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Abstract Anticipating the decomposition of permafrost organic matter (OM) following thaw is critical for
improving projections of climate-carbon feedbacks. Stable carbon (C) and nitrogen (N) isotope profiles provide
integrated records of the environmental and biogeochemical processes that shaped OM during its accumulation
and may therefore improve our understanding of the factors controlling its future vulnerability to
decomposition. Here, we compiled isotope data from 122 soil units across 42 Arctic sites and used Bayesian
hierarchical models to test whether relationships between stable isotope signatures and soil C/N ratios varied
along a gradient of soil organic carbon (SOC) content. Nitrogen isotope fractionation remained consistent across
the SOC gradient, with 8'°N increasing as C/N decreased. In contrast, carbon isotope fractionation differed
markedly between mineral and organic soils. In mineral soils, 5'C increased with decreasing C/N, indicating
extensive microbial processing and recycling of OM during accumulation. In organic soils, 8'*C decreased with
decomposition, consistent with the preferential preservation of relatively '*C-depleted plant-derived
compounds under waterlogged conditions. These contrasting isotope patterns reveal distinct OM accumulation
pathways in mineral and organic permafrost soils. Our results provide a revised conceptual framework linking
long-term OM accumulation pathways to the properties of permafrost OM exposed by thaw, improving the
interpretation of Arctic soil isotope records and their implications for permafrost carbon vulnerability.

Plain Language Summary Arctic permafrost stores enormous amounts of organic matter (OM) that
could be released as carbon dioxide and methane as the climate warms. However, not all permafrost OM is
equally vulnerable to decomposition after thawing. To understand why, we examined natural variations in the
stable isotope signatures of carbon and nitrogen, which preserve information about how OM accumulates over
thousands of years. We compiled data from 122 soil units across 42 Arctic sites and analyzed how isotope
signatures changed as OM decomposed. Nitrogen isotope patterns were remarkably consistent across Arctic
soils, whereas carbon isotope patterns differed strongly between mineral and organic soils. These contrasting
patterns indicate that OM followed different accumulation pathways before becoming frozen. Mineral soils
show evidence of extensive microbial processing, whereas organic soils mainly preserve plant-derived material
that accumulated under waterlogged conditions. Rather than directly predicting future decomposition, our study
provides a new framework for interpreting Arctic soil isotope records. By revealing how past environmental
conditions shaped the composition of permafrost OM, our results help improve predictions of how Arctic carbon
stocks may respond to permafrost thaw and future climate change.

1. Introduction
1.1. Context

The oxidation of permafrost C will determine whether the Arctic will become a sink or a source of C as climate
changes (Miner et al., 2022). Arctic soils contain up to 800 Pg of C in the first 3 m (Hugelius et al., 2014), a
quantity comparable to the atmospheric pool (Canadell et al., 2021). Most of this Arctic C is durably stored in
frozen soil horizons, but it may be respired if the active layer deepens (Koven et al., 2011) and permafrost thaws
(Schneider Von Deimling et al., 2015; Schuur et al., 2009). Both decomposability and temperature sensitivity will
influence the respiration of permafrost C (Davidson & Janssens, 2006; Koven et al., 2015). The decomposability
of permafrost organic matter (OM) is thought to depend not only on current environmental conditions after thaw
but also on the conditions under which it originally accumulated. Environmental factors such as climate, soil
water saturation, and vegetation composition influence the chemical composition and preservation of OM during
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soil formation (e.g., Grosse et al., 2011; Sjorgersten et al., 2016; Vaughn & Torn, 2019). Because these past
conditions are partly recorded in soil properties, including stable isotope signatures, reconstructing OM accu-
mulation histories may help explain why some permafrost carbon stocks are more vulnerable to decomposition
than others following thaw.

The conditions under which permafrost OM accumulated can only be reconstructed through proxies preserved in
soil profiles. Among these, stable carbon and nitrogen isotope profiles have been widely used to infer the history
of OM accumulation and decomposition because isotopic fractionation integrates biogeochemical processes
occurring over time (Baisden et al., 2002; Ehleringer et al., 2000). Their interpretation is well established in
unfrozen soils, where depth generally reflects increasing OM age and decomposition (Trumbore, 2000). This
relationship underpins the interpretation of depth profiles of stable C and N isotopes, which have been used to
infer OM turnover (O’Brien & Stout, 1978), the stability of different OM pools (Acton et al., 2013), shifts in
vegetation and N cycling during soil formation (Andersson et al., 2012; Tahmasebi et al., 2018), and to improve
the calibration of land surface models (Camino-Serrano et al., 2019). Isotopic enrichment with depth is generally
attributed to fractionation during decomposition together with lateral and vertical translocation of OM (Ehleringer
et al., 2000).

In permafrost soils, depth does not necessarily reflect the decomposition stage. Because permafrost OM is
preserved since its freezing, each layer captures the signal of the vegetation (Andersson et al., 2012; Pastukhov
et al., 2018) and conditions prevailing during soil formation (Alewell et al., 2011; Hutchings et al., 2019; Strauss
et al., 2015) rather than advanced decay (Schuur et al., 2009). Cryoturbation further disrupts the link between
depth, age, and decomposition by redistributing OM both upward and downward in the profile (Gentsch, Mikutta,
Alves, et al., 2015; Xu et al., 2009). In addition, slow microbial turnover and long-term retention of C and N in
microbial biomass can alter isotope dynamics relative to unfrozen soils (Ravn et al., 2017; Sorensen et al., 2008a).

As a result, frameworks developed to interpret isotopic soil profiles in temperate systems cannot be applied
directly to Arctic soils. A better understanding of how carbon and nitrogen isotopes record soil formation and OM
processing under permafrost conditions is needed to assess the fate of frozen carbon. The goal of this study is to
develop a framework for interpreting C and N stable isotope profiles in Arctic soils. We derive hypotheses from a
modeling approach that incorporates current knowledge of fractionation processes and test them using a pan-
Arctic data set of isotope profiles from active layers and permafrost cores.

1.2. Theoretical Framework
1.2.1. Decomposition

Let's consider a pool of OM entering the soil at time 0. During its presence in the soil, it will be submitted to
decomposition. During decomposition, complex organic molecules are degraded, and the associated C and N are
assimilated by microorganisms. A part of this plant derived C and N returns to the soil OM as microbial-derived
products after mineralization (Parnas, 1975). A fraction of the assimilated C will be lost during cellular respi-
ration, stored as dissolve organic carbon in water or lost thought CO, released in the atmosphere (Moore
et al., 2008), while a part of N will be excreted as mineral N, partly to maintain microbial stoichiometry (Dijkstra
et al., 2008). During microbial activity and turnover, the exoenzymes and the necromass will rejoin the OM pool,
transforming its composition from plant residuals to microbially originated OM through time (Paul, 2016). We
can describe the dynamic of the C and N pools in time (#) in a simplistic way with the following ordinary dif-
ferential equations:

6C

— = —pc-k-C

St 1)
SN

— = —p.-k-N

5 PN

With C and N being respectively the size of the C and N pools (g-kg™"), k (yr ") the decomposition rate, pc and py
(0-1) the proportion of decomposed C and N not returned to OM during decomposition, lost by respiration and
mineralization, respectively. In other words, p- and py are negatively related to C and N use efficiency
(Mooshammer et al., 2014; Sinsabaugh et al., 2013). We assume that the proportion of C lost during microbial
respiration is higher than the proportion of N mineralized and excreted (p- > py). Therefore, the C/N ratio of OM
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Figure 1. Evolution of organic matter (OM) (a) C/N, (b) 6 N and (c) §'3C with time in a simple exponential decay model under different fractionation scenarios. In panel
(a) and (b), dashed lines and plain lines present the result of the model with py, = 0.3 and p = 0.2, respectively. A lower value indicates a lower proportion of N excreted
by microorganisms during decomposition, as explained in Section 1.2.2. In panel (b), dashed and plain lines present the result of the model with a = 0.998 and

ay = 0.999, respectively. A lower value indicates a stronger fractionation, micro-organisms retaining more >N and excreting more **N in proportion. In panel (c), the
dashed and plain lines present the simulations with a. = 0.1.001 and a = 0.999, respectively. A value of a > 1 indicates the preferential preservation of 13C-depleted
compounds during decomposition. A value of a < 1 indicates progressive enrichment of soil OM in 13C, which may arise from microbial reassimilation of '*C-enriched
soil CO,, fractionation during decomposition, or changes in plant 5"3C associated with the Suess effect.

decreases with time, as represented in Figure 1a (Parnas, 1975). During all the simulations, the value of p- was
fixed to 0.4, indicating a 40% loss of carbon during decomposition.

1.2.2. Nitrogen Stable Isotopes

The '°N/"N ratio of plant tissues entering the soil system is highly variable because of the various strategies
plants have developed to grow in this N-limited environment (Hobbie et al., 2009; Nadelhoffer et al., 1996).
Fixing the '>N/'*N ratio of the atmosphere as a standard (*° R,), isotopic ratios are generally computed as a more
readable isotopic value (5’°N) using the isotopic ratio of the sample ("’Ry) and "°Ry;:

1
SN =_2— )

Because no fractionation occurs during atmospheric N fixation, plants relying on atmospheric fixation have the
same isotopic ratio as the atmospheric N, (8'°N ~ 0, Craine et al., 2015), whereas mycorrhizal plants are highly
5N depleted (highly negative 8'°N, <—4) in '°N relative to the atmosphere (Hobbie & Ouimette, 2009). Non-
mycorrhizal plants may have a wide variety of isotopic signatures depending upon where they uptake N in the soil
column and depending upon the molecules they uptake. Plants with shallower roots, mosses and lichens may
profit from N contained in water runoff or N deposition (potentially slightly more depleted in >N than the at-
mosphere), whereas plants with deep roots may exploit more decomposed OM at depth (potentially more enriched
in °N, Nadelhoffer et al., 1996).

Once the OM enters the soil columns, N-containing molecules may be subjected to fractionation following OM
mineralization and lixiviation (Baisden et al., 2002; Craine et al., 2015). Fractionation occurs in living systems
mostly because of the kinetic effects slowing the displacement, excretion and transformation of molecules
containing a higher proportion of the heavier isotopes (Sulzman, 2008). Following Amundson and Bais-
den (2000), we can express the variation in '’N with time by adding an apparent fractionation factor ay to
Equation 2:

5PN

== —ay k- BN 3)
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ay < 1 implies an enrichment in the heavier isotope with time and decomposition, while a > 1 implies a loss of
'5N. The results of the N and "N mass balance equations were then divided to obtain the '>N/*N ratio and
converted into 8'°N to ease the interpretation.

Dijkstra et al. (2008) proposed that in a highly C limiting environment, microbial biomass will face an excessive
assimilation of N while degrading OM to obtain energy from C bounds. To maintain their stochiometric ratio and
avoid damages caused by N-rich molecules such as ammonium (NH, "), they will excrete excess N. Because of
preferential mineralization and excretion of "N, microbial biomass becomes enriched in "N in C limited en-
vironments, as will the OM ultimately derived from it (o < 1). In N-limited environments, this enrichment will
be slower, where N excretion is not favorable and NH, " is maintained in microbial cells (ay = 1). Following such
a framework, OM should become more enriched in '>N while decomposition advances in C-limited environ-
ments, whereas no or weaker fractionation should occur in N-limited environments. This would lead the re-
lationships between &'°N and depth and C/N to be steeper in a C-limited environment (Figure 1b, ay = 0.998,
pn = 0.3) than in the N-limited environment (Figure 1b, ayy = 0.999, py = 0.2).

Strong fractionation also occurs during NH; volatilization, nitrification, and denitrification, but these processes
are not explicitly included in the present conceptual framework. They generally produce '’N-depleted inorganic
products, potentially enriching microbial biomass and derived OM in '*N (Craine et al., 2015). Dijkstra
et al. (2008) suggested that, in many soils, their overall contribution to soil OM &'°N is smaller than that asso-
ciated with microbial NH,* excretion. The intensity of these processes varies with environmental conditions such
as soil moisture, nitrate availability, and permafrost disturbance (Abbott & Jones, 2015; Chapin, 1996; Repo
etal., 2009). Because these controls cannot be quantified consistently from the compiled literature data, they were
not explicitly incorporated into our theoretical framework and are considered as potential sources of variability
around the expected isotopic patterns.

1.2.3. Carbon Stable Isotopes

Variation of '>C with decomposition can also be modeled with an exponential decay formula:

stc
5 T T%cPe k-Pc €y

Where ac is the apparent fractionation factor potentially changing the isotopic ratio during decomposition. The
results of the C and '>C mass balance equations were then divided to obtain the 'C/'>C ratio and converted into
5'3C to ease the interpretation.

The 6'C value of different plant tissues and compounds are partly correlated with their lability (Nadelhoffer &
Fry, 1988). More recalcitrant compounds such as lignin or lipids are generally depleted in '*C relative to bulk
plant tissues (by ~—3%o and ~—4%o, on average), while more labile compounds such as sugars, starch, or
cellulose are generally enriched in '*C (by ~1, 2 and 2%, respectively) (Bowling et al., 2008).

In anoxic environments, compound-specific variability in plant §'>C plays a major role in the isotopic evolution of
soil OM during decomposition. Recalcitrant 13C enriched plant compounds are degraded slowly and incorporated
in soil OM pools (Moore & Basiliko, 2006). Soil OM 5'*C becomes close to the signature of recalcitrant '*C
depleted plant compounds when decomposition occurs, causing a depletion in '>C with time (Benner et al., 1987).
This leads to an apparent fractionation factor a- > 1 (Figure 1, dashed line).

Compound-specific variability in plant 5'>C play a weaker role in oxic environments than in anoxic ones. At the
first stage of decomposition, '>C enriched labile molecules are preferentially respired, leading to a decrease of the
53C of OM (Melillo et al., 1989). At later stages, recalcitrant compounds are consumed as microbial community
changes, reestablishing original OM §'*C (Lerch et al., 2011) or increasing it, as discussed in the next paragraphs.

No kinetic fractionation effect seems to occur during the aerobic respiration of soil OM. While mitochondrial
respiration was hypothesized to favor the emission of '*C-CO,, direct tests and review studies report a wide and
unconclusive range of fractionation (Ehleringer et al., 2000; Werth & Kuzyakov, 2010). Breecker et al. (2015)
concluded that there was no fractionation during aerobic respiration of well-preserved soil samples, while dis-
turbances during manipulations may cause misleading results.
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Limited microbial reassimilation of soil CO, may also contribute to '*C enrichment during OM decomposition
(Ehleringer et al., 2000). This process refers to the incorporation of a small fraction of interstitial soil CO, into
microbial biomass during heterotrophic metabolism rather than photosynthetic C fixation. In Arctic soils, San-
trickova et al. (2018) showed that this process represents a small but measurable fraction of respired CO,,
representing approximately 1.0% of the CO, respired in mineral and cryoturbated horizons, and up to 16.1% in
mineral permafrost horizons, while remaining negligible in organic layers. Because diffusion through soil pores
generally enriches interstitial CO, in '*C relative to soil OM (Amundson et al., 1998), microbial reassimilation
may gradually introduce '*C-enriched carbon into microbial biomass and, ultimately, into microbial necromass
accumulating in the finest soil OM pools. Over centuries of decomposition, this process could therefore contribute
to a progressive enrichment of OM in '3*C (Santriickova et al., 2018). Within our theoretical framework, this
mechanism is represented by an apparent fractionation factor a- < 1 (Figure lc, solid line).

Special care should be taken when studying the recent time OM accumulation. Fossil combustible burning since
the industrial era has increasingly depleted the atmospheric CO, in *C relative to the international standard
(Figure Sla in Supporting Information S1; Rubino et al., 2013; Graven et al., 2017). Older OM is thus enriched in
13C relative to the recent OM (e.g., Lamarque et al., 2023). This difference in '>C concentration leads to an
apparent fractionation factor ac < 1, §'C values being higher in older OM, even if no fractionation occurs during
decomposition (Ehleringer et al., 2000, Figures S1b and Slc in Supporting Information S1). Atmospheric '*C
composition is far less certain in the pre-industrial era, but no tendency of such magnitude has been discovered
during the last millennium (Rubino et al., 2013).

1.2.4. Consideration of Arctic Conditions

Syngenetic permafrost contains most of Arctic permafrost OM (Hugelius et al., 2014). In these soils, accumu-
lation of peat and deposition and stabilization of sediments capture soil OM rapidly after its formation. Freezing at
the bottom of the active layer following such surface aggradation allows SOM to be durably preserved at tem-
peratures below the freezing point. This must be contrasted with epigenetic permafrost formation in which case
permafrost forms after sedimentary deposition or OM formation, with limited freezing and protection of newly
produced OM (Ping et al., 2015). This study will focus on the case of syngenetic permafrost, which represents
most of the soil profiles currently described in the literature. We will contrast syngenetic permafrost processes
occurring in high OM soils from peat accumulation, to processes occurring in mineral soils, more plausibly
aggraded because of sediment deposition.

To produce theoretically grounded hypotheses, it is necessary to add a movement process to the system of dif-
ferential equation above (Equation 1) to account for OM movement with depth. An advective term should
represent a respectable approximation of syngenetic permafrost aggradation, the depth of a given OM pool
increasing as it is covered by new sediments or organic layers (like what is used to represent OM accumulation at
the bottom of lakes or ocean, Soetaert & Herman, 2009). We will thus add advective terms (5C/5z, SN/6z, 6 SN/sz
and §'3C/8z) to Equation 1, representing the variation of C, N, '°N and '*C along depth:

6C 6C
— = —v. =—pe-k-C
St 0z )
@ = -y @ k-N
5t 0z Py
615N 615N
7 = —y . Tz_ac.pc.k.lsN
s stc
ot =T 0z —ac-pc~k~13C

With v being the advection rates (0.03 cm-yr~!, Table S1 in Supporting Information S1, Fortier et al., 2006;
Wetterich et al., 2020; Zhu et al., 2016). Considering the variation of temperature, soil moisture, oxygen, and
other unresolved processes with depth, we considered an exponentially decreasing decomposition rate with depth,
defined as:
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Figure 2. Evolution of (a) organic matter (OM) C/N with depth, and relationships OM C/N and (b) 5N and (c) §'3C with time in a simple exponential decay model
under different fractionation scenarios. In panel (a) and (b), dashed lines and plain lines present the result of the model with py = 0.3 and py = 0.2, respectively. A lower
value indicates a lower proportion of N excreted by microorganisms during decomposition, as explained in Section 1.2.2. In panel (b), dashed and plain lines present the
result of the model with ay = 0.9995 and ay = 0.9985, respectively. A lower value indicates a stronger fractionation, micro-organisms retaining more >N and excreting
more "N in proportion. In panel (c), the dashed and plain lines present the results of the model with ac =0.1.0003 and a = 0.9998, respectively. The negative value
indicates that micro-organisms conserve B¢ depleted compounds during decomposition. A positive value indicates micro-organisms become enriched in 13¢, either
because of limited microbial reassimilation of CO,, fractionation during decomposition, or trends in plant material due to depletion of atmospheric CO, after fossil fuel
consumption. The variable *C concentration due to fossil fuel burning is included in the model under a dynamic boundary condition, leading to irregular lines. For all

the simulations, the basal decomposition parameter, k,, was set to 0.05 yearsfl, and the advection rate, v, to 0.03 mm.yr™".

k=ky-exp (—i) (6)

Zh

Where k, (year™') is the base decomposition rate at the surface and z, (cm) is the depth control parameter rep-
resenting the depth at which kj is halved. In all the simulations, z; (20 cm) was chosen to ensure almost null
decomposition below an active layer of approximately 50 cm (Table S1 in Supporting Information S1).

To simulate from this model, we consider constant input flux /- and I as boundary conditions at the soil surface.
To keep our model simple, we deliberately chose to ignore root input, assuming it would not qualitatively change
the hypothesis we could derive from our framework:

6C
_v57z|1=0 = Ic
SN
_V?Z =0 =In
5PN
—y l.oo = Rx-Ix
o )
s3C
—vé—z =0 = Rc-Ic

With Ry and R being the YN/'>N and '>C/"*C ratio of OM at the surface.

Cryoturbation does not allow to substitute depth for time, as it can be done in southern soils (see e.g., O’Brien &
Stout, 1978). Frequent freezing-thawing events may cause surficial, young and slightly degraded OM to be buried
at depth, where it may become protected in permafrost (Bockheim, 2007; Gentsch, Mikutta, Alves, et al., 2015;
Xu et al., 2009). To solve this difficulty, we will use C/N as a proxy of decomposition rather than depth. We
postulate that C/N captures the decomposition stage of an OM pool even if it has been displaced in the soil
column. The relationship between OM C/N and 5PN (Figure 2b) and between C/N and st3c (Figure 2c) are
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represented for a hypothetical Arctic soil column, following the fractionation scenarios described in Sec-
tions 1.2.2 Nitrogen stable isotopes and 1.2.3 Carbon stable isotopes.

Figure 2a presents the evolution of C/N as a function of depth for different values of parameters at equilibrium.
We numerically solved the models containing advective terms using the ode. 1D function in the deSolve R package
(Soetaert et al., 2010). The complete model is illustrated in Figure S2 in Supporting Information S1.

Spatial and temporal variation of plant input signature may alter isotopic values in Arctic soil profiles. All Arctic
plants perform C3 photosynthesis (Billings, 1987). The intensity of fractionation during C3 photosynthesis is
controlled by the ratio between intra-cellular and ambient CO, pressure related to stomatal closure in vascular
plants (Farquhar et al., 1989). This causes tissues of water stressed vascular plant to be more enriched in '*C
(higher §'*C) than non-water-stressed vascular plants on average, because they should fractionate less during
photosynthesis. Even if bryophytes also perform C3 photosynthesis, the diffusive process behind CO, acquisition
makes their signature less intuitive. It has been shown 'C of mosses increases with wetness because of slower
diffusion of '>C in water (the opposite relationship than vascular plants, Loisel et al., 2009; Price et al., 1997),
while it decreases with air temperature (Skrzypek et al., 2007). Change in surface condition, for example, if the
surface dries after soil uplifting, may thus change the signature of plant inputs, with or without change in frac-
tionation during decomposition. Concretely, this could lead to noisy relationships between C/N and isotopic
values.

Carbon isotope fractionation during methanogenesis is unlikely to substantially modify the §'>C signature of bulk
OM preserved in permafrost soils. Methane emissions are generally low in well-drained tundra but may still occur
during shoulder seasons or within wetter microsites, whereas they can represent up to 6.3% of ecosystem
respiration in saturated Arctic soils (Olefeldt et al., 2013). Strong isotope fractionation occurs during the final
steps of methanogenesis, producing CH, that is highly depleted in '*C while leaving methanogenic biomass
relatively enriched (Conrad, 2005). However, fractionation during the earlier conversion of OM into acetate and
CO, is comparatively small (Blaser & Conrad, 2016). Consequently, the 5'*C signature of residual bulk OM is
expected to be only weakly affected by methanogenesis itself. Although '*C-enriched methanogenic necromass
could contribute to soil OM, microbial-derived compounds represent only a small fraction of the organic carbon
pool in Arctic organic soils (Hutchings et al., 2019; Pastukhov et al., 2018; Prater et al., 2020). We therefore
consider methanogenesis as a secondary process that may contribute to variability in 5'>C, but whose influence is
likely smaller than the preferential preservation of '*C-depleted compounds under anoxic conditions.

1.3. Hypotheses

Our objective is not to use stable isotopes as direct indicators of OM decomposability. Instead, we propose that
isotope signatures preserve the integrated imprint of the environmental and biogeochemical processes that shape
OM during its accumulation. Because these processes determine the composition and degree of transformation of
OM, they are also expected to influence its vulnerability to decomposition following permafrost thaw. Therefore,
we derive the following hypotheses regarding isotope fractionation during OM accumulation.

We expect a negative relationship between 5'°N and C/N ratio of OM in soils with low mean C/N (Figure 2b,
dashed line), where C should have been limiting for microbial biomass during decomposition (Table 1). We
expect the slope of the §'N-C/N relationship to approach zero as mean soil C/N increases (Figure 2b, plain line).
We thus derive:

Hy: a positive relationship between the 5'°N-C/N slope and the mean C/N of soil.

Because high soil organic carbon (SOC) soils generally appear in low-redox conditions, when decomposition is
slowed down, we expect a positive §'>C-C/N relationship in high SOC soils (Figure 2c, dashed line). In low SOC
soils, we expect young horizons to have a negative 5'>C-C/N relationship because of recent depletion of atmo-
spheric CO,, and older horizons to have the same relationship because of long-term limited microbial reassi-
milation of '*C-enriched interstitial soil CO, (Table 1, Figure 3¢, plain line). We thus derive:

He: a positive relationship between the §'*C-C/N slope and the C content of the soil.
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Figure 3. Schematical representation of the analysis framework (a) and map presenting the distribution of the analyzed studies (b). 1: Andersson et al. (2012); 2: Hicks
Pries et al. (2012); 3: Hugelius et al. (2012); 4: Hutchings et al. (2019); 5: Kriiger et al. (2014); 6: Pastukhov et al. (2018); 7: Prater et al. (2020); 8: Ravn et al. (2020);
9: Schirrmeister et al. (2011); 10: Schirrmeister et al. (2018a, 2018b); 11: Skrzypek et al. (2008); 12: Stapel et al. (2016b, 2016a); 13: Strauss et al. (2015); 14: Wetterich
and Schirrmeister (2017a, 2017b, 2017c), Wetterich et al. (2018); 15: Windirsch et al. (2019, 2020); 16: Xu et al. (2009).

2. Materials and Methods
2.1. Literature Search and Exclusion Criteria

We searched the Scopus database for any article reporting isotopic values, C/N and massic C content in Arctic soil
cores or profiles. The query was performed on 20 October 2020, with the keywords (soil OR permafrost) AND
(arctic) AND (13C OR 15N), leading to a total of 897 articles (Table 2). We excluded articles which (a) did not
take place in terrestrial ecosystems; (b) did not measure massic C content, C/N and 5'3C or 5N at more than
three depths in soil cores or profiles; (c) made inferences without reporting raw data or summary statistics at
multiple depths. When necessary, data were digitized from plots using the WebPlotDigitizer software
(Rohatgi, 2021).
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g:mbiZazry of the Extracted Data From the 15 Publications Reporting Organic Matter C and N Isotopic Values, C/N and Soil Organic Carbon in Permafrost Cores or
Profiles
Number of Number of Number of SOC Mean Active layer

Study sites cores units (range) Element Data form sampled
Andersson et al. (2012) 1 1 3 46.6 (45.2-48.1) C,N  Statistics, Plots No
Hicks Pries et al. (2012) 1 3 3 39.4 (38.4-39.9) C,N Statistics, Plots Yes
Hugelius et al. (2012) 7 7 7 33.1 (6.9-46.8) C,N Raw data, Plots No
Hutchings et al. (2019) 1 1 5 13.6 (0.56-34.4) C Raw data, Tables No
Kriiger et al. (2014) 12 36 36 45.2 (30.1-49.1) C Raw data, Plots Yes
Pastukhov et al. (2018) 3 4 4 46.6 (44.0-484) C,N Raw data, Tables Yes
Prater et al. (2020) 1 4 4 24.7 (23.7-27.0)0 C,N Raw data, Tables No
Ravn et al. (2020) 1 1 1 9.28 (9.28-9.28) C Summaries, Tables No
Schirrmeister et al. (2011) 5 15 26 3.16 (0-10.5) C Raw data, Plots No
Schirrmeister et al. (2018a, 2018b) 1 8 8 9.96 (3.45-19.5) C Raw data, PANGEA No
Skrzypek et al. (2008) 1 1 1 16.3 (16.3-16.3) C,N Raw data, Plots Yes
Stapel et al. (2016b, 2016a) 1 1 2 2.95 (2.42-3.94) C Raw data, PANGEA No
Strauss et al. (2015) 1 4 9 3.33 (0.68-10.0) C Raw data, Plots No
Wetterich and Schirrmeister (2017a, 2017b, 2017c), 1 2 2 8.41 (6.18-12.0) C Raw data, PANGEA No

Wetterich et al. (2018)
Windirsch et al. (2019, 2020) 1 2 6 0.52 (0.1-1.15) C Raw data, PANGEA No
Xu et al. (2009) 1 1 1 9.55(9.55-9.55) C,N Raw data, Tables No
17 studies 42 95 122 24.47 (0.1-49.1) 17C, 8N - -

Note. SOC represents the mean soil organic carbon of a unit.

Analysis was based on “units”, defined as sections of cores or profiles constituted during homogeneous
vegetation and condition of decomposition (Figure 4). Units were delimited using stratigraphic information
recovered in the text and figures of the paper. For example, the Late Glacial/Early Holocene thermokarst lake
deposits of the Dmitry Laptev Strait (Figure 5 in Schirrmeister et al., 2011) is considered as a unit in this
study, whereas the Holocene polygonal cover above it in the profile constitutes another unit. We considered
units to combine into a “core”, and cores (or profiles) into “sites.” No selected article reported soil 5'°N only.
Prater et al. (2020) reported C/N and isotopic values for soil fractions at different depths. Bulk soil values
were calculated as the weighted average of each variable, with weights corresponding to the relative mass of
each soil fraction.

2.2. Data Blinding Approach

To avoid the impact of confirmation bias during data preparation and model development (Nuzzo, 2015), we used
a data blinding approach (Figure 4, MacCoun & Perlmutter, 2015). Values of each variable were randomized
within units, breaking depth ordering and relationships among variables. Introduction, theoretical framework,
hypothesis, model, and figures were then developed blind, the measured data set being used only once model
formulation, model convergence and clarity of text and figure were recognized by all authors. Every change in
analysis made after the discovery of real data is labeled as post-blinding.

2.3. Statistical Analysis

Both hypothesis (Hy and H¢) implies quantifying the relationship between OM C/N and isotopic values. We used
a Bayesian hierarchical model to estimate this relationship for each soil unit (part of the profile accumulated
during homogeneous conditions and vegetation). The ith isotopic value y; in the unit # was modeled as
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Figure 4. Relationships between (a) 5'°N and C/N for each soil unit and (b) §'’N-C/N slopes and mean unit soil organic carbon (SOC). Colored lines represent the
posterior median relationship estimated independently for each soil unit, illustrating the among-profile variability subsequently analyzed in panel (b). Points of panel
(b) represent median estimated slopes and mean SOC of soil units, and the associated vertical and horizontal lines represent the mean absolute deviations around the
median. Notice the logged x-axis in panel (a).

¥; ~ Normal (4;,0)

Hi = a+ By + X Bug @®)
{Bu-Bucy} ~ MultiNormal ({0, e, }, £)

Where x; is the log of the C/N ratio of the ith observation, a the global intercept, 3, ;) the hierarchical intercept of
the unit of the observation i, and ', the hierarchical slope between C/N and the isotopic value in the unit of the
observation i. y; and o are the mean and the residual standard-deviation of the normal distribution, respectively. ¢,
(i) 1s the linear predictor of the hierarchical slope of unit u, and X a 2 X 2 covariance matrix.

Hy, expected a positive relationship between the 5'"N-C/N slope and the C content of the soil unit (SOC), the
relationship between C/N and 6"°N being closer to zero in soil units with high mean SOC. We thus modeled the
relationship between the slope of the C/N-6""N isotopic values relationship and C,,, the unit mean SOC, with y and
7' being the intercept and slope of this hierarchical relationship, respectively.

e.=y+y -C, €)

H expected a positive relationship between the 5'>C-C/N slope and the C content of the soil unit, the relationship
between C/N and 6'*C being negative in soil units with low mean C content, and positive in soil units with high
mean C content. The hierarchical relationship presented in Equation 9 was first used to confront Hc. Potential
issues related to the fundamental differences between mineral and organic soils were pointed out during the
reviews. We thus fitted a second hierarchical model with different intercepts and slopes for mineral (mean unit C
content <30%) and organic soils (mean unit C content >30%).

We accounted for the uncertainty around the mean unit C content, estimating C,, as

C; ~ logNormal(log(C,;)),6¢) log(Cyy) ~ Normal(4, ¢) (10)
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Where C; is the C content of the ith observation, o is the residual standard deviation around the log of C content
of the units, and 1 and ¢ the estimated mean and standard deviations of the population of estimated mean units C
content.

We estimated parameters using the NUTS algorithm in stan (Stan Development Team, 2022) through the
cmdstanR interface (Gabry & Cesnovar, 2022) in the R 4.2.0 software (R Core Team, 2022). We sampled
posterior parameter distribution with three chains of 2,000 warm-up and 2,000 sampling iterations. We realized
careful prior predictive checks to ensure that priors avoided the prediction of impossible isotopic values while
being not informative about the direction of the slopes. We ensured posterior distribution samplings to be un-
biased (no divergent transition when setting the adapt delta argument to 0.9) and efficient (no warning about tree
depth when setting the max tree depth argument to 12).

The ChatGPT 4-o0 model (OpenAl, 2024) was used in its free version to make suggestions to synthetize para-
graphs of Section 1.1. Context section, and to spot issues with the structure and of some paragraphs of Section 1.2.
Theoretical framework.

3. Results

The compiled data set captured an important variability of soil isotopic values. 5'°N varied between —2.77 and
7.87%o, with a median at 0.9%o, whereas 6'>C varied between —31.8 and —22.5%o, with a median at —27.1%o. In
the data set used for '°N analysis, C/N varied from 8.20 to 113, with a median at 22.7, whereas mean unit SOC
varied between 9.55% and 48.4%, with a median at 39.8. In the data set used for 3¢ analysis, C/N varied from
1.05 to 162 with a median at 21.0, whereas unit SOC varied between 0.12% and 49.1% with a median at 30.1%.

We detected a constant fractionation of N isotopes during past Arctic decomposition (Figures 4a and 4b), OM
becoming more '°N enriched when C/N decreased in all units (Figure 4a). The intercept and slope of the rela-
tionship between mean unit SOC and the 5PN-C/N slopes were —1.82 (ci: —2.35; —1.28) and —0.007 (ci: —0.018;
0.005, Figure 4). An outlier soil profile was removed, characterized by a positive tendency between CN and §'°N
(Figure S3 in Supporting Information S1). This trend was due to two points with very high 5'°N values (around 8)
at high C/N, probably caused by the burying by cryoturbation of surface OM under particular vegetation, rather
than by decomposition processes. Including this profile, the intercept of the relationship between mean unit SOC
and 8'N-C/N slopes was on average —1.33 (95% credible interval, ci: —1.93; —0.73), while the slope was slightly
negative with high uncertainty (median: —0.007, ci: —0.019; 0.008) (Figure S4b in Supporting Information S1).

On the other hand, C fractionation varied during past Arctic decomposition (Figure 5a) depending upon unit SOC
(Figure 5b), corroborating H., with negative §'>C-C/N slopes at low SOC and null or positive slopes at high SOC.
The intercept of the relationship between mean unit SOC and the 6'>C-C/N slopes were, in median, —0.503
(ci: —0.700; —0.306), with a positive slope of 0.011 (ci: 0.007; 0.015). The picture was similar when considering
two different relationships depending upon soil types (Figure S5 in Supporting Information S1). In mineral soils
(mean unit SOC < 30), the intercept of the relationship between mean unit SOC and the §'*C-C/N slopes was
negative, with a median equal to —0.441 (ci: —0.661; —0.239). This indicates that OM becomes enriched in '*C as
C/N decreases for units with low C content. The slope was on average —0.009 (ci: —0.027; 0.008) in mineral soils,
indicating no variation of the §'*C-C/N relationship with increasing SOC content in mineral soils. In organic soils,
the intercept and slopes of the relationship between the mean unit SOC and the §'*C-C/N slopes were both null,
with a median equaled to —0.061 (ci: —0.273; 0.154) and 0.004 (ci: —0.007; 0.014). This indicates that both null
(no fractionation) and positive §'*C-C/N slopes (depletion in '*C as C/N decreases) occur in units with high C
content.

4. Discussion
4.1. Nitrogen

Our results invalidated Hy, with no variation of the §'°N-C/N relationship along the gradient of soil C/N, whereas
a positive relationship was expected. This points toward a constant fractionation retaining '>N when past Arctic
decomposition occurred (ay < 1). Following Dijkstra et al. (2008), it means that microbes excreted as much 4N
enriched NH,* during decomposition in organic and mineral soils. In mineral soil and at low C content, that is,
when carbon is expected to be limiting for microbial growth, fractionation is expected because microbes excrete
excess N to maintain their stochiometric (C/N) ratio. This excretion leads to the loss of '>N depleted NH,* and the
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Figure 5. Relationships between (a) §'>C and C/N for each soil unit and (b) §">C-C/N slopes and mean unit soil organic
carbon (SOC). Colored lines represent the posterior median relationship estimated independently for each soil unit. Each

point of panel b represents the median estimated slope and mean unit SOC, and the associated vertical and horizontal lines
represent the mean absolute deviations around the median. The thick black line represents the median regression predictions,
and the shaded area represents the associated 95% credible interval. Notice the logged x-axis in panel (a).

enrichment of microbial biomass in '’N. This is in line with recent results showing that 20%-60% of nitrogen
absorbed by microbes is mineralized (not used for biomass nor enzyme production) in the mineral horizons of
Arctic soils (Wild et al., 2013, 2018). A similar nitrogen fractionation in organic soils is not expected, because
micro-organisms are expected to use a higher proportion of N for growth in the presence of abundant C sources.

Within our conceptual framework, the observed 6'°N—C/N relationships are consistent with continued microbial
NH,* excretion during the accumulation of highly organic Arctic soils. This contrasts with observations from
present-day active-layer organic horizons, where microbial communities are often considered to be more strongly
nitrogen limited. Less than 30% of the N assimilated by microorganisms during decomposition was excreted in
the organic horizons of current active layers across the Arctic (Wild et al., 2013, 2018). Glycine fertilization
experiments showed that current Arctic microbes cycle N in microbial biomass, immobilizing it for years (Ravn
et al., 2017; Sorensen et al., 2008b). However, these fertilization studies suggest that Arctic microbes may be
colimited by C and N, as C fertilization does not increase mineral N production (Sorensen et al., 2008a). Although
metadata describing vegetation composition and hydrological conditions were not consistently available across
studies, the high SOC content of these soil units suggests that they predominantly originated from organic soils
that accumulated under persistently waterlogged conditions favoring peat formation. Peat becomes more
concentrated in recalcitrant molecules with depth and decomposition time (Hill et al., 2014), as discussed below.
Moreover, anaerobic conditions leading to peat formation greatly limit the energy that microbes can obtain from
OM degradation (Boye et al., 2017). These conditions can lead to a possible C limitation for microbes relying on
more decomposed OM (Hill et al., 2014) and excess N excretion, as suggested by our results. Moreover, microbes
may also be P limited in peat (Hill et al., 2014; Parvin et al., 2018), the limitation increasing with decomposition,
when P becomes trapped in SOM (Margalef et al., 2017; Parvin et al., 2018) and the parent rock is not in contact
with the soil surface as observed during boreal paludification (Simard et al., 2007). More studies are needed to
determine if P limitation needs to be considered in the stoichiometric theories underlying microbial N frac-
tionation in organic soils.

Our results support the well-established pattern of >N enrichment with decomposition in Arctic soils (Figure 5a;
Craine et al., 2015). Yet, we found far less available '°N soil data than '>C. We did not find evidence that N
limitation overcame C limitation during the formation of organic soils leading to greater microbial N retention. If
widespread carbon limitation also characterizes present-day Arctic microbial communities, then increasing inputs
of labile OM associated with shrub expansion could stimulate microbial respiration (Myers-Smith et al., 2011).
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More 6N soil profiles spanning a wider range of Arctic environments, together with controlled laboratory
experiments, are needed to determine whether the conceptual framework of Dijkstra et al. (2008) adequately
captures nitrogen cycling during Arctic OM accumulation or requires refinement to account for the specificity of
Arctic decomposition processes. Such studies would also help clarify how these long-term accumulation path-
ways influence the vulnerability of permafrost OM to decomposition following thaw.

4.2. Carbon

Our results corroborated H, supporting the idea of different C fractionation in mineral (low SOC level, negative
slope with C/N, Figure 5) and organic (high SOC level, positive slope with C/N) Arctic soils. Different frac-
tionation suggests that the decomposition process in mineral and organic soils leads to different soil OM chemical
compositions and thus to different sensitivity to the environmental conditions occurring after thaw.

At low SOC, we observed an enrichment in '*C during decomposition (ac < 1). This is coherent with the
enrichment expected following the limited microbial CO, reassimilation (Santriickov et al., 2018). Indeed,
the fixation of '*C depleted atmospheric CO, is not sufficient to explain the observed patterns as no mineral
units were sampled in the active layer (see Table 2 for different possible explanatory mechanisms). In
addition, the fractionation of carbon during decomposition has been discarded as a potential mechanism by
recent experimental tests (Breecker et al., 2015). Such enrichment in '*C during decomposition in low SOC
soils echoes recent patterns observed in the Arctic. A positive correlation between §'°C and the degree of
decomposition measured by the ratio of alkyl-C to O/N alkyl-C and the ratio of O alkyl-C to methoxyl C of
lignin has been reported in the study of different soil physical fractionations in the Arctic (Gentsch, Mikutta,
Shibistova, et al., 2015; Prater et al., 2020). This suggests that microbially derived OM stored in finer or
denser soil fractions were enriched in '*C relative to particulate OM. Similarly, Hugelius et al. (2012) showed
that OM became enriched in '*C while humic compounds were concentrated in older and deeper OM of
mineral horizons. Hutchings et al. (2019) found permafrost OM with a greater microbial signature to be
enriched in '’C relative to OM made of a higher proportion of plant materials. Consequently, the enrichment
in 13C with decomposition implies that soil OM becomes increasingly dominated by microbial-derived carbon,
potentially associated with mineral surfaces (Prater et al., 2020). This progressive microbial transformation is
expected to influence the composition of permafrost OM and may therefore help explain differences in its
subsequent vulnerability to decomposition following thaw.

At high SOC (>~30%), we observed a potential depletion in '*C during decomposition in some units
(ac > 1), but the effect was, on average, small and variable. Assuming that such high SOC accumulation came
from low redox conditions, we expected preservation of 3¢ depleted compounds to drive the isotopic
signature of OM in high SOC soils (Benner et al., 1987). The uncertain fractionation at high SOC and the
increase of the §'*C-C/N slope with SOC suggest that preservation of '*C depleted compounds takes place in
high SOC soils, but that other mechanisms must be accounted for to explain the variation of §'°C in organic
Arctic soils. Support for the preservation of '*C depleted compounds in high SOC soils was measured in the
Arctic. Prater et al. (2020) showed 6'>C to be negatively correlated with the proportion of carbohydrates and
positively correlated with the proportion of lignin, lipids, and protein in particulate OM. Hutchings
et al. (2019) found the most *C depleted OM in horizons with well-preserved lignin, '>C enriched OM taking
place in horizons with a high lignin degradation index. Interestingly, the proportion of humic compounds was
lower in deeper, older and '*C depleted organic horizons in the study of Hugelius et al. (2012). This supports
the idea that OM accumulates in Arctic organic soils by preservation of recalcitrant compounds rather than by
humification, with a low concentration of microbially derived compounds (Pastukhov et al., 2018; Prater
et al., 2020). If confirmed, this implies that carbon released following thaw may derive from substrates whose
composition has been shaped more by long-term preservation than by microbial processing, a distinction that
could influence subsequent decomposition dynamics.

4.3. Past and Future Decomposition

Overall, the contrasting carbon fractionation patterns observed in mineral and organic permafrost soils suggest
that OM follows distinct accumulation pathways in these two soil types. Consequently, the composition of the
OM exposed after thaw, and potentially its subsequent decomposition, may differ between mineral and organic
permafrost soils. It has been shown that OM age was not a proxy of the decomposition stage in a variety of Arctic
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soils (e.g., Hutchings et al., 2019; Schirrmeister et al., 2011; Strauss et al., 2015). The contrasting C fractionation
patterns are consistent with the hypothesis that OM stored in mineral permafrost horizons accumulated through
extensive microbial processing before being trapped by permafrost. In contrast, the absence of comparable
fractionation in organic soils suggests that OM accumulation was dominated by the preservation of plant-derived
material rather than extensive microbial recycling. If these contrasting accumulation pathways are confirmed,
they suggest that mineral and organic permafrost soils may expose OM with different characteristics following
thaw. Whether these differences translate into contrasting decomposition responses remains to be tested exper-
imentally. Nevertheless, recalcitrant molecules such as bacterial products are thought to be more sensitive to an
increase in temperature than less cycled plant materials, suggesting an important increase in OM mineralization
while the temperature of mineral soils increases (von Liitzow & Kogel-Knabner, 2009). On the other hand,
mineralization of OM in organic soils may be especially increased by a reduction in soil water content, which will
depend upon the uncertain future balance between evaporation and precipitation (Vihma et al., 2016) and the
alteration of drainage following thermoerosion (Fortier et al., 2007; Perreault et al., 2016).

Even if our study revealed generalities about past Arctic soil formation, the response to climate change will
depend upon multiple factors that natural stable isotope profiles cannot reveal. For example, there is increasing
evidence that mineral protection occurs in the Arctic and may limit OM mineralization (Gentsch, Mikutta,
Shibistova, et al., 2015, 2018). Moreover, microbial communities in permafrost may have a reduced enzymatic
capacity to degrade newly thawed OM, thereby limiting initial decomposition following thaw (Monteux
et al., 2020). Recently accessible molecular characterization techniques and biomarkers provide useful infor-
mation about both the processes at play during OM accumulation and the potential response of OM to a change in
condition (Mueller et al., 2015; Polyakov & Abakumov, 2020; Prater et al., 2020). All these aspects and tools need
to be integrated with isotopic approaches to increase our understanding of Arctic OM sensitivity to climate
change.

5. Conclusion

In this study, we proposed a theoretical framework describing C and N fractionation during the formation of
Arctic soils. Hypotheses derived from this framework have been tested against a pan-Arctic data set of active
layer and permafrost cores or profiles. Our results suggested similar N fractionation in mineral and organic soils.
Based on the proposed theoretical framework, it suggests that microbial C limitation has been ubiquitous during
the past formation of Arctic soils. This has important implications for the future decomposition of permafrost OM.
Greater vegetation growth and active layer thaw are expected to provide labile C at greater depth, which may
stimulate the decomposition of old materials previously stored in permafrost (Keuper et al., 2020; Pegoraro
etal., 2019). Organic matter in mineral permafrost soils appears to have accumulated through extensive microbial
processing, leading to the progressive incorporation of '*C-enriched microbial-derived compounds. In contrast,
organic permafrost soils appear to have accumulated primarily through the preferential preservation of relatively
13C-depleted plant compounds under waterlogged, anoxic conditions. Within our conceptual framework, these
contrasting patterns suggest that carbon limitation was expressed through different OM accumulation pathways
depending on soil type: extensive microbial transformation in mineral soils versus selective preservation of plant-
derived material in organic soils. By influencing the composition and degree of microbial transformation of OM
prior to thaw, these pathways may contribute to contrasting decomposition responses under climate warming.
Because Arctic climate change is expected to modify the seasonality of precipitation (Vihma et al., 2016) and alter
soil hydrology following permafrost thaw, with responses varying from increased waterlogging to enhanced
drainage depending on local conditions (Fortier et al., 2007; Perreault et al., 2016), the environmental conditions
under which organic-rich permafrost accumulated may differ markedly from those prevailing after thaw. These
shifts in hydrological conditions may therefore influence the decomposition trajectories of previously frozen OM
and ultimately the fate of Arctic carbon stocks under climate change.
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