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Scientific Significance Statement

Dissolved organic matter (DOM) derived from permafrost is a substantial carbon source in aquatic ecosystems worldwide, yet
its reactivity remains incompletely understood. This study advances our understanding of permafrost DOM, focusing on sam-
ples from the Qinghai–Tibetan Plateau and examining its behavior during biodegradation and photodegradation. We reveal
unique lability patterns within DOM components and underscore the pivotal role of dissolved organic carbon concentration
in shaping its fate. These insights are not only crucial for managing greenhouse gas release from permafrost regions but also
hold broader significance for understanding carbon dynamics in aquatic systems globally, contributing to improved carbon
cycling models and environmental management strategies.

Abstract
Understanding the fate of permafrost-derived dissolved organic matter (DOM) is critical for unraveling its role
in carbon cycling. However, it remains unclear whether the high lability of permafrost-derived DOM can be
attributed to intrinsic chemical properties or elevated carbon concentrations. We investigated the dynamics of
permafrost DOM from the Qinghai–Tibetan Plateau using both biodegradation and photodegradation experi-
ments. Biodegradation and photodegradation of permafrost-derived DOM exhibited distinct qualitative
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preferences for specific chemical groups (i.e., peptide-like and aromatics, respectively). Notably, reducing the
initial concentration of dissolved organic carbon (DOC) by half and a quarter resulted in shifts in biodegradable
DOC content from 11.2% to 11.5% and 8.5%, respectively, accompanied by a corresponding decrease in the
biodegradation rate from 0.11 to 0.06 and 0.03. This insight highlights the importance of recognizing the inter-
play between DOM quality and concentration and bears broader significance for our understanding of the fate
of permafrost-derived DOM in natural ecosystems.

Permafrost soils store a significant amount of organic car-
bon (OC), equivalent to almost double the amount of carbon
in the atmosphere (Tarnocai et al. 2009; Schuur et al. 2015;
Mishra et al. 2021). The alpine permafrost on the Qinghai–
Tibet Plateau (QTP) represents the second largest permafrost
carbon reservoir after the Arctic, containing approximately
15–33 Pg C in the top 3 m depth (Mu et al. 2015; Ding
et al. 2016; Wang et al. 2020a). However, rapid warming has
led to permafrost thaw and degradation of the QTP
(Mu et al. 2017; Liu et al. 2022). Permafrost OC can be
degraded in situ or removed through aquatic biogeochemical
processes such as photodegradation, biodegradation, and
organic matter flocculation (Feng et al. 2013; Qu et al. 2017),
thereby significantly increasing the emissions of greenhouse
gases such as CO2 and CH4 (Yang et al. 2018; Estop-Aragonés
et al. 2020; Wang et al. 2022). While the biolability and
photolability of permafrost OC upon thawing are well-
established (Vonk et al. 2013; Mann et al. 2015; Spencer
et al. 2015; Ward and Cory 2016), investigations using terres-
trial biomarkers and radiocarbon dating have revealed the per-
sistence of a portion of permafrost OC during transport to
large rivers and oceans (Feng et al. 2013; Qu et al. 2017).

Persistence of dissolved organic matter (DOM) in the envi-
ronment relies on both intrinsic molecular properties and
extrinsic environmental factors (Bercovici et al. 2021; Dittmar
et al. 2021; Berggren et al. 2022), but the relative importance of
each factor remains elusive (Arrieta et al. 2015; Jiao et al. 2015;
Shen and Benner 2020). Recent advances in analytical tech-
niques, including Fourier-transform ion cyclotron resonance
mass spectrometry (FT-ICR MS), have revealed a correlation
between the high degradability of permafrost DOM and specific
molecular characteristics (Mann et al. 2015; Ward and
Cory 2016). However, the concentration of organic matter
exerts a notable influence on microbial decomposition. The
trade of gaining and losing energy directs microbes toward a
preference for chemically labile and easily accessible compo-
nents (Jannasch 1994). In soil, increasing the concentration of
organic matter by approximately 2.5 times stimulates microbial
respiration, resulting in a 66% increase (Hernandez and
Hobbie 2010). In the deep sea, the extremely low concentration
of organic matter poses a limitation for microbial utilization of
potentially active organic compounds (Jannasch 1994; Arrieta
et al. 2015). Notably, permafrost thaw streams have been
shown to exhibit extremely high dissolved organic carbon
(DOC) concentrations, orders of magnitude higher than that
regularly reported in marine and inland aquatic ecosystems,

with values often greater than 100 mg C L�1 (Vonk et al. 2013;
Mann et al. 2015; Spencer et al. 2015; Wang et al. 2018a).
However, beyond the known compositional effects, the extent
to which these elevated DOC concentrations contribute to the
rapid loss of permafrost OC remains uncertain, adding com-
plexity to the understanding of permafrost carbon fate in large
rivers and oceans.

In this study, we conducted bioincubation and
photodegradation experiments using DOM extracted from alpine
permafrost on the northeast QTP. In addition, we employed a
concentration gradient approach to dilute the DOC concentra-
tion for bioincubations. By applying multiple methods, we aim
to elucidate the differences in chemical transformations of
alpine permafrost DOM between the biodegradation and
photodegradation processes and assess biodegradation efficiency
in relation to carbon concentration. Our study seeks to advance
the comprehension of permafrost DOM fate, thereby expanding
the scope to encompass the unique characteristics associated
with alpine permafrost DOM on the northeast QTP.

Methods
Experimental settings

We extracted permafrost DOM from 2 kg of permafrost soil
using 10 L of ultrapure water (18 MΩ cm) at 4�C for 24 h. The
permafrost soil was collected from a deep exposed soil profile
with a depth exceeding 1 m on the QTP (37�28038.8400,
100�17030.7000). The extracts underwent sequential filtration
through pre-combusted GF/A (1.6 μm) and GF/F (0.7 μm)
membranes (Whatman), followed by 0.22 μm polyethersulfone
membrane filtration (Millipore). The 1.6 μm filtrate was used as
an inoculum for the biodegradation experiments. All filtrates
were stored at 4�C until set up for incubation within a week.
For additional sampling and incubation details, refer to
Supporting Information Text S1.

We conducted laboratory biodegradation incubations fol-
lowing methods adapted from Mann et al. (2012) and
Wickland et al. (2012). The inoculum solution was mixed
with 0.22 μm filtrate in a 1:100 volume ratio. Portions of the
mixed solutions were diluted to 50% and 25% of the original
DOC concentration by adding ultrapure water. These non-
diluted and diluted systems, which represent 100%, 50%, and
25% of the original DOC concentration, showed consistent
inoculum size per unit DOC and were denoted as 100%-DOC,
50%-DOC, and 25%-DOC groups, respectively. Subsequently,
100 mL of each solution was transferred into pre-cleaned and
pre-combusted 300 mL glass bottles. Incubation bottles were
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tightly secured to limit evaporation but were opened weekly
to ensure adequate oxygen supply during incubation at 20�C.
After specific time intervals (0, 7, 14, 21, and 28 d), we
harvested three identical bottles from each group. Collected
samples were filtered through pre-combusted 0.7 μm GF/F
membranes and stored frozen (�20�C) and in the dark for
subsequent analyses.

For the photodegradation experiments, we filled pre-
combusted quartz flasks with 500 mL of 0.22 μm filtrate and
sealed them with parafilm. Photochemical irradiations were
conducted using natural sunlight (Ward et al. 2017). All flasks
were placed on the laboratory roof (Shanghai, China) in
September and irradiated for 15 d. Samples were collected at
different time intervals (0, 3, 6, 9, and 15 d), corresponding to
sunlight exposure times of approximately 0, 22, 38, 61, and
106 h. After filtration through a 0.22 μm filter, the filtrates
were stored frozen (�20�C) and in the dark.

Sample analysis
DOC concentration was analyzed on a Shimadzu

TOC-VCPH analyzer. Optical properties were assessed using
a Shimadzu dual-beam UV-2600 spectrophotometer and
a Hitachi F-7000 fluorimeter. The detailed analytical methods
have been described (Wang et al. 2018b). Fluorescence
excitation–emission matrices were processed using the parallel
factor analysis (PARAFAC) method (Murphy et al. 2013). Opti-
cal characteristics were determined by calculating specific UV–
visible absorbance at 254 nm (SUVA254), spectral slope
(S275–295), fluorescence index (FI), biological index (BIX), and
humification index (HIX) (McKnight et al. 2001; Ohno 2002;
Weishaar et al. 2003; Helms et al. 2008; Wilson and
Xenopoulos 2009).

The molecular level composition of DOM was determined
by 21 T FT-ICR MS at the National High Magnetic Field Labo-
ratory (Tallahassee, FL, USA) (Hendrickson et al. 2015; Smith
et al. 2018). Analytical methods are described in Supporting
Information Text S2 (Xian et al. 2010; Blakney et al. 2011;
Savory et al. 2011; Spencer et al. 2014). Elemental composi-
tions were assigned using PetroOrg© software (Corilo 2015)
based on the presence of carbon, hydrogen, oxygen, nitrogen,
and sulfur, with mass accuracies of less than 0.4 ppm. The
modified aromaticity index (AImod) was calculated to assess
aromaticity (Koch and Dittmar 2016). Formulae were classified
into five different chemical groups: condensed aromatics,
polyphenolics, highly unsaturated compounds, aliphatics,
and peptide-like compounds based on elemental composition
(Kellerman et al. 2015). The formulae with AImod ≥ 0.5 were
denoted as aromatic formulae, which were a combination of
condensed aromatics and polyphenolics. The relative abun-
dance of each compound class was weighted by intensities.
Formulae with H/C ≥ 1.5 (molecular lability boundary) were
denoted as labile molecules and were used to calculate the
lability index (MLBL) based on the relative intensity
(D’Andrilli et al. 2010).

Results and discussion
Changes in DOM with biodegradation

In the undiluted system (A), the initial DOC concentration
was 23.18 � 0.20 mg L�1 (mean � standard deviation). Over
7 d, it decreased to 22.52 � 0.25 mg L�1 and further decreased
significantly to 20.48 � 0.08 mg L�1 over 14 d (p = 0.01). The
slower initial DOC consumption could be attributed to the
“bottle effect”, a common phenomenon when the microbial
community is perturbed upon being introduced to the bottle
environment (Allison and Martiny 2008). Alternatively, a con-
trol group without inoculum could offer insights into back-
ground changes, aiding in the resolution of degradation
kinetics. In the absence of a control experiment, we collec-
tively considered background changes and biodegradation,
fitting the biodegradation process with a one-phase exponen-
tial decay function (refer to Supporting Information Text S3).
Biodegradable DOC accounted for 11.2% of total DOC in QTP
permafrost (Fig. 1a), a proportion notably lower than that
reported for Arctic permafrost (34–47%) (Vonk et al. 2013;
Mann et al. 2015; Spencer et al. 2015). The diminished biode-
gradability observed in QTP permafrost may be attributed to
the relatively high abundance of refractory humic DOM,
which would limit the degradation in permafrost DOM incu-
bations (Shirokova et al. 2019). In addition, the lower biode-
gradability in our study may stem from a more advanced
degradation state of permafrost organic matter in the QTP, as
evidenced by higher alkyl-C abundance and higher alkyl/O-
alkyl ratio than Arctic soil (Wang et al. 2020b).

Three components C1 (maxima em/ex: 424 nm/240 nm), C2
(476 nm/260 nm), and C3 (334 nm/275 nm) were validated
with PARAFAC analysis and assigned as reprocessed microbially
related humic-like substances, terrestrially derived humic-like
substances, and protein-like substances, respectively (Stedmon
et al. 2003; Guo et al. 2011). The relative abundance of C1
(67.3–67.8%) and C2 (24.6–24.8%) increased slightly (p < 0.05),
while that of C3 decreased from 8.2% to 7.5% (p < 0.01, Fig. 2),
suggesting preferential biodegradation of the biolabile protein-
like component. In addition, the S275–295 gradually increased
from 15.02 � 10�3 to 15.46 � 10�3 nm�1 (p < 0.01), indicating
conversion from high molecular weight DOM to low molecular
weight DOM (Mann et al. 2015). However, the relative abun-
dance of colored DOM (a350) and fluorescent DOM (Fmax)
remained largely unchanged throughout the incubation period,
and SUVA254, FI, BIX, and HIX values did not display a clear var-
iation trend (Fig. 1d–f). This suggests that the biodegradation’s
impact on the quantity of colored DOM components might be
minimal, and optical characteristics may not reveal significant
changes during that biodegradation.

Along with decreased C3 and increased S275–295, the
changes observed in the DOM remained consistent at the
molecular level. The relative abundance of peptide-like com-
pounds slightly decreased from 1.7% to 1.4%, and the
intensity-weighted average molecular weight of DOM chan-
ged from 398 to 386 Da. The biodegradation also led to the
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loss of 1967 formulae, including 576 labile formulae
(H/C > 1.5) and 587 aromatic formulae (AImod > 0.5), consti-
tuting 24.5% of the labile formulae (n = 2349) and 11.6% of
the aromatic formulae (n = 5042) present in the initial sam-
ples, respectively. Furthermore, the relative abundances of
condensed aromatic increased from 8.2% to 10.1% (Fig. 3).
Integrating perspectives from optical characteristics and
molecular signatures, our results support the preferential con-
sumption and transformation of high molecular weight
protein-like DOM while preserving aromatic compounds dur-
ing biodegradation (Spencer et al. 2014; Grunert et al. 2021).

Changes in permafrost leachate DOM with
photodegradation

Over 15 d, photodegradation reduced the DOC concentra-
tion from 22.53 mg L�1 to 20.05 mg L�1 (Fig. 1g). However,
the DOC concentration did not reach a plateau, suggesting
incomplete photodegradation, so we did not perform decay
function fitting. For the first 9 d, the DOC changes were rela-
tively slow, which might result from partial photodegradation
that alters only DOM composition, not concentration (Cory
et al. 2014), and also might be due to relatively low available

quantum yields in natural irradiation as the cloud cover, aero-
sol loading, and water vapor changed during the incubation
(Yang et al. 2021; Yu et al. 2023).

Due to the photodegradation, the S275–295 increased signifi-
cantly by 22.3%, while the SUVA254, FI, HIX, and BIX all
decreased by 41.6%, 12.8%, 12.9%, and 7.2%, respectively
(Fig. 1i–l). Terrestrial humic-like C2 decreased by 31.2%, while
the protein-like C3 demonstrated a twofold increase from
7.9% to 17.5% (Fig. 2). These results indicate selective preser-
vation or slower decay of protein-like DOM and preferential
removal of humic-like DOM during photodegradation.

At the molecular level, consistent with decreases in SUVA254

and the relative abundance of humic-like C2, the relative abun-
dance of condensed aromatics and polyphenolics revealed by
FT-ICR MS also decreased from 5.5% to 3.7% and 13.9% to
10.5%, respectively, during photodegradation. This is further
supported by a decrease in AImod (0.30–0.26). However, the rel-
ative abundance of peptide-like formulae increased from 1.4%
to 2.9%, and MLBL increased from 9.3% to 13.4%. Moreover,
1279 formulae were lost after photodegradation (Fig. 3d),
including 630 aromatic formulae and 89 labile formulae,
accounting for 18.3% of the aromatic formulae and 4.5% of

Fig. 1. The changes in the concentration and optical characterization of dissolved organic carbon (DOC) over time during biodegradation (a–f) and
photodegradation (g–l) experiments. The horizontal dotted lines represent the values in the initial samples, and the numbers displayed on the figures
indicate significant changes relative to the parameters in the initial samples. One-phase exponential decay function is used to fit the biodegradation pro-
cesses, and the degradation rate was expressed as the k value (d�1).
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Fig. 2. Contour plots of three identified EEM-PARAFAC components (a–c), each characterized by different excitation and emission wavelengths. The rel-
ative abundances (R.A.) of these components during the biodegradation and photodegradation processes are shown in the stacked bar chart (d, e). Spe-
cifically, component C1 represents reprocessed microbial-related humic-like substances, component C2 corresponds to terrestrially derived humic-like
substances, and component C3 signifies protein-like substances.

Fig. 3. The changes in the relative abundance (R.A.) of compositional groups before and after the biodegradation (a) and photodegradation (b) experi-
ments. Van Krevelen plots are provided for the formulas that were lost after biodegradation (c) and photodegradation (d), with labile formulas and aro-
matic formulas highlighted in different colors.
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the labile formulae present in initial samples. Compared to bio-
degradation (11.6% and 24.5% loss of aromatic and labile for-
mulae), preferential photodegradation of aromatic formulae
was evident, while aliphatic and peptide-like formulae had
higher bioreactivity but were less prone to photodegradation
(Cory and Kling 2018; Grunert et al. 2021). Furthermore, the
co-occurrence of photo- and biodegradation might synergisti-
cally contribute to DOC loss, involving partial photo-oxidation

of high molecular weight aromatic DOM to less condensed
forms, potentially increasing biolability (Cory and Kling 2018).

Effect of permafrost DOM concentration on
biodegradation

The biodegradation of 100%-DOC–25%-DOC groups
exhibited exponential decay (r2 > 0.75; Fig. 4a–c). Biodegrad-
able DOC was similar across 100%-DOC and 50%-DOC

Fig. 4. The changes in dissolved organic carbon (DOC) concentration during biodegradation in different groups with varying high-to-low DOC concen-
trations (100%-DOC, 50%-DOC, and 25%-DOC). A one-phase exponential decay function is used to fit the biodegradation processes, and the degrada-
tion rate and half-time were expressed as the k value and thalf. The error bars showed standard deviations of DOC concentration from three repeats. Van
Krevelen plots are presented for the formulas that were lost at the end of the experiment for different groups, with labile formulas highlighted in red and
carboxyl-rich alicyclic molecules highlighted in blue (d–f). The “n” values indicate the number of molecules and the relative changes compared to initial
samples. The relative abundance of different chemical groups in pre- and post-degraded samples for different groups (h–j). The color gradient indicates
the relative changes compared to the initial samples.
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groups (11.2% and 11.5%), but it decreased to 8.5% in the
25%-DOC group. In addition, the degradation rates were
influenced by the initial DOC concentration. As the initial
DOC concentrations decreased from 100%-DOC to 25%-
DOC, the half-life (thalf) increased from 6.3 to 11.2 d and then
to 21.1 d, and the degradation rate (k value) decreased from
0.11 to 0.06 d�1 and then to 0.03 d�1 (Fig. 4a–c). The concen-
tration of microbes in 100%-DOC–25%-DOC groups exhibited
a synchronous decrease with the DOC concentration due to
dilution. The dilution method employed in this study may
have introduced limitations in terms of microbial concentra-
tion and the availability of inorganic micro- and macronutri-
ents for the microbial community. However, in soil systems,
the solid (soil)/solution (ultrapure water) ratio of 0.1 is com-
monly utilized in extractions for subsequent biodegradation
incubations (Kalbitz et al. 2003; Bowen et al. 2009), and our
100%-DOC–25%-DOC groups demonstrated solid/solution
ratios ranging from 0.2 to 0.05, which deviate from the con-
ventional ratio and may not impose strict restrictions on
microbial concentrations and inorganic nutrient availability
during incubation. While the potential effect of microbial
concentration on decreasing degradation rates cannot be
entirely ruled out, our findings suggest that the lower DOC
concentration could be an effective impactor as it showed
restrictions on microbial growth efficiency (Eiler et al. 2003;
Arrieta et al. 2015).

From a molecular formulae perspective, different changes
occurred in different DOC concentration groups after 28 d of
biodegradation. 100%-DOC, 50%-DOC, and 25%-DOC groups
experienced a loss of 1967, 1645, and 2183 formulae, respec-
tively (Fig. 4d–f). Among those completely degraded formu-
lae, 587, 517, and 998 were identified as aromatic formulae,
accounting for 11.6%, 11.7%, and 20.8% of the total aromatic
formulae in the related initial samples of different groups.
Also, we recognized 576, 485, and 408 labile formulae in these
completely degraded formulae, which represent 24.5%,
23.08%, and 18.9% of the total labile formulae in the related
initial samples of different groups. Consistently, the AImod

and the relative abundance of all aromatic formulae in
100%-DOC and 50%-DOC groups increased, while they all
decreased in 25%-DOC group with the biodegradation
(Fig. 4h–j). The relative abundance of peptide-like formulae in
undegraded samples of 100%-DOC to 25%-DOC groups were
1.7%, 1.6%, and 1.6%, and with biodegradation, it decreased
by 17.8%, 24.4%, and 5.4%. Compared with the 100%-DOC
and 50%-DOC groups, the 25%-DOC group exhibited higher
consumption of aromatic formulae during low-carbon con-
centration biodegradation.

The differences in degradation rates and chemical composi-
tions observed during biodegradation processes among the
three groups highlight the crucial role of DOC concentration
and DOC composition. In the 100%-DOC and 50%-DOC
groups, where the absolute content of DOC substrates is com-
paratively high, microorganisms exhibit an active preference

for energetically favorable substrates, thereby opting to utilize
unstable peptide-like substances present in the environment.
Conversely, in the 25%-DOC group, where the absolute con-
centration of DOM substrates is lower, microbial survival
mechanisms, driven by energy considerations, lead to a ten-
dency for passive uptake of randomly encountered substrates
to maintain metabolism rather than actively seeking and con-
suming energetically favorable substrates (Jannasch 1994;
Arrieta et al. 2015). Given the higher relative concentration of
aromatic compounds compared to peptide-like substances
under these conditions, the consumption of aromatic com-
pounds significantly increases compared to the other two
groups. Our findings support the notion that the carbon con-
centration impacts the lability of DOM (Eiler et al. 2003;
Arrieta et al. 2015; Lennartz and Dittmar 2022). These find-
ings provide important insights into the role of DOC concen-
tration on the biodegradability of DOM and the mechanisms
underlying the transformation of different types of DOM
formulae.

Conclusion
Our study uncovers distinct biolability and photolability

patterns within specific components of permafrost DOM from
the QTP. In addition, it confirms that the relatively low con-
centration of DOC restricts the accessibility of permafrost
organic matter, influencing microbial biodegradation path-
ways, which is possibly associated with microbial energy utili-
zation strategies. The observed DOC concentration-dependent
shifts indicate that both concentration and compositional
characteristics significantly impact carbon turnover rates, par-
ticularly during the long-distance transport of permafrost-
derived DOC from source regions to the sea with continuous
dilution. Understanding the intricate connections between
DOC concentration, microbial activity, and DOM transforma-
tion is pivotal for the accurate modeling of carbon fluxes in
diverse ecosystems, further underscoring the relevance of our
findings in the context of global biogeochemical cycles.
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