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Abstract
Permafrost thaw is a major potential feedback source to climate change as it can drive 
the increased release of greenhouse gases carbon dioxide (CO2) and methane (CH4). 
This carbon release from the decomposition of thawing soil organic material can be 
mitigated by increased net primary productivity (NPP) caused by warming, increas-
ing atmospheric CO2, and plant community transition. However, the net effect on C 
storage also depends on how these plant community changes alter plant litter quan-
tity, quality, and decomposition rates. Predicting decomposition rates based on litter 
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1  |  INTRODUC TION

As ecosystems warm due to climate change, carbon (C) cycling pro-
cesses are expected to alter, leading to changes in the amount of C 
stored in plants and soils with potential feedbacks to atmospheric 
C and the rate of warming. As temperatures warm and atmospheric 
CO2 increases, plant communities may become more productive 
leading to increased CO2 uptake; but warming temperatures may also 
increase CO2 release by speeding soil decomposition (Euskirchen 
et al., 2009; Herbert et al., 1999). The net effect of these oppos-
ing processes on global climate will depend on both environmental 
conditions and on how changes in plant physiology and community 
composition alter the quantity and quality of organic material sup-
plied to the soil through litter (Saleska et al., 2002). This is especially 
true in Arctic ecosystems which are undergoing major transitions as 
permafrost thaws, making feedbacks to global climate change partic-
ularly difficult to predict. In addition to releasing historically unavail-
able frozen C pools for decomposition, increased temperatures and 
nutrient release from thawing permafrost may drive a surge of CO2 
uptake as arctic plants increase photosynthetic rates and/or are re-
placed by more productive species which may increase the quantity 
of litter inputs to the soil (Bäckstrand et al., 2010; Euskirchen et al., 
2009; Mekonnen et al., 2021; Varner et al., 2021). In some places, 
this rise in primary productivity can equal or even exceed the C re-
leased from the decomposition of previously frozen soil C over the 
growing season (Hicks Pries et al., 2013, 2015; Schuur et al., 2009). 

Conversely, shifts in plant community composition may also increase 
the rate at which C is returned to the atmosphere through decompo-
sition if they lead to major changes in the quality of litter deposition 
(Hartley et al., 2012; Wild et al., 2014, 2016). Understanding of how 
differences in litter quality interact with changes in environmental 
and microbial factors to determine C storage versus release remains 
poorly constrained. While some of these changes may be short- lived 
(e.g., nutrient release from recently thawed permafrost), others can 
be expected to persist over the long term (e.g., compositional shifts 
to more productive plant species; Mekonnen et al., 2019). Therefore, 
long- term prediction and modeling of the implications of arctic 
warming for net C balance require that we improve the understand-
ing of the mechanisms by which changes in plant community com-
position can simultaneously impact C uptake through differences 
in primary productivity, and C release from decomposition through 
differences in litter quantity and quality.

Permafrost thaw- altered C uptake rates may result from changes 
in plant growth both above-  and belowground. Warmer seasons can 
contribute to earlier snowmelt and later ground freeze that can lead 
to a long plant growing season (Richardson et al., 2013; Wolkovich 
et al., 2012). Thus, warmer temperatures have been found to lead 
to increased aboveground plant biomass in the Antarctic tundra 
(Day et al., 2008) as well as Arctic and Subarctic uplands (Camill 
et al., 2001; Hartley et al., 2012). Below ground, the volume of 
soil accessible to plant roots increases as the active layer deepens 
due to permafrost thaw (Iversen et al., 2015), which can result in 
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quality remains challenging, but a promising new way forward is to incorporate meas-
ures of the energetic favorability to soil microbes of plant biomass decomposition. We 
asked how the variation in one such measure, the nominal oxidation state of carbon 
(NOSC), interacts with changing quantities of plant material inputs to influence the 
net C balance of a thawing permafrost peatland. We found: (1) Plant productivity 
(NPP) increased post- thaw, but instead of contributing to increased standing biomass, 
it increased plant biomass turnover via increased litter inputs to soil; (2) Plant litter 
thermodynamic favorability (NOSC) and decomposition rate both increased post- 
thaw, despite limited changes in bulk C:N ratios; (3) these increases caused the higher 
NPP to cycle more rapidly through both plants and soil, contributing to higher CO2 
and CH4 fluxes from decomposition. Thus, the increased C- storage expected from 
higher productivity was limited and the high global warming potential of CH4 con-
tributed a net positive warming effect. Although post- thaw peatlands are currently 
C sinks due to high NPP offsetting high CO2 release, this status is very sensitive to 
the plant community's litter input rate and quality. Integration of novel bioavailability 
metrics based on litter chemistry, including NOSC, into studies of ecosystem dynam-
ics, is needed to improve the understanding of controls on arctic C stocks under con-
tinued ecosystem transition.
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C storage, decomposition, litter chemistry, NOSC, peat, permafrost thaw, plant community 
change, Stordalen Mire
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increases to belowground biomass with thaw as roots grow without 
the limitations imposed by permafrost (Blume- Werry et al., 2019). 
Collectively, these changes can result in increased above-  and be-
lowground biomass and thereby an increase in ecosystem C stock 
(Camill et al., 2001; Hartley et al., 2012).

Thaw- induced changes in growth patterns may also result in dif-
ferences in nutrient content and decomposability of plant litter. Since 
aboveground and belowground plant tissues have different nutrient 
compositions, shifts in ratios of aboveground to belowground bio-
mass and litter production may result in different nutrient input rates 
(Zechmeister- Boltenstern et al., 2015). Additionally, permafrost thaw 
can increase plant nutrient content through increased availability. 
Thaw releases biologically important amounts of plant- available nitro-
gen both directly and through the decomposition of permafrost organic 
matter (Keuper et al., 2012). Increased N availability can be augmented 
by lengthening of the growing season which allows substantial growth 
and nutrient uptake by plants to continue belowground late into the 
season, even after peak aboveground growth (Blume- Werry et al., 
2015, 2019; Keuper et al., 2017), potentially impacting long- term veg-
etation dynamics and carbon cycling (Riley et al., 2021). Higher levels 
of nutrients in biomass (living tissue) and litter in post- thaw plant types 
can be expected to increase the decomposability of this material, thus 
increasing the rate of C and nutrient cycling after the thaw. However, 
nutrient content alone cannot predict the decomposability of plant lit-
ter, particularly where microbial decomposition is limited by factors 
such as oxygen and electron acceptor availability –  as it is in wetlands. 
A more detailed chemical analysis of the decomposability of organic 
material is possible using high- resolution mass spectrometry such as 
FT- ICR MS which has been used previously to show differences in the 
composition of soil organic matter with permafrost thaw (Fudyma, 
Toyoda, et al., 2021; Hodgkins et al., 2014). Spectrometric techniques 
have great potential for understanding the decomposability of plant 
litter because they allow investigators to identify differences in bio-
availability of material based on factors such as chemical complexity 
and the energetic favorability of decomposition for particular com-
pounds (Fudyma, Toyoda, et al., 2021). For example, the nominal oxi-
dation state of carbon (NOSC) of each compound in a sample can be 
used to indicate the potential thermodynamic energy yield on oxida-
tion of the C of each molecule (Keiluweit et al., 2016; Wilson & Tfaily, 
2018). The diversity of compounds present in a sample can be used as 
an indication of the diversity of microbial metabolic pathways that may 
be able to degrade it (AminiTabrizi et al., 2020). Thus, detailed chem-
istry measurements provide potential ways to predict rates of decom-
position of litter that may vary with hydrology and oxygen availability.

Peat- dominated permafrost systems are of particular concern 
when it comes to understanding the dynamics underlying changes 
in C storage because they hold large quantities of C (Hodgkins et al., 
2014; Houghton, 2007), and because permafrost thaw can lead to 
peat inundation and wetland creation driving the substantial release 
of CH4 to the atmosphere (Bäckstrand et al., 2010; Hodgkins et al., 
2014). The much higher radiative forcing caused by CH4 gas means 
that permafrost thaw can result in net positive climate forcing even 
when net C storage is increasing (Bäckstrand et al., 2010).

In peat- dominated permafrost systems, permafrost- underlain 
areas (palsas) are often relatively dry and characterized by arctic 
heath- type communities dominated by dwarf shrubs, mosses, and 
small sedges (Malmer et al., 2005). Thaw leads to soil subsidence, 
which can result in the creation of wet areas, particularly sphagnum- 
dominated bogs and/or sedge- dominated fens (Malmer et al., 2005). 
These changes in plant community composition substantially alter 
the decomposition environment as well as the quantity and qual-
ity of litter inputs. Plant functional types (PFTs) found in wet fen 
areas formed after permafrost thaw (mostly graminoids) are gener-
ally more nutrient- rich than functional types typical of permafrost- 
underlain areas (dwarf shrubs, forbs, mosses, and lichen) or those 
in more ombrotrophic transitional areas (sphagnum moss; Fudyma 
et al., 2019; Malmer et al., 2005; Wang & Moore, 2014). These dif-
ferences in nutrient content are expected to alter decomposition 
rates, and indeed, in northern climates, leaf litter decomposability 
has been found to be lowest in sphagnum mosses, higher in ever-
green shrubs, graminoids, and deciduous shrubs, and highest in 
forbs (Dorrepaal et al., 2005). However, post- permafrost thaw, litter 
can also decompose in an oxygen- limited environment where the 
bioavailability of organic compounds may depend more strongly on 
electron acceptor availability than on nutrient content. Little is cur-
rently known about the role that litter chemical diversity and NOSC 
have on its susceptibility to decomposition.

Here, we assessed the impact of plant litter quality and quan-
tity on C input to thawing permafrost soils in the Stordalen Mire 
ecosystem. This system contains soils at various stages of thaw 
that have been studied using biogeochemical, microbiological, eco-
system science, and modeling approaches for decades (Bäckstrand 
et al., 2010; Chang et al., 2019; Hodgkins et al., 2014; McCalley et al., 
2014; Woodcroft et al., 2018). In spite of these efforts, the roles of 
changes in plant productivity and litter quantity and quality in deter-
mining net- C balance remain under- explored. It is essential to under-
stand the mechanisms controlling C cycling in order to predict how 
further ecosystem changes may alter C storage. Such mechanistic 
understanding of climate- critical ecosystems will allow more accu-
rate modeling of how these ecosystems will feed back into the larger 
climate system with continued warming. Therefore, we tested the 
hypotheses that plant community changes post- permafrost thaw 
results in (1) increased plant productivity (NPP) and litter inputs to 
the soil, and (2) increased quality (based on biochemical availability) 
and decomposability of plant litter inputs, leading to (3) decreased 
residence time of plant C limiting the net C storage effect of the 
increased productivity.

2  |  METHODS

2.1  |  Site description

Stordalen Mire is a well- studied system for thawing permafrost lo-
cated 10 km east of Abisko, Sweden at 68°21′20″N, 19°02′84″E, and 
is 363 m above sea level (with ecologically relevant microtopography 
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across the Mire spanning several meters’ elevation). The site is man-
aged by the Abisko Scientific Research Station and the Integrated 
Carbon Observation System. Within the Mire, there are three main 
habitats spanning a permafrost thaw gradient: permafrost underlain 
(palsa), initial/partial permafrost thaw (bog), and complete thaw (fen). 
Palsas consist of raised, permafrost underlain areas characterized by 
low shrubs (e.g., Betula nana, Empetrum nigrum, Andromeda polifolia, 
Vaccinium spp.), forbs (e.g., Rubus chamaemorus), graminoids (e.g., 
Eriophorum vaginatum), lichens, and drier mosses (including Sphagnum 
fuscum). Bogs are wetter, though still perched above the regional 
water table, low- lying areas often still underlain by permafrost lenses 
characterized by more hydric species of Sphagnum (e.g., Sphagnum 
balticum) and small sedges (e.g., Eriophorum vaginatum, Carex rotun-
data). Fens are formed after complete permafrost thaw and collapse. 
They are characterized by standing or flowing water, and hydric 
Sphagnum and sedge species (e.g., Eriophorum angustifolium, Carex 
rotundata, Carex rostrata). The 15 main plant species found there 
belong to six plant function types: forbs (Comarum palustre, Rubus 
chamaemorus), evergreen shrubs (Andromeda polifolia, Empetrum ni-
grum, Vaccinium vitis- idaea), deciduous shrubs (Betula nana, Vaccinium 
microcarpum, Vaccinium uliginosum), mosses (mainly Sphagnum sp.), 
graminoids (Carex canescens, C. rotundata, C. rostrata, Eriophorum 
angustifolium, Eriophorum vaginatum), and horsetails (Equisetum sp.). 
As of 2010, 49% of the area within Stordalen was made up of intact 
palsa, 37% was made up of partially thawed bog, 12% was made up of 
fully thawed fen (Bäckstrand et al., 2010). From 1970 to 2014, palsa 
and bog areas each shrank by 11% while fen areas expanded by 100% 
(Varner et al., 2021).

2.2  |  Plant standing biomass

Standing aboveground and belowground biomass for each habitat 
type was sampled in 2015, between July 13– 24 which corresponded 
to the middle of the growing season (Olefeldt et al., 2012). Habitat 
types were determined by plant community composition and water- 
level based on classifications by Malmer et al. (2005). Palsa sites were 
determined by the presence of woody shrubs, primarily E. nigrum and 
A. polifolia. Bog sites were primarily identified by Sphagnum spp. and 
E. vaginatum growth and vicinity to still intact palsa regions. Fen sites 
were identified by the amount of sedges such as E. angustifolium and 
water level. Two- quarter meter quadrats (0.25 cm × 0.25 cm) were 
placed at each of five replicate locations at each of the three habitat 
types along the thaw gradient. Biomass was sampled by cutting out 
a block of peat around the edges of the quarter meter quadrat. Palsa 
plots were sampled to a depth of 15 cm and the entire peat block 
was removed from the hole. Plants were then separated from the 
peat block with roots and stems intact in order to allow for correct 
identification. For bog and fen sites, all living Sphagnum stems were 
removed first. Sedges were then extracted individually, including as 
much of the root system as could be removed by hand (up to 60 cm 
depth). All plants were identified based on aboveground structures, 
then belowground portions were separated and all samples were 

dried at 30°C to constant mass. Dried samples were weighed for 
total biomass calculations and then subsampled for C and nutrient 
analysis. These measurements were used for total standing biomass 
and nutrient composition at the peak of the growing season.

2.3  |  Leaf tissue and annual litter deposition

Leaf tissue and litter deposition were measured in the spring, sum-
mer, and fall of 2017 as follows. In early May 2017 (prior to full thaw), 
two quarter meter quadrats (0.25 cm × 0.25 cm) were marked at 
five different sites for each habitat type. To sample the nutrient sta-
tus of litter remaining after the winter, standing litter was collected 
from each of the five individuals of each sedge species, and 20 fallen 
leaves were collected from the ground for each species of forb/
shrub (except Empetrum nigrum and Andromeda polifolia because of 
the difficulty of finding the small evergreen leaves which disappear 
rapidly into the surrounding vegetation). The total number of indi-
viduals of each sedge species per quadrat was counted in order to 
calculate the total standing litter from the previous year.

To measure the total peak season leaf tissue, in late July, corre-
sponding to peak growing season, quadrats were revisited and per-
cent cover of litter and live leaf material were measured. Additionally, 
the total number of individuals (or branch tips for shrubs) of each 
species in each quadrat was measured. All living leaf material was 
collected and the number of leaves per branch or stem was counted 
from eight branches (for shrubs except Empetrum nigrum) or eight 
individuals (for forbs/sedges) from plants outside of the quadrats at 
each site. For Empetrum nigrum, eight branches were cut just below 
the last green leaves, the length of each of these branch tips was 
recorded, and the leaves were collected.

To measure annual litter inputs, in autumn, the sites were mon-
itored so that each plant species was sampled as its leaves were se-
nesced. This resulted in the following sampling dates: September 15 
for Rubus chamaemorus, Betula nana, Vaccinium uliginosum, October 
8 for Andromeda polifolia, October 20 for Eriophorum vaginatum, 
Vaccinium vitis- idaea, Empetrum nigrum, Eriophorum angustifolium, 
Carex rotundata, Carex rostrata. Litter was collected from a subset of 
individuals or branches of each species from each plot such that the 
total mass of leaves per species per plot could be calculated using 
the summer measurements of the number of individuals or branches 
of each species per plot. This provided an estimate of the annual 
litter input from each plant species measured in mass per area 
based on the two quarter meter quadrats used for each site (with 
n = 5 sites per each of three habitat types). All plant material samples 
were dried at 60°C for 48 h or until they reached constant mass, 
then weighed and subsampled for C and nutrient analysis.

2.4  |  Sphagnum growth

Sphagnum growth was measured using bottle brushes placed in each 
of the five bog plots as soon as they were thawed enough in the spring 
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of 2017. For each plot, eight bottle brushes were monitored monthly 
through September and replaced if they were overgrown. At each 
monitoring date, the median distance between the top of the wire and 
the top of the Sphagnum spp. was recorded. In October, eight brushes 
were removed and a 5 cm × 5 cm area of Sphagnum spp. was sampled. 
The lengths of the capitula of a representative sample were recorded, 
the stalks were separated from the capitula, and the stalks were cut to 
3 cm in length. Stem and capitulum samples remained separate as they 
were dried at 60°C until they reached constant mass then weighed and 
subsampled for C and nutrient analysis.

2.5  |  Carbon and nutrient analyses

Dried plant tissues were individually ground into a homogeneous 
powder using a Wiley Mini- Mill (3383- L10, Thomas Wiley) then 
re- dried in a large- capacity drying oven (5EM, Cat # 51221093, 
"Precision" Jouan, Inc.) at 45°C for 48 h, ensuring material was fully 
dry without the risk of losing volatiles. The relative content of total 
carbon, nitrogen, and sulfur (CNS) was measured in triplicate by a 
VarioEL Cube Elemental Analyzer (ElementarAnalysensysteme 
GmbH) equipped with an autosampler for automated analysis of 
multiple samples. This analysis oxidizes the sample through flash 
combustion, proven best for finding the concentration of carbon, 
hydrogen, nitrogen, and sulfur (Krotz & Giazzi, 2011). The remaining 
material (200 mg, dry weight) was tested for other significant plant 
nutrients (P, K, Fe, Mg, Mn, Ca, Al, Zn). Before analysis, these samples 
were suspended in a strong acid solution (tracegrade metal HNO3 
and ultrapure H2O2), and heated in a digestion block (DigiPREP MS, 
50ml 48 Pos, SCP Science) followed by a microwave (Ethos 320TC, 
Milestone). In some cases (<20% of samples), 200 mg of sample was 
not available so acid dilutions were adjusted to the weight available 
(150, 100, or 50 mg). The nutrient content of samples was measured 
using inductively coupled plasma —  optical emission spectrometry 
(Optima 8300DV, PerkinElmer) equipped with an autosampler. ICP- 
OES was re- calibrated using standards and blanks every 10 samples. 
ICP- OES uses plasma to identify elements by their emission spectra 
and is known for its low detection limits, providing accurate detec-
tion of micro- nutrients in small plant samples (Chaves et al., 2010).

2.6  |  Plant bioavailability analysis

We used Fourier Transform Ion Cyclotron Resonance Mass 
Spectrometry (FTICR- MS) to assess differences in organic mat-
ter quality and decomposability of plant tissues (Wilson & Tfaily, 
2018). Briefly, 0.5 g each of leaf, stem, and root tissues from two 
replicates of each of 13 representative plant samples from each 
habitat were collected from the vicinity of the main sampling sites 
and immediately flash frozen until analysis using water extraction 
and direct injection onto a 12 T Bruker ESI- FTICR- MS spectrom-
eter operation in negative mode (see Wilson et al., 2021 for detailed 
methodology). For each sample, 96 individual scans were averaged 

and then internally calibrated using organic matter homologous 
series separated by 14 Da (i.e. CH2 groups). The mass measure-
ment accuracy was <1 ppm for singly charged ions across a broad 
m/z range (i.e., 200 < m/z < 1200). Chemical formulas assignments 
were made using an in- house built software program following the 
Compound Identification Algorithm, described by Kujawinski and 
Behn (2006) and modified by Minor et al. (2012) and based on the 
following “Golden Rules” criteria: S/N > 7, and mass measurement 
error <1 ppm, taking into consideration the presence of C, H, O, N, S, 
and P and excluding other elements. All observed ions in the spectra 
were singly charged based on the identification of 1.0034 Da spac-
ing found between isotopic forms of the same molecule (e.g., be-
tween 12Cn and 12Cn- 1– 13C1). Two technical replicates were collected 
for most samples and, when available, peaks present in either (or 
both) spectra were combined and the signal intensities were aver-
aged for downstream analysis. In total, the dataset included 119,164 
peaks of which 85,617 (72%) were assigned a molecular formula. The 
molecular formulae were then used to calculate the nominal oxida-
tion state of carbon (NOSC = 4 − (4C + H − 3N –  2O + 5P − 2S)/C) of 
each compound (Keiluweit et al., 2016). This calculation provides in-
sight into the thermodynamic energy yield on oxidation of the C and 
is another approach for measuring organic matter quality (Wilson & 
Tfaily, 2018).

2.7  |  Chemical transformation and network  
analysis

To identify potential decomposition pathways for each plant tissue 
and identify the close association between related metabolites 
within each plant tissue, the mass differences between FTICR– MS 
peaks within each sample were compared with the precise mass 
differences for commonly observed biochemical transformations 
adopted from (Breitling et al., 2006). These include a wide range of 
reactions that use organic compounds containing C, H, O, and/or 
N, S, and P as terminal electron acceptors. For example, a mass dif-
ference of 2.0156 Da represents a hydrogenation/dehydrogena-
tion reaction, whereas a mass difference of 71.0371 Da indicates 
a reaction in which one alanine (C3H5NO) was lost. This approach 
is possible because of the ultra- high mass accuracy of FTICR– MS. 
These possible transformations were used to create networks of 
connectivity based on potential decomposition pathways for each 
plant tissue sample using Cytoscape 3.8.1 and the MetaNetter 
2 plug- in (Shannon et al., 2003) as previously described in 
(AminiTabrizi et al., 2020; Fudyma, Chu, et al., 2021; Fudyma, 
Toyoda, et al., 2021). Network analysis was performed to calculate 
the network heterogeneity and the clustering coefficient of each 
sample. For plant tissues, network heterogeneity is defined as the 
coefficient of variation of the number of connections between 
nodes (Dong & Horvath, 2007). As such, it reflects the tendency 
of a network to contain hub nodes where a hub is a node with a 
number of connections that greatly exceeds the average number 
of connections for a node in that network. Thus, higher network 
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heterogeneity signifies networks with large numbers of hub nodes 
that have many more connections than the majority of (non- hub) 
nodes. In the case of plant metabolites, this signifies a system with 
a greater diversity of potential chemical transformation pathways 
(i.e., the same compound could be transformed through a multi-
tude of reaction pathways). The clustering coefficient of a node is 
the number of triangles (3- loops) that pass through this node, rela-
tive to the maximum number of 3- loops that could pass through 
the node. High values indicate that nodes in a network have (on 
average) a large number of interconnections. Thus, high values in-
dicate that metabolites in a network are structurally related. So, in 
the context of metabolomics, the clustering coefficient of a net-
work signifies how closely related the plant metabolites are in a 
specific network, and network heterogeneity signifies the diver-
sity of degradation pathways possible in that network.

2.8  |  Decomposition rates

To test the relationship between bioavailability indices and decom-
position rates, litter from a characteristic species from each habitat 
(Table 1, E. vaginatum for palsa, Sphagnum spp. for bog, and E. an-
gustifolium for fen) was added to incubations of peat in bottles with 
aerobic headspace from the same habitat in the following way:

Plants representative of each phase of permafrost thaw (Palsa: 
Eriophorum vaginatum, Bog: Sphagnum spp., Fen: Eriophorum angusti-
folium) were isotopically labeled by growing them in a high- 13CO2 at-
mosphere chamber (with a paired natural- abundance control). Entire 
plants (including root systems and soil matrix) were collected intact 
for labeling from the field early in the arctic growing season (around 
June 20, 2015). Sedges were trimmed to stimulate the growth of 
fresh leaves and Sphagnum height was marked against stakes in-
serted in the pots to monitor stem elongation. The subsequent 
13CO2 labeling period consisted of 8 weeks of growth from June 25 
through August 11: The peak summer growth period for this site 
(Bäckstrand et al., 2010; Johansson & Linder, 1975). We regulated 
chamber air over the entire growing period to ensure high atmo-
spheric 13C enrichment. After 8- weeks, all new aboveground plant 
growth (identified as newly produced leaves for sedges and stem 
elongation beyond the initial marker for Sphagnum) was harvested 
and tested for isotopic enrichment using mass spectrometry at the 
University of Stockholm Stable Isotope Laboratory. The final 13C 
content of plant material prior to addition to incubations was 52.4 
atom percent (at- %) for E. vaginatum and E. angustifolium, and 22.9 
at- % for Sphagnum.

The 13C labeled litter was placed in soil incubations in order to 
track its decomposition. Incubations contained peat material col-
lected from the same palsa, bog, and fen areas as the plants. Peat 
material was collected from the top 5 cm at each site, homogenized 
with minimal aeration, and refrigerated overnight. Each incubation 
was maintained with an aerobic headspace and contained an equal 
volume (38 ml) of peat at field saturation from one of the 3 hab-
itat types. Incubations were either un- amended (no- litter control) 

or amended with the dried ground (to ensure homogeneity) abo-
veground litter (either unlabeled or labeled) from the corresponding 
habitat type at a ratio of 0.2 g litter per g dry- peat equivalent (based 
on bulk density measures of wet peat samples). Each treatment (no- 
litter, unlabeled litter, labeled litter) was replicated nine times for 
each habitat type resulting in a total of 81 incubations. Incubations 
were maintained at 10°C (which is within the normal range for sur-
face soil temperatures in the summer) except during gas sampling. 
We sampled headspace air in each incubation jar for total concen-
tration and isotopic composition of CO2 and CH4 on days 1, 3, 5, 
and every 3 days thereafter for 40 days after beginning the incuba-
tions, flushing with 400 ppm CO2 tank air (δ13C = −34‰) after each 
measurement.

Gas production from the litter was separated from that from soil 
using isotope partitioning based on the following:

where CO2tot is the total CO2 produced from labeled litter addition 
incubations, ftot is the 13CO2/total CO2 produced from labeled litter 
addition incubations, funl is the 13CO2/total CO2 from unlabeled lit-
ter addition incubations, flitter is the 13C/total C of labeled litter, 
αlitter is the 13CO2 produced from labeled litter incubation/finc, 
finc =

Csoil ∗ fsoil +Clitter ∗ funlitter

Csoil +Clitter

 is the isotopic ratio of natural abundance 

litter and soil incubation based on: Csoil which is the total C content 
of soil added to incubations, fsoil is the 13C/total C of soil added to 
incubations, Clitter is the total C content of unlabeled litter added to 
incubations (note this is the same for labeled litter), funlitter is the 
13C/total C of unlabeled litter added to incubations.

This approach accounted for any differences in the fractionation 
of decomposition processes between soil alone versus soil plus litter 
addition incubations. This calculation was repeated for CH4 fluxes 
and combined with the CO2 fluxes to calculate total C loss. The rate 
of total C released from litter over the first 5 days of incubation was 
used to calculate decomposition rate and residence time for each 
litter type.

2.9  |  Flux measurements

Annual net ecosystem exchanges (NEE) of CO2 and CH4 from 2010 
to 2014 were measured using transparent plexiglas autochambers (3 
in each habitat for a total of 9) obtained from the Isogenie Database 
(Bolduc et al., 2020, IsoGenieDB: https://isoge nie- db.asc.ohio- state.
edu/). The combined radiative impact of CO2 and CH4 fluxes was 
calculated using a CH4 100 year global warming potential (GWP) 
of 28 (Boucher et al., 2009; IPCC, 2014). Thus, the sum of annual 
CO2 flux and 28× annual CH4 flux (both in gC m−2year−1) gave the 
total flux in terms of CO2 equivalents. Net ecosystem CO2 exchange 
was partitioned into photosynthetic and respiratory components 
during a July 2012 measurement campaign which quantified ecosys-
tem respiration as the CO2 flux measured in the dark from shrouded 

CO2 productionrate from litter=
CO2tot ∗

(

ftot− funl
)

�litter ∗ flitter− funl
,

https://isogenie-db.asc.ohio-state.edu/
https://isogenie-db.asc.ohio-state.edu/
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autochambers. Dark flux measurements were paired with full light 
measurements and GPP was estimated as ecosystem respiration 
(CO2 flux to the atmosphere in the dark) minus NEE (CO2 flux to 
the atmosphere in full light, with uptake fluxes defined negative). 
All nine autochambers were distributed over the 0900– 0300 time 
period. To get 24- h estimates of potential GPP (assuming full light) 
and ecosystem respiration, missing hours were filled using linear in-
terpolation between existing data points, then values were summed 
across all hours of a day.

2.10  |  Calculations and statistical analysis

Total photosynthetic tissue and annual litter production rates were cal-
culated by first measuring the dry mass per leaf then multiplying by the 
number of leaves per branch, branches per plant, and plants per plot. 
Total C and nutrient content were calculated by multiplying the total 
mass by the measured percent C and nutrient content. For Sphagnum, 
only the capitulum was considered part of photosynthetic tissue since 
there is evidence that 80%– 100% of net C gain takes place here (Laing 
et al., 2014; Wallén et al., 1988). Sphagnum litter was considered to 
consist of stem tissue only in a quantity equal to the amount of stem 
elongation measured over the course of the growing season.

C:nutrient data were not normally distributed, and had differ-
ent distributions in 2015 versus 2017 collections. The significance 
of differences in C:nutrient ratios among habitat types and plant 
functional types (PFTs) were tested using ordinal logistic tests. For 
nutrient stoichiometry data, the Bonferroni correction was applied 
to the significance level to account for repeated testing of different 
nutrient data in the same samples. Tests were performed at the PFTs 
and habitat type levels, but only at the species level for Eriophorum 
vaginatum because most species were not abundant enough in more 
than one thaw stage for reliable statistical analysis. Tests were con-
ducted using JMP Pro 14 (SAS corporation).

Site and PFT mean values for standing biomass and total C, and 
nutrient stocks were calculated in R studio running R version 3.6.0 
(R Core Team, 2021; RStudio Team, 2021). Site means were normally 
distributed and the significance of differences among sites was 
tested using analysis of variance (ANOVA) and Tukey post hoc tests.

NOSC scores for each sample were calculated as the mean of the 
scores across all compounds present in a sample. Site- level scores 
were calculated as biomass weighted means of the scores for each 
plant species and tissue type found in a habitat. Site- level scores for 
network heterogeneity, clustering coefficients, and nutrient ratios 
were calculated in the same way. Mean values across sites were cal-
culated using ANOVA with Tukey post hoc tests. These calculations 
were performed in R studio running R version 4.0.2 (R Core Team, 
2021; RStudio Team, 2021).

3  |  RESULTS

3.1  |  Total carbon and nutrient stocks and flows 
across thaw gradient habitats

The diversity of plants contributing to aboveground and below-
ground nutrient stocks decreased with thaw, with mosses dominat-
ing the bog and graminoids dominating the fen (Figure 1, Table 1). 
Palsa habitats had the most diversity and evenness in PFT contri-
butions to biomass, with four of five PFTs represented at each site 
sampled (Figure 1, Table 1). The total aboveground biomass and 
photosynthetic tissue were not significantly different across the 
stages of the thaw gradient, but total belowground biomass was sig-
nificantly greater in the palsa than in the later thaw stages (ANOVA 
with Tukey HSD p < .05). Aboveground biomass in particular was 
highly variable between replicate sites of the same type due to high 
heterogeneity in plant species composition and growth density and 
the relatively small plot size.

F I G U R E  1  Plant community 
composition. Standing biomass 
(aboveground, belowground, 
photosynthetic tissue) or annual litter 
input at each state of permafrost thaw 
(palsa, bog, fen), by plant functional type. 
Letters indicate significant differences 
between different thaw stages in total 
pool size or flux (ANOVA, Tukey HSD 
p < .05). Error bars show the standard 
error of mean total values



    |  957HOUGH et al.

In contrast to the standing biomass stocks, total litter production 
was significantly greater in the fen than in the palsa or bog (ANOVA 
with Tukey HSD p < .05; Figure 1). This pattern resulted in post- 
thaw fen habitats having significantly greater total annual nutrient 
inputs from litter than did palsa or bog for C, N, and S, but not P or 
K (Figure 2, Table S1).

Both peak season primary productivity and respiration increased 
with the transition from palsa or bog to fen, but the magnitude of in-
crease was much greater for primary productivity (Figure 3a). There was 
very little difference in primary productivity between palsa and bog and 
a slight decrease in ecosystem respiration in the bog. These shifts re-
sulted in total CO2 uptake and net carbon balance (NCB) increasing pro-
gressively with thaw, but total CH4 release also increased, resulting in a 
net increase in climate radiative forcing (Figure 3b, Table S1).

3.2  |  Plant stoichiometry

Aboveground plant nutrient ratios were primarily driven by leaf 
nutrient content because most species at this site are mainly com-
prised of leaf tissue (i.e., lack woody stems), and even the shrubs are 

extremely small and therefore make up a relatively small proportion 
of biomass (Figures 1 and 4). Leaf nutrient content was generally low-
est in mosses, graminoids, and evergreen shrubs, while forbs and de-
ciduous shrubs generally had the highest nutrient content (p < .0125, 
Figure S1, Table S2). This pattern was consistent within each habitat 
such that the most nutrient- rich plants were always forbs or decidu-
ous shrubs where present (Figure S4, Tables S2– S5). Each PFT gen-
erally showed consistent leaf nutrient ratios in each habitat except 
for graminoid leaf phosphorus (Figure S1c) and potassium (Figure S1d) 
content which were lower in bog and fen than in palsa. In a number of 
cases, there were apparent differences within plant functional types 
between habitats that were not statistically significant (e.g., moss 
C:K in the palsa). This result may have been influenced by low sample 
numbers for species that were less common in a particular habitat.

Although most plant species and functional types at Stordalen Mire 
were abundant in only one particular thaw stage, some were abundant 
enough in multiple stages to assess intraspecific variation between 
thaw stages and inter- species variation within a PFT. For example, 
graminoids existed at all three stages in high abundance and Eriophorum 
vaginatum and Eriophorum angustifolium were each common in two of 
these (Figure 1, Table 1). We found no significant difference between 

Palsa Bog Fen

Deciduous shrub Betula nana Betula nana

Vaccinium uliginosum

Evergreen shrub Andromeda polifolia

Empetrum nigrum Andromeda polifolia

Vaccinium microcarpum

Vaccinium vitis- idaea Vaccinium 
microcarpum

Forb Comarum palustre

Rubus chamaemorus Rubus chamaemorus Rubus chamaemorus

Graminoid Carex canescens

Carex rostrata Carex rostrata

Carex rotundata Carex rotundata

Eriophorum 
angustifolium

Eriophorum 
angustifolium

Eriophorum vaginatum Eriophorum 
vaginatum

Eriophorum 
vaginatum

Moss Polytrichum strictum Polytrichum strictum

Sphagnum fuscum
feather mosses

Sphagnum spp. Sphagnum spp.

Lichen lichen

Horsetails Equisetum spp.

Mean richness 8.4 5.4 2.8

Mean Shannon diversity 1.54 0.95 0.86

Mean Pilou's evenness 0.73 0.57 0.85

Note: Bold species names indicate habitats where that species is common (i.e., found in at least 3 
plots). Richness, Shannon Diversity, and Pilou's evenness are mean values across five replicates for 
each site. Bold values are significantly different from both other sites at p < .05; italic values are 
different from each other but not the third site at p < .05; based on ANOVA with Tukey HSD.

TA B L E  1  Species found in each habitat 
grouped by plant functional type
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C:nutrient ratios of E. angustifolium in the bog versus the fen (Figure 
S7). However, E. vaginatum was significantly more P and K rich in the 
bog than the palsa (Figure S8). Comparing these species to each other 
in the bog (the only thaw stage where they are both found), we found 
significantly higher P content in E. angustifolium than in E. vaginatum but 
no significant differences in other nutrient ratios (Figure S9).

For all PFTs, leaf tissue nutrient content sampled at peak grow-
ing season differed significantly from litter sampled at the end of 
the growing season and from a litter from the previous year sam-
pled after overwintering (Figure S10). Litter from the prior year also 
showed some significant differences from the end of season litter, 
often a lower nutrient content than the end of season litter (Figure 
S10, Table S5). End of season litter C:nutrient ratios did not differ 
significantly between PFTs when assessed regardless of habitat, 
despite largely varied physical characteristics, though graminoids 

appeared to have the lowest nutrient concentrations (Figure S2, 
Table S3). When assessed within each habitat, graminoid litter was 
significantly lower in S and P than shrub litter and appeared lower 
in all nutrients than all other plants (Figure 4, Figure S3).

Root nutrient content did not differ significantly by habitat 
within PFTs. However, within each habitat, PFTs differed signifi-
cantly from each other primarily in N and S content, with graminoids 
generally having the highest nutrient content, consistent with the 
aboveground differences (Figure 4, Figures S3 and S6, Table S4).

3.3  |  Plant decomposability indices

The potential decomposability of litter was measured using NOSC and 
chemical reaction networks. Networks showed variation in structure 

F I G U R E  2  Total nutrient content in plant tissues. Total carbon (C), nitrogen (N), sulfur (S), phosphorus (P), and potassium (K) in standing 
aboveground biomass, belowground biomass, photosynthetic tissue, and annual litter inputs at each thaw stage (palsa, bog, fen). Letters 
indicate significant differences between different identified thaw stages (P, palsa; B, bog; F, fen) in total pool size or flux (ANOVA, Tukey 
HSD p < .05). Error bars are the standard error of the mean [Colour figure can be viewed at wileyonlinelibrary.com]

F I G U R E  3  Net ecosystem fluxes. (a) Gross primary productivity, ecosystem respiration, and net CO2 flux across the thaw gradient 
(with positive values indicating net flux to the atmosphere) estimated as a 24- h average from July measurements (peak growing season) 
under light and dark conditions in autochambers. (b) Flows of C to the atmosphere via litter, net CO2 exchange, net CH4 exchange, net C 
balance (from both CO2 and CH4), and in CO2- equivalents (assuming a CH4 Global Warming Potential of 28) [Colour figure can be viewed at 
wileyonlinelibrary.com]

https://onlinelibrary.wiley.com/
https://onlinelibrary.wiley.com/
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between plant species and tissue types with clustering coefficients rang-
ing from 0.0935 (Eriophorum angustifolium leaf) to 0.1560 (Sphagnum 
plant) and network heterogeneity ranging from 0.477 (Empetrum nigrum 
stem) to 0.754 (Eriophorum angustifolium root; Figure 5). Clustering co-
efficients are based on the average number of interconnections be-
tween nodes and high values indicate that metabolites in a network 
are structurally related. Aggregation at the habitat level showed higher 
clustering of compounds (indicating structurally related metabolites) in 
the bog than other habitats, primarily driven by the high clustering of 
Sphagnum spp. compounds (Figure 5). Plant tissues from fen areas had 
the highest heterogeneity of networks (indicating many pathways to 
production or degradation of each compound), likely driven especially 
by the high heterogeneity of pathways (edges) connecting compounds 
found in samples of Eriophorum angustifolium roots (Figure 5). Such 
high heterogeneity of a network indicates many potential degradation 

pathways and implies that the tissue is likely to be more quickly and 
easily decomposed by a broad variety of microorganisms (AminiTabrizi 
et al., 2020). Habitat transition from palsa to bog, but not palsa to fen, 
resulted in a significant decrease in the average bioavailability of plant 
materials as measured by NOSC (Figure 5, Figure S11). This pattern was 
likely driven by the very low NOSC of Sphagnum spp., which is the major 
component of bog vegetation (Figures 1 and 5). NOSC and clustering 
coefficients appeared to be better predictors of leaf decomposition 
rate across three time- points of decomposition (Figure 6).

4  |  DISCUSSION

We tested the hypotheses that permafrost thaw- driven ecosystem suc-
cession in peat dominated systems would result in: (1) increased plant 

F I G U R E  4  Plant nutrient ratios by functional type. Nutrient content of plant functional types (PFT), by tissue type (rows) and permafrost 
thaw stage (palsa, bog, fen) (columns) for (a) carbon:nitrogen (C:N), (b) carbon:phosphorus (C:P), c) carbon:sulfur (C:S), and (d) carbon:potassium 
(C:K). Shaded bars show nutrient concentrations in living tissues, while white bars show nutrient concentrations in senesced leaf tissues. Colored 
dots represent genus- level means for the species within each PFT. Colored box plots represent biomass- weighted mean nutrient concentrations 
for each stage of permafrost thaw. Statistical differences are based on the Dunn test or Wilcox test (where limited to two comparisons) 
controlled for false discovery rate with Benjamini- Hochberg method using Q = 0.05 [Colour figure can be viewed at wileyonlinelibrary.com]

https://onlinelibrary.wiley.com/
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productivity and litter input to the soil, and (2) increased quality (based 
on biochemical availability) and decomposability of plant litter inputs, 
leading to (3) decreased residence time of decomposing plant C limit-
ing the net C storage effect of the increased productivity. We found 
that, across the permafrost thaw gradient, C in aboveground standing 
biomass remained the same (albeit with large spatial heterogeneity) 
but declined in belowground biomass (Figures 1 and 2), indicating the 
importance of improving measurements of the relationship between 
aboveground and belowground plant C pools to benchmark models. 
Net carbon uptake (both CO2 and NCB) increased across the thaw 
gradient, but so did C inputs from litter (Figure 3), indicating decreas-
ing residence time of C in plant communities. Summer CO2 respiration 

rates also increased, but to a much smaller degree than the increase in 
productivity (Figure 3). Meanwhile, CH4 production increased substan-
tially, resulting in an increase in climate forcing despite the increase in C 
storage (Figure 3). Despite the limited change in habitat- level C:nutrient 
ratios (Figure 4), total nutrient input rates increased (Figure 2), and 
plant compound bioavailability (based on NOSC) in leaf litter increased 
(Figure 5). The nominal oxidation state of carbon (NOSC), a measure 
of the energetic availability of a compound for microbial decomposi-
tion, and litter chemical complexity were promising predictors of the 
decomposition rate of litter (Figure 6). Taken together, we found that 
permafrost thaw led to an overall increase in the rate of C and nutrient 
cycling with higher productivity that produced more easily degradable 

F I G U R E  5  Plant chemistry network characteristics and NOSC. (a) Examples of networks with different clustering coefficients and 
heterogeneity, with nodes colored by the number of connecting edges (red = 5, yellow = 3, blue = 2). Network 1: all nodes are equally 
connected resulting in low heterogeneity and as connected as possible resulting in a high clustering coefficient. Network 2: Node B is 
a highly connected hub node while others have very few connections resulting in a high variance in connectivity across nodes (Dong & 
Horvath, 2007) which creates high heterogeneity and an intermediate clustering coefficient (since the average number of connections 
between nodes is neither maximal nor minimal). Network 3: All nodes are equally connected resulting in low heterogeneity, and the average 
number of connections between nodes is very low resulting in a low clustering coefficient. (b) Visualization of networks for litter used in 
incubations with peat from palsa (E. vaginatum leaf), bog (Sphagnum), and fen (E. angustifolium leaf). Zoomed- in areas show sub- networks 
for a single compound (CHO) and its first neighbors to illustrate differences in clustering and heterogeneity. (c) Differences in bioavailability 
of plant litter based on FT- ICR MS analyses showing average nominal oxidation state of carbon (NOSC), network heterogeneity, and 
network clustering coefficient for each tissue type of each plant species grouped by permafrost thaw stage and tissue type. Both network 
heterogeneity and clustering coefficient have a possible range from 0 to 1, while NOSC may range from −4 to +4. (d) biomass- weighted 
average NOSC, network heterogeneity, and clustering coefficient for each tissue type as well as total plant biomass (all components) at 
each thaw stage. Mass- weighted indices were calculated based on biomass contribution per field- sampling plot for each species. Variation 
within a thawing stage is driven by species composition differences between plots. Different letters indicate significant differences based on 
ANOVA and Tukey HSD tests with p < .05 [Colour figure can be viewed at wileyonlinelibrary.com]

https://onlinelibrary.wiley.com/
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litter driving higher decomposition rates (Figure 7). The results of this 
study highlight the importance of taking into account changes in plant 
chemistry when modeling decomposition rates across a plant commu-
nity transition. Climate change projections indicate that this region is 
likely to become substantially warmer and wetter (Bintanja & Andry, 
2017), which is promoting the conversion of both palsa and bog habitat 
to fen (Johansson et al., 2006; Malmer et al., 2005; Varner et al., 2021). 
The maintenance of these fen areas as C sinks will depend on the high 
NPP continuing to offset rising decomposition rates with increasing 
temperatures. Understanding the relationship between litter chem-
istry and decomposition will be essential to predicting the feedbacks 
between these areas and the global climate.

4.1  |  Plant C uptake and input to soil

Although NPP was higher in fens than palsas, aboveground standing 
biomass (C stock) was not, and belowground biomass was even lower 
(Figures 1 and 3). These results were surprising given that in arctic sys-
tems, climate warming is expected to result in active layer deepening 

(Iversen et al., 2015) and longer growing seasons (Richardson et al., 
2013; Wolkovich et al., 2012). Factors, that in turn, are generally 
predicted to increase plant root growth (Blume- Werry et al., 2019; 
Keuper et al., 2020) and standing biomass, as is occurring in upland 
areas near our site (Day et al., 2008; Hartley et al., 2012). While it 
is possible that our methodology underestimated deep sedge roots, 
our results were within the range of root measurements for sedges 
in the Fine Root Ecology Database (Figure S12; Iversen et al., 2021), 
suggesting the observation of decreased belowground biomass with 
thaw may not be an artifact. Our aboveground biomass findings may 
differ from previous research because we assessed the full plant 
community, with its changes in composition, whereas many stud-
ies reporting increased plant biomass and productivity are based on 
changes within the same species or plant functional type. Thus, our 
study shows the importance of including plant community transition, 
in addition to within- community growth patterns, when quantifying 
changes in NPP, biomass, and soil C resulting from climate change. It 
will be important for models of ecosystem response to include such 
shifts in plant community composition in order to accurately predict 
warming- induced changes to C cycling (Bouskill et al., 2020).

F I G U R E  6  Impacts of plant litter chemistry on decomposition rate. Carbon decomposition rate (sum of CO2 and CH4) at days 5, 15, 
and 40 for plant litter characteristic of each stage of permafrost thaw. Litter was added to peat from the corresponding thaw stage and 
incubated with aerobic headspace. Decomposition rates are plotted versus (a) average nominal oxidation state of carbon of the litter, (b) 
clustering coefficient of compounds found in litter, (c) network heterogeneity of compounds found in litter, and (d) bulk carbon:nitrogen 
ratio of the litter. Error bars show standard error across replicate incubations for each time point: 9 for day 5, 6 for day 15, 3 for day 40. All 
values are significantly different at p < .05 based on ANOVA with Tukey HSD except for Fen:Day 40- Bog:Day 5, Palsa:Day 40- Palsa:Day 15, 
Bog:Day 40- Palsa:Day 15, Bog:Day 40- Bog:Day 15, Bog:Day 40- Palsa:Day 40 [Colour figure can be viewed at wileyonlinelibrary.com]

https://onlinelibrary.wiley.com/
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It should also be noted that the lack of significant differences in 
aboveground biomass and photosynthetic tissue was partly due to 
high heterogeneity in plant growth patterns at our site, particularly 
in the density and composition of aboveground biomass. We suggest 
that this heterogeneity is driven by differences in environmental 
conditions within habitat types. For instance, variation in water table 
depth may have led to large differences in the abundance and species 
of Sphagnum spp. and sedges found at bog and fen sites. Similarly, 
soil moisture differences in palsa sites may have driven variability in 
lichen versus woody plant cover. Because of the substantial differ-
ences in NPP and bioavailability between these different PFTs, fur-
ther characterization of the drivers of this plant community variation 
would aid in accurate scaling of C cycling predictions.

Despite the heterogeneity, our system did show a shift towards 
increasing dominance of sedges post- thaw which resulted in increased 
total nutrient contents in photosynthetic tissues and litter inputs 
(Figures 1, 2 and 4). This shift also resulted in an increase in the pro-
portion of aboveground biomass and nutrients that entered the peat 
as litter on an annual basis. Although there was no increase in bio-
mass or photosynthetic tissue, we found that net primary productivity 

during peak growing season in post- thaw fen habitats was more than 
twice that in palsa or bog (Figure 3). This result coincided with a sim-
ilarly large increase in aboveground litter inputs in the fen (Figure 1). 
Thus, we observed a faster rate of C movement through the plant 
community in fen areas. Such increases in C inputs through litter can 
lead to increased C storage if decomposition rates are slow, but they 
may also lead to increased C release through decomposition and thus 
an overall faster rate of C cycling. Previous research has shown that 
the fen is a larger C sink than the palsa or bog (Bäckstrand et al., 2010; 
Varner et al., 2021), but also that it produces more CH4. Our results 
also showed that ecosystem respiration at peak growing season was 
higher in the fen (Figure 3). The increased litter inputs likely fuel in-
creasing decomposition rates, especially if they also correspond to 
increases in litter quality and bioavailability across the thaw gradient.

4.2  |  Plant nutrient content and decomposability

We expected that the changes in plant functional type with thaw 
would lead to higher nutrient concentrations in plant tissues. Prior 

F I G U R E  7  Overview of changing C stocks, flows, and key ecosystem properties across permafrost thaw gradient. While standing stocks 
of C in plant biomass decrease across the permafrost thaw gradient, the rate of C cycling increases. This is driven by increased uptake 
(NPP) and faster transfer of NPP to SOM via litter with thaw (as seen in fully thawed fen versus palsa or bog areas). High bioavailability of 
litter in the fully thawed fen results in rapid decomposition with a large contribution to CO2 and especially CH4 production but the high 
volume of litter input results in incomplete decomposition. In pre- thaw (palsa) areas, high bioavailability but smaller volume of litter and 
aerobic conditions result in near- complete decomposition of inputs but a smaller contribution to C emissions than in post- thaw areas. In 
intermediate thaw (bog) areas, the intermediate volume of low bioavailability litter and anaerobic conditions result in slower and incomplete 
decomposition with intermediate C emissions. Overall, this leads to positive feedback from permafrost thaw to global warming [Colour 
figure can be viewed at wileyonlinelibrary.com]

https://onlinelibrary.wiley.com/
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studies have shown that fen species have higher N and P concen-
trations throughout the growing season compared to bog and palsa 
species (Wang & Moore, 2014), and that evergreen woody plants 
generally have lower nutrient concentrations in aboveground bio-
mass than deciduous or herbaceous plants (Aerts, 1996). The dif-
ferences between plant functional types at our site were consistent 
with this previous work (Figure 4, Figures S1 and S4). Graminoids 
had the most variable leaf nutrient concentrations, which were 
likely due to the interspecific differences between Eriophorum spe-
cies and intraspecific differences in E. vaginatum between sites 
(Figure 4, Figures S7– S9). Because of the variation between func-
tional types within a site, there were no significant differences in 
biomass- weighted site- level nutrient content between palsa and 
post- thaw bog areas. However, there was a consistent, if slight, 
increase in leaf nutrient content in post- thaw fen areas, particu-
larly in K (Figure 4). This trend was more pronounced in root tissues 
where nutrient concentrations increased more strongly with the 
thaw, likely due to the shift toward graminoids which consistently 
showed the highest root nutrient concentrations (Figure 4, Figures 
S3 and S6). Differences in nutrient content between litter types 
were less than the differences in nutrient content between leaf 
types, with only forbs showing higher concentrations of N and P 
than other functional types (Figure 4, Figures S2 and S5), and only P 
and K content increasing significantly at the habitat level with thaw 
(Figure 4). These findings are generally consistent with the predic-
tion of increased nutrient availability post- permafrost thaw due to 
both direct releases from permafrost and from the decomposition 
of organic matter (Keuper et al., 2012). They are also consistent 
with findings of higher P and K in plant tissues in fens than bogs 
which are likely also related to nutrient availability (Wojtuń, 1994).

While plant material with high nutrient concentrations is gener-
ally expected to decompose more rapidly, nutrient content alone is 
not diagnostic for bioavailability. A more mechanistically linked pre-
diction of bioavailability can be obtained through detailed chemical 
analysis using FTICR- MS. This approach allows us to calculate the 
nominal oxidation state of carbon (NOSC) for each compound in a 
sample, which indicates the potential thermodynamic energy yield 
on oxidation of the C of each molecule (Keiluweit et al., 2016; Wilson 
& Tfaily, 2018). Higher NOSC values are thus indicative of higher 
energy yield through decomposition, which should be predictive of 
decomposition rate. Based on NOSC values, we found that the bio-
availability of plant leaf material was substantially higher in palsa and 
fen areas than in bog, but root material in the fen was significantly 
less bioavailable than the other two habitats (Figure 5). The low leaf 
bioavailability in the bog was driven by the prevalence of Sphagnum 
spp. which is high in phenolic compounds that are very difficult to 
degrade (Fudyma et al., 2019; Wilson et al., 2021). In contrast, the 
sedge species found in the fen have a higher concentration of bio-
available amino sugars in their leaves (Wilson et al., 2021) which are 
likely to result in rapid decomposition. The fact that the contrasting 
low bioavailability of sedge roots decreased the overall bioavailabil-
ity of biomass in the fen suggests that root litter may be important 
for C storage in these areas.

Another factor that can influence decomposition rates is the 
diversity of compounds available for microbial decomposition 
(AminiTabrizi et al., 2020). We used mass differences between the 
compounds in each sample to identify how they were related to 
each other in terms of the chemical transformations that could 
occur during decomposition. By creating networks of interactions, 
we were able to use network heterogeneity as an indication of the 
diversity of different types of transformations that could occur and 
clustering coefficients to indicate the similarity of these different 
transformations. We found high clustering of compound networks 
for Sphagnum spp. indicating that metabolites in the bog tended 
to be highly structurally related as compared to in the palsa or fen 
(Figure 5). In line with this result, high heterogeneity of transforma-
tions in sedge roots drove particularly high network heterogeneity 
in the fen, indicating that a more diverse set of reactions is taking 
place in these areas (Figure 5). These results indicate that plant ma-
terial in the palsa and fen is more bioavailable (based on NOSC), 
more structurally heterogeneous (based on clustering coefficient), 
and represents a more diverse set of potential decomposition path-
ways (based on network heterogeneity) than the bog.

4.3  |  C residence time

The greater bioavailability of plant material predicted by aspects of 
its chemical composition was confirmed by our incubation experi-
ment. We found that NOSC and network clustering coefficient were 
good predictors of initial decomposition rate (Figure 6). In contrast, 
the C:N ratio, which has more traditionally been used as a predictor of 
decomposability, did not show a consistent relationship with decom-
position rate. These relationships were maintained throughout the 
first 40 days of decomposition which accounted for 16% (in the bog), 
11% (in the palsa), and 46% (in the fen) of the C in the plant litter. This 
high decomposition rate of fen litter —  more than three times that of 
litter from the palsa or bog —  could result in dramatically different 
residence times. This idea is further supported by the simultaneous 
high summer NPP, litter deposition rate, and respiration rate which 
should lead to shorter C residence times in fen areas (Figure 3).

While these differences in residence time are only in reference 
to litter from a single- species, the strong dominance of the selected 
species in the bog and fen means they are likely strong indicators 
of overall process rates in these areas. Data from the field shows 
that the degree of overlap between compounds found in plant ma-
terial (including all major plant species) and in peat is least in the 
palsa (25%) as compared to the bog (47%) and fen (43%) and that 
palsa peat has the lowest NOSC values (Wilson et al., 2021). The low 
degree of overlap and low NOSC in the palsa indicate that the ma-
jority of compounds in the plant material are degraded and, there-
fore, no longer present in the peat. The greater degradation in the 
palsa is not surprising given that bog and fen areas are water- logged 
and the resultant O2 limitation can lead to a build- up of lignins and 
other less bioavailable compounds (Freeman et al., 2001; Hodgkins 
et al., 2014). The greater degradation in the palsa contrasts with the 
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slower decomposition rates measured in the litter incubations but 
may be explained by the much more diverse and woody plant com-
munity which may not have been as well represented by a single 
species as bog and fen areas. Additionally, palsa and bog areas re-
ceive less than half the litter inputs of the fen on an annual basis. 
The high litter input rates in the fen may result in a greater overlap 
of litter and peat compounds than the other habitats simply because 
they exceed even a fast rate of decomposition. Indeed, the lack of a 
very high degree of overlap between plant and peat compounds in 
the fen despite very high litter input rates suggests that rapid de-
composition must be occurring despite the water- logged conditions 
(Figure 7). These results are consistent with previous research which 
found faster initial decomposition of litter in post- thaw sites but that 
this fast decay rate reached an asymptote with more mass remaining 
than at pre- thaw sites (Malhotra et al., 2018). A potential explanation 
is that the combination of high litter input rates and anaerobic condi-
tions allow microbial communities to primarily decompose only the 
most easily degradable compounds, leaving less easily decomposed 
components of litter to accumulate.

The rapid initial decomposition rates in post- thaw fen sites may 
be related to the high microbial diversity at these sites (Hough et al., 
2020; Mondav et al., 2017) which can perform a more diverse set 
of reactions (Woodcroft et al., 2018) leading to the high diversity of 
transformations taking place in this habitat despite low diversity of 
litter inputs. Thus, the high bioavailability of plant litter inputs ap-
pears to drive faster decomposition rates by allowing for more func-
tionally diverse microbial communities. If this mechanism is broadly 
generalizable it suggests that the chemical bioavailability of plant 
litter can be used to predict microbial diversity, decomposition rates, 
and C storage in peatlands undergoing plant community succession 
due to climate change. Although most global- scale land models do 
not explicitly represent microbial activity or diversity (e.g., CLM5, 
Lawrence et al., 2019; ELM, Zhu et al., 2019), some site to regional- 
scale models do (e.g., ecosys; Chang et al., 2019, 2020; Xu et al., 2015). 
For these more microbially sophisticated models, the observed rela-
tionships we found here would be useful to inform or benchmark 
ecosystem models aimed at predicting the impacts of global change.

5  |  CONCLUSIONS

The rapid, multifaceted changes taking place in arctic ecosystems 
make it difficult to accurately predict their interactions with the 
global climate. However, increasing mechanistic understanding of the 
controls on productivity and decomposition rates has the potential 
to increase the accuracy of land models. We showed how an emerg-
ing approach to studying litter bioavailability based on chemical com-
plexity and energetics can improve understanding of the mechanisms 
underlying changing C release from thawing permafrost systems. The 
use of NOSC shows promise as a measure of potential decomposi-
tion rates of litter. However, further validation remains to determine 
if it can be used predictively across a broad range of litter types. If 
so, NOSC could be an integral parameter to include in models of C 

cycling, especially those aiming to predict the consequences of cli-
mate change. NOSC may also prove to be a useful addition to the 
conceptualization of the slow- to- fast plant economics spectrum. This 
framework predicts that plants in resource- poor areas will be slower 
growing with lower productivity, thicker cuticles, lower specific leaf 
area, longer leaf life- spans, and will produce lower quality litter (Reich, 
2014; Wright et al., 2004). Meanwhile, plants with greater resource 
availability are expected to be faster growing with higher productiv-
ity, less waxy cuticles, higher specific leaf area, shorter leaf life spans 
and produce lower quality litter (Reich, 2014; Wright et al., 2004). In 
our thawing permafrost peatland study system, we saw that climate 
change drove a shift from lower resource availability palsas and bogs 
dominated by plants on the slower end of the plant economics spec-
trum toward higher resource availability fens dominated by plants on 
the faster end of the plant economics spectrum. We showed that this 
trait economics spectrum is propagated through to impacts on soil C, 
where litter at the fast end of the spectrum can fuel faster decom-
position for a given set of environmental constraints. This fast- slow 
spectrum both above and belowground was not strongly related to 
nutrient ratios, but was related to the energetic favorability of litter 
chemistry for decomposition (i.e. NOSC). This result from a system 
that is becoming wetter with warming is in line with the findings from 
alpine meadows which are becoming drier and seeing the reverse 
shift: transition from fast to slow plant traits results in slower decom-
position (Harte et al., 2015). In both studies, a key finding is that litter 
chemical composition depended on the changing vegetation compo-
sition, which affects soil organic matter decomposition and thereby 
the net ecosystem carbon fluxes. Models that represent vegetation 
dynamics should consider these dynamics to accurately predict fu-
ture ecosystem carbon cycling.

6  |  APPENDIX
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