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ABSTRACT
Understanding the fate of organic carbon in thawed permafrost is crucial for predicting climate feedback. While minerals and 
microbial necromass are known to play crucial roles in the long- term stability of organic carbon in subsoils, their exact influence 
on carbon persistence in Arctic permafrost remains uncertain. Our study, combining radiocarbon dating and biomarker analy-
ses, showed that soil organic carbon in Alaskan permafrost had millennial- scale radiocarbon ages and contained only 10%–15% 
microbial necromass carbon, significantly lower than the global average of ~30%–60%. This ancient carbon exhibited a weak cor-
relation with reactive minerals but a stronger correlation with mineral weathering (reactive iron to total iron ratio). Peroxidase 
activity displayed a high correlation coefficient (p < 10−6) with Δ14C and δ13C, indicating its strong predictive power for carbon 
persistence. Further, a positive correlation between peroxidase activity and polysaccharides indicates that increased peroxidase 
activity may promote the protection of plant residues, potentially by fostering the formation of mineral- organic associations. 
This protective role of mineral surfaces on biopolymers was further supported by examining 1451 synchrotron radiation infrared 
spectra from soil aggregates, which revealed a strong correlation between mineral OH groups and organic functional groups 
at the submicron scale. An incubation experiment revealed that increased moisture contents, particularly within the 0%–40% 
range, significantly elevated peroxidase activity, suggesting that ancient carbon in permafrost soils is vulnerable to moisture- 
induced destabilization. Collectively, this study offers mechanistic insights into the persistence of carbon in thawed permafrost 
soils, essential for refining permafrost carbon- climate feedbacks.
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1   |   Introduction

Understanding the fate of carbon (C) in thawed permafrost is cru-
cial for accurately predicting climate feedback. Despite covering 
only 16% of Earth's land area, permafrost contributes approxi-
mately 50% of the soil organic C stock in frozen ground (Schuur 
et  al.  2022; Turetsky et  al.  2020). This reservoir, vulnerable to 
climate change- induced thawing, is projected to release 67–237 
Pg of C by 2100, based on model- data synthesis under medium 
and high emission scenarios (Schuur et  al.  2022). Considering 
a stronger plant C uptake response than that obtained in ear-
lier Coupled Model Intercomparison Project (CMIP) 5 studies, 
it is estimated to emit 26 Pg C by 2100 under RCP8.5 (McGuire 
et al. 2018). Consequently, these regions are considered potential 
climate “tipping elements” (Armstrong McKay et al. 2022; Lenton 
et al. 2008). Concerns about its vulnerability to microbial decom-
position in a changing world emphasize the need to understand 
the accumulation (i.e., amount) and persistence (i.e., turnover time 
or the mean system “age”) of C in soils (Sierra et al. 2018). Recent 
research indicates that the interplay between microbial prop-
erties, mineral variables, and climatic conditions plays a crucial 
role in influencing soil C persistence (Cotrufo and Lavallee 2022; 
Doetterl et al. 2015). The contemporary paradigm posits that soil 
microbes efficiently process labile plant carbon into microbial 
necromass (cell residues) that tend to attach on mineral surfaces 
and form mineral- associated organic C (hereafter the “necromass 
stabilization mechanism”) (Cotrufo et al. 2013; Kleber et al. 2015; 
Mikutta et al. 2019; Luo et al. 2021; Sokol and Bradford 2018; Wang 
et al. 2024). This paradigm, however, has primarily been tested in 
temperate and tropical soils (Hall and Silver 2013; Koegel- Knabner 
et al. 2008; Kramer and Chadwick 2018), and its application to per-
mafrost soils, particularly in their subsoils (30–200 cm depth), re-
mains challenging.

The challenge is mainly derived from the unusual properties of 
organic matter (OM) and minerals in Arctic permafrost soils. 
These soils contain a high proportion of vulnerable particulate 
OM (García- Palacios et al. 2024; Prater et al. 2020). Compared 
to undecomposed organic residues from tundra- steppe vegeta-
tion that has not undergone microbial decomposition (Martens 
et al. 2023), microbial necromass, representing the C pool from 
microbial remnants (Liang et al. 2019), may exhibit distinct re-
sponses to permafrost thawing. This hold particularly true for 
subsoil horizons of permafrost soils, where approximately 70% 
of whole soil organic C (SOC) is located (Jackson et  al.  2017). 
To date, research on microbial necromass in Arctic permafrost 
subsoils is scarce (Dai et al. 2002) compared to other permafrost 
areas such as the Tibetan Plateau (He et  al.  2022), despite its 
potential pivotal contribution to global C cycles.

The degradation and stabilization of soil OM (SOM) components, 
such as necromass, are thought to be influenced by microbial 
community structure and mineral reactivity, with the former im-
pacting its degradation while the latter affecting its sorptive pres-
ervation in soils (Buckeridge, Creamer, and Whitaker 2022; Xiao 
et  al.  2023). In the Arctic permafrost soils, colder temperatures 
may favor fungal dominance due to their less substrate- limited 
nature (Gavazov et al. 2022). Many fungi also have strong capabil-
ity at producing peroxidases that can break down recalcitrant OM 
(Sinsabaugh 2010; Tian and Shi 2014). Key peroxidases, such as 
lignin peroxidase and manganese peroxidase, play crucial roles in 

ecosystem processes like lignin degradation and C mineralization 
(Sinsabaugh 2010). Emerging evidence suggests that fungi contrib-
ute to SOM persistence through rapid litter decomposition and the 
formation of mineral- organic associations on fresh litter surfaces 
(Witzgall et al. 2021). Using isotopic labelling and nanoscale sec-
ondary ion mass spectrometry (NanoSIMS) imaging, researchers 
demonstrated that litter surfaces act as a nucleus for stable SOC 
formation (Witzgall et al. 2021), suggesting an alternative mech-
anism to sorptive preservation in permafrost soils. An incubation 
study with 44Ca- labeled soils and 13C15N- labeled leaf litter, sup-
ported by NanoSIMS images, further confirmed the formation of 
mineral- microbial product associations on litter surfaces (Shabtai 
et al. 2023). Such mineral protected SOM is affected by mineral 
reactivity (Koegel- Knabner et al. 2008; Mikutta et al. 2019; Xiao 
et al. 2023). However, Arctic permafrost subsoils are composed of 
minerals with low reactivity (low content of secondary phyllosili-
cate clay minerals and (oxyhydr)oxides) (Ping et al. 2015), suggest-
ing that the formation of mineral- organic complexes may be less 
important for SOC accrual and persistence compared to soils of the 
temperate regions. Consequently, microbial- derived peroxidases, 
particularly from fungi, may play a crucial yet underexplored role 
in SOC stabilization in Arctic permafrost.

In this work, we hypothesize that mineral attachment, induced 
by peroxidase degradation, facilitates carbon stabilization in 
permafrost soils. This proposed hypothesis posits that microbial 
produced peroxidases can degrade SOC to create etching sites, 
which subsequently enhances the accrual and persistence of SOC 
through mineral attachment in permafrost regions. To test this 
hypothesis, we employ a colorimetric reaction method to assess 
peroxidase activities (Jiang et al. 2018). Given that peroxidases use 
hydrogen peroxide (H2O2) as the electron acceptor, we utilize the 
titanium sulfate method (Satterfield and Bonnell 1955) to evalu-
ate the contents of H2O2, a widespread oxidant in permafrost soils 
(Page et al. 2013; Trusiak et al. 2018). Considering the differences 
in OM compositions, we use selective extraction methods (Mehra 
and Jackson 1958) and amino sugar biomarkers (Hu et al. 2024; 
Liang et  al.  2019) to determine mineral associated- organic car-
bon (OC) and microbial necromass, respectively. Since microbial 
necromass stabilization involves not only amino sugars but also 
other biopolymers (Buckeridge, Creamer, and Whitaker 2022; Hall 
et al. 2020), we utilize correlative synchrotron radiation infrared 
(IR) and micro- X- ray fluorescence (μ- XRF) spectromicroscopy to 
investigate the in situ correlation between minerals and microbial-  
and plant- derived biopolymers in soil aggregates (Kang et al. 2024; 
Lehmann, Kinyangi, and Solomon 2007; Wasner et al. 2024). Our 
study aims to: (1) investigate the contribution of microbial necro-
mass to SOC in Alaskan permafrost subsoils and (2) explore the 
mechanisms of SOC stabilization and persistence driven by per-
oxidase activity.

2   |   Materials and Methods

2.1   |   Soil Sampling

Permafrost cores were collected from depths ranging from 
56 cm to 310 cm at three sites in Alaska: Barrow, Creamers 
Field, and Jago, between 2011 and 2019 (Figure  1 and 
Figure S5). In Barrow, the ecosystem was moist- shrub tundra, 
while in Creamers Field, it was characterized as birch forest. In 
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Jago, the ecosystems were characterized as moist sedge- dryas 
tundra (one site) and tussock tundra, respectively. The preva-
lent regional soil types encompass primarily Gelisols accord-
ing to USDA Soil Taxonomy, alongside lesser occurrences of 
aquents, fluvents, and cryepts (Ping et al. 2015). A total of four 
soil cores, comprising eight individual soil samples, were pro-
cured from these three sites. The soils were further categorized 
into two depth ranges (Behnke et al. 2023): upper (56–69 cm) 
and deeper (144–310 cm) layers (Table  1). Details about sites 
and soil properties are provided in Tables S3–S5, Data S1, and 
retrieved from the database in the Web site: https:// north slope 
scien ce. org/ catal og/ . Subsequently, the subsoils underwent a 
series of preparations, including grinding using a mortar and 
pestle, sieving through a 100- mesh sieve, and air- drying.

2.2   |   Microbial Necromass Assay

We analyzed four amino sugars in permafrost soils, following 
a modified procedure based on Liang et  al.  (2019). This anal-
ysis involved examining muramic acid (MurA), glucosamine 
(GluN), galactosamine, and mannosamine via gas chromatogra-
phy after converting them to aldonitrile acetates. Approximately 
1 g of finely ground, air- dried soils underwent hydrolysis with 
6 M HCl at 105°C for 8 h to release the amino sugar monomers. 
Post purification and derivatization, the extracts underwent 
analysis using a gas chromatograph (GC- 2014C, Shimadzu, 
Japan) fitted with a DB- 5 column (60 m × 0.25 mm × 0.25 μm). 
Identification of individual amino sugar derivatives was carried 
out by comparing their retention time with authentic standards. 
Quantification, based on peak areas, was expressed as mass 
per mass of soil (μg g−1) relative to the internal standard myo- 
inositol, added to the samples' pre- purification.

As a constituent of bacterial cell wall peptidoglycan, MurA is not 
produced by eukaryotic cells. Although bacterial peptidoglycan 
contains both MurA and GluN, in soils, GluN is mainly derived 
from fungal chitin rather than bacterial peptidoglycan (Amelung 

et  al.  2001). The origin of galactosamine or mannosamine is 
presently under debate. The calculation of fungal and bacterial 
necromass C followed Appuhn and Joergensen (2006) with the 
revision by Engelking, Flessa, and Joergensen (2007) [equations 
(Eqs.) (1) and (2)]:

where the coefficients 179.17 and 251.23 correspond to the mo-
lecular weights of GluN and MurA, respectively. The factor 9 
denotes the conversion of fungal GluN to fungal necromass C, 
while 45 represents the conversion of MurA to bacterial necro-
mass C. The collective microbial necromass C was computed by 
summing fungal and bacterial necromass C. The ratio of micro-
bial necromass C to SOC signifies the contribution of microbial 
necromass to SOC.

Most recently, Hu et  al.  (2024) introduced updated equations 
(Equations 3 and 4) for calculating fungal and bacterial necro-
mass C:

To validate the contribution of microbial necromass C to SOC, 
these equations (Equations 3 and 4) were compared with earlier 
ones (Equations 1 and 2) in this study.

2.3   |   Data Synthesis of Microbial Necromass in 
Global Soils

To determine the total necromass C ratio in SOC, we conducted 
a comprehensive data retrieval of microbial necromass data by 

(1)
F−necromass C=(GluN∕179.17−2×MurA∕251.23)

×179.17×9

(2)B − necromass C =MurA × 45

(3)F − necromass C = (GluN − 1.16 ×MurA) × 10.8,

(4)B − necromass C =MurA × 31.3.

FIGURE 1    |    Carbon stocks and geographic distribution of study sites in Alaska, USA. (a) This illustration shows the latitudinal distribution of 
organic matter in various terrestrial ecosystems, adapted from Crowther et al. (2019), underscoring the significance of Alaskan permafrost subsoils. 
(b) Overview map highlighting the study sites, indicating the precise locations of the permafrost drill cores using red markers. A total of eight 
permafrost soil samples from four different soil cores were gathered from Barrow (BW), Creamers Field (CF), and Jago near Fairbanks in Alaska. 
Map lines delineate study areas and do not necessarily depict accepted national boundaries.
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searching keywords “microbial necromass”, “amino sugar”, 
“fungal necromass”, “bacterial necromass”, and “microbial res-
idue” from Web of Science (http:// apps. webof knowl edge. com/ ). 
Our data collection process comprised the following steps: (1) 
Directly gathering data values for the quantities of four amino 
sugars (GluN, galactosamine, MurA, and mannosamine) indi-
vidually, alongside their cumulative sum; (2) in scenarios where 
specific mannosamine data were absent, we utilized the sum of 
the other three types; (3) converting data related to fungal re-
sidual C and bacterial residual C into GluN and MurA content 
by using the provided conversion coefficients (Equations 1 and 
2); (4) standardizing the diverse units extracted from the liter-
atures as a unified expression: (B- necromass C + F- necromass 
C)/SOC (%); and (5) collecting sampling details such as latitude 
and longitude from the studies. This meticulous data gathering 
process resulted in the construction of a comprehensive micro-
bial necromass database sourced from 126 published papers. 
This database encompasses 980 observations of microbial nec-
romass spanning the period from 1996 to 2023, derived from 
soil samples worldwide. The detailed dataset is available in 
Data S2.

2.4   |   Peroxidase Activity Assay

We introduced a colorimetric approach (Jiang et  al.  2018) 
to determine the peroxidase activity in the soils. Two 
milligrams of soil was mixed with 1 mL of the test 3,3′, 
5,5′- tetramethylbenzidine (TMB) solution in 0.2 M NaAc- 
HAc buffer (pH 3.6). Following the addition of H2O2 (to reach 
a final concentration of 50 mM) at 37°C, a blue color devel-
oped. Using a SpectraMax M5 spectrophotometer (Molecular 
Devices, Sunnyvale, CA), absorbance reading was taken 
at 652 nm every 25 s for a duration of 30 min. A control was 
included without the addition of H2O2 or the TMB solution. 
The peroxidase activity of the soils was calculated using 
Equation (5):

where peroxidase activity (U g−1) represents the amount of soil 
capable of catalytically producing 1 μM of product per minute 
per gram at 37°C; V denotes the total volume of the reaction 
solution (μL); ε signifies the molar absorption coefficient of 
the substrate (39,000 M−1 cm−1); l indicates the path length of 
light propagation (cm); ΔA represents the absorbance after 
subtracting the blank value; and ΔA/Δt stands for the initial 
rate of absorbance change at 652 nm (min−1); and [m] denotes 
the weight (g) of the soil. The detailed dataset is available in 
Data S3.

To ascertain that the detected peroxidase activity origi-
nated from the soils rather than water- extracted iron ions, 
we subjected the soils to cultivation in a standard reaction  
solution (pH 3.6, NaAc–HAc buffer) at 37°C for 400 s, the 
necessary duration for activity measurement. Subsequently, 
the soils were separated from the solution through  
centrifugation at 10,000 g. We then conducted a compara-
tive analysis between the activity of the solution and that of 
the collected soils under identical conditions to validate our 
observations.

(5)Peroxidase activity = V ∕(ε × l) × (ΔA∕Δt)∕[m],
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2.5   |   Correlative Synchrotron Infrared 
Spectromicroscopy and μ- XRF Analysis

To assess the spatial correlation between structural OH in min-
erals and plant-  and microbial- derived biopolymers, we con-
ducted an in situ assessment of permafrost soil aggregates using 
μ- XRF and synchrotron radiation- based IR spectromicroscopy. 
To achieve this, we manually selected from the eight soil samples 
intact soil macro-  and micro- aggregates in triplicate, carefully 
placed them on a glass fiber filter paper, and allowed them to 
gently humidify over a 24- hour period (Lehmann, Kinyangi, and 
Solomon  2007). Subsequently, the undisturbed soil aggregates 
underwent freezing at −20°C and were cryo- ultramicrotomed to 
1 μm thickness using a stainless- steel knife in a cryomicrotome 
(Cyrotome E, Thermo Shandon Limited, UK). The resulting 
thin sections were then placed onto MirrIR Low- E microscope 
slides (Kevley Technologies, Ohio, USA) for further analysis.

The samples underwent triplicate analysis at beamlines 01B and 
06B of the Shanghai Synchrotron Radiation Facility (SSRF). This 
generated a total of 303 individual spectra for Barrow soils, 419 
spectra for Creamers Field soils, and 729 spectra for Jago soils. 
Spectral maps were acquired in reflection mode across a scan-
ning wavenumber range from 650 to 4000 cm−1. Parameters in-
cluded an aperture size of 10 × 10 μm2, a step size of 10 × 10 μm2, 
a resolution of 4 cm−1, and 64 co- added scans. Subsequent pro-
cessing of the spectral maps was carried out using OMNIC 9.0 
(Thermo Fisher Scientific Inc., Waltham, USA). This allowed for 
accurate depiction of characteristic peak intensities and spatial 
distribution positions of each functional group. The specific IR 
absorbances subjected to analysis were as follows: 3621 cm−1 
(mineral- OH), 2922 cm−1 (lipids), 1634 cm−1 (amides), 1525 cm−1 
(lignin), and 1080 cm−1 (polysaccharides) (Lehmann, Kinyangi, 
and Solomon 2007; Shabtai et al. 2023; Sun et al. 2023; Wasner 
et al. 2024; Weng et al. 2022). Among these functional groups, 
amides (1634 cm−1) are attributed to microbial- derived biopoly-
mers, whereas lipids (2922 cm−1), 1525 cm−1 (lignin), and poly-
saccharides (1080 cm−1) may mainly originate from plant- derived 
products (Kang et al. 2024; Wasner et al. 2024). We acknowledge 
that the peak at 1080 cm−1, referred here as polysaccharides, also 
encompasses peaks originating from Si–O vibrations associated 
with clay minerals. Utilizing the absorption peak intensities of 
each functional group, a false- color 2D map was generated for 
image processing purposes. These intensities, in conjunction 
with linear regression, were used to assess the spatial correla-
tion between mineral- OH and selected C functional groups (Xu 
et al. 2024). The detailed dataset is available in Data S4.

Following the synchrotron radiation- based IR spectromicros-
copy analysis, chemical images of iron (Fe) were acquired at 
beamline 15 U1 of the SSRF, covering the identical regions as 
the thin sections. Fluorescence maps depicting Fe were cre-
ated by scanning the samples using a monochromatic beam at 
E = 10 keV, using a step size of 6 × 8 μm2, and a dwell time of 5 s 
(Yu et al. 2021).

2.6   |   Cultivation Experiment

To investigate the impact of varying moisture contents on 
the peroxidase activity of soils, a cultivation experiment 

was conducted (Figure S2). Three grams of each sample was 
weighed and placed into 50- mL flasks. These samples were 
then adjusted with ultrapure water to five different volumetric 
moisture content levels (0%, 20%, 40%, 60%, 80%). The flasks 
were carefully sealed with a film to minimize water evapora-
tion while still allowing for gas exchange. The soils were sub-
jected to aerobic cultivation at10°C in darkness for a duration 
of 2 days (with a total of n = 120 samples, 12 replicates per soil 
samples). The moisture levels were monitored gravimetrically, 
and any lost moisture was replenished daily by adding ultra-
pure water. Following this cultivation period, the soils were 
thoroughly mixed and promptly analyzed to determine their 
peroxidase activity.

2.7   |   Biogeochemical Analyses

SOC and nitrogen (N) contents in soils were measured using 
an elemental analyzer (Elementar EL cube, Elementar, Hanau, 
Germany) after eliminating carbonates with 1 M HCl. The δ13C 
and δ15N composition were determined based on soil C and N 
content using an elemental analyzer- isotopic ratio mass spec-
trometer (253 Plus, Thermo Scientific, Waltham, USA). For ra-
diocarbon analysis, dried soils, following carbonate removal, 
underwent combustion in tin boats and were transformed into 
elemental C through an automated graphitization system (AGE) 
(Altenburg, Machts, and Steinhof  2017). Radiocarbon analy-
ses were performed using the 0.5 MV Tandetron Accelerator 
Mass Spectrometer (AMS; NEC1.5SDH- 1, USA) in the School 
of Earth System Science, Tianjin University. Results include 
conventional radiocarbon (Δ14C) ages (BP) and Δ14C values 
(in ‰), both corrected for exogeneous C contributions and 
isotopic fractionation, along with a 1- sigma measurement un-
certainty (Altenburg, Machts, and Steinhof  2017). Soil H2O2 
levels were determined using the titanium sulfate colorimetric 
method at 415 nm (Satterfield and Bonnell  1955), employing a 
hydrogen peroxide content detection kit from Beijing Solarbio 
Science & Technology Co., Ltd. This analysis was conducted 
on a SpectraMax M5 spectrophotometer (Molecular Devices, 
Sunnyvale, CA).

Short range- ordered (SRO) minerals were obtained using 
the acid ammonium oxalate method (Blakemore, Searle, and 
Daly 1981). The calculation involved determining Alo + 1/2Feo, 
where Feo and Alo represent the Fe and Al content that was 
quantified using inductively coupled plasma optical emission 
spectrometer (ICP- OES) (5110, Agilent, Melbourne, Australia). 
Reactive iron minerals (FeDCB) and Fe- bound organic carbon 
(Fe- bound OC) were evaluated using the adapted dithionite- 
citrate- bicarbonate (DCB) method (Lalonde et al. 2012; Mehra 
and Jackson 1958), employing a 0.1 M DCB solution. Briefly, 
0.25 g of finely ground soils were introduced into a solution 
containing a buffer (sodium bicarbonate, pH 7.3) and a metal 
ion complexing agent (0.68 M sodium citrate) in sealed 50- mL 
Teflon tubes, and the mixture was heated to 80°C in a water 
bath. A reducing agent (0.4 g of sodium dithionite) was added, 
and the solution was maintained at 80°C for 15 min. The re-
duction reaction took place at an almost neutral pH, with so-
dium bicarbonate acting as a buffer to prevent organic matter 
hydrolysis, protonation, and re- adsorption onto soils, which 
could occur under acidic conditions. Control experiments 
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were conducted concurrently, wherein samples were extracted 
under the same conditions as the reduction treatment, but so-
dium citrate and sodium dithionite were replaced with NaCl, 
to assess the extent of OC desorption from the soils. The re-
sulting suspensions were filtered through 0.45- μm filters and 
dissolved iron concentration (FeDCB) was quantified using 
ICP- OES (5110, Agilent, Melbourne, Australia). The percent-
age of Fe- bound organic carbon (Fe- bound OC) was calcu-
lated using Equation (6):

where OCNaCl and OCDCB represent the OC content of the NaCl-  
and DCB- treated soil residues, respectively. Both OCNaCl and 
OCDCB were quantified using a total organic carbon/total nitro-
gen analyzer (OI Analytical 1030 W + 1088, USA).

2.8   |   Statistical Analyses

Statistical analyses were conducted using SPSS 19.0 (SPSS, 
Chicago, IL). To assess differences between the upper and 
deep layers of permafrost samples, one- way analysis of vari-
ance (ANOVA) coupled with Tukey's honest significance test 
(HSD) was conducted, assuming normality and homogeneity 
of variance conditions. Different letters (means ± SD, n = 3) 
represent significant differences among treatments at a signif-
icance level of p < 0.05. A structural equation modeling (SEM) 
was constructed by using the AMOS software to analyze the 
relationships between potential mineralogical and biomarker 
predictors on soil C persistence. Variation partitioning analysis 
(Legendre 2007) was further performed to quantify the separate 
influence of hydrogen peroxide and SRO minerals on peroxidase 
activity. Geographical information system (GIS) tools within 
GPS were utilized to present an overview of the study area. The 
mapping data underwent further processing and analysis using 
Origin 9.0 software. The coefficient of determination (R2) was 
utilized to assess the relationship between two variables. For the 
identification and processing of data obtained through synchro-
tron radiation- based IR spectromicroscopy, OMNIC 9 (Thermo 
Nicolet, Madison, USA) and Analysis Studio 3.15 (Anasys 
Instrument Inc., Santa Barbara, USA) were used, respectively.

3   |   Results

3.1   |   Soil Microbial Necromass Carbon and Soil 
Carbon Ages

All eight examined permafrost soils exhibited millennial- 
scale radiocarbon (Δ14C) ages, spanning from 3.1 to 14.7 thou-
sand years before present (kyr BP) (Figure  1b and Table  1). 
As expected, deeper subsoils (> 140 cm) were considerably 
older than upper subsoils (< 70 cm) across the permafrost soil 
profile (Figure  2a). A strong correlation between soil C age 
(derived from radiocarbon composition) and depth (Figure 2a) 
indicated that soil C persistence increased with depth. A cou-
pled isotopic Δ14C and δ13C plot (Figure  S3) revealed a neg-
ative correlation, suggesting that older C exhibited a higher 
enrichment in 13C.

Both bacterial and fungal necromass C exhibited strong correla-
tions with SOC, yet they comprised only a minor portion of SOC 
in Alaskan permafrost soils, accounting for 3% and 9%, respec-
tively (Figure 2b,c). SOC displayed a threefold higher linear coef-
ficient with fungal necromass C compared to bacterial necromass 
C (Figure 2b,c), consistent with the high fungal/bacterial necro-
mass ratios (Table S5). However, when quantifying the contribu-
tion of microbial necromass to SOC accumulation, the microbial 
necromass C contributed only ~10%–15% to SOC in Alaskan per-
mafrost soils (Figure 2d), while the percentage in soils from the 
global survey is ~30%–60% (representing the 25th–75th popula-
tion percentiles) (Figure 2d). This average contribution of micro-
bial necromass C in Alaskan permafrost soils could potentially 
rise to ~11%–19% (Figure S4 and Table S4) according to updated 
equations (Equations 3 and 4). Moreover, earlier estimates may 
have overrated the contribution of bacterial necromass while 
underrating that of fungal necromass (Figure S4 and Table S4). 
Further, our plot of δ13C and C/N ratios suggest the predominance 
of plant residues in Alaskan permafrost soils (Figure  S5). This 
predominance is partly due to terrestrial plants using the C3 pho-
tosynthetic pathway, which typically yields δ13C values between 
−32‰ and −21‰ and relatively high C/N ratios exceeding 12.

3.2   |   Mineralogical Control on Soil Carbon 
Abundance

A positive correlation between the ratio of reactive Fe to total 
Fe (FeDCB/Fet) and soil C abundance was observed, including 
SOC, bacterial and fungal necromass C (Figure 3 and Table S2). 
However, there was no discernible correlation between soil C 
abundance and single mineral index (FeDCB, SRO, and water- 
extracted Fe). This observation was corroborated by Fourier 
transform infrared (FTIR) results (Figure 3). In contrast, plant-  
and microbial- derived biopolymers derived from FTIR, in-
cluding lipids (2922 cm−1) and amides (1634 cm−1), exhibited a 
positive correlation with FeDCB/Fet. FTIR spectra also revealed a 
positive correlation of organic functional groups with the struc-
tural hydroxyl (OH) groups in minerals (3620 cm−1) (Figure S6). 
In summary, reactive minerals such as FeDCB and SRO exhibited 
no correlation with microbial necromass C and SOC. Conversely, 
the degree of mineral weathering (indicative by FeDCB/Fet) may 
play a crucial role in the preservation of microbial necromass C 
and SOC.

3.3   |   Correlation Between Peroxidase Activity 
and Soil Carbon Persistence

Peroxidase activity involves the conversion of H2O2 into 
water, which triggers the oxidation process of colorless 3,3′, 
5,5′- tetramethylbenzidine (TMB) to its blue oxidized form 
(oxTMB, Figure 4a). Similar to natural horseradish peroxidase 
(Figure S8), permafrost soils with varying iron mineral compo-
sition (Figure  S9) exhibited the ability to catalyze the conver-
sion of colorless TMB into blue oxTMB in the presence of H2O2 
(Figure 4b and Data S3). Through a comparison of the peroxi-
dase activity between the extracted soil solution and the gath-
ered soil particles under identical conditions (Figure  S8), we 
found that the peroxidase activity was indeed retained in the 

(6)Fe − bound OC (%) =
(

OCNaCl − OCDCB
)

∕SOC × 100,
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FIGURE 2    |    Soil Δ14C and the percentage of total necromass C in SOC. (a) Development of soil Δ14C and C ages with depth. Soil cores 1–4 are 
marked by square, circle, triangle, and diamond symbols, respectively. Hollow and solid shapes differentiate between the upper and deep layers, 
respectively. (b) Correlation between SOC and bacterial (B)- necromass C. (c) Correlation between SOC and fungal (F)- necromass C. Regression 
lines (p < 0.05) are depicted, with shaded areas representing 95% confidence intervals. (d) Boxplots comparing total necromass- C/SOC ratios among 
Alaska (from this study) and global soils based on existing literature (Data S2). SOC, soil organic carbon. Data in (b) and (c) are presented as mean 
and SE (n = 3). The boxes in (d) represent the interquartile range (IQR) divided by the median, while the whiskers extend 1.5 times IQR. The dataset 
for (d) includes n = 24 (8 soils in triplicates from three different locations) for Alaska from this study and 1200 for global soils. Two- tailed unpaired t 
tests determined the p values. **p < 0.01, ***p < 0.001.

FIGURE 3    |    Heatmap depicting correlations between mineral variables and soil C properties. Δ14C and δ13C represent carbon age and the degree 
of microbial utilization, respectively. B- necromass, bacterial necromass; F- necromass, fungal necromass. Total necromass combines B- necromass 
and F- necromass. SOC, soil organic carbon. Lipids, amides and polysaccharides are differentiated by their infrared peak heights at 2922, 1634, and 
1080 cm−1, respectively. FeDCB and Fe- bound OC denote the reactive iron oxide and the portion of organic carbon (OC) associated with reactive 
minerals, extracted using the dithionite- citrate- bicarbonate (DCB) method (Mehra and Jackson 1958). SRO stands for short- range- ordered (SRO) 
minerals extracted via the acid oxalate method (Blakemore, Searle, and Daly 1981). Fet (total Fe) is determined using X- ray fluorescence spectrometry. 
FeDCB/Fet denotes the degree of mineral weathering (Doetterl et al. 2018). Water- extracted Fe is quantified using ICP- OES after shaking extraction 
with water (soil- water ratio 1:5). Darker shades and higher absolute values in the squares indicate a strong correlation between the explanatory 
and response variables. Significance is indicated as follows: *p < 0.05, **p < 0.01, ***p < 0.001. n = 24 (eight soils in triplicates from three different 
locations).
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collected soil particles, suggesting that a strong adsorption of ex-
tracellular peroxidases on minerals or the minerals themselves 
contribute to this peroxidase activity.

The peroxidase activity displayed a high correlation coeffi-
cient (R2 = 0.99, p < 10−6) with Δ14C and δ13C (Figure  4c,d). 
This strong correlation indicates a dominant control for per-
oxidase on soil C persistence, suggesting that “older” C may 
persist through eliminating peroxidase activity in permafrost 
soils. A positive correlation between peroxidase and polysac-
charides (Figure 5e) reflected that reduced peroxidase activity 
may result in the degradation of plant residues in permafrost 
soils. Structure equation modelling (SEM) analysis further 
revealed that peroxidase activity exerted the predominant 
control on soil C persistence, likely facilitated by the contribu-
tion of amorphous or SRO minerals (Figure S10). To address 

the individual and combined effects of edaphic and microbial 
factors on peroxidase activity, variation partitioning analy-
sis (VPA) was conducted. VPA indicated that H2O2 and SRO 
minerals collectively accounted for 32% of the variability in 
peroxidase activity, but mineral characteristics exert a greater 
influence (26% vs. 5%) on peroxidase activity compared to 
H2O2 levels (Figure  4f, Figures  S11 and S12). A significant 
portion, up to 68%, remained unexplained.

The stability of soil C in permafrost ecosystems is potentially 
influenced by changes in moisture levels, such as freeze–thaw 
cycles and precipitation patterns. To investigate whether mois-
ture availability could affect peroxidase activity and potentially 
destabilize soil C, a cultivation experiment involving permafrost 
soils exposed to varying moisture levels (0%–80% by volume) 
was conducted (Figure 4g and Figure S2). A substantial increase 

FIGURE 4    |    Peroxidase activity controlling soil carbon persistence. (a) Schematic illustration of the assessment principle for peroxidase activity in 
permafrost soils. Peroxidases, denoting mineral active sites (Zandieh and Liu 2021), catalyze the conversion of colorless 3,3',5,5'- tetramethylbenzidine 
(TMB) into its blue oxidized form (oxTMB) in the presence of H2O2 (Jiang et al. 2018). (b) Typical curves depicting soil- catalyzed TMB colorimetric 
reaction obtained for the permafrost soil (Barrow at 57–64 cm). (c) Correlation between peroxidase activity and C ages, as well as Δ14C. (d) Correlation 
between peroxidase activity and δ13C. Numbers in the schematic diagram of color development correspond to samples in Figure 2. Lines in (c, d) 
indicate significant regressions (p < 0.05), and shaded areas represent 95% confidence intervals. (e) Correlation between peroxidase activity and 
polysaccharide absorbance (as characterized by FTIR). (f) Variation partitioning analysis for peroxidase activity suggests that their interactive 
effects between amorphous minerals and H2O2 exert only 32% influence on peroxidase activity. (g) Changes in peroxidase activity with volumetric 
soil moisture contents. Distinct letters in (g) indicate significant differences between moisture content groups, determined using one- way ANOVA 
followed by Tukey's HSD post hoc tests at p < 0.05, adhering to conditions of normality and homogeneity of variance. n = 24 in (g).
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(p < 0.01) in soil peroxidase activity in the range of 0%–40% was 
observed as moisture content increased. Peroxidase activity 
remained relatively stable (p > 0.05) in soils with moisture con-
tents between 40% and 60% but slightly decreased in the range 
of 60% to 80%.

3.4   |   In Situ Observation of Mineral Retention on 
Plant-  and Microbial- Derived Biopolymers

The μ- XRF mapping revealed the presence of nanoscale to 
submicron scale Fe (oxyhydr)oxides in soil aggregates, suggest-
ing that the structure OH groups (3621 cm−1) in minerals may 
partly originate from Fe (oxyhydr)oxides, particularly goethite 
(Figure 5 and Figure S9). By examining 1451 individual spectra 
extracted from the entire sample set, strong correlations between 

mineral- OH and biopolymers were found (R2 = 0.83–0.97), in-
cluding lipids (C–H, 2922 cm−1), amides (N–H, 1634 cm−1), lig-
nin (C=C, 1525 cm−1), and polysaccharides (C–OH, 1080 cm−1) 
(Figure 5, Figures S14 and S15). Remarkably, the average ratio 
of lipids with mineral- OH was the highest, followed by that of 
polysaccharides, amides, and lignin.

4   |   Discussion

4.1   |   Contribution of Microbial Residues to 
Permafrost Carbon Cycling

Compared to other ecosystems, higher latitude Alaskan per-
mafrost contains elevated levels of C and microbial biomass 
in deep soils (Crowther et  al.  2019). Although these deep 

FIGURE 5    |    Microscale analysis of minerals' control on microbial-  and plant- derived biopolymers in soil aggregates, elucidated through correlative 
synchrotron radiation infrared (IR) and μ- XRF spectromicroscopy. (a and b) Typical soil aggregates. Purple arrows indicate soil pores. Scale bar 
is 20 μm. (c) Correlation between mineral- OH (O–H, 3621 cm−1) and microbial-  and plant- derived biopolymers. (d) Changes in ratios between 
microbial-  and plant- derived biopolymers and minerals suggesting the distinct retention of microbial-  and plant- derived biopolymers by mineral 
surfaces. The organic functional groups selected for analysis include lipids (C–H, 2922 cm−1), amides (N–H, 1634 cm−1), lignin (C=C, 1525 cm−1), and 
polysaccharides (C–OH, 1080 cm−1) (Data S4). The correlation analyses encompass n = 1451 data points collected from 24 soils (8 soils in triplicates 
from 3 different locations). ***p < 0.001. Distinct letters in (d) indicate significant differences between moisture content groups, determined using 
one- way ANOVA followed by Tukey's HSD post hoc tests at p < 0.05, adhering to conditions of normality and homogeneity of variance. μ- XRF, micro- 
X- ray fluorescence spectromicroscopy.
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soils harbor a large SOC pool, only one study, to the best of 
our knowledge, has measured microbial necromass in Arctic 
permafrost soils (Dai et  al.  2002). We show that Alaskan 
permafrost subsoils contain less than 15% microbial necro-
mass C, which was 2 to 6 times lower than the global aver-
age (Figure 2). This finding is bolstered by the new equations 
proposed by Hu et al.  (2024). The estimated contributions of 
microbial necromass C to SOC from both references showed 
a strong correlation and were quite similar (Figure  S4 and 
Table S4). In Alaskan permafrost soils, the average contribu-
tion of microbial necromass C could potentially rise to ~11%–
19% (Figure S4 and Table S4) according to updated equations 
(Equations  3 and 4). Previous estimates may have overrated 
bacterial necromass contributions while underrating fungal 
contributions (Figure  S4 and Table  S4). By integrating ma-
chine learning approaches with the proportional contribu-
tion of bacterial groups, the new equations proposed by Hu 
et al. (2024) decreased the contribution of bacterial residues to 
microbial necromass. Our findings suggest that the ratios of 
fungal to bacterial necromass C were underestimated by ~43% 
(Figure S4 and Table S4), highlighting the critical yet under-
estimated role of fungi processes in soil C cycles in permafrost 
regions. This substantiates previous conjectures that micro-
bial necromass contributes to a minor extent to permafrost 
SOC (Dai et al. 2002; Hu et al. 2024), which is predominantly 
derived from plant residues (García- Palacios et al. 2024).

While the current favored method relies on amino sugars for 
quantifying microbial necromass C (Hu et  al.  2024; Liang 
et al. 2019), it may overlook microbial extracellular biopolymers 
that could be recycled or stabilized in soils. This study introduces 
a complementary platform, combining gas chromatography 
(GC) with synchrotron- based IR spectromicroscopy, for assess-
ing both microbial necromass and extracellular biopolymers in 
soils, respectively. It is acknowledged that necromass persistence 
is documented not only by amino sugars but also by proteins 
and extracellular polysaccharides (Buckeridge, Creamer, and 
Whitaker 2022; Hall et al. 2020). Nearly all soil microbial life, es-
timated at around 3 × 1029 cells of bacteria and archaea, is thought 
to reside in biofilms made up of cells and extracellular polymeric 
substances (Flemming and Wuertz 2019). While living microbial 
biomass constitutes less than 5% of SOC, microbial necromass ac-
counts for over 50% (Hu et al. 2024; Figure 2d), indicating that 
extracellular biopolymers and amino sugars persist over time 
after individual cell death in soils. However, directly character-
izing extracellular products in soil is challenging due to the com-
plexity of the soil matrix (Camenzind et al. 2023). Notably, this 
study demonstrates that synchrotron radiation- based IR spectro-
microscopy can identify spatial connections between key micro-
bial components (e.g., proteins) and structural hydroxyl groups 
in minerals at submicron scales (Figure 5, Figures S13 and S14). 
This technique offers valuable insights into the in situ preserva-
tion of extracellular biopolymer by minerals. Additionally, the 
spatial correlation between hydroxyl functional groups on min-
eral surfaces and specific C functional groups points to a selective 
protection mechanism for minerals during the burial of extracel-
lular C at the level of functional groups (Chang, Yu, and Liu 2023; 
Xu et al. 2024). Given that ligand exchange between C functional 
groups in SOM and hydroxyl groups in minerals is a primary 
mechanism for C preservation (Gu et al. 1994; Kaiser et al. 1997), 
using synchrotron radiation- based IR spectromicroscopy is 

essential for investigating the mechanisms behind soil C stability 
and persistence, owing to its ability to simultaneously detect spa-
tially related C and hydroxyl groups in minerals.

Beyond its role in detecting mineral protection, this technique 
can also explore various other stabilization processes, including 
organo- organic interactions (Buckeridge et al. 2020; Possinger 
et al. 2020). These interactions, where extracellular biopolymers 
adhere to other forms of necromass or plant residues (such as 
polysaccharides) (Kang et  al.  2024), are often overlooked yet 
play a crucial role (Vogel et al. 2014). Furthermore, by analyz-
ing the ratios of aliphatic, aromatic, and phenolic components 
alongside polysaccharides (like peaks at 2920/1030, 1630/1030, 
1515/1030−1) to derive humification indices (Broder et al. 2012; 
Hodgkins et al. 2014), this technique demonstrates potential for 
visually assessing the degree of decomposition of extracellular 
biopolymers within soil aggregates. Overall, integrating che-
molytic biomarker analysis with synchrotron- based IR spectro-
microscopy enhances our understanding of the stabilization of 
both amino acids and extracellular biopolymers in soils, which 
is crucial for conceptualizing their role within the broader 
framework of biogeochemical cycles and C storage dynamics.

4.2   |   Factors and Mechanisms Affecting 
the Accrual and Stabilization of Permafrost 
Soil Carbon

Given the minor proportion of microbial necromass and its weak 
connection with reactive minerals (Figures 1 and 2), it is reason-
able that the necromass stabilization mechanism in Alaskan per-
mafrost soils is less significant than in Tibetan (He et  al.  2022) 
or temperate regions (Kang et al. 2024; Liang et al. 2019; Wang 
et  al.  2021). This inference is supported by the higher average 
ratio of lipids, deriving from plant sources (Wasner et al. 2024), 
with mineral- OH than amides, representing microbial sources 
(Figure 5c), providing evidence to refute the preference absorbance 
of microbial residues on minerals in Alaskan permafrost subsoils.

Our findings indicate that peroxidase activity has a strong predic-
tive capability for soil C persistence, supporting the “peroxidase- 
driven carbon stabilization hypothesis”, which suggests that 
long- term carbon accumulation may rely on maintaining low 
levels of peroxidase activity. The coefficient between peroxidase 
and C age (Figure 4c,d) exceeded that of SRO minerals with SOC 
(p < 10−2) by four orders of magnitude (Figure 3). In addition to 
peroxidase activity, this colorimetric approach also denotes min-
eral active sites in samples (Robert and Meunier 2022; Zandieh 
and Liu 2021; Zhang et al. 2021), which is consistent with a strong 
connection between structural OH in minerals and C functional 
groups at the submicron scale (Figure 5c).

Peroxidase activity may stem from mineral- bound extracellular 
enzymes (Allison  2006; Jones et  al.  2020) and minerals them-
selves (Safarik and Prochazkova  2022, 2024). Mineral stabiliza-
tion of peroxidases has been shown to preserve high oxidative 
potential in soils during dry periods, leading to rapid OM degra-
dation during wet periods (Darrouzet- Nardi et al. 2023; Stursova 
and Sinsabaugh  2008). Recent studies have demonstrated that 
magnetically responsive minerals isolated from soils (Safarik 
and Prochazkova 2022), as well as montmorillonite (Safarik and 
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Prochazkova  2024) exhibit notable peroxidase mimetic activity. 
This reveals the complexity of mineral- SOC interactions, espe-
cially in unique soils like Arctic permafrost soils, which allow 
the presence of a substantial amount of H2O2 (Page et  al.  2013; 
Trusiak et al. 2018). Compared to indicators of extractable min-
erals (such as SRO or water- extracted Fe) (Figure 3), the notably 
higher significance of peroxidase activity in predicting soil C per-
sistence (Figure 4) may be attributed to the fact that only a fraction 
of SOC is influenced by poorly crystalline or water- extracted ions 
(Jaworska, Dąbkowska- Naskręt, and Kobierski 2016), while non- 
extractable minerals or mineral- bound extracellular enzymes may 
play more essential roles (Coward, Thompson, and Plante 2017).

This is supported by a better correlation between FeDCB/Fet 
and C components than single mineral index (FeDCB, SRO, and 
water- extracted Fe) (Figures 3 and 4). As FeDCB/Fet is indicative 
of mineral weathering degree (Doetterl et al. 2018), our findings 
suggest that increased soil weathering, rather than solely the 
content of reactive minerals stabilizes SOC and contributes to 
its persistence in permafrost soils. microbial necromass.

4.3   |   Implications for the Vulnerability 
of Permafrost Soils in Facing Climate Changes

Soil peroxidase activity plays a crucial role in the long- term 
stabilization of SOC and microbially derived C by mediating 
essential ecosystem functions, including lignin degradation, 
SOC mineralization, and dissolved SOC export (Sinsabaugh 
et al. 2008; Sinsabaugh 2010; Tian and Shi 2014). For example, 
peroxidase activity accounts for ~30% of SOC contents across 
various ecosystems (Sinsabaugh 2010). In our study, we manip-
ulated volumetric moisture content in subsoils from Alaskan 
permafrost, which affects peroxidase activity that likely has 
an impact on the persistent SOC (Figure  4). High peroxidase 
activity tends to limit SOC accumulation, while low activity 
promotes SOC storage (Sinsabaugh et al. 2008). This highlights 
how close changes in oxidative enzyme activities due to chang-
ing soil environment is linked to SOC sensitivity, which could 
significantly influence global C cycling. While the importance 
of soil peroxidase activity in SOC stabilization has been noted 
(Sinsabaugh et al. 2008; Sinsabaugh 2010; Tian and Shi 2014), 
prior research mainly focused on surface soils. Our study is 
the first to examine the effects of peroxidase activity on deep 
permafrost soils. Given the substantial SOC reservoir and low 
necromass composition in Alaskan permafrost, these finding 
are vital for understanding the vulnerability of deep permafrost 
soils amid climate change- induced thawing (Schuur et al. 2022).

Similarly, at the ecosystem scale, peroxidase activities in sur-
face soils were shown to correlate with mass loss rate in partic-
ulate OM and with changes in SOM content (Sinsabaugh 2010; 
Sinsabaugh et al. 2008). This susceptibility likely stems from 
the catalytic effects of both mineral- bound extracellular en-
zymes and mineral- derived ROS on SOC, suggesting that an-
cient C previously locked by freezing in these ecosystems may 
be prone to destabilization in the face of climate change. The 
destabilized old C is not replenished over a short period, po-
tentially representing a new source of CO2 to the atmosphere, 
potentially diminishing the size of the SOC reservoir in an ir-
reversible manner.

Considering the widespread presence of H2O2 in permafrost soils 
(Page et al. 2013; Trusiak et al. 2018), our findings highlight the 
intricate nature of mineral mediated- soil C cycles in permafrost 
ecosystems. Understanding the mechanistic drivers of C per-
sistence is crucial for predicting its susceptibility to global change 
(Heckman et al. 2022). For instance, during increases in mois-
ture availability (e.g., permafrost thaw), conditions like water- 
logging and limited oxygen can lead to reducing conditions, 
resulting in the formation of Fe(II) (Patzner et al. 2020; Patzner, 
Kainz, et al. 2022; Patzner, Logan, et al. 2022). Given changes in 
wetting or drying post- permafrost thaw (Ping et al. 2015), cou-
pled with the potential for increased intensity of rainfall events 
in the northern permafrost region (Teufel and Sushama 2019), 
permafrost thaw and increased precipitation may initiate a series 
of positive feedbacks that increase the vulnerability of persistent 
C and trigger a robust permafrost C- climate feedback loop.

5   |   Conclusions

We provide evidence from biomarkers that Alaskan permafrost 
subsoils contain less than 15% microbial necromass carbon, which 
is significantly below the global average. Notably, peroxidase ac-
tivity is a strong predictor of soil carbon persistence in Alaskan 
permafrost, and long- term carbon accumulation may depend on 
sustaining low peroxidase activity levels. However, enhancement 
in moisture availability, particularly within the 0%–40% moisture 
content range, can increase peroxidase activity in soils. This find-
ing suggests that ancient carbon in Alaskan permafrost may be 
vulnerable to moisture- driven destabilization with high moisture 
contents. Thus, moisture availability may represent a critical trig-
ger for releasing persistent carbon by changing soil peroxidase. 
Collectively, our findings advance the understanding of the mech-
anisms governing soil carbon persistence in Arctic permafrost 
soils, enabling us to better predict its response to global changes.

We also showed that synchrotron radiation- based infrared spec-
tromicroscopy can identify spatial connections between key 
microbial biopolymers (e.g., proteins) and structural hydroxyl 
groups in minerals. This technique complements chemolytic 
biomarker analysis by recognizing that necromass persistence 
is documented not only in amino sugars but also in excretions 
like proteins and extracellular polysaccharides. Thus, integrat-
ing chemolytic biomarker analysis with synchrotron- based IR 
spectromicroscopy improves our understanding of how amino 
acids and extracellular biopolymers stabilize in soils, which is 
vital for grasping their role in biogeochemical cycles and car-
bon storage dynamics. Since some extraction methods, such 
as acid ammonium oxalate and dithionite- citrate- bicarbonate 
methods, may lack selectivity or quantitative accuracy, this 
study advocates a shift towards colorimetric or spectroscopic 
approaches to evaluate organo- mineral interactions in soils.
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