTER 395 thermokarst 14 Itkillik I 17 Jun 2022 68°31'37.20"N 149°32'55.72"W > 80 -- 

Note. Details from the Toolik tussock tundra and Imnavait wet sedge soils were previously reported (Bowen et al., 2020).  



Table S2 

Leaching conditions and chemical attributes of the permafrost leachates prepared from soils collected in 2018 and 2022 

  
Imnavait wet 

sedge tundra 

Toolik tussock 

tundra A 

Toolik tussock 

tundra B 

LTER 395 

thermokarst 

LTER 395 

thermokarst 

  
Before dark and 

UV + vis light 

treatments 

Before dark and 

UV + vis light 

treatments 

Before dark and 

UV + vis light 

treatments 

Before UV + vis 

light treatments 

Before dark 

treatment 

Soil-to-water (g-soil L-1) 122 98 98 750 301 

Thaw time (hr) 29 51 74 97 71 

DOC leaching rate (µmol C g-soil-1 d-1) 4.1 5.3 4.1 0.6 1.5 

pH 6.8 6.4 5.5 6.8 6.3 

Specific conductivity (µS cm-1) 18 14 10 24 8 

Total Fe (µM) 22.2 11.4 13.0 3.3 3.1 

DOC (µM) 609 1095 1244 1726 1328 

a305 (m-1) 31 19 19 23 19 

SUVA254 (L mg-1 C m-1) 3.42 1.23 1.05 1.02 1.07 

Slope ratio (unitless) 0.69 0.89 0.86 1.03 1.19 

Fluorescence index (unitless) 1.55 1.65 1.61 1.66 1.69 

 



Table S3 

Summary of the photon dose, photochemical O2 consumption, and percentage of initial DOC 

oxidized by light during the light exposure of permafrost leachates  

  
Light treatment 

Imnavait wet 

sedge tundra 

Toolik tussock 

tundra A 

Toolik tussock 

tundra B 

LTER 395 

thermokarst 

Light exposure time (hr) UV 35 34 20 45 

  Visible 60 80 55 121 

Experimental photon 

dose (mol photon m-2) UV 4 4 2 5 

Visible 169 224 153 341 

Photochemical O2 

consumption (µM) UV 56 63 48 55 

Visible 55 58 48 37 

DOC oxidized by light 

(%) UV 9 6 4 3 

Visible 9 5 4 2 

Note. DOC leached from permafrost soils was exposed to LEDs at 305 nm (UV) or 405 nm 

(visible) alongside DOC kept in the dark. The percentage of DOC oxidized by UV and visible 

light is calculated by dividing photochemical O2 consumption by the concentration of DOC 

present in the initial leachate before light exposure. 
  



Table S4 

Summary of the incubation length, O2 consumption by respiration, CO2 production by 

respiration, and respiratory quotient during biological incubations 

  
Light treatment 

Imnavait wet 

sedge tundra 

Toolik tussock 

tundra A 

Toolik tussock 

tundra B 

LTER 395 

thermokarst 

Incubation length 

(days) Dark 17 21 30 18 

 UV 17 21 30 18 

  Visible 17 21 30 18 

Increase in total DIC 

during incubation 

(%) Dark 12 19 30 25  

UV 19 8 33 49 

 Visible 8 20 25 40 

CO2 production 

from respiration 

(µM) Dark 12.5 ± 0.5 14.4 ± 0.3 22.9 ± 1.8 29.1 ± 2.7 

 UV 22.0 ± 0.3 8.0 ± 1.1 27.6 ± 2.1 92.9 ± 6.5 

  Visible 9.4 ± 0.3 16.3 ± 0.2 19.5 ± 1.7 73.6 ± 5.3 

O2 consumption 

from respiration 

(µM) Dark 15.8 ± 0.1 14.0 ± 0.2 17.3 ± 3.0 21.0 ± 0.4 

 UV 21.9 ± 0.6 15.9 ± 2.5 20.8 ± 0.5 67.7 ± 3.4 

  Visible 12.8 ± 0.8 17.5 ± 2.0 18.1 ± 3.8 50.4 ± 2.3 

Respiratory quotient 

(CO2:O2 molar ratio) Dark 0.79 ± 0.03 1.03 ± 0.01 1.38 ± 0.21 1.39 ± 0.15 

 UV 1.01 ± 0.01 0.61 ± 0.16 1.34 ± 0.13 1.37 ± 0.08 

  Visible 0.74 ± 0.02 0.96 ± 0.12 1.16 ± 0.23 1.47 ± 0.15 

Note. Values for O2 consumption and CO2 production from respiration are reported as the 

average ± 1 SE of experimental replicates (n = 3). The respiratory quotient is calculated as the 

ratio of CO2 production to O2 consumption during respiration and is reported as the average ± 1 

SE of experimental replicates (n = 3).  



Table S5 

Accession numbers for the permafrost leachates analyzed for carbon isotopes of DOC or DIC at 

the National Ocean Sciences Accelerator Mass Spectrometry facility 

Accession # Permafrost soil 

DOC or DIC analyzed 

for 14C and 13C 

Light 

treatment 

Biological 

incubation 

treatment 

Rep 

# 

OS-167259   Imnavait set sedge DOC Dark N/A -- 

OS-167261   Imnavait set sedge DOC UV N/A -- 

OS-167260   Imnavait set sedge DOC Visible N/A -- 

OS-167262   Toolik tussock tundra A DOC Dark N/A -- 

OS-167264   Toolik tussock tundra A DOC UV N/A -- 

OS-167263   Toolik tussock tundra A DOC Visible N/A -- 

OS-170337   Toolik tussock tundra B DOC Dark N/A -- 

OS-170339   Toolik tussock tundra B DOC UV N/A -- 

OS-170338   Toolik tussock tundra B DOC Visible N/A -- 

OS-170340   LTER 395 thermokarst DOC Dark N/A -- 

OS-170342   LTER 395 thermokarst DOC UV N/A -- 

OS-170341   LTER 395 thermokarst DOC Visible N/A -- 

OS-165577   Imnavait set sedge DIC Dark Viable 1 

OS-165578   Imnavait set sedge DIC Dark Viable 2 

OS-165579   Imnavait set sedge DIC Dark Killed 1 

OS-165580   Imnavait set sedge DIC Dark Killed 2 

OS-165581   Imnavait set sedge DIC UV Viable 1 

OS-165582   Imnavait set sedge DIC UV Viable 2 

OS-165583   Imnavait set sedge DIC UV Killed 1 

OS-165584   Imnavait set sedge DIC UV Killed 2 

OS-166079 Toolik tussock tundra A DIC UV Viable 1 

OS-166080 Toolik tussock tundra A DIC UV Viable 2 

OS-166081 Toolik tussock tundra A DIC UV Killed 1 

OS-166082 Toolik tussock tundra A DIC UV Killed 2 

OS-166075 Toolik tussock tundra A DIC (14C only) Visible Viable 1 

OS-166076 Toolik tussock tundra A DIC (14C only) Visible Viable 2 

OS-166077 Toolik tussock tundra A DIC (14C only) Visible Killed 1 

OS-166078 Toolik tussock tundra A DIC (14C only) Visible Killed 2 

OS-171035   Toolik tussock tundra B DIC Dark Viable 1 

OS-170851   Toolik tussock tundra B DIC Dark Viable 2 

OS-170850   Toolik tussock tundra B DIC Dark Killed 1 

OS-170849   Toolik tussock tundra B DIC Dark Killed 2 

OS-171040   Toolik tussock tundra B DIC UV Viable 1 

OS-171041   Toolik tussock tundra B DIC UV Viable 2 

OS-171042   Toolik tussock tundra B DIC UV Killed 1 

OS-171043   Toolik tussock tundra B DIC UV Killed 2 



OS-171036   Toolik tussock tundra B DIC Visible Viable 1 

OS-171037   Toolik tussock tundra B DIC Visible Viable 2 

OS-171038   Toolik tussock tundra B DIC Visible Killed 1 

OS-171039   Toolik tussock tundra B DIC Visible Killed 2 

OS-170852   LTER 395 thermokarst DIC Dark Viable 1 

OS-170853   LTER 395 thermokarst DIC Dark Viable 2 

OS-170854   LTER 395 thermokarst DIC Dark Killed 1 

OS-170855   LTER 395 thermokarst DIC Dark Killed 2 

OS-169974   LTER 395 thermokarst DIC UV Viable 1 

OS-170856   LTER 395 thermokarst DIC UV Viable 2 

OS-169976   LTER 395 thermokarst DIC UV Killed 1 

OS-169977   LTER 395 thermokarst DIC Visible Viable 1 

OS-169978   LTER 395 thermokarst DIC Visible Viable 2 

OS-169979   LTER 395 thermokarst DIC Visible Killed 1 

OS-169980   LTER 395 thermokarst DIC Visible Killed 2 

Note. Leachates of DOC from permafrost soils were prepared from soils collected in 2018 and 

2022. Soil leachates were then either kept in the dark or exposed to LEDs at 305 nm (UV) and 

405 nm (visible), and then inoculated with native microbial communities and incubated. At the 

start of the biological incubations, single replicates of the DOC after dark or light treatment and 

inoculation were analyzed for 14C and 13C. At the end of the biological incubations, the DIC in 

those waters was analyzed for 14C and 13C in duplicate. 

 

 

Table S6 

Methane concentrations in permafrost soil leachates 

Permafrost soil CH4 (µM) Measurement method 

Imnavait wet sedge tundra 0.3 Leachate water analyzed for dissolved CH4 via MIMS 

Imnavait wet sedge tundra 1.2 

Headspace gas sample analyzed for CH4 via gas 

chromatography 

Toolik wet sedge tundra 0.8 

Headspace gas sample analyzed for CH4 via gas 

chromatography 

Imnavait tussock tundra 0.1 

Headspace gas sample analyzed for CH4 via gas 

chromatography 

Toolik tussock tundra 0.4 

Headspace gas sample analyzed for CH4 via gas 

chromatography 

Note. Soil cores were collected from some of the same arctic landscape ages and vegetation types 

as the leachates used in this study. Leachates were prepared using similar methods to the 

leachates in this study. K. Romanowicz, pers. comm.  
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