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Abstract 

Arctic systems are experiencing some of the most rapid warming due to climate change, 
causing permafrost C stocks to thaw and become available for decomposition. Since 
these systems store approximately 1.7 times the amount of C currently in the atmosphere, 
its decomposition and release as CO2 and CH4 could have profound effects as a positive 
feedback to climate change. However, the net effect of permafrost thaw depends not just 
on decomposition of the old C, but also on the changes taking place in the “new C-cycle” 
controlled by plant C-uptake and decomposition of their inputs to the soil. In many 
places, plant communities are expected to become more productive as temperatures warm 
which may increase C uptake from the atmosphere. Changes in plant community 
composition may also alter microbial community composition and the decomposability 
and input rates of litter, resulting changes to C storage versus production of CO2 and 
CH4. Here we investigate these processes in a thawing permafrost peatland. We found 
that plant community composition plays an important role in shaping phyllosphere 
microbial communities but environmental conditions are more important to shaping 
rhizosphere communities. Plant communities were especially important in shaping 
methanogenic and methanotrophic communities, which may have important implications 
for CH4 production. Plant community change also resulted in increased rates of C and 
nutrient inputs to the soil due to a transition from perennial to annual communities. These 
litter inputs are decomposed most rapidly in post-thaw areas and drive an increased rate 
of CH4 production from both the litter itself and the soil organic material already present. 
Overall, we found that permafrost thaw in peat-dominated systems leads to an increasing 
rate of C-cycling (larger inputs as well as outputs) driven in large part by changes in plant 
community composition and their impacts on microbial community and decomposition. 
Plant community characteristics may be especially important in determining the pathways 
to CH4 production as well as the timing and total quantities produced. We suggest that 
shifts in the plant community after permafrost thaw in peat-dominated systems result in 
major changes to the “new C cycle” which may have as important an impact on climate 
change feedbacks as decomposition of thawed permafrost itself.  
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Introduction 

Globally, soils hold an estimated 2,400 Pg of organic carbon (C), almost three times 
current atmospheric C content (Ciais et al. 2013). Of this, approximately 45%, or 1300 
Pg, exists in permafrost where the frozen conditions prevent its degradation (Hugelius et 
al. 2014). Arctic systems are also experiencing some of the most rapid warming due to 
climate change, causing permafrost C stocks to thaw and become available for 
decomposition (Schuur et al. 2008). An increase in CO2 and CH4 release through 
decomposition of thawing permafrost could have profound effects as a positive feedback 
to climate change. However, the net effect of permafrost thaw depends not just on 
decomposition of the old C, but also on the changes taking place in the “new C-cycle” 
controlled by plant C-uptake and decomposition of their inputs to the soil (Figure 1). In 
many places, plant communities are expected to become more productive as temperatures 
warm (Euskirchen et al. 2009) which may increase C uptake from the atmosphere. This 
may alter plant-microbial interactions in ways that lead to alterations in C-cycling (Figure 
2). Changes in plant community composition may also alter the decomposability and 
input rates of litter, resulting changes to C storage versus production of CO2 and CH4 
from its decomposition (Figure 3). Thus, permafrost thaw also results in major changes to 
the “new C-cycle” which may be as important as understanding decomposition of thawed 
permafrost for predicting the climate feedbacks of arctic warming. 

In order to investigate the impacts of permafrost thaw on the “new C-cycle,” we focus on 
the changes taking place in a peat-dominated system in the discontinuous permafrost 
zone undergoing rapid thaw. Permafrost thaw in arctic peatlands leads to soil collapse 
and hydrologic changes that alter microbial community composition and result in 
increased net uptake of CO2 but increased release of CH4, a much more potent 
greenhouse gas (Shindell et al. 2009, Bäckstrand et al. 2010, Hodgkins et al. 2014, 
McCalley et al. 2014). Simultaneously, the system undergoes plant community transition 
from a dry shrub/forb/sedge palsa community to a wetter Sphagnum moss-dominated bog 
and then a very wet tall sedge-dominated fen (Johansson et al. 2006). Chapter 1 will 
explore the degree to which his shift in plant community directly alters the microbial 
community through plant influence on the rhizosphere and phyllosphere and specifically 
the implications for organisms involved in CH4 cycling. Chapter 2 will investigate the 
impact of plant community change on total plant growth, C uptake, and the quantity and 
quality of litter inputs. Chapter 3 will trace these litter inputs through decomposition to 
identify their influence on microbial community activity and CO2 versus CH4 production 
from both fresh litter and soil organic material. Taken together, these three chapters will 
provide us insights into how plant-microbial interactions influence C-cycling as 
permafrost thaws.  
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Figure 1. Generalized carbon pathway model. Rectangles indicate measurable properties, 
circles indicate properties inferred from measurements, thick arrows indicate processes. 
The hour-glass represents a switch between dominant pathways. Colors indicate location 
of properties: blue=pore water, green=vegetation, purple=gas fluxes, brown=soils. Beige 
indicates decomposition. 

 
Figure 2: Plant-microbial interactions that drive C-cycling in a post-permafrost thaw 
peatland. Citations: 1,2 (Chapter 1), 3 (Dorrepaal et al. 2005), 4 (Chanton 2005), 5 
(Woodcroft et al. 2018), 6 (McCalley et al. 2014), 7 (Chapter 3). 
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Figure 3. Pathways of carbon release in collapsed palsa, bog, bog/fen transition, and fen 
environments. Boxes indicate properties and arrows indicate processes. Dashed box 
borders indicate inferences. Colors indicate type of property or driver of process: 
blue=pore water, green=vegetation, orange=gas emission rates from incubations, 
purple=incubation emission signature, brown=soils, red=pH. Darker colors indicate 
larger measured values (ie higher pH, larger C:N ratio, higher emission rate, etc). 
Superscript numbers are references to (Hodgkins et al. 2014) as follows: 1) Table 1; 2) 
Figure 3; 3) lines 388-397; 4) Figure 4; 5) lines 516-520; 6) lines 540-544; 7) Figure 2, 
lines 313-324; 8) Figure 1, lines 546-549; and 9) Flux tower data: Abisko2011-
2012_CO2&CH4summary (average across all years). 
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Chapter 1: Biotic and environmental drivers of plant microbiomes 

While there is much current interest in understanding microbial changes in response to 
permafrost thaw (and impacts for C-cycling), most of this work has focused on soil 
organisms in the permafrost or the active layer. Thus, our understanding of the changes 
taking place in the plant-associated microbiome (rhizosphere and phyllosphere), remains 
fairly sparse. However, plants are known to strongly influence rhizosphere and 
phyllosphere microbial communities, both of which may play a role in C-cycling. The 
relative importance of environmental and biotic filtering in shaping communities is a 
long-standing discussion in ecology, yet our understanding of how it applies to microbial 
communities remains limited. Improving our understanding becomes increasingly 
important as climate change alters environmental conditions and microbial communities, 
which are often important drivers of carbon cycling. Therefore, Appendix 1 investigates 
the question: as permafrost thaw causes major environmental changes, to what extent do 
these determine the microbial community present, and to what extent is the microbial 
community shaped by the plant community?  

Both biotic and environmental effects play a role in shaping microbial community 
composition, with environmental effects dominating in the rhizosphere while plant 
effects dominated in the phyllosphere (Appendix 1). These results were true for the 
overall microbial community composition as well as the keystone organisms most 
important to network structure. Plant species played a particularly strong role in 
determining methanogen distribution in the rhizosphere and methanotroph distribution in 
the phyllosphere. However, a large component of the variation in microbial community 
composition remained unexplained by the variables considered here, and therefore should 
be further examined in order to improve our ability to predict the distribution of key 
microbial functional groups involved in CH4-cycling and climate change feedbacks. 

This study provides evidence that biotic filtering by plants can be equally or even more 
important in structuring microbiome composition than environmental filtering - even 
across a strong environmental gradient. While previous research has indicated that plants 
structure their rhizosphere and phyllosphere communities, it has generally suggested that 
environmental conditions are stronger drivers. This study suggests that this is not always 
the case, perhaps because there were greater phylogenetic differences in the plant 
community than in many previous studies. This study further showed that biotic filtering 
was more important for some functional groups, specifically methane-cycling organisms, 
than for the overall community. This finding indicates that specific changes in plant 
community composition due to climate change may have important impacts - beyond 
environmental shifts - in determining microbiome composition and its impacts on the 
carbon cycle. 
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Chapter 2: Magnitude of C and nutrient cycling 

Arctic permafrost thaw is of major societal concern because the decomposition of 
previously frozen C pools to CO2 and CH4 can create a large positive feedback to global 
climate change. There is some hope that increases in plant biomass and NPP could offset 
some of the increased C release from decomposition of thawed permafrost, but this 
remains an area of some scientific uncertainty. In peat-dominated areas in particular, 
permafrost thaw can lead to peat inundation and wetland creation, driving a shift in plant 
community and increased net C uptake but also increased release of CH4 to the 
atmosphere. It remains unclear what the mechanism is for the change in C balance in 
terms of shifts in C stocks and flows. To investigate this, Appendix 2 tests the hypotheses 
that in peat-dominated arctic systems, permafrost thaw-induced shifts in community 
composition will (1) increase plant seasonal leaf growth, standing plant biomass, and 
nutrient content of plant tissues, (2) increase quantity and quality of litter inputs to the 
soil, and (3) taken together these effects will increase the C and nutrient stocks in plant 
biomass as well as the rate of C and nutrient cycling after thaw. This chapter was co-
authored with Samantha McCabe who led the plant stoichiometry analyses. 

Plant community transition after permafrost thaw in arctic peatlands can result in an 
increase in the flow of C and nutrients from plants to the soil in the form of increased 
litter deposition even without major changes in litter quality, or standing biomass 
(Appendix 2). In addition to an increase in productivity, permafrost thaw resulted in a 
shift in residence times where C spent less time in plants as woody material and was 
more quickly incorporated into the soil as litter. This represents an overall increase in the 
magnitude and rate of C-cycling that is not currently well modeled. Along with the C, 
there was also an increase in nutrient inputs to the soil which may help to drive 
decomposition and fuel the next year’s litter production. The litter inputs may also help to 
fuel the increases in CH4 production observed at post-thaw sites, effectively making these 
fen areas efficient means of converting CO2 to CH4.  

This work contributes to our understanding of arctic C-cycling by clarifying that plant 
community transition may differentially impact C stocks and C flows. The overall impact 
of plant community transition depends NPP and the residence time of C and nutrients in 
plant biomass. It also raises the question of how litter decomposition rates change with 
thaw, since this will determine the residence time of C in soil organic matter. If the 
increased inputs of C and nutrients from litter in post-thaw habitats help to drive CO2 and 
CH4 production, any further changes in plant growth or productivity could strongly 
impact the C-balance. Longer growing seasons, warming, increasing atmospheric CO2 
concentrations, and increasing nutrient levels are all predicted to drive increased NPP 
within plant community types. In a system where most of NPP is converted to litter 
inputs on an annual basis, the rate of decomposition of that litter becomes especially 
important to determining the overall C-balance of the system.  
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Chapter 3: Impacts of litter on microbial activity and C-cycling  

As was discussed in Chapter 2, in arctic peatlands, permafrost thaw can lead to a 
transition to wetland habitats with much larger litter input rates than in pre-thaw areas. In 
addition to the increased litter input rate, there is potential for a shift in decomposition 
rate with the conversion from primarily aerobic to primarily anaerobic soil environment. 
Litter decomposition can contribute directly to CO2 and CH4 production as it is 
decomposed, but it can also alter the rate of decomposition of in situ soil organic material 
through priming. Priming effects are defined as a shift in the decomposition rate of in situ 
soil organic material (SOM) after the addition of fresh substrate. Positive priming is an 
increase in the rate of SOM decomposition, and in aerobic systems is often attributed to 
nutrient mining whereby microbes rapidly degrade SOM in order to gain enough nitrogen 
to make use of the new labile substrate. Negative priming can also be thought of as 
substrate switching since it is a decrease in the decomposition rate of SOM caused by 
microbes preferentially degrading the freshly added material. Priming effects are well 
studied, if not necessarily well understood, in aerobic systems, and some research has 
indicated that they also take place in anaerobic systems – but through different 
mechanisms. It is unclear what role priming plays at the aerobic/anaerobic interface 
where litter is deposited in wetlands, but it may play an important role in determining the 
net C balance and climate forcing of these systems. Appendix 3 tests four hypotheses for 
ways that litter deposition may shape microbial activity and production of CO2 and CH4 
at an aerobic-anaerobic interface: 1) priming of aerobic decomposition which leads to 2) 
oxygen drawdown due to accelerated aerobic respiration leading to 3) increased organic 
electron acceptor availability and ultimately 4) increased substrate availability for 
methanogenesis. 

By using a 13C-labeled plant material from native plant species, we were able to track 
decomposition of litter into organic material, microbial community and CO2 and CH4 
emissions. Litter was degraded much more rapidly in peat from fully thawed fen areas 
than in active layer peat from before thaw or an intermediate bog stage. CH4 production 
from decomposition of both litter and SOM was stimulated in all habitats but most 
strongly in the fen. There was no strong evidence of positive aerobic priming of CO2 
production but there was negative CO2 priming possibly due to rapid O2 consumption by 
litter decomposition. Microbial and NMR results supported the hypotheses that rapid O2 
drawdown lead to increased acid-phase decomposition (characterized by increased 
organic electron acceptor availability) and ultimately increased substrate availability for 
methanogenesis, thereby providing a mechanism to explain the priming of CH4 
production. These results clarify the mechanisms by which litter decomposition shapes 
microbial activity and its role in determining the changes to net C storage and climate 
forcing in post permafrost-thaw ecosystems.  
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Conclusion 

We investigated the changes to the “new C-cycle” resulting from permafrost thaw in an 
arctic permafrost peatland. In Chapter 1 we found that in these systems, the impact of 
plant community composition can be equally or even more important in structuring 
microbiome composition than environmental changes - despite the strong environmental 
gradient. Plant community was particularly important in structuring the composition of 
methane cycling organisms, indicating that changes to it may have important impacts in 
determining microbiome impacts on the carbon cycle. In Chapter 2, we found that 
permafrost thaw-driven plant community succession led to an increase in total C and 
nutrient inputs to the soil from plant litter. Rather than being due to increased 
productivity, this was primarily the result of a change in the residence time of C in plant 
tissues as biomass was converted from perennial woody material to annual leaf material. 
It remains unclear whether there is, in fact, an increase in NPP with thaw and this would 
be a key area for future study. However, the increase in net C uptake indicates that there 
must be an increase in productivity unless there is a decrease in the rate of C loss through 
decomposition. 

In Chapter 3, we found that litter inputs decompose most rapidly in post-thaw fen areas, 
and that this rapid decomposition rate drives an expansion of anaerobic conditions, 
inducing increased CH4 production from in situ soil organic material (positive priming) in 
addition to that produced from the litter. We also found evidence that plant C inputs may 
be important in determining the timing and type of methanogenesis taking place. Since 
the isotopic signatures of methane are used to partition sources of atmospheric methane 
on a global level, understanding the controls on the type of methanogenesis taking place 
is important to estimating the contribution of arctic systems to the global budget. We 
suggest that future study should investigate the relationship between the timing of litter 
inputs and CH4 production. It would also be instructive to study the role of root exudates 
in driving the type and timing of CH4 production, since these tend to be highly 
bioavailable C-compounds that may alter methanogenic pathways or induce priming. 

Overall, we found that shifts in the plant community after permafrost thaw in peat-
dominated systems result in major changes to the “new C cycle” which may have as 
important an impact on climate change feedbacks as decomposition of thawed permafrost 
itself. Further work remains to better understand these changes, including improving 
estimates of NPP, and better understanding how the timing of plant activity (through root 
exudates and litter inputs) may structure microbial community dynamics that drive 
decomposition and greenhouse gas production. 
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Appendix 1: Biotic and environmental drivers of plant microbiomes 
As published in Frontiers in Microbiology: https://doi.org/10.3389/fmicb.2020.00796 

Biotic and environmental drivers of plant microbiomes across a permafrost thaw 
gradient 

Moira Hough1, Amelia McClure2, Benjamin Bolduc3, Ellen Dorrepaal4, Scott Saleska1, 
Vanja Klepac-Ceraj2*, Virginia Rich3* 
1 Ecology & Evolutionary Biology Department, University of Arizona, Tucson, AZ, USA 
2 Department of Biological Sciences, Wellesley College, Wellesley, MA, USA 
3 Department of Microbiology, The Ohio State University, Columbus, OH, USA 
4 Climate Impacts Research Centre, Umeå University, Umeå, Sweden 

*Correspondence: Virginia Rich, rich.270@osu.edu, Vanja Klepac-Ceraj, 
vklepacc@wellesley.edu 

Keywords: microbial community assembly, permafrost thaw, plant-microbial 
interactions, keystone species, climate feedbacks, IsoGenie Project, Stordalen Mire 

Abstract 

Plant-associated microbiomes are structured by environmental conditions and plant 
associates, both of which are being altered by climate change. The future structure of 
plant microbiomes will depend on the, largely unknown, relative importance of each. 
This uncertainty is particularly relevant for Arctic peatlands, which are undergoing large 
shifts in plant communities and soil microbiomes as permafrost thaws, and are potentially 
appreciable sources of climate change feedbacks due to their soil carbon (C) storage. We 
characterized phyllosphere and rhizosphere microbiomes of six plant species, and bulk 
peat, across a permafrost thaw progression (from intact permafrost, to partially- and fully- 
thawed stages) via 16S rRNA gene amplicon sequencing. We tested the hypothesis that 
the relative influence of biotic versus environmental filtering (the role of plant species 
versus thaw-defined habitat) in structuring microbial communities would differ among 
phyllosphere, rhizosphere, and bulk peat. Using both abundance- and phylogenetic-based 
approaches, we found that phyllosphere microbial composition was more strongly 
explained by plant associate, with little influence of habitat, whereas in the rhizosphere, 
plant and habitat had similar influence. Network-based community analyses showed that 
keystone taxa exhibited similar patterns with stronger responses to drivers. However, 
plant associates appeared to have a larger influence on organisms belonging to families 
associated with methane-cycling than the bulk community. Putative methanogens were 
more strongly influenced by plant than habitat in the rhizosphere, and in the phyllosphere 
putative methanotrophs were more strongly influenced by plant than was the community 
at large. We conclude that biotic effects can be stronger than environmental filtering, but 
their relative importance varies among microbial groups. For most microbes in this 
system, biotic filtering was stronger aboveground than belowground. However, for 
putative methane-cyclers, plant associations have a stronger influence on community 
composition than environment despite major hydrological changes with thaw. This 
suggests that plant successional dynamics may be as important as hydrological changes in 
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determining microbial relevance to C-cycling climate feedbacks. By partitioning the 
degree that plant versus environmental filtering drives microbiome composition and 
function we can improve our ability to predict the consequences of warming for C-
cycling in other arctic areas undergoing similar permafrost thaw transitions. 

Introduction 

As ecosystems warm and undergo transitions due to climate change, we are seeing 
significant shifts in microbial community ecology and function with important 
implications for C-storage (Zhou et al. 2012). This is especially true in arctic peatlands 
which are warming fast and undergoing major ecosystem transitions as permafrost thaws 
(McCalley et al. 2014; Monteux et al. 2018; Mondav et al. 2017). Microbial communities 
are strongly impacted by the environmental changes associated with permafrost thaw, 
particularly hydrology, available C-substrates, and plant communities. It has been well 
established that different stages of permafrost-thaw harbor substantially different bulk 
peat microbial communities, and these changes have major implications for C-cycling, 
particularly methane (McCalley et al. 2014; Mondav et al. 2017; Woodcroft, Singleton, 
Boyd, Evans, Emerson, et al. 2018; Tveit et al. 2013; Monteux et al. 2018). However, 
plant-associated microbial communities remain under-studied. In particular, it is unclear 
whether plant microbiome changes are determined more by environmental changes as 
permafrost thaws, or by the biotic effects of plant community changes especially in the 
rhizosphere (Tkacz et al. 2015) and phyllosphere (Redford et al. 2010). Abiotic effects 
are often thought of as operating at a macro-scale as a filter that selects a potential species 
pool, upon which biotic effects act at the micro-scale (Cadotte and Tucker 2017; Thakur 
and Wright 2017; Aguilar-Trigueros, Rillig, and Ballhausen 2017). However, in the case 
of a permafrost-thaw front, both effects take place on a similar scale, with partial overlap 
of plant species (and therefore biotic effects) across a strong but geographically small 
environmental gradient. This raises the question of whether microbial community 
composition is more strongly determined by plant associate (ie biotic filtering) or thaw 
stage (ie environmental filtering), and whether plant selection on the microbial 
community has implications for C-cycling. This is especially important because 
permafrost is estimated to contain more than a third of the C in the top 1-3m of the 
Earth’s soil and its thaw is expected to lead to C releases to the atmosphere in the range 
of 37-174 Pg by 2100 which would increase climate warming by 0.13-0.27 ℃ (Tarnocai 
et al. 2009; Hugelius et al. 2014; Schuur et al. 2015). Microbes serve as the primary 
decomposers and gatekeepers determining how much carbon will remain in the 
ecosystem versus being released to the atmosphere as CO2 and CH4. Indeed, in some 
systems changes microbial community structure and function have been shown to 
mitigate C-release predicted due to warming alone (Zhou et al. 2012). Therefore accurate 
prediction of the magnitude of C releases from the arctic requires understanding how 
microbial communities will be impacted by permafrost thaw. 

While thawing permafrost peat microbial communities have been well studied (McCalley 
et al. 2014; Mondav et al. 2017; Woodcroft, Singleton, Boyd, Evans, Emerson, et al. 
2018; Tveit et al. 2013; Monteux et al. 2018), the plant-associated microbial communities 
in these systems have not been well characterized, nor is it clear to what extent plant 
associations are responsible for the changes in bulk peat microbial community. In most 
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systems, rhizosphere and phyllosphere microbial communities seem to draw at least some 
members from the communities present in the surrounding environment but they form 
distinct communities based on factors such as the species, genotype, and health of the 
host-plant as well as the compartment in question (Redford et al. 2010; Delmotte et al. 
2009; Nuccio et al. 2016; Fonseca-García et al. 2016). For instance, the phyllosphere is 
likely to be enriched in Alphaproteobacteria, particularly those adapted to stress and with 
either one-C central metabolism (eg methano- and methylotrophy) such as 
Methylobacterium, or a diverse range of substrate use such as Sphingomonas (Delmotte 
et al. 2009; Knief et al. 2012). Since both metabolic types have been found on the same 
phyllosphere samples, this divergence in metabolic strategy may indicate that some 
organisms capitalize on plant-associated substrates whereas others remain generalists in a 
resource-limited environment. Controls on rhizosphere community structure are complex, 
including the structure of the roots, the density and size of their filaments, and on fungal 
associations of the host plant (Parniske 2008). These rhizosphere-associated communities 
are often less diverse than the microbial communities in the surrounding soil matrix but 
more diverse than the phyllosphere (Berg and Smalla 2009; Knief et al. 2012). 
Rhizosphere communities are often enriched in Alpha- and Beta-Proteobacteria, and 
depleted in Actinobacteria compared to soil microbial communities, indicating plant 
influence on community structure and composition (Knief et al. 2012; Nuccio et al. 
2016).  

Plant selection on leaf and root microbiomes is potentially important in mediating 
microbial controls on decomposition (Strickland et al. 2009) and ultimately C flux to the 
atmosphere. The first communities that have the opportunity to decompose plant material 
are the microbes colonizing the plant itself (Tláskal, Voříšková, and Baldrian 2016). 
Plants often have specialized phyllosphere communities which accompany senescing leaf 
tissue into the soil (Baldrian 2017; Tláskal, Voříšková, and Baldrian 2016; Bragina, Berg, 
and Berg 2015; Nissinen, Männistö, and van Elsas 2012; Lebeis 2015; Redford et al. 
2010). Members of the phyllosphere have been shown to participate in the initial 
decomposition of fresh organic material before being replaced by microbes from the bulk 
soil community, and leaf litter composition can influence decomposition dynamics such 
as fungal to bacterial ratios (Baldrian 2017; Kögel-Knabner 2002; Tláskal, Voříšková, 
and Baldrian 2016; Thiessen et al. 2013). Additionally, plant root exudates are known to 
be a source of C to soil and to determine rhizosphere microbial community composition 
(Tkacz et al. 2015). Microbial response to differences in C quality in root exudates (such 
as through shifts in activity or bacterial to fungal ratios) can influence decomposition 
dynamics such as by stimulating decomposition or causing additional C release from bulk 
peat through priming effects (Cheng et al. 2014; Pegoraro et al. 2019). Permafrost thaw 
has been shown to dramatically alter root growth patterns including quantity and quality 
of litter inputs which can be expected to influence microbial community composition 
(Blume-Werry et al. 2019). However, research characterizing permafrost and bulk peat 
microbial communities in arctic systems (Hultman et al. 2015; Mackelprang et al. 2011; 
Mondav et al. 2017; Woodcroft, Singleton, Boyd, Evans, Emerson, et al. 2018), has yet to 
clearly described the role of plants in influencing the microbial community composition, 
decomposition, and C cycling.  
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Since permafrost thaw results in changes to both environmental and plant filtering effects 
on the microbial community, we investigated their relative importance in structuring 
rhizosphere versus phyllosphere microbial communities, at a well-studied permafrost 
thaw gradient in Stordalen Mire, Sweden. In this area, as permafrost thaws, palsa peat 
mounds (which rise above the surrounding wet areas due to a supportive core of ice) 
collapse to form waterlogged bog areas which initially remain hydrologically 
disconnected from the later thaw stages but eventually sink and form fully inundated, 
hydrologically connected, nutrient-rich fens. As these three soil environments differ more 
strongly than the air, we hypothesized that biotic filtering would be more important than 
environmental filtering in the phyllosphere, but the reverse would be true in the 
rhizosphere. Microbial communities are highly diverse and often include taxa which may 
be more important to community structure than expected based on abundance measures 
(keystone species) as well as many taxa that are of little importance to community 
structure. Therefore, we consider two metrics by which microbial community differences 
may be measured across sites, compartments (rhizosphere, phyllosphere, or peat), and 
plant associates: 1) differences in relative abundance and 2) differences in importance to 
network structure (or keystoneness). Furthermore, to investigate whether these 
community composition differences could be important to the ecosystem’s C-cycling, we 
investigated functional groups important to CH4 cycling (as a particularly important C-
cycling function which is also phylogenetically constrained). This approach allows us to 
identify the degree to which plant and environmental filtering influence C cycling 
through changes in microbial functional groups as well as overall microbial community 
composition, structure, and putative function. 

Materials & Methods 

Site & Sample Collection 
Samples were collected at three time points through the 2015 growing season: early 
season (20 and 21 June), peak growing season (20 and 23 July), and late growing season 
(2 September). Stordalen Mire is located 10 km east of Abisko, at 68° 219 N, 18° 499 E, 
and is 363m above sea level (with ecologically relevant microtopography across the Mire 
spanning several meters’ elevation). The site is managed by the Abisko Scientific 
Research Station, the University of Stockholm, and the Integrated Carbon Observation 
System. Within the mire, there are three main habitats spanning a permafrost thaw 
gradient (Figure 1): no thaw (palsa type), initial partial thaw (bog type), and complete 
thaw (fen type). Palsas consist of raised, permafrost underlain areas characterized by low 
shrubs (eg: Betula nana, Empetrum nigrum, Andromeda polifolia, Vaccinium spp), forbs 
(eg: Rubus chamaemorus), graminoids (eg: Eriophorum vaginatum), lichens, and drier 
mosses (including Sphagnum fuscum). Bogs are wetter low-lying areas often still 
underlain by permafrost lenses characterized by more hydric species of Sphagnum (eg: 
Sphagnum balticum) and small sedges (eg: Eriophorum vaginatum, Carex rotundata). 
Fens are formed after complete permafrost thaw and collapse. They are characterized by 
standing water, and hydric Sphagnum and sedge species (eg: Eriphorum angustifolium, 
Carex rotundata, Carex rostrata). 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 2000, palsa extent shrank while 
bog sites expanded by 3% and fen sites expanding by 54% (Bäckstrand et al. 2010). 
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Three areas were selected where all three habitats could be found within close (20 m2) 
proximity. Samples of leaf, root, and associated peat for seven abundant, habitat-typical 
plant species were selected for phyllosphere and rhizosphere characterization across the 
mire’s three habitats. Species representative of palsa areas were: Rubus chamaemorus, 
Andromeda polifolia, Eriophorum vaginatum, and Sphagnum sp. Species representative 
of bog areas were: Andromeda polifolia, Eriophorum vaginatum, Carex rotundata, and 
Sphagnum sp. Species representative of fen areas were: Eriophorum angustifolium, and 
Carex rotundata. Note that palsa and bog Sphagnum spp. differed, and that several 
species were representative in more than one habitat (and were sampled separately in 
each habitat in case of physiological differences). Fewer species were selected to 
represent the fen habitat based on its  much lower plant diversity (Johansson et al. 2006). 
Replicate plants were sampled in two ways: spatially distributed, and spatially proximal. 
For the former, one individual of each habitat-representative species was sampled at each 
of the three locations (generating 3 spatially-distributed replicates). For the latter, at one 
location, two additional sets of plant samples were collected for each habitat-
representative species (generating a total of 3 spatially-proximal replicates). In addition, a 
single peat sample was taken at each location, in each habitat (for 3 spatially-distributed 
replicates per habitat). 

All material was collected using forceps sterilized with ethyl alcohol and rinsed twice 
with water. For each plant, phyllosphere samples were collected first, consisting of 
approximately 2 g of living Sphagnum spp tissue, all leaf tissue from A. polifolia and R. 
chamaemorus plants, and 1 cm2 of sedge plants (Eriophorum spp and C. rotundata). 
When all phyllosphere sample material had been collected, a serrated edge knife was 
used to cut around the base of the plant. The plant was then pulled out with associated 
peat still attached. “Bulk peat” samples were collected as 15 mL of peat from 2-3 cm 
deep, from as close to the root as possible without touching the root. Rhizosphere 
samples were collected by snipping small pieces of the root fibers into a 1.5 ml 
Eppendorf tube. Both the primary root and lateral roots were included and the root tip 
was excluded. Four cm of main and lateral roots were sampled from A. polifolia and R. 
chamaemorus plants, and one segment of the main root node and 2-4 fine root hairs were 
sampled for each sedge rhizosphere sample. While Sphagnum spp. plants do not have 
roots, 2 g samples were taken from the base of the stalk where the tissue was brown but 
still attached to the living stalk. After collection, the samples were stored in a cooler, and 
then transferred to a -80 ℃ freezer within 4 hours of collection. The samples were 
shipped on dry ice to Wellesley College and immediately stored at -80 ℃ until further 
processing. 

DNA Extraction and Sequencing of 16S rRNA gene 
For each sample a standardized quantity of 50 mg of Sphagnum spp. photosynthetic and 
non-photosynthetic tissue, 75 mg of angiosperm leaf tissue, 100 mg of angiosperm root 
material, or 50 mg of peat was used for DNA extraction. In all cases bulk samples were 
used, meaning that results include both endo-and epiphytic microbial communities. Total 
DNA from each sample was extracted using the PowerSoil® DNA Isolation Kit (MoBio, 
Carlsbad, CA) according to the manufacturer's instructions and eluted in 50 µl of elution 
buffer. After extraction, DNA was quantified using NanoDrop (Thermo Scientific, Inc., 
Wilmington, DE, USA) and stored at -20 ℃. 

https://paperpile.com/c/Fe8JFH/u8giv
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Sequencing at Argonne National Laboratories followed the protocols of Caporaso et al. 
(2012). PCR amplification of the V4 region of 16S rRNA gene made use of the forward 
primer 515F (5’- GTGCCAGCMGCCGCGGTAA-3’) and the reverse 806R (5’-
GGACTACHVGGGTWTCTAAT-3’). PCR amplicons were quantified by PicoGreen 
(Invitrogen, Carlsbad, CA) using a plate reader, and amplicons were pooled in equal 
concentrations into a single tube. This pool was cleaned up using UltraClean PCR Clean-
Up Kit (MoBio, Carlsbad, CA) and quantified using the Qubit (Invitrogen, Carlsbad, 
CA). The pooled samples were sequenced on the Illumina MiSeq platform (Illumina, San 
Diego, CA) according to the sequencing procedures described in Caporaso et al. 
(Caporaso et al. 2012). Sequences are available in the National Center for Biotechnology 
Information Sequence Read Archive, Study Accession: PRJNA599435. 

Bioinformatic Analysis 
An in-house workflow was used to process OTU data, which was based primarily on 
Quantitative Insights into Microbial Ecology (Caporaso et al. 2010) and SparCC. 
Detailed information about the SparCC workflow can be found in (Friedman and Alm 
2012). Briefly, paired-end sequences were first joined, then split into libraries according 
to their index. Sequences were then filtered according to quality using USEARCH 
fastq_filter (-fastq_maxee 0.5), dereplicated and screened against phiX174. Surviving 
sequences were clustered into operational taxonomic units (OTUs) at 97% average 
nucleotide identity, then taxonomy assigned using the Greengenes database (DeSantis et 
al. 2006) version 13_8 using the Ribosomal Data Project classifier (McDonald et al. 
2012). Finally, OTUs matching chloroplast and mitochondrial sequences were removed 
from the analysis. Unifrac analysis was performed in QIIME (Lozupone and Knight 
2005). OTU tables were pruned to address specific experimental questions, then LefSe 
biomarker analysis was completed (Segata et al. 2011). 

Network analysis began with filtering of OTU tables to exclude any OTUs with fewer 
than 10 counts and represented in fewer than 3 total samples across all habitat, tissue or 
plant types. To generate networks, OTU tables were split according to habitat, tissue 
type, and plant type, and mean OTU abundances for each sample type were calculated 
based on filtered tables of counts as described above. Compositionality-robust 
correlations of each OTU table (15 total) was generated using SparCC using the median 
of 20 iterations. Data were resampled and bootstrapped 100 times (20 iterations) to 
generate correlation p-values. Correlation matrices were then processed using python 
packages Numpy (van der Walt, Colbert, and Varoquaux 2011), Scipy (Virtanen et al. 
2020), and Pandas (McKinney and Others 2010). Each correlation matrix has its 
correlations filtered according to its p-value (< 0.05), and networks were built using the 
filtered correlations as an adjacency matrix and rendered using python-igraph (Csardi and 
Nepusz 2006), with visual refinement using Adobe Illustrator CC such that OTUs served 
as “nodes” or vertices, and absolute correlation values as the “edges” between OTUs. 

We interpreted OTU PageRank score, which quantifies connectivity, as a metric of 
ecological importance. We considered the most important OTUs to be those in the 99th 
percentile for each network based on PageRank scores, and compared interpretation 
based on PageRank to the additional network metrics of degree, transitivity, betweenness, 
and closeness. Demonstration of the strong correlation of PageRank with the 
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‘consequentiality’ of nodes in diverse settings: for identification of key metabolic genes 
in pathways of co-occurrence gene networks (Browne et al, 2017  and Wang et al, 2017 ), 
extinction cascades in food webs (Allesina and Pascual, 2009), and complex phylogenetic 
signals in communities of co-occurring bacteria (Estrada-Pena et al, 2018). This metric 
has been successfully applied to extinction food webs (Allesina and Pascual, 2009). The 
nature of the metric (which quantifies the connections of a node to others, with weighting 
for those neighbors’ respective connectivity too), and these other studies, supported its 
use as an indicator of keystone organisms. In order to relate OTU  importance and 
abundance (which are on different scales), we used the rank of  each  within every 
sample, rather than its absolute value. 

Microbial functional groups of interest were methanogens and methanotrophs. While 
functional assignation of organisms identified using16S sequencing cannot be definitive, 
methane cycling traits are generally highly conserved (Martiny et al. 2015) meaning that 
organisms belonging to taxonomic groups known to produce or consume methane are 
likely to have similar lifestyles. Methanogens were identified based on classification into 
one of the following orders known to be dominated by methanogens and active at our 
site: Methanosarcinales, Methanobacteriales, Methanomicrobiales (Evans et al. 2019; 
Mondav et al. 2014; Woodcroft, Singleton, Boyd, Evans, Hoelzle, et al. 2018). 
Methanotrophs were identified based on classification into one of the following groups 
known to be predominantly methanotrophic and active at our site: order 
Methylacidiphilales, families Beijerinckiaceae, Hyphomicrobiaceae, Methylocystaceae, 
Crenotrichaceae, Methylococcaceae (Smith and Wrighton 2019; Singleton et al. 2018; 
Knief 2015; Tveit et al. 2013). 

Statistical Analysis 
NMDS and variance partitioning were performed on both Unifrac and Bray-Curtis 
distances of OTU tables for all samples. Significance tests were performed with 
redundancy analysis for Unifrac data and distance-based redundancy analysis for Bray-
Curtis distances using the vegan package in R. Hierarchical clustering (based on Jaccard 
and Bray-Curtis distances) was performed on both abundance and importance scores of 
OTUs in networks. All statistical analyses were performed in R studio running R version 
3.6.0 (RStudio Team 2018; R Core Team 2019). 

Results 

A total of 350 samples were sequenced and rarefied to include 1000 high-quality 
bacterial or archaeal 16S rRNA gene sequences per sample. Alpha diversity varied 
between rarefaction analysis indicating that full sampling depth was achieved only for 
samples with lower levels of diversity, and not with samples from the fully thawed fen 
peat (Figure S1). Out of all sequences, 99.6% were assigned to Bacteria and 0.4% to 
Archaea - the latter is consistent with previous work from this site (Mondav et al. 2017) 
and reflects the known biases of the V4 primer set against Archaea; (Parada, Needham, 
and Fuhrman 2016). Across all samples, there were a total of 373 unique OTUs (1436 in 
the unrarefied dataset) which were assigned to 170 genera and 31 known phyla (170 
genera and 32 phyla in the unrarefied dataset). Diversity within a sample ranged from 
124 to 361 OTUs (181 to 609 in the unrarefied dataset). The four most dominant phyla 
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when considering the entire dataset were Proteobacteria (44%), Acidobacteria (22.9%), 
Bacteroidetes (8.9%), and Verrucomicrobia (7.8%). This profile matched the general 
profiles found in previous investigation into bulk peat communities at this site by 
Mondav et al (2017) but with stronger and more consistent dominance of Proteobacteria 
and lower relative abundance of Acidobacteria across all habitat types, particularly in the 
phyllosphere. This is generally in line with the findings of Mondav et al despite major 
differences in methodology. 

Diversity and composition of bacterial taxa across sample types 
A total of 66 OTUs were ubiquitous across all sample types (habitat, compartment, plant) 
after removal of chloroplast sequences. These belonged to 10 phyla: Acidobacteria, 
Actinobacteria, Armatimonadetes, Bacteroidetes, Chlamydiae, Cyanobacteria, 
Planctomycetes, Proteobacteria, Verrucomicrobia, and WPS-2.  Bacterial composition at 
the phylum level showed the same major phyla represented across the permafrost thaw 
gradient with variation in relative abundance by habitat type and compartment (Figure 2). 
Based on Lefse analysis, we identified phyla that were enriched in abundance in one 
habitat as compared to the others within each compartment (LDA>2). The palsa was 
enriched in Acidobacteria and Planctomycetes in all three compartments, as well as 
Actinobacteria and Chlamydiae in the rhizosphere and peat, and WPS-2 and FCPU426 in 
the rhizosphere only. The bog was enriched in WS4 in all compartments, TM6 in the 
Phyllosphere and Rhizosphere, Armatimonadetes and Verrucomicrobia in the rhizosphere 
and peat, OD1 in the phyllosphere only, FBP and Proteobacteria in the Rhizosphere only, 
and WPS-2 in the peat only. The fen contained the greatest number of enriched phyla 
with Bacteroidetes, Chlorobi, Chloroflexi, Fibrobacteres, Firmicutes, Nitrospirae, 
Spirochaetes, Euryarchaeota, and Parvarchaeota enriched in all three compartments. The 
fen rhizosphere and peat were also enriched in Crenarchaeota, Elusimicrobia, OP3, and 
WWE1, with the rhizosphere enriched for OD1, TM7, AD3, Cyanobacteria, and 
Fusobacteria, and the peat enriched in Gemmatimonadetes (Figure S2). 

NMDS based on Bray-Curtis distances between OTUs showed separation of centroids by 
habitat with only partial separation by compartment and plant type and very little 
separation by season (Figure 3). PERMANOVA with plant and habitat nested within 
compartment indicated significant differences (p<0.001) between communities across all 
factors (compartment, plant, habitat, month) as well as significant interaction terms 
(p<0.001). Variance partitioning indicated that when considered individually, habitat and 
plant accounted for the majority of the variation with compartment playing a smaller role 
and sample month having almost no impact (Table 1). However, the most variance was 
explained when habitat, plant associate, and compartment were all considered (adjusted 
r2=0.27, p<0.001). Repeating the analyses using phylogenetically weighted Unifrac 
values to take phylogenetic similarity into account provided similar results but with an 
increase in the unique amounts of variance explained, particularly by compartment 
(adjusted r2=0.39, p<0.001, Table 1). 

Considering each compartment separately, NMDS plots indicated some separation by 
habitat type and plant associate, especially for phyllosphere and rhizosphere samples 
(Figure 4). Variance partitioning based on Bray-Curtis distance between communities 
showed different patterns for each compartment. In the rhizosphere, plant associate 
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explained a similar to the amount of variance as habitat, but in the phyllosphere plant 
associate explained substantially more variance than habitat (Table 2). Plant associate 
explained a similar amount of variance in both rhizosphere and phyllosphere. However, 
habitat explained substantially more variance in the rhizosphere and the bulk peat than 
the phyllosphere. The total amount of variance explained by plant and habitat together 
was much higher in the rhizosphere and bulk peat than in the phyllosphere (Table 2). 
Much of the explained variance overlapped between both habitat and plant type, likely 
because plant species distribution was not even across all habitats. 

Methane-cycling Functional groups  
Putative methanotrophs were identified as bacteria belonging to groups which have 
previously been shown to have active methanogenic representatives at this site based on 
metagenomic and metatranscriptomic data (Smith and Wrighton 2019; Singleton et al. 
2018; Knief 2015; Tveit et al. 2013). These were order Methylacidiphilales and families: 
Beijerinckiaceae, Hyphomicrobiaceae, Methylocystaceae, Crenotrichaceae, 
Methylococcaceae. Methanotrophs, particularly members of Methylocystaceae, were 
found across all habitats, compartments, and plants though in varying abundances (Figure 
5a, Table S3). Members of Methylacidiphilales were common in palsa and bog habitats 
but rare in the fen, whereas members of Methylococcales were common in the fen but 
rare in the bog and not seen in the palsa. Variance partitioning on putative methanotrophs 
showed similar patterns to the full dataset except that habitat explained less and plant 
associate more of the variance in phyllosphere putative methanotroph distribution than in 
the full dataset (Table 3). 

Putative methanogens were defined as Euryarchaeota in orders Methanosarcinales, 
Methanomicrobiales, Methanococcales, Methanobacteriales, Methanopyrales, 
Methanocellales, Methanomassiliicoccales, and ‘Candidatus Methanophagales’ (Evans et 
al. 2019). Methanogens were found across all habitats and compartments as well as all 
plants except Rubus chamaemorus. Members of the family Methanobacteriaceae reached 
the highest abundances, especially in the fen, and were the most widespread (Figure 5b, 
Table S4). Variance partitioning based on relative abundances did not match the pattern 
seen in the overall dataset. None of the phyllosphere variance was well explained. In the 
rhizosphere, plant associate explained substantially more variance than habitat, though 
overlap was high (Table 4). 

Network analysis 
Because networks were based on the un-rarefied dataset, they contained greater diversity 
with a total of 1436 OTUs. We avoided rarefication in order to preserve as many 
members of the community as possible, focusing on those whose importance was greater 
than their relative abundance. Rarefying data masks this signal. Since PageRank scores 
community members more highly when their surrounding community members are 
highly scored, rarefying even a single members’ abundance would diminish the 
importance of those to which it is connected. The mean diversity per network type was 
361 with a minimum of 181 and a maximum of 609. Variance partitioning on the OTUs 
included in the networks recapitulated the results seen in the entire dataset with slight 
increases in the amount of variance explained by plant and habitat, especially when using 
only keystone OTUs (Table 1). Network structure varied substantially by plant associate, 
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retaining some similarity across habitat types for a given plant species (Figure 6). 
Sphagnum, in particular, showed a characteristic ‘donut’ structure regardless of habitat – 
despite these being different species in the different habitats. This structure reflects a lack 
of a central hub of OTUs, with instead dispersed interconnected hubs. This may indicate 
the presence of multiple sub-communities connected by a few interacting species, which 
could be caused by distinct niches. A similar structure was found in a few other networks 
such as E. vaginatum in the bog, but was not consistent across habitats. Similarities in 
network structure between tissue types of a given plant species are not meaningful since 
the shape of the network structure visualization was held constant for each plant species 
in each habitat so only node size and connectivity varied across tissue types. 

To further test whether microbial communities were more similar when sampled from the 
same habitat versus the same plant associate, we used hierarchical clustering using Bray-
Curtis distances based on both relative abundance and network importance score 
(PageRank, or keystoneness). The phyllosphere microbial communities mostly clustered 
by habitat rather than plant type with the exception of Sphagnum which clustered on its 
own based on importance to network but with the bog plants based on relative abundance 
(Figure 7a,b). Rhizosphere microbial communities clustered primarily by habitat when 
importance to network was considered, however when relative abundance was considered 
sedges from the bog clustered with the fen sedges rather than with the other bog plants 
(Figure 7c,d). As would be expected, bulk peat microbial communities clustered by 
habitat based on both relative abundance and importance to network (Figure 7e,f). 
Hierarchical clustering based on Jaccard dissimilarity which considers only 
presence/absence not relative abundance showed no differences in the structure of 
groupings but resulted in increased dissimilarity between groups (Figure S3). 

Keystone organisms 
Keystone organisms were defined as OTUs in the 99th percentile of importance for each 
network based on each organism’s PageRank score. PageRank has not typically been 
used as a metric for identification of keystone organisms in microbial communities. 
However, it has been shown to be strongly correlated with extinction cascades in food 
webs (Allesina and Pascual 2009), identification of key metabolic genes in pathways of 
co-occurrence gene networks (Browne et al. 2016; Wang et al. 2017), and used to 
disentangle phylogenetic signals in communities of co-occurring bacteria (Estrada-Peña 
et al. 2018) thus indicating that it may indeed be a strong indicator of keystone 
organisms. PageRank score within a network was strongly correlated with betweenness 
centrality (Figures S4, S5), which has previously been used as a metric for identifying 
keystone organisms (Martín González, Dalsgaard, and Olesen 2010). Keystone OTUs 
also scored highly for closeness centrality, betweenness centrality, degree, and 
transitivity (Figure S4). A total of 75 unique OTUs were identified as keystone organisms 
across the 27 different networks (Table S1). This represented an average of 4 keystone 
taxa per network with a minimum of 2 and a maximum of 7 (Table S2). OTUs were 
generally only keystone for one or a few networks and none were keystones across all 
networks, habitats, compartments, or plants. Considering relative abundances of keystone 
OTUs across all samples indicated that they ranged from generalists (found across 
habitats, plants, and compartments) to specialists at any of the three levels (by habitat, 
plant type, and compartment) (Figure 8). Generalists included members of families 
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Sinobacteraceae (OTU 12), Acetobacteraceae (OTU 137), and Acidobacteriaceae (274). 
Specialists included members of an unknown family in Chloroflexi (OTU 264) and 
Nakamurellaceae (OTU 737) found only in the Fen, a member of an unknown family of 
Acidobacteria (OTU 90) found only in Palsa, a member of Neisseriaceae (OTU 5321) 
found only in the rhizosphere, and members of Methylocystaceae (OTU 167) and 
Cytophagaceae (OTU 371) found only in phyllosphere. Variance partitioning based on 
relative abundances of the keystone organisms increased the total amount of variation 
explained to 33% but did not change the overall patterns in variance (Table 1). Six 
keystone OTUs belonged to functional groups of interest, one methanogen: OTU 36 
(family Methanobacteriaceae) in the bog peat near a Sphagnum sp; and five putative 
methanotrophs: OTU 22 (family Methylocystaceae) associated with A. polifolia 
rhizosphere in the bog and with peat near C. rotundata in the fen, OTU 40 (family 
Bradyrhizobiaceae) associated with the rhizosphere of R. chamaemorus in the palsa and 
E. angustifolium in the fen, OTU 72 (order Methylacidiphilales) associated with the 
rhizosphere of A. polifolia in the palsa and C. rotundata in the bog, OTU 167 (family 
Methylocystaceae) associated with the phylosphere of A. polifolia and E. vaginatum in 
the palsa, OTU 171 (order Methylococcales) associated with the rhizosphere of A. 
polifolia, E. vaginatum, and the basal area of Sphagnum sp in the bog, and OTU 320 
(family Crenotrichaceae) associated with the bulk peat near E. angustifolium in the fen 
(Table S1). 

Discussion 

We investigated whether biotic filtering by plant-associate could outweigh the 
importance of environmental filtering by habitat on microbial community composition 
across a permafrost thaw gradient. We found that the metric used for assessing 
differences between communities (importance to network versus relative abundance) has 
an impact on which taxa appear relevant. Under both approaches, we found evidence that 
in the rhizosphere, the environment first filters microbial community (especially through 
moisture), and then biotic interactions with plants further shape composition. In the 
phyllosphere, environmental conditions are less variable spatially so the effects of 
environmental filtering are less than the effects biotic influence on microbial community 
- though both are fairly small. However, we also found that the role of plant associate and 
habitat in shaping microbial communities may be very different for different microbial 
groups. Putative methanogens and methanotrophs appeared to be particularly strongly 
influenced by plant-associations, indicating that changes in plant community composition 
could have a significant influence on CH4 production from thawing permafrost 
ecosystems. 

Below, we consider the following questions raised by our observations: What are the 
characteristics of the plant-associated microbiome as compared to the peat microbiome 
observed in other studies? Why did this study find relatively low influence of biotic 
filtering by plant associate on microbial community composition compared to other 
research? Does focusing analysis on keystone organisms that determine network structure 
provide clearer indication of the effects of filtering? Does plant community transition 
impact CH4 cycling in a way that contributes to permafrost thaw feedbacks? 
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Characteristics of the plant-influenced microbiome 
Microbial communities of Stordalen mire have been well studied but previous work has 
focused on bulk peat samples especially at depth (Mondav et al. 2017; Woodcroft, 
Singleton, Boyd, Evans, Emerson, et al. 2018; Monteux et al. 2018). This represents the 
first known examination of plant-associated microbial communities at this site. Our most 
dominant phyla matched those seen in previous work in which Proteobacteria and 
Acidobacteria were the most common with Bacteroidetes and Actinobacteria also 
common (Mondav et al. 2017). This profile matched the general profiles found in 
previous investigation into bulk peat communities at this site by Mondav et al (2017) but 
with stronger and more consistent dominance of Proteobacteria and lower relative 
abundance of Acidobacteria across all habitat types, particularly in the phyllosphere. This 
is consistent with previous work that has shown enrichment of Alpha- and Beta-
Proteobacteria in plant-associated communities - particularly the rhizosphere - as 
compared to bulk soil (Knief et al. 2012; Nuccio et al. 2016). While Mondav et al found 
high relative abundance of Euryarchaeota in fen samples, we saw very low numbers with 
the highest abundance in fen bulk peat. We found four phyla in much higher abundance 
than Mondav et al (in which they were absent or comprised less than 1% of the 
community): Firmicutes, Cyanobacteria, Armatimonadetes, Spirochaetes. In contrast, we 
saw lower than 1% abundance of the following phyla that were reported at high 
abundance by Mondav et al: Microgenomates, Woesearchaeota, Thaumarchaeota, 
Bathyarchaeota. These differences were strongest in the plant-associated microbial 
communities. Thus while our overall community composition was similar to that found in 
examinations of the deeper soil profile, our results are consistent with the idea that there 
are plant-mediated differences in microbial communities in the surface soil. 

Our study also found substantially lower diversity than Mondav et al (2017), who found a 
mean OTU richness of 721 with a range of 309-1226. This may be because they report 
total diversity in pooled samples as opposed to our singletons which may have allowed 
resulted in the discovery of more different taxa. Additionally, our study used 
amplification of the V4 region and pyrosequencing while Mondav et al amplified the V6-
V8 region and used 454 sequencing. Different regions of the 16S gene are known to 
provide different degrees of taxonomic resolution (Bukin et al. 2019) as well as biases in 
taxonomic composition (Sinclair et al. 2015; Fischer et al. 2016). Finally, our sampling 
approach for bulk peat was substantially different. Because we were sampling in the 
rooting zone close to plants, it is possible that even our bulk peat samples were more 
strongly plant influenced than those of Mondav et al, which were targeted at the peat 
profile. Thus both sequencing differences and plant influence may account for some of 
the differences in diversity and community composition between our bulk peat samples 
and those of Mondav et al. 

Biotic versus environmental filtering 
Variance partitioning of relative abundances of the microbial community provided 
support for our hypothesis that habitat is less important for structuring phyllosphere 
microbial communities. In the phyllosphere, plant associate explained more variation 
than habitat - particularly when overlapping factors were excluded - indicating that biotic 
filtering was stronger than environmental filtering (Table 2). Additionally, both plant 
associate and habitat explained more variance in community composition in the 

https://paperpile.com/c/Fe8JFH/68tQ9+uaOfC+3c6xW
https://paperpile.com/c/Fe8JFH/68tQ9+uaOfC+3c6xW
https://paperpile.com/c/Fe8JFH/68tQ9
https://paperpile.com/c/Fe8JFH/LqUO0+mCDOw
https://paperpile.com/c/Fe8JFH/a4BQR
https://paperpile.com/c/Fe8JFH/2yHez+vsbav


28 
 

rhizosphere than the phyllosphere. This is consistent with there being higher dispersal 
rates and less filtering (biotic or abiotic) on phyllosphere communities. Indeed, habitat 
and plant associate together only explained 20% of the variation in phyllosphere 
community composition (as compared to 35% in the rhizosphere and 33% in the bulk 
peat). This is consistent with previous findings that the phyllosphere tends to be more 
variable than the rhizosphere (Lebeis 2015). We hypothesize that phyllosphere microbial 
communities are either more strongly determined by stochastic processes or simply more 
strongly impacted by variables not associated with plant-associate or thaw stage such as 
humidity or radiation. Testing these hypotheses was beyond the scope of the current 
study but would be a useful step for improving our understanding of phyllosphere 
microbial communities. 

In contrast, in the rhizosphere plant associate and habitat explained similar amounts of 
variance in community composition (Table 2), indicating that both were important but 
neither strongly overrode the other. This was not entirely in line with our hypothesis 
which proposed that environmental filtering by habitat would override biotic effects in 
the rhizosphere. Indeed, biotic effects explained slightly more variance than habitat (8% 
vs 7%). This is particularly striking given the large differences in habitat type, ranging 
from dry palsa to fully inundated fen. This difference was large enough that our plant 
species did not span all three habitats, and some were found in only a single habitat. This 
last is a major cause of the high degree of overlap in the variance explained by both plant 
and habitat. While it has long been known that plants strongly influence their 
rhizospheres (Lebeis 2015; Knief et al. 2012; Ferrera-Rodríguez et al. 2013; Lee et al. 
2015; Philippot et al. 2013; Berg and Smalla 2009), this influence is not always sufficient 
to override environmental differences (Kumar et al. 2017, 2016; Nuccio et al. 2016). 
Thus, it is striking that even with such a large difference between habitat types, plant 
associate still explained as much or slightly more variation than habitat. 

One hypothesis to explain why previous studies have found that environmental factors 
were more important than species associate - in contrast to our finding and despite the 
strong influence of plants on rhizosphere communities - is that differences between plant 
functional groups are a key factor. Nuccio et al (2016) found that rhizosphere community 
composition was most strongly correlated with moisture and then with region but not 
with species. However, this study was conducted within grasslands and focusing on a 
single plant genus (Avena). While our study included a strong moisture gradient, it also 
included a number of different plant functional types (sphagnum mosses, sedges, forbs, 
and ericaceous shrubs). It may be that the larger differences between plant functional 
types explain why plant associate had such a strong influence on rhizosphere community 
across our large environmental gradient. Indeed, research has shown substantial 
differences between plant species in quantity and quality of root litter inputs in thawing 
permafrost ecosystems which could influence microbial community composition (Blume-
Werry et al. 2019). Cluster analysis based on relative abundances showed that sedge 
rhizosphere communities from the wet bog and fen habitats grouped together - though the 
sedge-associated community in the dry palsa grouped with its habitat (Figure 8). This is 
consistent with the finding of Nuccio et al (2016) that moisture is a key factor filtering 
rhizosphere communities. Similarly, Sphagnum phyllosphere communities from palsa 
and bog habitats were more similar to each other than to any other communities, 
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particularly when clustered by organisms’ network importance (Figure 8). Sphagnum 
mosses are known to cultivate a specialized endophytic microbial community (Bragina et 
al. 2012, 2014; Bragina, Berg, and Berg 2015; Holland-Moritz et al. 2018), however, this 
community has also been known to demonstrate high specificity to host and 
environmental factors. This means it is somewhat surprising that the phyllosphere 
communities from the different Sphagnum species and very different hydrologic 
conditions of the palsa and bog were so similar. Overall, these findings are consistent 
with the idea that environment first filters microbial community (especially through 
moisture), then biotic interactions with plants further shape composition. 

Keystone organisms 
The high diversity of microbial communities provides a challenge in considering how to 
weight each taxonomic group in terms of its importance to community composition. 
Typically, community composition is compared using relative abundance as a weighting, 
which essentially states that the higher the abundance of an organism, the larger its 
importance to community composition is. While this may be true in many cases, when 
considering the impacts of community changes on ecosystem function often low-
abundance organisms can be highly influential (Paine 1969; Banerjee, Schlaeppi, and van 
der Heijden 2018; Shade et al. 2014). Network analysis provides a mechanism for 
identifying these keystone organisms in microbial communities. Previous studies have 
used high betweenness and centrality scores to identify keystone taxa within microbial 
communities, however there is not yet a consensus over which network metrics best 
measure keystoneness (Martín González, Dalsgaard, and Olesen 2010; Vick-Majors, 
Priscu, and Amaral-Zettler 2014; Banerjee, Baah-acheamfour, et al. 2016; Banerjee, 
Kirkby, et al. 2016; Berry and Widder 2014). An alternate approach has been applied by 
(Allesina and Pascual 2009) who found that PageRank scores were strongly associated 
with extinction cascades in food webs. This provides a strong biological rationale for use 
of this metric. Additionally, we found that PageRank was strongly correlated with the 
other metrics of betweenness and centrality (Figure S4). Therefore, we used PageRank 
scores as an indication of an organism’s importance to its network and defined keystone 
organisms as those in the 99th percentile of importance (PageRank score) for each 
community (network).  

Environmental filtering appeared to influence keystone organisms more strongly than the 
overall microbial community. Habitat explained an increased portion of the variance in 
microbial community across all compartments when only keystone organisms were 
considered (Table 2). Similarly, clustering communities based on keystoneness 
(PageRank score) changed the grouping of rhizosphere communities such that sedges no 
longer clustered together, indicating that habitat was a more critical factor in determining 
keystone taxa in this case (Figure 7). On the other hand, in the phyllosphere, sphagnum-
associated communities clustered farther apart from others when only keystone 
organisms were considered, suggesting that these organisms were more strongly 
influenced by their plant associate. It is not surprising that some organisms will be more 
strongly influenced by habitat and others by plant-associate, but these findings suggest 
that it is important to think carefully about which metrics we use to measure changes in 
community composition since they may alter our results. 
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We found some evidence that keystone organisms can be important to C-cycling as well 
as community assembly processes. Five keystone OTUs belonged to functional groups of 
interest, one methanogen and four putative methanotrophs. The methanogen was a 
keystone in bulk peat and all but one of the methanotrophs were keystones in rhizosphere 
and/or phyllosphere communities (Table S1). Since the effect of methanotrophs can be 
large enough to remove up to 50-97% of CH4 from an ecosystem (Segarra et al. 2015), 
these keystone organisms may indeed play an important role in ecosystem processes. 

Potential Impacts on CH4-cycling 
An important change taking place as permafrost thaws is conversion to increasingly 
hydric habitats with increasing methane (CH4) production (Johansson et al. 2006). This 
change has the potential to have a major impact on climate change since CH4 has a 
warming potential roughly 25 times that of CO2 (Ipcc 2013). In order to understand the 
implications of biotic and abiotic filtering of microbial communities on C-cycling in 
these systems we separately investigated organisms associated with CH4 cycling. Use of 
16S data to infer functionality carries with it caveates since any inferences are based 
solely on taxonomic associations with organisms known to perform particular functions. 
However, complex traits such as methanogenesis and methanotrophy tend to be more 
highly conserved than other microbial traits, with methanogenesis in particular conserved 
across entire families or even orders (Martiny et al. 2015). Methanotrophy is also 
generally conserved within families, though there are examples where it has been lost by 
particular species (Tamas et al. 2014). While activity of an organism or any particular 
gene cannot be inferred from presence alone, previous research at this site has used 
metagenomic and metatranscriptomic data to show the presence and activity of the 
families identified here as putative methane-cycling organisms (Singleton et al. 2018; 
Mondav et al. 2014; Woodcroft, Singleton, Boyd, Evans, Hoelzle, et al. 2018). 
 
Putative methanotrophs identified in this dataset were members of groups previously 
identified as encoding genes for methanotrophy at this site (Singleton et al. 2018): 
Alphaproteobacterial families Methylocystaceae, Beijerinckiaceae, Hyphomicrobiaceae, 
and Methylocystaceae; Gammaproteobacterial families Methylococcaceae and 
Crenotrichaceae; and the Verrucomicrobia order Methylacidiphilales (Smith and 
Wrighton, 2019). We found putative methanotrophs across all habitats, plants and 
compartments. This is perhaps unsurprising in an environment with high CH4 production. 
The most ubiquitous were members of Methylocystaceae, and this family also reached 
the highest relative abundances, which were in the phyllosphere - particularly when 
associated with A. polifolia and sedges (Eriophorum spp & C. rotundata). In the palsa, 
Methylacidiphilales were also very common, while in the fen Crenotrichaceae were. 
Variation in methanotroph communities was driven by both habitat and plant associate, 
with the latter more important in the phyllosphere and the former  more important in the 
rhizosphere and peat (Table 3). This suggests that methanotrophs in the rhizosphere are 
more influenced by soil parameters such as moisture and oxygenation, whereas 
methanotrophs in the phyllosphere are shaped by plant characteristics such as structure or 
biochemistry. If so, future investigations of functional gene abundance and activity may 
identify associations between plant functional types and microbial functional types. For 
instance, sedges have aerenchymous roots that may vent methane to the phyllosphere 
(Iversen et al., 2015) thereby shaping the microbial community. 
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Putative methanogens at this site were all members of genuses previously identified as 
methanogens at this site based on functional genes (Woodcroft, Singleton, Boyd, Evans, 
Hoelzle, et al. 2018) belonging to Methanobacteriaceae (Methanobacterium), 
Methanoregulaceae (Candidatus Methanoregula) and Methanosarcinaceae 
(Methanosarcina). These organisms were distributed across all habitats and 
compartments, though they were rare in the phyllosphere and most abundant in the bulk 
soil (Figure 5b). Although methanogenesis is an anaerobic process, methanogens and 
even methane production have been previously observed in bulk aerobic environments 
such as the phyllosphere (Taffner et al. 2019; Keppler et al. 2006), and it is possible they 
inhabited anaerobic pockets of leaf tissue. Plant associate explained much more variation 
in relative abundances of putative methanogens in the rhizosphere than it did for any 
other group of organisms (Table 4). Tighter interaction between plant roots and putative 
methanogens than other groups could be driven by differences in substrate availability 
due to root exudates or differences in electron acceptor availability as a result of gas 
transport by roots. This strong influence of plant associate on explaining putative 
methanogen abundance has important implications for climate change since CH4 
production from thawing permafrost ecosystems is a major potential feedback to global 
warming. 

Conclusions 
We began by asking to what degree plant community composition versus environmental 
shifts are important to structuring microbial communities under climate change. We 
additionally asked whether the relative contribution of each differs when considering 
only keystone organisms or particular functional groups versus the whole microbiome. 
Such questions are important because microbes are responsible for driving many 
important processes, such as C-cycling, which are changing rapidly with climate. If we 
can better understand which forces structure microbial communities or key functional 
groups, we can better predict the implications of changing conditions for these processes. 
Our results showed that such prediction is difficult, since much of the variation in 
microbial community composition remains unexplained by either biotic (plant) or 
environmental filtering. This may be an argument for investigating the role of more 
specific environmental variables such as moisture or pH in driving microbial community 
composition, but it should be noted that when investigating more specific drivers it 
becomes more likely that their effects will vary amongst microbial groups. We did show 
that both types of filtering play a role, with their relative importance differing between 
rhizosphere and phyllosphere and for particular functional groups but not for keystone 
organisms. Putative methane-cycling microbes were especially strongly impacted by 
plant associates beyond the effects of ecosystem transition, suggesting that plant 
community composition may be particularly important to shifts in the CH4 cycle. Further 
research should confirm the functionality and quantify activity levels of these putative 
CH4-cycling organisms when associated with different plant species. Such information 
may prove particularly useful to remote-sensing approaches, which could potentially use 
maps of plant community composition to infer information about CH4-cycling microbes. 
However, such approaches should consider microbial functional groups individually, 
rather than entire microbiomes, since the importance of plant versus environment seems 
to vary by group. 
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Tables 

Table 1. Variance explained by each factor based on Bray-Curtis and unifrac distances of 
total dataset and Bray-Curtis distances of only OTUs included in networks. Total R2 is 
variance explained by that factor including fractions that overlap with variance explained 
by other factors. Unique R2 is only the variance explained by a factor that does not 
overlap with any other factor. All R2 values are adjusted for multiple tests. Starred values 
are significant at p<0.001 based on redundancy analysis. Unique R2 for month for Bray-
Curtis distance based analysis was significant at p<0.004 and for OTU’s used in networks 
was significant at p=0.026. Month unique and total R2 were not significant (p>0.1) for 
unifrac based analyses. Month total R2 was significant for keystone OTUs at p=0.007 but 
unique R2 was not significant (p=0.25). 

 All OTUs OTUs in 
Networks 

Keystone OTUs  

Distance Metric Bray-Curtis Unifrac Bray-Curtis Bray-Curtis 

Compartment Total 
R2 

0.07* 0.12* 0.07* 0.07* 

Unique 
R2 

0.07* 0.11* 0.07* 0.07* 

Plant Total R2 0.16* 0.23* 0.16* 0.19* 

Unique 
R2 

0.04* 0.04* 0.04* 0.04* 

Habitat Total R2 0.15* 0.24* 0.16* 0.19* 

Unique 
R2 

0.04* 0.05* 0.04* 0.00* 

Month Total R2 0.01* 0.00 0.00* 0.00 

Unique 
R2 

0.01 0.00 0.00 0.00 

All 0.27* 0.39* 0.30* 0.33* 

 

Table 2. Variance partitioning by compartment based on Bray-Curtis distance between 
communities considering each compartment (phyllosphere, rhizosphere, peat) separately. 
Unique R2 is only the variance explained by a factor that does not overlap with any other 
factor. Overlapping R2 represents the variance explained by both plant and habitat 
(excluding the unique R2 for each) and can be added to the unique R2 to find total 
variance explained by each factor. All R2 values are adjusted for multiple tests. Starred 
values are significant at p<0.001 based on redundancy analysis. Plant total R2 was not 
significant for bulk peat samples based on all OTUs (p=0.827) or keystone taxa 
(p=0.795). 
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 Phyllosphere Rhizosphere Peat 

No. 
Observations 

142 144 76 

 All OTUs Keystone All OTUs Keystone All OTUs Keystone 

Plant Total R2 0.17* 0.21* 0.27* 0.31* 0.23* 0.25* 

Unique R2 0.08* 0.09* 0.08* 0.09* -0.01 -0.01 

Habitat Total 
R2 

0.11* 0.14* 0.26* 0.30* 0.33* 0.37* 

Unique R2 0.03* 0.02* 0.07* 0.07* 0.10* 0.11* 

Total 0.20* 0.23* 0.35* 0.39* 0.33* 0.36* 

 

Table 3. Variance partitioning of putative methanotrophs by compartment based on 
Bray-Curtis distance between communities considering each compartment (phyllosphere, 
rhizosphere, peat) separately. Unique R2 is only the variance explained by a factor that 
does not overlap with any other factor. Overlapping R2 represents the variance explained 
by both plant and habitat (excluding the unique R2 for each) and can be added to the 
unique R2 to find total variance explained by each factor. All R2 values are adjusted for 
multiple tests. Starred values are significant at p<0.001 based on redundancy analysis. 
Plant unique R2 less significant (p=0.017) for Phyllosphere and not significant for bulk 
peat samples (p=0.87). 

 Phyllosphere Rhizosphere Peat 

No. 
Observations 

135 141 75 

Plant Total R2 0.18* 0.26* 0.21* 

Unique R2 0.11* 0.07* -0.01 

Habitat Total 
R2 

0.08 0.28* 0.32* 

Unique R2 0.01* 0.09* 0.10* 

Total 0.19* 0.36* 0.31* 

 

Table 4. Variance partitioning of putative methanogens by compartment based on Bray-
Curtis distance between communities considering each compartment (phyllosphere, 
rhizosphere, peat) separately. Unique R2 is only the variance explained by a factor that 
does not overlap with any other factor. Overlapping R2 represents the variance explained 
by both plant and habitat (excluding the unique R2 for each) and can be added to the 



42 
 

unique R2 to find total variance explained by each factor. All R2 values are adjusted for 
multiple tests. Starred values are significant at p<0.001 based on redundancy analysis. 
Phyllosphere overall model was not significant (p=0.615), peat plant unique R2 not 
significant (p=0.125) and habitat unique R2 significant at p=0.039. 

 Phyllosphere Rhizosphere Peat 

No. 
Observations 

46 64 41 

Plant Total R2 -0.01 0.36* 0.24* 

Unique R2 -0.05 0.15* 0.028 

Habitat Total 
R2 

-0.02 0.22* 0.25* 

Unique R2 -0.01 0.07* 0.04• 

Total -0.02 0.37* 0.28* 
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Figures 

Figure 1. Permafrost thaw progression showing directions of possible microbial dispersal 
in the context of changes in plant community composition and hydrology as ecosystems 
transition from: I permafrost-underlain palsa, to II partially thawed bog, to III fully 
thawed and inundated fen. The underlying thaw progression figure has been adopted 
from (Johansson et al. 2006) and modified substantially. 

 
Figure 2. Changes in relative abundance of bacterial phyla across habitats (palsa=brown, 
bog=green, fen=blue) and compartments (phyllosphere, rhizosphere, bulk peat). Circle 
size corresponds to percent relative abundance. 

 

https://paperpile.com/c/yWmujv/cPLa
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Figure 3. NMDS plots of Bray-Curtis distances between samples from each a) habitat, b) 
compartment, c) plant associate, and d) month. Outer ellipses include 95% of points for a 
habitat, inner ellipses are 95% confidence around the centroid. Stress = 0.17 
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Figure 4. NMDS plots of Bray-Curtis distances separated by compartment and color-
coded by (a) habitat type and (b) plant associate. Outer ellipses include 95% of points for 
a group, inner ellipses are 95% confidence around the centroid. Stress = 0.17 
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Figure 5. Relative abundances of a) Methanotrophs and b) Methanogens, grouped by 
habitat and compartment. Colors indicate plant associates. 
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Figure 6. Network diagrams of the microbial community associated with each sample 
type (separated by habitat, compartment, and plant associate). Blue lines indicate positive 
correlations, red lines indicate negative correlations. Colors indicate phyla. 
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Figure 7. Hierarchical clustering of Bray-Curtis dissimilarity between community 
networks weighting organisms by a,c,e) relative abundance for a given habitat/plant and 
b,d,f) relative importance for a given habitat/plant. Colors correspond to habitat with 
brown=palsa, green=bog, blue=fen. 
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Figure 8. Comparison of a) relative importance and b) relative abundance of organisms 
in the 99th percentile of importance to network structure across habitat, compartments, 
and plant associates. Stars indicate methanotrophs, diamonds indicate methanogens. 
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Supplemental Tables 

Table S1: Taxonomy of keystone OTUs (those in the 99th percentile of importance for a 
network and networks in which they attained this level of importance). 
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Table S2: Number of keystone OTUs found in each network type 

  Phyllosphere Rhizosphere Peat 
Palsa A. polifolia 2 4 3 
 R. chamaemorus 3 - 4 
 E. vaginatum 2 4 5 
 Sphagnum sp 3 4 - 
Bog A. polifolia 4 5 5 
 C. rotundata 2 5 6 
 E. vaginatum 2 5 7 
 Sphagnum sp 2 5 - 
Fen C. rotundata 3 5 6 
 E. angustifolium 3 6 5 

 

Table S3: Putative methanotrophs 

Domain Phylum Class Order Family Genus 
Bacteria Proteobacteria Alphaproteobacteria Rhizobiales Beijerinckiaceae Other 
Bacteria Proteobacteria Alphaproteobacteria Rhizobiales Beijerinckiaceae Beijerinckia 
Bacteria Proteobacteria Alphaproteobacteria Rhizobiales Hyphomicrobiaceae unknown 
Bacteria Proteobacteria Alphaproteobacteria Rhizobiales Hyphomicrobiaceae Devosia 
Bacteria Proteobacteria Alphaproteobacteria Rhizobiales Hyphomicrobiaceae Hyphomicrobium 
Bacteria Proteobacteria Alphaproteobacteria Rhizobiales Hyphomicrobiaceae Rhodoplanes 
Bacteria Proteobacteria Alphaproteobacteria Rhizobiales Methylocystaceae Other 
Bacteria Proteobacteria Alphaproteobacteria Rhizobiales Methylocystaceae unknown 
Bacteria Proteobacteria Alphaproteobacteria Rhizobiales Methylocystaceae Methylopila 
Bacteria Proteobacteria Alphaproteobacteria Rhizobiales Methylocystaceae Methylosinus 
Bacteria Proteobacteria Alphaproteobacteria Rhizobiales Methylocystaceae Pleomorphomonas 
Bacteria Proteobacteria Alphaproteobacteria Rhizobiales Methylocystaceae Rhodoblastus 
Bacteria Proteobacteria Gammaproteobacteria Methylococcales Crenotrichaceae Crenothrix 
Bacteria Proteobacteria Gammaproteobacteria Methylococcales Methylococcaceae Other 
Bacteria Proteobacteria Gammaproteobacteria Methylococcales Methylococcaceae unknown 
Bacteria Proteobacteria Gammaproteobacteria Methylococcales Methylococcaceae Methylomonas 
Bacteria Verrucomicrobia [Methylacidiphilae] Methylacidiphilales unknown unknown 

 

Table S4: Putative methanogens 

Domain Phylum Class Order Family Genus 
Archaea Euryarchaeota Methanobacteria Methanobacteriales Methanobacteriaceae Methanobacterium 
Archaea Euryarchaeota Methanomicrobia Methanomicrobiales Methanoregulaceae Candidatus 

Methanoregula 
Archaea Euryarchaeota Methanomicrobia Methanosarcinales Methanosarcinaceae Methanosarcina 
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Supplemental Figures 

Figure S1: Rarefaction Curves 
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Figure S2: Phyla enriched in each habitat (LDA>2) for each compartment based on 
Lefse analysis 
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Figure S3: Hierarchical Clustering based on Jaccard Dissimilarity 

 
Codes: 
L= phyllosphere 
R= rhizosphere 
S= bulk peat 
BR= A. polifolia 
EV= E. vaginatum 
Sph= Sphagnum 

CB= R. chamaemorus 
CR= C. rotundata 
EA= E. angustifolium  Bu
l

k Pe at
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Figure S4: Relationship between PageRank vs other metrics of Betweenness and 
Centrality 
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Fig S5: Correlation between PageRank and other measures within each network. 
Note that the variance for correlations with transitivity was zero so it is not included 
here. 
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Appendix 2: Magnitude of C and nutrient cycling 

Altered magnitude of C and nutrient cycling driven by post-permafrost thaw plant 
community changes 

Moira Hough*, Samantha McCabe*, Rose Vining, Emily Pickering-Pedersen, Kuang-yu 
Chang, Ryan Lawrence, Gil Bohrer, The IsoGenie Coordinators, William Riley, Patrick 
Crill, Ruth Varner, Malak Tfaily, Scott Saleska, Virginia Rich 

*Co-first authors 

Abstract 

Permafrost thaw is predicted to increase plant productivity through increasing NPP and 
driving major changes in plant community composition. Changing plant functional type 
can alter the residence time of C and nutrients in different parts of the system which can 
alter the rate and magnitude of cycling, thus potentially influencing the positive climate 
feedbacks of belowground carbon (C) release from thawing permafrost systems. We 
tested the hypotheses that thaw-driven plant community succession will (1) increase plant 
seasonal growth, standing plant biomass, and tissue nutrient content, (2) increase quantity 
and quality of litter inputs to the soil, and (3)  taken together these effects will increase 
the C and nutrient stocks in plant biomass as well as the rate of C and nutrient cycling 
after thaw. Permafrost thaw in this system resulted in a transition from a mixed 
community of dwarf evergreen and deciduous shrubs, forbs, mosses, and graminoids, to 
communities dominated by mosses, graminoids, and horsetails. Contrary to our first 
hypothesis, plant standing biomass and tissue nutrient content did not increase 
substantially with thaw despite increases in the ecosystem’s net C uptake. However, in 
support of our second and third hypotheses, total quantity and nutrient content of litter 
inputs to the soil did increase. This was accounted for by the shift in species composition 
towards annual graminoids resulting in greater production of litter in late stages of thaw 
despite a lower standing biomass. Notably, the increased C and nutrient inputs resulted 
solely from differences in overall quantity of litter produced since litter quality did not 
increase significantly with thaw. Overall, we found that the total standing stocks of C and 
nutrients in vegetation declined with thaw-driven succession, but NPP converted to leaf 
and litter production increased. This indicated a decreased residence time of C and 
nutrients in plant tissues, and a greater rate of their input to soil. Simultaneously, the 
system became an increasingly large C sink, indicating a greater residence time of C in 
the soil, suggesting that the high flux of biomass into the soil is not fully decomposed 
annually. It should be noted, however, that the increased amount of CH4 production 
means the system has net positive radiative forcing despite being a net C sink. These 
results emphasize the importance of fully understanding ‘new C’ plant-derived inputs 
into the soil organic matter (SOM) for either sequestering C or fueling CO2 and CH4 
emissions under continued permafrost thaw. 

Introduction 

Arctic permafrost thaw is of major concern because the decomposition of previously 
frozen C pools to CO2 and CH4 can create a large positive feedback to global climate 
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change (Ipcc 2014). However, the net amount of C that will be released to the atmosphere 
from thawed permafrost remains unclear both because of uncertainty in predicting 
decomposition rates and because of changes in C cycling by plants. Changes in plant 
communities may alter C storage through changes to the C stock in plants or through 
changes in the rate of C flow through primary productivity and plant-derived inputs to the 
soil. The overall impacts of these changes on C-balance for the ecosystem depend on the 
degree to which these stocks and flows change in relation to the changing soil C stocks 
and flows. Increased temperatures and nutrient release from thawing permafrost are 
expected to drive a surge of CO2 uptake as arctic plants increase photosynthetic rates 
and/or are replaced by more productive communities (Euskirchen et al. 2009, Bäckstrand 
et al. 2010). In some places this rise in primary productivity can equal or even exceed the 
C released from permafrost decomposition over the growing season (Schuur et al. 2009, 
Hicks Pries et al. 2013, 2015). However, there is also evidence that high winter fluxes 
may prevent long-term storage of net summer uptake (Schuur et al. 2009, Natali et al. 
2014). In addition to increased C uptake, changes in plant community composition may 
alter and potentially increase decomposition rates if there are major changes in quantity 
or quality of litter deposition (Hartley et al. 2012, Wild et al. 2014, 2016). Thus the 
overall impact that changes in plant community composition will have on controlling the 
net C-balance in thawing permafrost ecosystems remains unclear. 

Warmer temperatures and post-thaw conditions may increase the overall size of the C 
stock in plants through changes in species composition. Warmer temperatures have been 
shown to increase aboveground plant biomass in a vascular plant‐dominated Antarctic 
tundra (Day et al., 2008) as well as arctic and subarctic uplands (Camill et al. 2001, 
Hartley et al. 2012). Warmer seasons also contribute to earlier snowmelt and later 
ground-freeze that can lead to a longer growing season (Wolkovich et al. 2012, 
Richardson et al. 2013). Below-ground, the vertical distribution of roots is constrained by 
the limited thickness of the ‘active layer.’ The volume of soil accessible to plant roots 
increases as the active layer deepens due to permafrost thaw (Iversen et al. 2015). Thus, 
belowground biomass may increase with thaw as roots grow without the limitations 
imposed by permafrost. Collectively, these changes can result in an increase in both 
above- and below-ground biomass representing an increase in the C stock of these 
systems  (Camill et al. 2001, Hartley et al. 2012).  

The changing environmental conditions and plant species composition resulting from 
permafrost thaw can also lead to changes in C uptake rates through primary productivity. 
In peat-dominated permafrost systems, permafrost-underlain areas (palsas) are often 
characterized by arctic heath-type communities dominated by dwarf-shrubs, mosses, and 
small sedges. 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 can influence C rate of cycling by 
altering both the quantity and quality of litter inputs. Plant functional types found in wet 
fen areas formed after permafrost thaw (mostly graminoids) are generally more nutrient-
rich than functional types typical of permafrost-underlain areas (dwarf shrubs, forbs, 
mosses, and lichen) or those in transitional areas (sphagnum moss) (Malmer et al. 2005, 
Wang and Moore 2014). These nutrient differences may impact decomposition, and 
indeed in northern climates, leaf litter decomposability has been found to be lowest in 

https://paperpile.com/c/mdKLTK/WgY8
https://paperpile.com/c/mdKLTK/BXk8+YrFF
https://paperpile.com/c/mdKLTK/BXk8+YrFF
https://paperpile.com/c/mdKLTK/Ha8D+JLXK+6EMM
https://paperpile.com/c/mdKLTK/Ha8D+JLXK+6EMM
https://paperpile.com/c/mdKLTK/vV8N+6EMM
https://paperpile.com/c/mdKLTK/vV8N+6EMM
https://paperpile.com/c/mdKLTK/5di7+pEZJ+4SKn
https://paperpile.com/c/mdKLTK/5di7+UISk
https://paperpile.com/c/mdKLTK/5di7+UISk
https://paperpile.com/c/mdKLTK/1mq0+xEZk
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https://paperpile.com/c/mdKLTK/5di7+UISk
https://paperpile.com/c/mdKLTK/8qpv
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https://paperpile.com/c/mdKLTK/w4tP+8qpv
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sphagnum mosses, higher in evergreen shrubs, graminoids, and deciduous shrubs, and 
highest in forbs (Dorrepaal et al. 2005). In addition, permafrost thaw releases 
considerable amounts of plant-available nitrogen both directly from thawing and through 
decomposition of permafrost organic matter (Keuper et al. 2012). Simultaneously, plant 
nutrient uptake may be increased by lengthening of the growing season, which allows 
substantial growth of plants to continue below-ground into the late season, even after 
peak above-ground growth (Blume-werry et al. 2015). Higher levels of nutrients in 
biomass (living tissue) and litter in post-thaw plant types can be expected to increase the 
rate of C and nutrient cycling after thaw. 

Permafrost-underlain peatlands are of particular concern both because they hold large 
quantities of C (Houghton 2007, Hodgkins et al. 2014) , and because permafrost thaw can 
lead to peat inundation and wetland creation driving substantial release of CH4 to the 
atmosphere (Bäckstrand et al. 2010, Hodgkins et al. 2014). Permafrost thaw has been 
shown to result in increased net C-uptake rates, though with net positive climate forcing 
due to increased CH4 production (Holmes, M. E. , Crill, P. M. , R. M. Frolking, S. Chang, 
Kuang-Yu Chang, W. Riley, C. McCAlley, R. Varner, S. Hodgkins, W. C. Burnett, The 
IsoGenie Coordinators, V. Rich, S. Saleska, J. P. Chanton n.d., Bäckstrand et al. 2010). 
This increase in net-C uptake may be driven by increasing overall flow rates or by a shift 
in the balance of C-flow in versus out, and it may or may not be accompanied by shifts in 
standing C-stocks in plant biomass. To investigate this, we test the hypotheses that in 
peat-dominated arctic systems, permafrost thaw-induced shifts in community 
composition will (1) increase plant seasonal leaf growth, standing plant biomass, and 
nutrient content of plant tissues, (2) increase quantity and quality of litter inputs to the 
soil, and (3) taken together these effects will increase the C and nutrient stocks in plant 
biomass as well as the rate of C and nutrient cycling after thaw. To investigate these 
hypotheses, we consider differences between plant functional types independently and in 
the context of three different stages of actively thawing permafrost at Stordalen Mire, a 
northern peatland in Sweden. 

Methods 

Site Description 
Stordalen Mire is located 10 km east of Abisko, at 68° 219 N, 18° 499 E, and is 363m 
above sea level (with ecologically relevant microtopography across the Mire spanning 
several meters’ elevation). The site is managed by the Abisko Scientific Research Station, 
the University of Stockholm, and the Integrated Carbon Observation System. Within the 
mire, there are three main habitats spanning a permafrost thaw gradient (Figure 1): 
permafrost underlain (palsa), initial/partial permafrost thaw (bog), complete thaw (fen). 
Palsas consist of raised, permafrost underlain areas characterized by low shrubs (e.g., 
Betula nana, Empetrum nigrum, Andromeda polifolia, Vaccinium spp.), forbes (e.g., 
Rubus chamaemorus), graminoids (e.g., Eriophorum vaginatum), lichens, and drier 
mosses (including Sphagnum fuscum). Bogs are wetter 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 rotundata). 
Fens are formed after complete permafrost thaw and collapse. They are characterized by 
standing water, and hydric Sphagnum and sedge species (e.g., Eriphorum angustifolium, 

https://paperpile.com/c/mdKLTK/e0Rr
https://paperpile.com/c/mdKLTK/sYhR
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https://paperpile.com/c/mdKLTK/BXk8+hWAC
https://paperpile.com/c/mdKLTK/BXk8+hWAC
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Carex rotundata, Carex rostrata).  The fifteen main plant species found there belonged to 
six plant function types: forbs (Comarum palustre, Rubus chamaemorus), evergreen 
shrubs (Andromeda polifolia, Empetrum nigrum, 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% is made up of partially 
thawed bog, 12% is made up of fully thawed fen (Bäckstrand et al. 2010). From 1970 to 
2000, palsa extent shrank while bog sites expanded by 3% and fen sites expanded by 
54%. 

Plant Standing Biomass Sampling 
Standing above-ground and below-ground biomass for each habitat type was sampled in 
2015, once between June 6-19th and once between July 13-24th which corresponded to 
early and peak growing season respectively. 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 sp. 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 x 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 15cm 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 stalks were removed first. Sedges were then extracted 
individually, including as much of the root system as could be removed by hand (up to 
60cm depth). All plants were identified based on above-ground structures, then below-
ground 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. 

Leaf Tissue and Litter Deposition Sampling 
Leaf tissue and litter deposition were measured in the spring, summer, and fall of 2017. 
In early May 2017 (prior to full thaw) two quarter meter quadrats (0.25 cm x 0.25 cm) 
were marked at 5 different sites for each habitat type. To sample nutrient status of litter 
remaining after the winter, standing litter was collected from each of 5 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 as this was not 
possible). The total number of individuals of each sedge species per quadrat was counted 
so that total standing litter from the previous year for these species could be calculated. In 
late July, corresponding to peak growing season, quadrats were revisited and percent 
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 8 branches (for shrubs except Empetrum nigrum) or 8 individuals (for 
forbes/sedges) from plants outside of the quadrats at each site. For Empetrum nigrum, 8 

https://paperpile.com/c/mdKLTK/BXk8
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branches were cut just below the last green leaves, the length of each of these branch tips 
was recorded, and the leaves were collected. In autumn, the sites were monitored so that 
each plant species was sampled as its leaves senesced. This resulted in the following 
sampling dates: 15 September for Rubus chameamorus, Betula nana, Vaccinium 
uliginosum, 8 October for Andromeda polifolia, 20 October 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 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. All plant material samples were dried at 60°C for 48 hours or until 
they reached constant mass then weighed and subsampled for C and nutrient analysis.  

Sphagnum Growth Measurements 
Sphagnum growth was measured using bottle brushes placed in each of the 5 bog plots as 
soon as they were thawed enough in the spring of 2017. For each plot, 8 bottle brushes 
were monitored monthly through September and replaced if they disappeared. At each 
monitoring date the median distance between the top of the wire and the top of the 
Sphagnum was recorded. In October, 8 brushes were removed and a 5x5cm area of 
Sphagnum was sampled. The lengths of the capitula of a representative sample were 
recorded, the stalks were separated from capitula, and stalks were cut to 3cm in length. 
Stalk 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. 

Sample Preparation and Chemical Analyses 
Dried plant tissues were individually ground into a homogeneous powder using a Wiley 
Mini-Mill (3383-L10, Thomas Wiley, Swedesboro, NJ) then re-dried in a large-capacity 
drying oven (5EM, Cat # 51221093, "Precision" Jouan, Inc., Houston, TX) at 45°C for 48 
hours, ensuring material was fully dry without risk of losing volatiles. The relative 
content of total carbon, nitrogen and sulfur (CNS) measured in triplicate by a VarioEL 
Cube Elemental Analyzer (ElementarAnalysensysteme GmbH, Langenselbold, Germany) 
equipped with an autosampler for automated analysis of multiple samples. This analysis 
oxidizes the sample through flash combustion, proven best for finding concentration of 
carbon, hydrogen, nitrogen, and sulfur. Remaining material (200mg, 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, Quebec, CA) followed by a microwave (Ethos 320TC, Milestone, Sorisole, 
Italy). In some cases (<20% of samples), 200mg of sample was not available so acid 
dilutions were adjusted to the weight available (150, 100, or 50mg). Nutrient content of 
samples were measured using inductively coupled plasma - optical emission spectrometry 
(Optima 8300DV, PerkinElmer, Waltham, MA) equipped with an autosampler. ICP-OES 
was re-calibrated using standards and blanks every ten samples. ICP-OES uses plasma to 
identify elements by their emission spectra, and is known for its low detection limits; a 
good choice to detect micro-nutrients in small plant samples. 

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

Nutrient stoichiometry of all plant tissues were analyzed using JMP Pro 14. C:nutrient 
data were non-normal, and had different distributions between 2015 and 2017 collections. 
To encompass all C:nutrient data under the same nonparametric tests, the data modeling 
type was converted from continuous to ordinal in order to implement an ordinal logistic 
test. For nutrient stoichiometry data, the Bonferroni correction was applied. For 
C:nutrient data the alpha-value was divided by four (C:N, C:S, C:P, C:K) to require a 
calculated p-value of less than 0.0125 to designate a significance difference. For total 
nutrient content (ie nutrient content per mass) the alpha-value was divided by five (C, N, 
S, P, K) to require a calculated p-value of less than 0.01 to indicate a significance 
difference. Tests were performed at the plant functional type and habitat type levels, but 
only the species level for Eriophorum vaginatum because most species were not abundant 
enough in more than one thaw stage for reliable statistical analysis.  

Site and plant functional type 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, 2019; RStudio 
Team, 2018). Site means were normally distributed so differences were calculated using 
analysis of variance (ANOVA) and Tukey post-hoc tests with a Benjamini-Hochberg 
correction applied at the Q=0.05 level to account for testing multiple nutrients (Benjamini 
and Hochberg 1995). 

Model Comparison  
Field measurements were compared to model-derived GPP, NPP, heterotrophic 
respiration, and autotrophic respiration for the growing season from the Ecosys model 
parameterized for Stordalen Mire based on measured CO2 and CH4 fluxes from 2010-
2014. Total growing season GPP, NPP, heterotrophic respiration, and autotrophic 
respiration were calculated as the sum of each value for all days on which GPP was 
greater than 50 mg/m2. Mean and standard deviations were calculated based on model 
results for 2010-2014. Field measurements of annual CO2 and CH4 fluxes from 2010-
2014 were obtained with permission from Holmes & Crill et al in prep. 

Results 

Leaf Stoichiometry 
Leaf tissues collected during Stordalen’s peak growing season (late July/early August) 
will be referred to as “peak leaf” in the following results, discussion, and figures. Plant 
functional types showed significant differences (at p<0.0125) in leaf stoichiometry at 
peak growing season with mosses, graminoids, and evergreen shrubs generally having the 
lowest nutrient content, while forbs and deciduous shrubs generally had the highest 
(Figure 1, Table S1). Within plant functional type, there was generally no significant 

https://paperpile.com/c/mdKLTK/C6Cc
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difference in the leaf nutrient stoichiometry between habitats except for graminoid leaf 
phosphorus (Figure 1c) and potassium (Figure 1d) content which declined with a shift 
from palsa to bog or fen. In a number of cases there were apparent differences within 
plant functional types between habitats that were not statistically significant (eg moss 
C:K in the palsa). This was primarily the result of low sample numbers for species that 
were rarer in a particular habitat. 

When nutrient ratios of different plant functional types were tested within each habitat 
separately, some additional statistical differences were observed (Figure S1). Forbs and 
horsetails statistically and/or observably had the lowest C:nutrient ratios in all habitats, 
except for C:P where deciduous shrubs were significantly the lowest in the palsa 
(p=0.0009) and graminoids were significantly the lowest in the fen (p=0.0010). Mosses 
and evergreen shrubs statistically and/or observably had the highest C:nutrient ratios in 
all habitats. Graminoids had variably statistically and/or observably high or low 
C:nutrients, dependent on the nutrient and also habitat-type (Figure S1). There was no 
clear overall trend in differences in C:nutrient ratios between PFTs within habitat-types. 

Although most plant species and functional types at Stordalen mire were restricted to one 
or two stages of the thaw gradient, graminoids existed at all three stages in high 
abundance and Eriophorum vaginatum and Eriophorum angustifolium were each 
common in two of these, providing an opportunity to test for intraspecific differences 
between thaw stages and for differences between plant species within a functional type. 
We found no significant difference between C:nutrient ratios of E. angustifolium in the 
bog versus the fen (Figure S4). However, E. vaginatum was significantly more P and K 
rich in the palsa than the bog (Figure S5). Comparing these species to each other in the 
bog (the only thaw stage where they are both found), we found significantly higher P in 
E. vaginatum than in E. angustifolium but no significant differences in other nutrient 
concentrations (Figure S6). 

Litter Stoichiometry 
Nutrient stoichiometry of peak leaf tissues differed significantly from end of season litter 
and litter from the prior year at both plant functional type- and habitat-levels, except for 
evergreen shrubs in C:P and C:S. Litter from the prior year showed some significant 
differences from end of season litter, often a lower C:nutrient ratio than end of season 
litter (Figure 4, Table S4). Litter C:nutrient ratios did not differ substantially between 
PFTs, despite largely varied physical characteristics. No significant difference (p<0.0125) 
was found between PFT litter, although it is observed visually that graminoids had the 
largest C:nutrients for end of season litter, thus the lowest nutrient concentration for N, S, 
P, & K (Figure 2, Table S2). In context of habitat, PFT litter has a statistically significant 
difference between evergreens and graminoids and evergreen shrubs for C:S and C:P, and 
graminoids and deciduous shrubs for C:P, with graminoids having the lowest nutrient 
concentration in their litter. Observably, especially for P, the nutrient concentration of 
graminoid litter increases post-thaw (Figure S2). There were no horsetail or moss litter 
samples. 

Root Stoichiometry 
Below-ground there is a significant difference in the nutrient stoichiometry of habitats 
when comparing C:nutrients of roots. C:nutrients of fen roots were significantly different 
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from palsa and bog for C:N, C:S, and C:P. C:nutrients of bog roots were significantly 
different from palsa for C:S. There was no significant difference of roots across the thaw 
gradient for C:K. Only four of six plant functional types could be compared for below-
ground root C:nutrients. Evergreen shrub roots had the highest C:nutrient ratios 
statistically and/or observably for all C:nutrients in the palsa and bog (not present in the 
fen). Graminoid roots had the lowest C:nutrient ratios statistically and/or observably for 
all C:nutrients and habitats, except when matched with deciduous shrubs in the bog 
(Figure 3, Figure S3, Table S3). 

Total Nutrient Stocks and Flows Across Thaw Gradient Habitats 
The diversity of PFTs contributing to above-ground and below-ground nutrient stocks 
decreased post-thaw, with mosses dominating the bog and graminoids dominating the 
fen. Palsa habitats had the most diversity and evenness in PFT contributions to biomass, 
with four of five plant functional types represented at each site sampled (Figure 5). Total 
above-ground biomass and peak season leaf mass were not significantly different across 
the stages of the thaw gradient, but total below-ground biomass was significantly greater 
in the palsa than in the later thaw stages (p<0.05).  

The diversity of PFTs contributing litter inputs to a habitat decreased post-thaw in line 
with the changes in diversity of standing PFTs. In contrast to the standing stocks, total 
litter production was significantly greater in the fen habitat than the palsa or the bog 
(p<0.001) (Figure 5). In line with this, post-thaw fen habitats had significantly greater 
total annual nutrient inputs from litter (g/m2) than did palsa or bog for C, N, and S, but 
not P or K (Figure 6, Table S5).  

Total CO2 uptake and net carbon balance (NCB) increased progressively with thaw, but 
total CH4 release also increased resulting in a net increase in climate forcing (Figure 7, 
S7, Table S5). Comparison of field data to ecosys model outputs allowed estimation of 
NPP and respiration. Model estimates of CO2, CH4, and NCB matched the values 
measured by the field (Figure 8, S8), but there were disagreements in the estimates of 
standing plant biomass, peak season leaf, and litter inputs (Figure S9). If modeled 
estimates are correct, as permafrost thaws the proportion of NPP devoted to leaf C which 
eventually becomes litter increases from the palsa to the bog to the fen (Figure 8). 

Discussion 

We tested the hypotheses that, in an arctic peatland, permafrost-thaw driven ecosystem 
succession would result in (1) increased plant seasonal leaf growth, standing plant 
biomass, and nutrient content of plant tissues, (2) increased quantity and quality of litter 
inputs to the soil, and (3) taken together these effects will increase the C and nutrient 
stocks in plant biomass as well as the rate of C and nutrient cycling after thaw. We found 
that (1) biomass did not increase with the post-thaw and leaf nutrient content increased 
only in a few cases, (2) there was an increase in quantity but not quality of litter 
deposition post-thaw, (3) there was an increased rate of C and nutrient inputs to the soil 
consistent with increases in measured fluxes but not with modeled NPP. 

Plant seasonal leaf growth, biomass, and tissue nutrient content 
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Contrary to our first hypothesis, we found that neither above- nor below-ground standing 
biomass (C stocks) increased with thaw, and in fact, below-ground biomass decreased 
(Figure 6). These results were surprising since in arctic systems, climate-warming is 
expected to result in active layer expansion (Iversen et al. 2015) and longer growing 
seasons (Wolkovich et al. 2012, Richardson et al. 2013), which are generally predicted to 
increase plant growth and standing biomass. Previous research has borne out this 
prediction showing increasing biomass and NPP in upland sites nearby (Day et al. 2008, 
Hartley et al. 2012) and greater root growth and root litter inputs with thaw for fen type 
species than palsa type species (Blume-Werry et al. 2019). We suggest the reason for the 
discrepancy between our below-ground findings and those of previous research lies in 
differences in root density and methodology. Our approach comprehensively measured 
all roots in the top 15cm of peat where we found a very high density of roots in the palsa 
compared to much lower density in the bog and lowest of all in the fen. However, our 
methodology was less successful in capturing root biomass below 15cm and therefore 
may have underestimated sedge root biomass as a substantial amount can be expected 
below 15cm (Blume-Werry et al. 2019). With regards to above-ground biomass, we 
suggest that one reason for the differences in our findings is that many studies reporting 
increased plant biomass and productivity are based on changes within the same species or 
plant functional type, whereas our study also included the impacts of changes in plant 
community composition. The shift from a system including dwarf shrubs to primarily 
mosses and sedge represented a loss in dense woody tissues which likely offset increases 
in leaf mass. Consistent with this idea, we found that standing leaf biomass at peak 
season did increase across the thaw gradient (Figure 5). 

Because of the major shifts in plant community composition across the thaw gradient, it 
was not possible to assess changes in nutrient stoichiometry after thaw within most plant 
functional types as they were not found in great enough abundance across the thaw 
gradient. However, there was some indication that these did differ since the relationships 
between nutrient stoichiometry of plant functional types differed by habitat (Figure S1, 
S2, S3). Additionally, we were able to assess the impact of conversion from palsa to bog 
on stoichiometry of E. vaginatum and conversion from bog to fen on E. angustifolium. 
We found no impact of thaw stage on E. angustifolium, but an increase in P and K 
content in leaf tissues of E. vaginatum in the bog as compared to the palsa (Figure S4, S5, 
S6). These findings are consistent with the prediction of increased nutrient availability 
post-permafrost thaw due to both direct release from permafrost and from decomposition 
of organic matter (Keuper et al. 2012). 

We expected that the changes in plant functional type with thaw would lead to higher 
nutrient availability in plant tissues since prior studies have shown that fen species have 
higher N and P concentrations throughout the growing season compared to bog and palsa 
species (Wang and Moore 2014) and that evergreen woody plants generally have lower 
nutrient concentrations in above-ground biomass than deciduous or herbaceous plants 
(Aerts 1996). Consistent with the literature, evergreen shrubs generally had the lowest 
above-ground nutrient concentrations of the vascular plants, with mosses showing 
equally low or lower nutrient concentrations (Figure 1, S1). Forbs generally had the 
highest nutrient concentrations though their S and P concentrations were exceeded by 
deciduous shrubs in the palsa (Figure 1, S1). Graminoids appeared to have the most 
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variable leaf nutrient concentrations, which were likely due to the intraspecific 
differences in E. vaginatum between sites as well as differences in P concentrations 
between species (Figure 1c, S1c). Despite this, total nutrient stock in leaf biomass did 
increase consistently across the thaw gradient, likely driven by the large increase in 
standing leaf mass post thaw (Figure 6). In contrast to leaf stoichiometry, graminoids 
consistently showed the highest root nutrient concentrations (Figure 3, S3), but because 
of the contrasting decrease in standing biomass, total root nutrient stock remained the 
same (P,K,S) or declined (N) with thaw (Figure 6). 

Thus, while total tissue nutrient content did increase post-thaw, this was mainly driven by 
changes in leaf mass due to shifts in composition of plant functional types. The idea that 
nutrient content within a plant functional type would increase with thaw was supported 
for the above-ground C:P ratio of graminoids, but was not clear for other plant functional 
types or nutrients. The significant differences in P with thaw stage even within plant 
species suggested that phosphorus may be a limiting nutrient for Stordalen, and its 
availability may play an important role in determining productivity (Güsewell and 
Koerselman 2002).  

Quantity and quality of litter inputs 
We predicted that the quantity and quality of litter would increase after permafrost thaw 
due to physiological differences (tissue structure, resorption/translocation, and leaf 
turnover) driven by shifts in composition and diversity of plant functional types. This was 
partially supported in that the quantity and total nutrient inputs to the soil increased, but 
the quality of the litter did not. Prior studies have shown that litter quality changes with 
the plant functional type and species shifts that accompany permafrost thaw (Dorrepaal et 
al. 2005, 2007) and that leaf chemistry may change substantially due to nutrient 
resorption prior to senescence and litter deposition (Wang and Moore 2014). Our results 
were consistent with this idea, showing that nutrient concentrations are significantly 
different in leaf litter than in leaf tissues at the peak of the growing season (Figure 4). We 
also found that the 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 (Figure 2, S2). This is consistent with previous research 
showing that resorption patterns differ by functional type, with evergreen and deciduous 
shrubs generally show stronger resorption and translocation of nutrients than graminoids 
and forbs (Wang and Moore 2014). This means that differences in stoichiometry of leaf 
tissues may disappear in litter due to different resorption rates. Thus, our results showed 
only minor differences in litter quality due to changing plant functional types with thaw. 

Despite minimal changes in litter quality as measured by nutrient content, we saw a 
significant increase in total C, P, K, and S inputs to the soil post-thaw (Figure 6). Since 
the nutrient content of litter did not increase substantially across the thaw gradient 
(Figure 2, S2), this must have been primarily driven by the large changes in total litter 
inputs caused by the transition from evergreen and perennial plants to annuals (Figure 5). 
These increases in litter inputs represent a decrease in residence time in plant biomass for 
both C and nutrients which can help to explain why standing biomass did not increase 
with thaw despite increased net C uptake. C and nutrients taken up by sedges in fen sites 
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are deposited in soil organic matter at increased rates either through root exudates or 
annual litter deposition.  

C cycling  
Across the thaw gradient C in standing biomass remained the same (above-ground) or 
declined (below-ground) but C inputs from litter increased, as did net carbon uptake (both 
CO2 and NCB) (Figure 7, S7), indicating declining C-stocks but increasing rates of C-
flow. The apparent contradiction between declining biomass but increasing litter 
production is solved by considering the proportion of biomass that is converted to litter 
inputs on an annual basis. In fen areas, most of the above-ground biomass is converted to 
litter, meaning that the total litter inputs from these areas greatly exceeded those from 
palsa or bog areas on an annual basis despite little change in standing biomass (Figure 7). 
Indeed, based on ecosys model calculations, litter production in the fen accounts for most 
of NPP with only a small amount remaining for allocation towards root growth (Figure 
8). In contrast, in the bog and palsa NPP is much greater than litter production suggesting 
greater allocation to non-leaf tissues. In the palsa, the NPP that exceeds litter production 
likely goes into woody or below-ground growth - including root exudation. In the bog, 
much of the NPP likely goes into sphagnum growth which does not die back on an annual 
basis, though some is likely also accounted for by sedge roots. The overall result is that 
while the standing stocks of C in plant biomass do not increase with thaw, the rate of C-
cycling through plants appears to increase as more of NPP is allocated to annual tissues 
which can then feed decomposition and re-release of C from the soil pool (Figure 9). The 
idea of increased C-cycling is supported by the observed increase in both CO2 uptake and 
CH4 release in post-thaw fen ecosystems. 

Interestingly, the idea of increased rate of C-cycling was not fully supported by the 
ecosys model which showed the greatest NPP to be in the bog with no significant 
differences between palsa and fen (Figure 8). Thus, in order for the fen to have the 
highest CO2 uptake and the palsa the lowest, the model assigned the highest respiration 
rates to the bog and the lowest to the fen. If this is accurate, it would mean that the major 
drivers of the NCB actually have little to do with overall NPP and more to do with where 
that NPP is allocated (litter versus standing biomass) and the rates of decomposition 
(which are impacted by factors including litter nutrient content). It would suggest that the 
increased NCB in the fen is primarily caused by a decreased rate of decomposition rather 
than an increased rate of NPP. However, there are a number of caveats to the 
interpretation of the ecosys model output. First, the plant biomass estimates from ecosys 
do not match the measurements made in the field (Figure S9). One possible reason is that 
the model greatly over-estimates shrub size for this system. This could have resulted in 
unrealistically high NPP values for the palsa. This idea has some support from field data. 
While it is particularly difficult to estimate respiration in arctic systems due to the lack of 
natural dark periods during the growing season, a short-term study of dark respiration in 
July 2012 suggested that ecosys may overestimate GPP and respiration for palsa and bog 
(but not fen) systems (Figure 10). We therefore suggest that ecosys may be over-
estimating NPP for these areas and as a consequence predicting overly high respiration 
rates in order to calculate an accurate NCB. If so, it may be that NPP in fact does increase 
with thaw. 
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Conclusions 

We found that plant community transition after permafrost thaw in arctic peatlands can 
result in an increase in the flow of C and nutrients from plants to the soil in the form of 
increased litter deposition even without major changes in litter quality, or standing 
biomass. Rather than an increase in productivity, permafrost thaw resulted in a shift in 
residence times where C spent less time in plants as woody material and more in soil as 
litter. This may represent an overall increase in the magnitude and rate of C-cycling, but 
this remains unclear as there is uncertainty about estimated NPP. Along with the C, there 
was also an increase in nutrient inputs to the soil which may help to drive decomposition 
and fuel the next year’s litter production. The litter inputs may also help to fuel the 
increases in CH4 production observed at post-thaw sites, effectively making these fen 
areas efficient means of converting CO2 to CH4. A key question remains how rapidly 
litter is converted to CO2 and CH4 versus stored as SOM. If litter is the major source of 
CO2 and CH4 production, any increases in NPP might only further increase emissions. On 
the other hand, if SOM is the major driver of CO2 and CH4 production, increases in NPP 
might be able to offset some of these emissions. Given that there is reason to think that 
NPP may increase in areas not undergoing plant community transition due to warming, 
increasing atmospheric CO2 concentrations, and potentially increasing nutrient levels, it 
would be wise to assess the relative contribution of litter versus SOM to decomposition in 
these systems.  
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Figures 

Figure 1: C:nutrient ratios in leaf tissues for each plant functional type across each stage 
of permafrost thaw (palsa, bog, and fen) for a) C:N, b) C:S, c) C:P, d) C:K. Letters 
indicate significant differences between functional groups and between habitats for the 
same functional group. Significant differences are based on ordinal logistic regression with 
a Bonferroni correction applied so that p-value <0.0125 is considered significant. Error bars are 
standard errors. 
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Figure 2: C:nutrient ratios in leaf litter for each plant functional type across each stage of 
permafrost thaw (palsa, bog, and fen) for a) C:N, b) C:S, c) C:P, d) C:K. Letters indicate 
significant differences between functional groups and between habitats for the same 
functional group. Significant differences are based on ordinal logistic regression with a 
Bonferroni correction applied so that p-value <0.0125 is considered significant. Error bars are 
standard errors. 
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Figure 3: C:nutrient ratios in root tissues for each plant functional type across each stage 
of permafrost thaw (palsa, bog, and fen) for a) C:N, b) C:S, c) C:P, d) C:K. Letters 
indicate significant differences between functional groups and between habitats for the 
same functional group. Significant differences are based on ordinal logistic regression with 
a Bonferroni correction applied so that p-value <0.0125 is considered significant. Error bars are 
standard errors. 

errors. 
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Figure 4: Differences in C:nutrient ratios between leaves during the growing season (peak 
season leaf), litter just prior to leaf fall (late season litter), and litter collected in the spring 
after overwintering (prior year litter) for each plant functional type for a) C:N, b) C:S, c) 
C:P, d) C:K. Letters indicate significant differences between functional groups and 
between tissue types for the same functional group. Significant differences are based on 
ordinal logistic regression with a Bonferroni correction applied so that p-value <0.0125 is 
considered significant. Error bars are standard 
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Figure 5: Contribution of each plant functional type to total standing biomass 
(aboveground, belowground, peak season leaf) or annual litter input at each state of 
permafrost thaw (palsa, bog, fen). Letters indicate significant differences total pool or 
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flux between thaw stages based on anova with Tukey HSD p<0.05. Error bars are 
standard error for total values. 

 
Figure 6: Total carbon, nitrogen, sulfur, phosphorus, and potassium in standing 
aboveground biomass, belowground biomass, peak season leaf tissue, and annual litter 
inputs at each thaw stage (palsa, bog, fen). Letters indicate significant differences total 
pool or flux between thaw stages based on anova with Tukey HSD and Benjamini-
Hochberg correction at Q<0.05. Error bars are standard error. 

 

Figure 7: Total carbon stocks and flows for each stage of permafrost thaw. Error bars are 
standard error. 
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Figure 8: Comparison of C fluxes based on field measurements (green) and ecosys 
model (blue). Positive values indicate C uptake by the ecosystem, negative values 
indicate C losses. 

 
Figure 9: System overview indicating changes in C stocks and flows as well as 
differences in ecosystem properties at each stage of permafrost thaw. 
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Figure 10: Comparison of GPP, total respiration, and net CO2 flux (NCO2B) as 
measured in July (peak season) based on an experiment comparing covered and 
uncovered fluxes (Light/Dark Respiration) versus fluxes calculated by ecosys for the 
same month. 

 



82 
 

Supplemental Figures 

Figure S1: C:nutrient ratios in leaf tissues for each plant functional type within each 
stage of permafrost thaw (palsa, bog, and fen) for a) C:N, b) C:S, c) C:P, d) C:K. Letters 
indicate significant differences between functional groups and between habitats for the 
same functional group. Significant differences are based on ordinal logistic regression with 
a Bonferroni correction applied so that p-value <0.0125 is considered significant. Error bars are 
standard errors. 
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Figure S2: C:nutrient ratios in leaf litter for each plant functional type within each stage 
of permafrost thaw (palsa, bog, and fen) for a) C:N, b) C:S, c) C:P, d) C:K. Letters 
indicate significant differences between functional groups and between habitats for the 
same functional group. Significant differences are based on ordinal logistic regression with 
a Bonferroni correction applied so that p-value <0.0125 is considered significant. Error bars are 
standard errors. 
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Figure S3: C:nutrient ratios in root tissues for each plant functional type within each stage 
of permafrost thaw (palsa, bog, and fen) for a) C:N, b) C:S, c) C:P, d) C:K. Letters 
indicate significant differences between functional groups and between habitats for the 
same functional group. Significant differences are based on ordinal logistic regression with 
a Bonferroni correction applied so that p-value <0.0125 is considered significant. Error bars are 
standard errors. 
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Figure S4: C:nutrient ratios in leaf tissues for E. angustifolium across each stage of 
permafrost thaw where it is found (bog, and fen) for a) C:N, b) C:S, c) C:P, d) C:K. 
Letters indicate significant differences between thaw stages. Significant differences are 
based on ordinal logistic regression with a Bonferroni correction applied so that p-value <0.0125 
is considered significant. Error bars are standard errors. 
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Figure S5: C:nutrient ratios in leaf tissues for E. vaginatum across each stage of 
permafrost thaw where it is found (bog, and fen) for a) C:N, b) C:S, c) C:P, d) C:K. 
Letters indicate significant differences between thaw stages. Significant differences are 
based on ordinal logistic regression with a Bonferroni correction applied so that p-value <0.0125 
is considered significant. Error bars are standard errors. 

 

Figure S6: C:nutrient ratios in leaf tissues for E. angustifolium versus E. vaginatum for 
a) C:N, b) C:S, c) C:P, d) C:K. Letters indicate significant differences between thaw 
stages. Significant differences are based on ordinal logistic regression with a Bonferroni 
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correction applied so that p-value <0.0125 is considered significant. Error bars are standard 
errors. 

 

Figure S7: Total carbon stocks and flows for each stage of permafrost thaw. Letters 
indicate significant differences total pool or flux between thaw stages based on anova 
with Tukey HSD and Benjamini-Hochberg correction at Q<0.05. Error bars are standard 
error. 
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Figure S8: Comparison of measured versus Ecosys model estimated total C in a) plant 
biomass an litter inputs and b) gas fluxes. Error bars are standard error for the total 
values. 
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Figure S9: Comparison of measured versus Ecosys model estimated contribution of each 
plant functional type to total C in a) aboveground biomass, b) belowground biomass, c) 
peak growing season leaf mass, d) litter inputs. Error bars are standard error for the total 
values. 
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Supplemental Tables 

Table S1: Summary statistics and p-values for leaf C:nutrient ratios in each plant 
functional type at each stage of permafrost thaw gradient based on ordinal logistic 
regression. Bold and starred values are significant at p<0.0125 based on Bonferroni 
correction. 

C:nutrient PFT Habitat Mean SE Comparison P-value 
C:N Evergreen shrub Total   Moss-Evergreen shrub <.0001* 
C:N Deciduous shrub Total   Moss-Deciduous shrub 0.5298 
C:N Forb Total   Moss-Forb <.0001* 
C:N Moss Total   Moss-Moss NA 
C:N Horsetail Total   Moss-Horsetail 0.0369 
C:N Graminoid Total   Moss-Graminoid 0.5744 
C:N Evergreen shrub Palsa 56.984 2.3930 Palsa-Palsa NA 
C:N Evergreen shrub Bog 36.090 4.1000 Palsa-Bog 0.0382 
C:N Deciduous shrub Palsa 28.002 1.1867 Palsa-Palsa NA 
C:N Forb Palsa 19.954 1.1561 Palsa-Palsa NA 
C:N Forb Bog 20.460 NA Palsa-Bog 0.7604 
C:N Forb Fen 22.840 NA Palsa-Fen 0.4840 
C:N Moss Palsa 56.040 NA Palsa-Palsa NA 
C:N Moss Bog 63.329 4.5443 Palsa-Bog 0.2450 
C:N Moss Fen 49.172 5.3416 Palsa-Fen 0.3406 
C:N Horsetail Fen 24.445 0.3050 Fen-Fen NA 
C:N Graminoid Palsa 32.356 1.1892 Palsa-Palsa NA 
C:N Graminoid Bog 30.528 2.7484 Palsa-Bog 0.0391 
C:N Graminoid Fen 36.954 5.7045 Palsa-Fen 0.7606 
C:S Evergreen shrub Total   Moss-Evergreen shrub 0.9827 
C:S Deciduous shrub Total   Moss-Deciduous shrub 0.9889 
C:S Forb Total   Moss-Forb 0.9903 
C:S Moss Total   Moss-Moss NA 
C:S Horsetail Total   Moss-Horsetail 0.9845 
C:S Graminoid Total   Moss-Graminoid 0.9857 
C:S Evergreen shrub Palsa 411.802 17.9044 Palsa-Palsa NA 
C:S Evergreen shrub Bog 430.125 81.7950 Palsa-Bog 0.9930 
C:S Deciduous shrub Palsa 308.098 28.6855 Palsa-Palsa NA 
C:S Forb Palsa 314.755 25.5419 Palsa-Palsa NA 
C:S Forb Bog 289.240 NA Palsa-Bog 0.8072 
C:S Forb Fen 255.380 NA Palsa-Fen 0.3870 
C:S Moss Palsa 556.490  Palsa-Palsa NA 
C:S Moss Bog 702.106 44.9044 Palsa-Bog 0.0732 
C:S Moss Fen 519.902 64.3172 Palsa-Fen 0.2000 
C:S Horsetail Fen 48.545 15.0150 Fen-Fen NA 
C:S Graminoid Palsa 411.422 27.1088 Palsa-Palsa NA 
C:S Graminoid Bog 361.041 23.4935 Palsa-Bog 0.5869 
C:S Graminoid Fen 386.007 68.8409 Palsa-Fen 0.1027 



91 
 

C:P Evergreen shrub Total   Moss-Evergreen shrub 0.1087 
C:P Deciduous shrub Total   Moss-Deciduous shrub 0.0030* 
C:P Forb Total   Moss-Forb 0.9766 
C:P Moss Total   Moss-Moss NA 
C:P Horsetail Total   Moss-Horsetail 0.7049 
C:P Graminoid Total   Moss-Graminoid 0.1885 
C:P Evergreen shrub Palsa 425.476 46.5593 Palsa-Palsa NA 
C:P Evergreen shrub Bog 398.640 NA Palsa-Bog 0.9752 
C:P Deciduous shrub Palsa 176.992 9.2363 Palsa-Palsa NA 
C:P Forb Palsa 302.562 49.0726 Palsa-Palsa NA 
C:P Forb Bog 219.450 NA Palsa-Bog 0.6486 
C:P Forb Fen 271.230 NA Palsa-Fen 0.8300 
C:P Moss Palsa 459.540 NA Palsa-Palsa NA 
C:P Moss Bog 307.826 53.9352 Palsa-Bog 0.0925 
C:P Moss Fen 325.443 58.8740 Palsa-Fen 0.9930 
C:P Horsetail Fen 290.030 30.3200 Fen-Fen NA 
C:P Graminoid Palsa 438.788 55.6485 Palsa-Palsa NA 
C:P Graminoid Bog 201.881 28.3700 Palsa-Bog 0.0396 
C:P Graminoid Fen 203.042 46.2916 Palsa-Fen 0.0053* 
C:K Evergreen shrub Total   Moss-Evergreen shrub 0.9837 
C:K Deciduous shrub Total   Moss-Deciduous shrub 0.9878 
C:K Forb Total   Moss-Forb 0.9980 
C:K Moss Total   Moss-Moss NA 
C:K Horsetail Total   Moss-Horsetail 0.9822 
C:K Graminoid Total   Moss-Graminoid 0.9952 
C:K Evergreen shrub Palsa 139.877 7.8128 Palsa-Palsa NA 
C:K Evergreen shrub Bog 110.920 NA Palsa-Bog 0.3746 
C:K Deciduous shrub Palsa 97.038 4.9597 Palsa-Palsa NA 
C:K Forb Palsa 57.902 8.2416 Palsa-Palsa NA 
C:K Forb Bog 43.730 NA Palsa-Bog 0.6365 
C:K Forb Fen 26.450 NA Palsa-Fen 0.1027 
C:K Moss Palsa 335.250 NA Palsa-Palsa NA 
C:K Moss Bog 84.273 9.2272 Palsa-Bog 0.9920 
C:K Moss Fen 70.165 10.0425 Palsa-Fen 0.9915 
C:K Horsetail Fen 16.105 2.2850 Fen-Fen NA 
C:K Graminoid Palsa 83.102 4.8534 Palsa-Palsa NA 
C:K Graminoid Bog 46.983 5.2978 Palsa-Bog 0.0742 
C:K Graminoid Fen 54.474 14.4481 Palsa-Fen 0.0049* 
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Table S2: Summary statistics and p-values for litter C:nutrient ratios in each plant 
functional type at each stage of permafrost thaw gradient based on ordinal logistic 
regression. Bold and starred values are significant at p<0.0125 based on Bonferroni 
correction. 

C:nutrient PFT Habitat Mean SE Comparison P-value 

C:N Evergreen shrub Total   
Graminoid-Evergreen 
shrub 0.9886 

C:N Deciduous shrub Total   
Graminoid-Deciduous 
shrub 0.9856 

C:N Forb Total   Graminoid-Forb 0.9866 
C:N Graminoid Total   Graminoid-Graminoid NA 
C:N Evergreen shrub Palsa 85.788 11.9702 Palsa-Palsa NA 
C:N Deciduous shrub Palsa 93.787 7.2557 Palsa-Palsa NA 
C:N Forb Palsa 36.397 1.9078 Palsa-Palsa NA 
C:N Forb Bog 41.750 NA Palsa-Bog 0.8069 
C:N Graminoid Palsa 111.759 3.0267 Palsa-Palsa NA 
C:N Graminoid Bog 85.558 3.3060 Palsa-Bog 0.0451 
C:N Graminoid Fen 89.855 6.2670 Palsa-Fen 0.2945 

C:S Evergreen shrub Total   
Graminoid-Evergreen 
shrub 0.0423 

C:S Deciduous shrub Total   
Graminoid-Deciduous 
shrub 0.6050 

C:S Forb Total   Graminoid-Forb 0.3916 
C:S Graminoid Total   Graminoid-Graminoid NA 
C:S Evergreen shrub Palsa 507.724 34.1737 Palsa-Palsa NA 
C:S Deciduous shrub Palsa 623.662 106.0726 Palsa-Palsa NA 
C:S Forb Palsa 529.948 35.2046 Palsa-Palsa NA 
C:S Forb Bog 520.200 NA Palsa-Bog 0.9417 
C:S Graminoid Palsa 944.549 36.8032 Palsa-Palsa NA 
C:S Graminoid Bog 740.778 37.9785 Palsa-Bog 0.1765 
C:S Graminoid Fen 692.697 71.3131 Palsa-Fen 0.1026 

C:P Evergreen shrub Total   
Graminoid-Evergreen 
shrub 0.0981 

C:P Deciduous shrub Total   
Graminoid-Deciduous 
shrub 0.0048* 

C:P Forb Total   Graminoid-Forb 0.0245 
C:P Graminoid Total   Graminoid-Graminoid NA 
C:P Evergreen shrub Palsa 979.007 356.0841 Palsa-Palsa NA 
C:P Deciduous shrub Palsa 392.513 44.3088 Palsa-Palsa NA 
C:P Forb Palsa 969.500 118.7575 Palsa-Palsa NA 
C:P Forb Bog 1567.380  Palsa-Bog 0.3064 
C:P Graminoid Palsa 2648.926 253.5123 Palsa-Palsa NA 
C:P Graminoid Bog 1020.684 143.6929 Palsa-Bog 0.7348 
C:P Graminoid Fen 895.275 666.1484 Palsa-Fen <.0001* 

C:K Evergreen shrub Total   
Graminoid-Evergreen 
shrub 0.8118 

C:K Deciduous shrub Total   
Graminoid-Deciduous 
shrub 0.7984 
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C:K Forb Total   Graminoid-Forb 0.9518 
C:K Graminoid Total   Graminoid-Graminoid NA 
C:K Evergreen shrub Palsa 237.055 26.8917 Palsa-Palsa NA 
C:K Deciduous shrub Palsa 220.852 29.4325 Palsa-Palsa NA 
C:K Forb Palsa 206.434 31.0223 Palsa-Palsa NA 
C:K Forb Bog 239.120 NA Palsa-Bog 0.6542 
C:K Graminoid Palsa 384.936 17.5029 Palsa-Palsa NA 
C:K Graminoid Bog 223.788 30.2599 Palsa-Bog 0.3772 
C:K Graminoid Fen 320.370 211.0466 Palsa-Fen 0.0001* 
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Table S3: Summary statistics and p-values for root C:nutrient ratios in each plant 
functional type at each stage of permafrost thaw gradient based on ordinal logistic 
regression. Bold and starred values are significant at p<0.0125 based on Bonferroni 
correction. 

C:nutrient PFT Habitat Mean SE Comparison P-value  

C:N Evergreen shrub Total   
Graminoid-
Evergreen shrub 0.0027*  

C:N Deciduous shrub Total   
Graminoid-
Deciduous shrub 0.6007  

C:N Forb Total   Graminoid-Forb 0.6387  

C:N Graminoid Total   
Graminoid-
Graminoid NA  

C:N Evergreen shrub Palsa 107.133 12.2767 Palsa-Palsa NA  
C:N Evergreen shrub Bog 66.062 8.8524 Palsa-Bog 0.0402  
C:N Deciduous shrub Palsa 91.950 NA Palsa-Palsa NA  
C:N Deciduous shrub Bog 39.030 NA Palsa-Bog 0.0918  
C:N Forb Palsa 60.463 10.3195 Palsa-Palsa NA  
C:N Graminoid Palsa 33.200 NA Palsa-Palsa NA  
C:N Graminoid Bog 47.398 5.6384 Palsa-Bog 0.0487  
C:N Graminoid Fen 33.700 9.0104 Palsa-Fen 0.1094  

C:S Evergreen shrub Total   
Graminoid-
Evergreen shrub 0.0002*  

C:S Deciduous shrub Total   
Graminoid-
Deciduous shrub 0.6458  

C:S Forb Total   Graminoid-Forb 0.0737  

C:S Graminoid Total   
Graminoid-
Graminoid NA  

C:S Evergreen shrub Palsa 862.676 60.3686 Palsa-Palsa NA  
C:S Evergreen shrub Bog 945.894 143.4949 Palsa-Bog 0.4416  
C:S Deciduous shrub Palsa 818.560 NA Palsa-Palsa NA  
C:S Deciduous shrub Bog 513.950 NA Palsa-Bog 0.0908  
C:S Forb Palsa 766.353 49.8939 Palsa-Palsa NA  
C:S Graminoid Palsa 264.280 NA Palsa-Palsa NA  
C:S Graminoid Bog 444.058 40.8521 Palsa-Bog 0.0382  
C:S Graminoid Fen 286.699 28.7196 Palsa-Fen 0.1682  

C:P Evergreen shrub Total   
Graminoid-
Evergreen shrub 0.0009*  

C:P Deciduous shrub Total   
Graminoid-
Deciduous shrub 0.8317  

C:P Forb Total   Graminoid-Forb 0.4481  

C:P Graminoid Total   
Graminoid-
Graminoid NA  

C:P Evergreen shrub Palsa 1229.392 154.0840 Palsa-Palsa NA  
C:P Evergreen shrub Bog 775.303 179.9412 Palsa-Bog 0.0708  
C:P Deciduous shrub Palsa 864.810 NA Palsa-Palsa NA  
C:P Deciduous shrub Bog 278.290 NA Palsa-Bog 0.0568  
C:P Forb Palsa 709.435 371.6550 Palsa-Palsa NA  
C:P Graminoid Bog 256.308 50.3517 Fen-Bog 0.5471  
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C:P Graminoid Fen 205.456 37.3628 Fen-Fen NA  

C:K Evergreen shrub Total   
Graminoid-
Evergreen shrub 0.9920  

C:K Deciduous shrub Total   
Graminoid-
Deciduous shrub 0.9932  

C:K Forb Total   Graminoid-Forb 0.9966  

C:K Graminoid Total   
Graminoid-
Graminoid NA  

C:K Evergreen shrub Palsa 395.060 35.0764 Palsa-Palsa NA  
C:K Evergreen shrub Bog 210.798 27.1114 Palsa-Bog 0.9946  
C:K Deciduous shrub Palsa 269.950 NA Palsa-Palsa NA  
C:K Deciduous shrub Bog 67.350 NA Palsa-Bog 0.9940  
C:K Forb Palsa 177.670 18.6600 Palsa-Palsa NA  
C:K Graminoid Bog 70.340 13.5976 Fen-Bog 0.2645  
C:K Graminoid Fen 55.163 8.4283 Fen-Fen NA  
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Table S4: Summary statistics and p-values for differences between tissue C:nutrient 
ratios in each plant functional type at each stage of permafrost thaw gradient based on 
ordinal logistic regression. Bold and starred values are significant at p<0.0125 based 
on Bonferroni correction. 

C:nutrient Habitat Tissue Type Mean SE Comparison P-value 
C:N Palsa Total   Palsa-Palsa NA 
C:N Bog Total   Palsa-Bog 0.0219 
C:N Fen Total   Palsa-Fen 0.0227 

C:N Palsa 
Peak Season 
Leaf 39.730 2.5238 

Prior Year Litter-Peak 
Season Leaf <.0001*  

C:N Palsa 
Late Season 
Litter 86.569 6.7917 

Prior Year Litter-Late 
Season Litter <.0001*  

C:N Palsa Prior Year Litter 58.308 5.4102 
Prior Year Litter-Prior 
Year Litter NA 

C:N Bog 
Peak Season 
Leaf 26.105 0.7637 

Prior Year Litter-Peak 
Season Leaf <.0001*  

C:N Bog 
Late Season 
Litter 79.686 4.8434 

Prior Year Litter-Late 
Season Litter <.0001*  

C:N Bog Prior Year Litter 68.770 7.0092 
Prior Year Litter-Prior 
Year Litter NA 

C:N Fen 
Peak Season 
Leaf 32.265 2.3016 

Prior Year Litter-Peak 
Season Leaf <.0001*  

C:N Fen 
Late Season 
Litter 89.855 6.2668 

Prior Year Litter-Late 
Season Litter 0.0442 

C:N Fen Prior Year Litter 99.499 10.5958 
Prior Year Litter-Prior 
Year Litter NA 

C:S Palsa Total   Palsa-Palsa NA 
C:S Bog Total   Palsa-Bog 0.8942 
C:S Fen Total   Palsa-Fen 0.7533 

C:S Palsa 
Peak Season 
Leaf 370.933 14.1082 

Prior Year Litter-Peak 
Season Leaf <.0001*  

C:S Palsa 
Late Season 
Litter 620.472 45.0923 

Prior Year Litter-Late 
Season Litter 0.0003* 

C:S Palsa Prior Year Litter 586.985 45.2962 
Prior Year Litter-Prior 
Year Litter NA 

C:S Bog 
Peak Season 
Leaf 332.600 15.2953 

Prior Year Litter-Peak 
Season Leaf <.0001*  

C:S Bog 
Late Season 
Litter 700.062 44.1226 

Prior Year Litter-Late 
Season Litter 0.0001* 

C:S Bog Prior Year Litter 631.913 61.3618 
Prior Year Litter-Prior 
Year Litter NA 

C:S Fen 
Peak Season 
Leaf 316.430 24.5073 

Prior Year Litter-Peak 
Season Leaf <.0001*  

C:S Fen 
Late Season 
Litter 692.694 71.3132 

Prior Year Litter-Late 
Season Litter 0.0091* 

C:S Fen Prior Year Litter 726.828 99.8088 
Prior Year Litter-Prior 
Year Litter NA 

C:P Palsa Total   Palsa-Palsa NA 
C:P Bog Total   Palsa-Bog 0.0658 
C:P Fen Total   Palsa-Fen <.0001*  
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C:P Palsa 
Peak Season 
Leaf 330.010 27.8748 

Prior Year Litter-Peak 
Season Leaf <.0001*  

C:P Palsa 
Late Season 
Litter 1130.973 218.9374 

Prior Year Litter-Late 
Season Litter 0.0961 

C:P Palsa Prior Year Litter 1041.637 172.4102 
Prior Year Litter-Prior 
Year Litter NA 

C:P Bog 
Peak Season 
Leaf 205.981 35.3009 

Prior Year Litter-Peak 
Season Leaf <.0001*  

C:P Bog 
Late Season 
Litter 1050.845 189.3989 

Prior Year Litter-Late 
Season Litter 0.0001*  

C:P Bog Prior Year Litter 724.054 82.7952 
Prior Year Litter-Prior 
Year Litter NA 

C:P Fen 
Peak Season 
Leaf 124.303 29.3803 

Prior Year Litter-Peak 
Season Leaf <.0001*  

C:P Fen 
Late Season 
Litter 895.276 666.1483 

Prior Year Litter-Late 
Season Litter 0.7175 

C:P Fen Prior Year Litter 586.635 97.7121 
Prior Year Litter-Prior 
Year Litter NA 

C:K Palsa Total   Palsa-Palsa NA 
C:K Bog Total   Palsa-Bog 0.6577 
C:K Fen Total   Palsa-Fen 0.0003* 

C:K Palsa 
Peak Season 
Leaf 105.899 5.4302 

Prior Year Litter-Peak 
Season Leaf <.0001*  

C:K Palsa 
Late Season 
Litter 257.859 18.7007 

Prior Year Litter-Late 
Season Litter 0.0570 

C:K Palsa Prior Year Litter 385.353 28.5519 
Prior Year Litter-Prior 
Year Litter NA 

C:K Bog 
Peak Season 
Leaf 52.136 5.8079 

Prior Year Litter-Peak 
Season Leaf <.0001*  

C:K Bog 
Late Season 
Litter 239.815 38.8853 

Prior Year Litter-Late 
Season Litter 0.0013* 

C:K Bog Prior Year Litter 378.541 55.5169 
Prior Year Litter-Prior 
Year Litter NA 

C:K Fen 
Peak Season 
Leaf 46.112 9.9140 

Prior Year Litter-Peak 
Season Leaf <.0001*  

C:K Fen 
Late Season 
Litter 320.370 211.0466 

Prior Year Litter-Late 
Season Litter 0.6333 

C:K Fen Prior Year Litter 387.178 92.4339 
Prior Year Litter-Prior 
Year Litter NA 
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Table 5: Summary statistics and p-values for differences between total C or nutrient flow 
or stock at each stage of permafrost thaw gradient based on anovas within nutrient 
flow or stock. P-values are adjusted p from TukeyHSD tests within each nutrient and 
type. BH are the Q values at which these p-values are significant based on a 
Benjamini-Hochberg correction. 

Nutrient Comparison Type p-value BH 
Carbon Palsa-Fen CH4 0 0 
Carbon Bog-Fen CH4 0 0 

Carbon Palsa-Fen CO2 
1.00E-

05 0.00027 

Carbon Palsa-Fen NCB 
8.50E-

05 0.001721 
Phosphorus Palsa-Fen Peak Leaf 0.0029 0.0297 
Nitrogen Palsa-Bog Belowground 0.003 0.0297 
Biomass Palsa-Fen Litter 0.003 0.0297 
Potassium Palsa-Fen Peak Leaf 0.0033 0.0297 
Carbon Bog-Fen CO2 0.0033 0.0297 
Carbon Palsa-Fen Litter 0.0038 0.03078 
Carbon Palsa-Bog Belowground 0.0047 0.034609 
Biomass Palsa-Bog Belowground 0.0057 0.038475 
Carbon Bog-Fen Litter 0.008 0.049846 
Biomass Bog-Fen Litter 0.01 0.057857 
Carbon Palsa-Fen Belowground 0.011 0.0594 
Potassium Bog-Fen Peak Leaf 0.012 0.06075 
Phosphorus Palsa-Fen Litter 0.013 0.061714 
Potassium Palsa-Fen Litter 0.015 0.061714 
Phosphorus Bog-Fen Peak Leaf 0.015 0.061714 
Biomass Palsa-Fen Belowground 0.016 0.061714 
Biomass Palsa-Fen Peak Leaf 0.016 0.061714 
Nitrogen Palsa-Fen Peak Leaf 0.02 0.073636 
Sulfur Palsa-Fen Litter 0.022 0.07425 
Carbon Palsa-Bog CH4 0.022 0.07425 
Carbon Bog-Fen NCB 0.023 0.07452 
Carbon Palsa-Fen Peak Leaf 0.024 0.074769 
Sulfur Bog-Fen Litter 0.026 0.078 
Nitrogen Bog-Fen Peak Leaf 0.028 0.081 
Carbon Palsa-Bog CO2 0.034 0.094966 
Nitrogen Palsa-Fen Litter 0.041 0.1107 
Sulfur Palsa-Bog Belowground 0.044 0.113906 
Carbon Palsa-Bog NCB 0.045 0.113906 
Nitrogen Palsa-Fen Belowground 0.065 0.159545 
Sulfur Bog-Fen Peak Leaf 0.075 0.178676 
Sulfur Palsa-Fen Peak Leaf 0.087 0.201343 
Potassium Bog-Fen Belowground 0.1 0.218919 
Carbon Bog-Fen Peak Leaf 0.1 0.218919 
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Biomass Bog-Fen Peak Leaf 0.12 0.255789 
Phosphorus Bog-Fen Belowground 0.14 0.290769 
Nitrogen Bog-Fen Litter 0.16 0.316098 
Phosphorus Bog-Fen Litter 0.16 0.316098 
Potassium Bog-Fen Litter 0.22 0.424286 
Sulfur Bog-Fen Belowground 0.25 0.47093 
Nitrogen Bog-Fen Belowground 0.27 0.497045 
Potassium Palsa-Fen Aboveground 0.28 0.504 
Potassium Palsa-Bog Litter 0.3 0.528261 
Phosphorus Palsa-Bog Litter 0.36 0.620426 
Phosphorus Palsa-Bog Belowground 0.37 0.624375 
Carbon Palsa-Fen Aboveground 0.39 0.644694 
Biomass Bog-Fen Aboveground 0.41 0.6642 
Potassium Palsa-Bog Belowground 0.46 0.730588 
Carbon Bog-Fen Aboveground 0.48 0.747692 
Biomass Palsa-Bog Peak Leaf 0.5 0.764151 
Biomass Palsa-Fen Aboveground 0.51 0.765 
Potassium Palsa-Fen Belowground 0.57 0.824464 
Sulfur Palsa-Fen Belowground 0.57 0.824464 
Potassium Palsa-Bog Aboveground 0.63 0.879828 
Phosphorus Palsa-Bog Peak Leaf 0.63 0.879828 
Carbon Palsa-Bog Peak Leaf 0.69 0.942787 
Phosphorus Palsa-Fen Aboveground 0.71 0.942787 
Nitrogen Palsa-Bog Litter 0.71 0.942787 
Potassium Palsa-Bog Peak Leaf 0.74 0.966774 
Potassium Bog-Fen Aboveground 0.78 0.987188 
Phosphorus Palsa-Fen Belowground 0.78 0.987188 
Biomass Palsa-Bog Litter 0.8 0.99 
Phosphorus Palsa-Bog Aboveground 0.82 0.99 
Biomass Bog-Fen Belowground 0.84 0.99 
Carbon Bog-Fen Belowground 0.88 0.99 
Carbon Palsa-Bog Litter 0.91 0.99 
Nitrogen Palsa-Bog Peak Leaf 0.96 0.99 
Biomass Palsa-Bog Aboveground 0.98 0.99 
Carbon Palsa-Bog Aboveground 0.98 0.99 
Phosphorus Bog-Fen Aboveground 0.98 0.99 
Nitrogen Bog-Fen Aboveground 0.99 0.99 
Nitrogen Palsa-Bog Aboveground 0.99 0.99 
Nitrogen Palsa-Fen Aboveground 0.99 0.99 
Sulfur Bog-Fen Aboveground 0.99 0.99 
Sulfur Palsa-Bog Aboveground 0.99 0.99 
Sulfur Palsa-Fen Aboveground 0.99 0.99 
Sulfur Palsa-Bog Litter 0.99 0.99 
Sulfur Palsa-Bog Peak Leaf 0.99 0.99 
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Appendix 3: Impacts of litter on microbial activity and C-cycling  

Litter deposition drives microbial community activity and methane production from 
thawing permafrost peatlands 

Moira Hough, Steven Blazewicz, Ellen Dorrepaal, Linsey Solden, Benjamin Woodcroft, 
Emiley Eloe-Fadrosh, The Isogenie Coordinators, Patrick Crill, Malak Tfailey, Virginia 
Rich, Scott Saleska 

Abstract 
Thawing arctic permafrost contains 30-50% of global soil carbon and is expected to drive 
substantial alterations to carbon (C) cycling that will accelerate climate change. As 
permafrost thaws, old C may decompose and be released as carbon dioxide (CO2) and 
methane (CH4, a more potent greenhouse gas). However, thaw can also increase new C 
inputs to the soil from plant litter when perennial shrub communities transition to more 
productive annual wetland plants. The impacts of these combined changes on the C 
balance depend not only on total C inputs, but also on their influence on microbial 
degradation pathways such as those that drive priming effects (i.e. changes in 
decomposition of the in situ soil organic matter due to addition of new substrate). 
Priming effects at the aerobic-anaerobic interface are not well studied but may be 
especially important since this is where litter deposition takes place. Here we test four 
hypotheses for ways that litter deposition may shape microbial activity and production of 
CO2 and CH4 at an aerobic-anaerobic interface: 1) rapid aerobic decomposition of litter 
and priming of SOM decomposition leads to 2) oxygen drawdown due to accelerated 
aerobic respiration leading to 3) increased organic electron acceptor availability and 
ultimately 4) increased substrate availability for methanogenesis. Of these, the second 
and third can be expected to drive CH4 production indirectly (priming) while the fourth 
should drive CH4 production directly by decomposition of substrates in the litter 
amendment. We tested these ideas by allowing decomposition of 13C-labeled plant 
material in arctic peats from pre- and post-permafrost thaw areas in incubations under 
near-in situ conditions (which included oxic headspace and potentially anoxic regions 
within soil). We traced the labeled C into CO2 and CH4 emissions, fermentation products 
(using NMR) and the microbial community (using SIP-metagenomics).We observed 
rapid release of labeled C from litter decomposition and strong stimulation of CH4 
production in post-thaw habitats. Microbial and NMR results supported all the 
hypothesized mechanisms of litter influence on CH4 production in the fully thawed 
sedge-dominated system, but only the first three in the sphagnum-dominated partial thaw 
system, presumably due to chemical inhibition of decomposition by sphagnum litter. If 
these processes operate at similar rates in the field, 10% of the total CH4 fluxes measured 
in post-thaw fen areas could be driven by litter decomposition at the peat surface, and 2% 
could be due to priming, versus only 1% and 0.2% in bog areas. These results indicate 
that litter deposition impacts on microbial activity may play an important role in 
determining net climate forcing of thawed permafrost peatlands. 
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Introduction 

Permafrost-dominated soils hold an estimated 1300Pg of soil C (a pool 1.7 times that of 
the current atmospheric pool) which is becoming increasingly vulnerable to 
decomposition as temperatures increase (Hugelius et al. 2014). This is of particular 
concern in permafrost-dominated peatlands which have very high soil C content and 
often undergo conversion to wetlands with permafrost thaw, creating anoxic 
environments that enhance methane emission. At the same time, wetland habitats can 
increase C storage, with the net feedback to climate determined by the balance between 
increased C productivity and increased decomposition (CO2 and CH4 emission) 
(Hodgkins et al. 2014; McCalley et al. 2014; Holmes et al., n.d.). The higher litter inputs 
associated with conversion of shrub dominated peatlands to wetlands characterized by 
annual sedges (Hough et al., n.d.; Johansson et al. 2006) can in turn increase CO2 and 
CH4 emissions through two mechanisms:  direct decomposition of the litter itself, and 
priming, which indirectly alters decomposition of older in situ soil organic matter (SOM). 
Priming effects are well studied (if not yet completely understood) in aerobic systems 
(Kuzyakov, Friedel, and Stahr 2000; Fontaine, Mariotti, and Abbadie 2003; Bastida et al. 
2019) but to a lesser extent in anaerobic systems (Q. Yuan, Pump, and Conrad 2014), and 
are not at all well understood at the aerobic-anaerobic interfaces where litter is generally 
deposited. Understanding the role of direct decomposition and priming effects of litter in 
thawing permafrost peatlands is essential to our ability to predict and model their 
behavior as C sinks and CH4 sources.  

In aerobic systems, fresh litter inputs are initially decomposed rapidly followed by a 
slowing rate as microbes consume the most bioavailable compounds and limiting 
nutrients, resulting in contribution to both CO2 release and SOM formation. The degree 
to which litter inputs add to the soil C pool depends on the microbial processes driving 
direct decomposition (Bradford et al. 2017) and priming effects (Liang et al. 2018). 
Priming of soil C can be generally defined as a change in the rate of decomposition of in 
situ SOM after the addition of new substrate (excluding decomposition of the new 
substrate itself, which is not considered priming), measured as increased release of CO2 
or CH4 from in situ organic matter (Kuzyakov, Friedel, and Stahr 2000). Positive priming 
represents an increase in the rate of decomposition of SOM and has been suggested to be 
particularly strong in organic-rich soils (Kuzyakov, Friedel, and Stahr 2000). The exact 
mechanisms driving positive priming seem to be complex and there may be no 
generalizable mechanism (X.-J. A. Liu et al. 2020), but it has been attributed to microbial 
nutrient mining in N-limited, especially organic-rich soils (Liang et al. 2018; Wang et al. 
2015), or alleviation of microbial substrate limitation (Blagodatskaya and Kuzyakov 
2008; Wild et al. 2016). Negative priming represents a decreased rate of decomposition 
of SOM driven by a switching of microbes from decomposition of in situ SOM to 
decomposition of the new substrate. Priming effects appear to depend strongly on soil C 
and nutrient content of the parent soil as well as the complexity, nutrient content, and 
energy content of the added substrate (X. J. A. Liu et al. 2017; Wild et al. 2016; Di 
Lonardo et al. 2017). 

Decomposition in anaerobic systems is constrained by the availability of terminal 
electron acceptors, which are depleted in order of energetic favorability. Since O2 is by 
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far the most energetically favorable electron acceptor but diffuses very slowly through 
water (Ferrell and Himmelblau 1967), its rapid consumption during litter degradation has 
been proposed as a mechanism driving priming of CH4 production from inundated soils 
(Luo, Wang, and Sun 2016). In organic-rich soils, this expansion of the anaerobic zone 
provokes a switch to fermentation, producing organic acids, alcohols, CO2, hydrogen 
(H2), and eventually acetate (Lai 2009). During this acid decomposition stage, organic 
material itself provides energetically favorable electron acceptors until the buildup of 
organic acids is sufficient for methanogenesis to become thermodynamically favorable 
(Wilson et al. 2019). Methanogenesis occurs through the reduction of CO2 using H2 
(hydrogenotrophy), or through consumption of acetate (acetoclasty) or small methylated 
compounds (methylotrophy). While acetoclasty is more energetically favorable, it may be 
more prone to substrate limitation where acetate is not abundant (Ström et al. 2012), 
while hydrogenotrophy becomes increasingly energetically favorable as CO2 and H2 
accumulate from fermentation, especially where acetate is rare (Lai 2009). Studies of 
litter additions to anaerobic systems have found evidence of priming of CH4 production 
through both hydrogenotrophy and acetoclasty (Q. Yuan, Pump, and Conrad 2014; 
Conrad et al. 2012), with the relative importance of each shifting with changes in 
microbial community composition (Ji, Liu, and Conrad 2018). 

While below-ground litter deposition takes place in the fully anaerobic zone in wetlands, 
leaf litter is deposited at the surface where aerobic and anaerobic zones meet, leaving 
some uncertainty over which sets of processes will govern its decomposition. 
Additionally, in permafrost peatlands, the type of litter input changes as thaw converts 
more aerobic permafrost underlain areas dominated by a mix of woody shrubs, forbs, 
moss and sedges to partially thawed bogs dominated by sphagnum and sedge and 
ultimately fully thawed fens dominated by sedges (Malmer et al. 2005; Hough et al., 
n.d.). This combination of changes in litter type and soil environment can be expected to 
result in different responses from the microbial communities with implications for the 
degree of direct decomposition versus priming and ultimately the degree of C storage 
versus release as CO2 and CH4. Here we investigate how litter inputs drive CO2 and CH4 
emissions through their influence on microbial community activity and SOM 
decomposition at different stages of permafrost thaw-wetland transition. We test 
hypothesis that the following series of mechanisms is at work: 

H1) Aerobic decomposition: in aerobic areas litter decomposition should result in 
an increase in CO2 release from rapid litter decomposition and positive priming of 
SOM decomposition due to nutrient mining in the organic-rich peat. 
H2) O2 drawdown: in partially anaerobic areas, litter decomposition drives 
increased activity of a fast-responding subset of aerobes. Their rapid O2 
consumption results in expansion of the anaerobic zone and increased CH4 
production from both direct decomposition of litter and from decomposition of 
SOM. Thus O2 drawdown drives priming of methanogenic processes. 

H3) Organic electron acceptors: once an anaerobic zone has been established, organic 
compounds from litter serve as electron acceptors for acid phase decomposition 
resulting in negative priming of CO2 emissions through microbial substrate 
switching and the production of fermentation products such as propionate, 
butyrate, lactate, acetate, CO2, and H2. 
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H4) Substrate availability: acid phase decomposition increases the availability of 
substrates for both acetoclastic and hydrogenotrophic methanogenesis (acetate, 
CO2, and H2), driving increased CH4 emissions from direct litter decomposition.  

We tested these hypotheses using a 13C stable isotope probing experiment on incubations 
of peat from Stordalen Mire, a model system for thawing permafrost peatlands located in 
northern Sweden. 

Methods 

Study Site 
Stordalen Mire is located in the discontinuous peat permafrost zone 10 km east of Abisko 
Sweden at 68° 219 N, 18° 499 E and 363m above sea level (with ecologically relevant 
microtopography across the Mire spanning several meters’ elevation). It is managed by 
the Abisko Scientific Research Station, the University of Stockholm, and the Integrated 
Carbon Observation System as a long-term study site for the relationship between rapid 
permafrost thaw, microbial and plant community change, and C flux. Long-term 
monitoring has been conducted at this site for the past decade,(Malmer et al. 2005, 
Bäckstrand et al. 2010) and it has been sampled since 2010 for plant and microbial 
community composition, soil organic matter chemistry, and CH4 and CO2 fluxes and 
isotopic ratios.(Mondav et al. 2014, McCalley et al. 2014, Hodgkins et al. 2015) Within 
the mire, there are three main habitats spanning a permafrost thaw gradient (Figure 1a): 
no thaw (palsa type), initial partial thaw (bog type), and complete thaw (fen type). Palsas 
consist of raised, permafrost underlain areas characterized by low shrubs (eg: Betula 
nana, Empetrum nigrum, Andromeda polifolia, Vaccinium spp), forbes (eg: Rubus 
chamaemorus), graminoids (eg: Eriophorum vaginatum), lichens, and drier mosses 
(including Sphagnum fuscum). Bogs are wetter low-lying areas often still underlain by 
permafrost lenses characterized by more hydric species of Sphagnum (eg: Sphagnum 
balticum) and small sedges (eg: Eriophorum vaginatum, Carex rotundata). Fens are 
formed after complete permafrost thaw and collapse. They are characterized by standing 
water, and hydric Sphagnum and sedge species (eg: Eriophorum angustifolium, Carex 
rotundata, Carex rostrata). 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 2000, palsa extent shrank while bog 
sites expanded by 3% and fen sites expanding by 54%(Bäckstrand et al. 2010). 

Plant Labeling 
Although it is common in stable isotope probing experiments to use commercially 
available 13C labeled rice or straw, changes in litter type are an important potential driver 
of decomposition dynamics across the permafrost thaw gradient. Therefore, to obtain 
system-specific 13C labeled litter, plants representative of each phase of permafrost thaw 
(Palsa: Eriophorum vaginatum, Bog: Sphagnum sp, Fen: Eriophorum angustifolium) 
were isotopically labeled by growing them in a high- 13CO2 atmosphere 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 growth of fresh leaves and 
Sphagnum height was marked against stakes inserted in the pots to monitor stem 
elongation. The subsequent 13CO2 labeling period consisted of 8 weeks of growth from 

https://paperpile.com/c/qzzcgZ/8hhAf
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June 25 through August 11: the peak summer growth period for this site (Johansson & 
Linder 1975). We regulated chamber air over the entire growing period to ensure proper 
atmospheric 13C enrichment. After 8-weeks, all new 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. Final enrichment 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 (Table S1).  

Litter Decomposition 
The 13C labeled litter was placed in soil incubations in order to track its decomposition 
into different OM pools and identify the key microbial players and their contributions to 
total C fluxes (Figure 1b). Incubations contained peat material collected from the same 
palsa, bog, and fen areas as the plants. Peat material was collected from the top 5cm at 
each site, homogenized with minimal aeration, and refrigerated overnight. Each 
incubation contained an equal volume (38ml of peat) from one of the 3 habitat types. 
Incubations were either un-amended (no-litter control) or amended with dried ground 
litter (either unlabeled or labeled) from the corresponding habitat type at a ratio of 0.2g 
litter/g dry peat equivalent (based on bulk density measures of wet peat samples). Each 
treatment (no-litter, unlabeled litter, labeled litter) was replicated 9 times for each habitat 
type resulting in a total of 81 incubations. An additional set of 2 incubations per thaw 
stage were amended with litter from a different thaw stage: bog litter for palsa and fen 
peat (in quantities consistent with the litter addition rates used in other incubations of 
palsa and fen peat) and palsa litter for bog peat (in quantities consistent with litter 
addition rates used in palsa incubations) (Table S1). Incubations were maintained at 10°C 
(which is within the normal range for surface soil temperatures in the summer) except 
during gas sampling. We sampled each incubation jar at 5-day intervals for total and 
isotopic CO2 and CH4. We destructively harvested 3 replicate incubations of each type to 
sample OM chemistry, bulk soil isotope ratios, and microbial community composition 
after days 7, 18, and 40. These samples were immediately frozen and maintained at -20°C 
prior to analysis. 

Organic Matter Characterization 
Soil total enrichment, total C, and total N were measured on dried and ground samples 
using mass spectrometry at the University of Stockholm Stable Isotope Laboratory. 
Changes in organic material composition (including primary and secondary metabolites) 
were characterized using FT-ICR MS, GC-MS, and NMR at the Pacific Northwest 
National Lab Environmental and Molecular Science Lab (EMSL). The high resolution of 
the 21 T Mass Spectrometer at EMSL made it possible to differentiate between 13C 
labeled and unlabeled compounds in order to follow the disappearance and appearance of 
13C labeled compounds over the course of decomposition (Moseley 2010). GC-MS is 
complementary to FT-ICR MS and was used to identify small metabolites (that cannot be 
detected by ICR-MS) involved in TCA cycle, glycolysis and amino acid metabolism. 
Because small volatile compounds are lost during the derivatization step that is required 
for GC-MS analysis and because not all compounds can be ionized by electrospray 
ionization (ESI), 2D NMR was used on select number of samples. The use of these three 
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complementary techniques for metabolite identification allowed us to trace the fate of 13C 
in soil. 

Samples were stored at -20°C prior to shipment to EMSL where they were dried and 
extracted using multiple solvents of varying polarities (Tfaily et al. 2015, 2017) using 
water, followed by folch extraction (methanol-chloroform bi-layer) (Tfaily et al. 2017). 
Each fraction was run on the ICR-MS whereas the methanol and the water reactions will 
be dried, combined and derivatized for GC-MS. An additional set of 9 litter samples 
representing labeled, unlabeled, and field-derived litter for each habitat type were 
analyzed in a similar manner. 

DNA Extraction, SIP, and Sequencing 
We employed a SIP-targeted approach for 16S community DNA and metagenomics 
sequencing. For each incubation, DNA was extracted from 5g soil using MoBio 
PowerMax extraction kits then concentrated using EtOH precipitation. For litter addition 
incubations (labeled and non-labeled), samples were stored at -20°C then shipped to 
Lawerence Livermore National Laboratory where isotopically labeled DNA was 
separated from unlabeled nucleic acids via density gradient ultracentrifugation in a 
cesium chloride solution followed by a PEG/glycogen precipitation clean-up step 
(Blazewicz, Schwartz, and Firestone 2014). To avoid the need for DNA amplification 
and because of the heavy computational requirements of metagenomics, fractions from 
each sample were re-combined into a total of 3 fractions for palsa and bog or 4 fractions 
for fen samples. Control samples that did not receive litter additions and time zero 
samples were sequenced without fractionation. 

All DNA samples were sequenced at the Joint Genome Institute using Illumina NovaSeq 
S4 to at least 5Gb. Unfractionated samples from bulk peat prior to litter addition (T0) 
were sequenced to 60Gb, while individual fractions were sampled to 10Gb with the 
exception of samples from day 40 in the palsa which were sequenced to 48Gb. 
Unamended control incubations (which were not fractionated) were sequenced to 5Gb. 
Metagenomes were processed using JGI’s standard QC and assembly pipeline 
(Huntemann et al. 2015) and then with SingleM (B.J.W. et al., unpublished materials, 
source code available at https://github.com/wwood/singlem) which used unassembled 
reads to calculate the number of hits and coverage for a suite of 14 single-copy marker 
genes used for taxonomic assignment. Consensus abundances were calculated as the 
average coverage across the 14 marker genes for each OTU. 

Priming calculations & comparison to field data 
Gas production from litter, soil, and priming effects in labeled incubations on each 
sample date was calculated by isotope partitioning using the following equation: 

𝐿𝑖𝑡𝑡𝑒𝑟 𝑅𝑒𝑠𝑝𝑖𝑟𝑎𝑡𝑖𝑜𝑛 =  
𝐹𝑛𝑒𝑡 ∗ (𝑅𝑛𝑒𝑡 − 𝑅𝑠𝑜𝑖𝑙)

𝑅𝑙𝑖𝑡𝑡𝑒𝑟 − 𝑅𝑠𝑜𝑖𝑙
 

Where Fnet = total CO2 flux, Rnet = 13CO2/total CO2 of flux, Rsoil = mean 13CO2/total CO2 
of flux from no-litter control incubations, and Rlitter = 13C/total C of litter added to 
incubations. Priming was calculated as the difference between CO2 flux from no-litter 
incubations and CO2 flux from soil in labeled litter addition incubations. 

https://paperpile.com/c/qzzcgZ/ezRS+UWZl
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Gas production rates measured in incubations were used to estimate the annual 
production rates from litter decomposition in the field by multiplying the total production 
from litter or priming in gC/gC litter added to incubations by the total C annual input 
from litter (gC/yr) for each habitat from (Hough et al., n.d.). We then calculated the 
percentage of annual fluxes from the field that this value would represent based on flux 
chamber measurements from (Holmes et al., n.d.). 

Data analysis 
Differential expression analysis of iTag data was used to determine which fractions 
contained isotopically-labeled organisms (Finley et al. 2019; Koch et al. 2018). In brief, 
fractions from 13C-samples were compared to unlabeled controls, and differential 
expression analysis was used to approximate relative enrichment of each OTU by 
detecting significant shifts in densities, as well as how far each OTU had shifted in the 
gradient. At the same time, abundances were calculated based on the relative abundance 
of each organism in each sample and the total quantity of DNA in each sample. While 
these abundance values do not represent absolute abundance of organisms in the soil 
samples since qPCR was not performed, they do represent the contribution of each 
organism to the total quantity of DNA extracted from a sample. This value was 
multiplied by the calculated atom percent enrichment (ape) to obtain a calculation of the 
total amount of label uptake by each organism and by the whole community. All data 
analysis was performed in Rstudio running R version 3.6.0 (R Core Team 2019; RStudio 
Team 2018). 

Results 

Initial peat nitrogen availability was considerably higher in the fen than palsa or bog. In 
palsa and bog litter additions were higher in N than bulk peat and consequently 
incubations that received litter additions had lower C:N than unamended controls (Figure 
S1). In the fen, litter additions had very similar C:N ratios to bulk peat and therefore 
changes due to litter addition were minimal. 

Priming as measured by gas production 
In all incubations, litter addition resulted in an initial spike in CO2 release followed by 
decline. In palsa and bog incubations the decline leveled off to a steady state by day 18, 
whereas in the fen there was a second increase in CO2 release at day 25 followed by 
decline to day 40 (Figure 2a). Isotopic partitioning indicated that in all cases most of the 
increased CO2 release could be attributed to litter decomposition, however in the palsa 
there was also a slight increase in CO2 released from SOM during the first 7 days 
indicative of minor positive priming. By contrast, litter addition decreased CO2 release 
from SOM as compared to unamended controls throughout the incubation period of bog 
and fen peats, indicative of negative priming (Figure 2a). The cumulative total CO2 
release over the 40 day incubations was greatest for fen incubations and least for the bog, 
with litter accounting for the majority of the CO2 (Figure 2c). 

CH4 release was very low from unamended control incubations from all thaw stages. 
Litter addition did increase CH4 release from palsa incubations but not to large enough 
concentrations for isotopic partitioning (Figure S2). Litter addition provoked large 

https://paperpile.com/c/qzzcgZ/CTFB
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increases in bog and especially fen incubations (Figure 2b). In the fen, CH4 release 
followed a similar pattern to CO2, but with a much larger secondary increase around day 
25. In both cases, litter contributed the large majority of the CH4 release, but there was 
also an increase in the amount of CH4 released from SOM indicative of positive priming, 
especially in the fen (Figure 2d). 

Gas production from the incubations that received litter from different thaw stages (bog 
litter for palsa and fen, palsa litter for bog) could not be isotopically partitioned, so only 
total patterns of CO2 and CH4 release could be observed. In palsa and fen incubations 
addition of bog (Sphagnum) litter resulted in CO2 release intermediate between 
unamended controls and that seen in incubations receiving native litter (E. vaginatum for 
palsa and E. angustifolium for fen), whereas in the bog CO2 release was larger and more 
sustained when receiving palsa litter (E. vaginatum) than native litter (Figure 3a). In the 
fen, the initial spike in CH4 release from incubations receiving bog litter was similar in 
magnitude to that seen in incubations with native litter, but there was no secondary 
increase around day 25 (Figure 3b). The response of CH4 release in the bog and palsa was 
not distinguishable between different litter types (Figure S2). 

Oxygen drawdown in incubation headspace was calculated as an equimolar response to 
CO2 production not attributable to methanogenesis, with methanogenesis assumed to 
produce CO2 and CH4 in a 1:1 ratio. Since acid phase decomposition produces CO2 
without the consumption of O2 (Wilson et al. 2019), this is likely an overestimate of the 
total O2 consumption. However, based on these calculations O2 in the headspace declined 
from initial atmospheric levels of 21% to a minimum of 12.5% in the palsa, 19.4% in the 
bog, and 15.5% in the fen (Figure 3c). 

Substrate availability 
NMR analysis uses only the 12C isotope to quantify organic compounds. Therefore 
enrichment of compounds was calculated as the difference in abundance of each 
compound between labeled and unlabeled samples. The 13C label was found in a broad 
array of compounds in the litter and incubations, including methanol, acetate, and 
formate (Figure 4, S3). The concentration of fermentation products acetate, formate, and 
propionate was greater in fen incubations receiving native litter than unamended controls, 
but not in incubations that received litter from the bog.  

Microbial drivers of decomposition 
As has been observed in previous studies of this site (Woodcroft et al. 2018), microbial 
community composition was distinctly different between the three thaw stages (Figure 
S4a). NMDS showed additional separation by time and substrate addition type 
(unamended, native litter, nonnative litter) but not by label (13C labeled litter vs unlabeled 
litter) (Figure S4b-d). Nevertheless, communities in all three thaw stages were strongly 
dominated by Proteobacteria, Bacteroidetes, Actinobacteria, and Acidobacteria (Figure 
S5) with Burkholderaceae the most abundant family in all cases (Figure S5). Litter 
addition provoked major shifts in community composition (Figure S6) with a few 
families rapidly increasing in dominance (Figure 5). In incubations of palsa peat the 
organisms that increased the most in relative abundance after litter addition were 
members of Rhodanobacteraceae followed by Sphingobacteriaceae, Burkholderiaceae 
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and Acidobacteriaceae. In incubations of bog peat the organisms that increased most in 
relative abundance were Acidobacteriaceae and for a brief period Burkholderiaceae. In 
incubations of fen peat the organisms Paludibacteriaceae strongly dominated the response 
to litter addition. 

Organisms with a calculated atom percent enrichment confidence interval that did not 
overlap with zero were considered labeled, and organisms with a calculated atom percent 
enrichment confidence interval that was greater than (and non-overlapping with) the 
mean enrichment of the litter addition were considered strongly labeled. Label spread 
through the community most rapidly in palsa incubations with 73% of the palsa 
community labeled by day 7 and 82% by day 18, whereas in the bog only 53% of the 
community was labeled at day 7 and 77% at day 18 with a decline to 52% at day 40 
(Figure S7, Table S2). The fen community was the slowest to become labeled with only 
18% labeled at day 7 and 45% at day 18 but with 91% labeled by day 40. However the 
bog had the most organisms that became strongly labeled with 7.4% of the community 
more labeled than the litter at day 18. 

Response groups were defined based on the time at which an organism became labeled, 
with fast responders defined as organisms that were labeled on day 7, medium responders 
as organisms labeled on day 18 but not on day 7, and slow responders as organisms that 
were not labeled until day 40. Nonresponders were organisms that never became labeled. 
Fast responders dominated the microbial response in the palsa and to a lesser extent the 
bog across all time-points, whereas medium responders dominated the response in the fen 
(Figure 9b). Organisms identified taxonomically as putative methanotrophs followed a 
similar pattern (Figure 7), while methanogens were only ever medium or slow responders 
(Figure 8). 

Decomposition of litter inputs during the first 7 days was strongly dominated by a small 
group of rapidly responding organisms which accounted for 25% of the label uptake 
(Figure 6). In fen and bog incubations the diversity of organisms accounting for 25% of 
label uptake increased over time as label spread through the communities with 91% of 
organisms in the fen and 52% of organisms in the bog labeled by day 40 (Figure S7, 
Table S2). In contrast, in the palsa, the diversity of organisms accounting for 25% of 
label uptake decreased over time even though the label continued to spread to 81% of 
organisms by day 40 (Figure 6, Table S2). 

Methanogenic response was dominated by hydrogenotrophs at all time points in both the 
bog and the fen (Figure 8). In the fen, members of Methanomassiliicoccaceae, were also 
active on days 18 and 40 indicating likely methylotrophy, and members of 
Methanosarcinaceae were active by day 40 indicating the possibility of acetoclastic 
methanogenesis prior to this time (Figure 8). 

Overall dynamics 
Total decomposition of litter over the 40 day incubation period was greatest in the fen 
where almost 47% of litter mass was lost to decomposition as compared to less than 17% 
in the bog and just over 11% in the palsa (Table 1, Figure 9a). Correspondingly, the 
greatest microbial uptake of label occurred in the fen (Figure 9b) with the largest 
proportion of the microbial community labeled (Table S2). As a result, litter contribution 
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to soil C was greatest in the palsa, less in the bog, and least in the fen despite negative 
priming effects. 

Discussion 

We asked how litter deposition influences microbial community activity, SOM 
decomposition, and C storage versus release of greenhouse gases CO2 and CH4 at 
different stages of a permafrost thaw wetland transition. We found that in aerated active 
layer peat overlaying intact permafrost (palsa) litter deposition prompted primarily 
aerobic decomposition with a small increase in CH4 release. In post-thaw areas (bog and 
fen) litter deposition prompted an overall increase in both CO2 and CH4 release but a 
decrease in CO2 and increase in CH4 produced from decomposition of in situ SOM. We 
found partial support for H1: aerobic decomposition and priming, as there was only very 
slight positive priming of aerobic decomposition in the palsa but there was rapid aerobic 
decomposition of litter material. In contrast, there was strong support for H2: priming 
through oxygen drawdown induced methanogenesis in bog and fen areas as well as for 
H3: electron-acceptor availability driving fermentation in these areas. There was some 
support for H4: substrate-availability driven methanogenesis in the fen but not in the 
other areas.     

Aerobic decomposition & priming 
We found evidence of some very weak priming of CO2 production during the first 7 days 
of litter incubation in the aerobic peat from permafrost-underlain areas (Figure 2). 
However, the small magnitude of this effect combined with high variability between 
replicates in the first several days of incubation leave this finding uncertain. This was 
somewhat unexpected since positive priming has been observed due to nutrient mining in 
organic rich systems (Kuzyakov, Friedel, and Stahr 2000). However, if the nutrient 
mining hypothesis of priming is correct, we would expect less priming when the added 
substrate is high in nitrogen (Wang et al. 2015) as was the case in the palsa (Figure S1). 
Instead of priming, we found that most of the increased CO2 production could be 
attributed to microbial growth on the litter itself. While some microbial groups abundant 
in the initial peat samples did actively decompose litter and increase in abundance (eg, 
Burkholderiaceae, Acidobacteriaceae), we also saw evidence of strong activation of 
microbial groups that had previously been at low abundance such as Rhodanobacteraceae 
and Sphingobacteriaceae (Figure 5a). This response was primarily driven by a small 
group of organisms with only a few families contributing to 25% of litter decomposition 
(as measured by label uptake) at each time point (Figure 6a,b). This community of highly 
active organisms was most diverse at day 7 with a smaller group of families becoming 
increasingly dominant over time. This is suggestive of a broader initial response to litter 
inputs followed by increasing dominance of a few families as the overall rate of 
respiration declined. It is unclear if a longer incubation period would have resulted in 
different dynamics due to further changes in microbial community composition. Some 
priming studies have observed negative priming early on with positive priming effects 
only observable long term (Cheng et al. 2014). Given that only 11% of the litter had 
decomposed by the end of the 40 day incubation (Figure 9), it is possible that these 
increases in microbial activity due to litter addition could lead to further decomposition 
of SOM as the litter is more fully decomposed. 
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O2 drawdown 
O2 drawdown and CH4 release in the headspace of all bog and fen incubations was 
substantial during the first few days (Figure 3), consistent with the hypothesis that rapid 
decomposition could lead to expansion of the anaerobic zone of decomposition. While 
the measured increase in CH4 release from palsa incubations was very small (Figure S2), 
methanotrophs showed rapid label uptake through day 7 which then plateaued or even 
declined through the rest of the incubation period (Figure 7). This suggests that there was 
a pulse of CH4 emission from litter degradation early on due to the creation of anaerobic 
microsites by O2 drawdown. This is consistent with findings from glucose addition 
incubations which found active methanogenesis in primarily aerobic soils (Watanabe et 
al. 2011) as well as findings that methanotrophy can account for a large portion of CH4 
production from peat (Lai 2009). This is also consistent with the suggestion that priming 
of CH4 can be driven by rapid microbial growth that restricts O2 availability in wet soils 
(Luo, Wang, and Sun 2016). 

Fermentation  
In the palsa, there were limited increases in fermentation products, consistent with 
primarily aerobic decomposition. Only methanol showed any increase in abundance with 
litter addition, though it should be noted that the litter itself did contain labeled methanol. 
However, there was production of labeled formate that did not originate from the litter, so 
there is indication of a small amount of fermentation, consistent with the evidence of 
some methane production from the enrichment of methanotrophs (Figure 7). 

The increase in fermentation products in the bog (acetate, formate), and fen (acetate, 
formate, and propionate) after litter addition is consistent with acid-phase fermentation 
(Figure 4) (Lai 2009; Wilson et al. 2019). In both bog and fen, acetate and formate were 
labeled in the litter as well as the peat. While this means that some of these products may 
have come directly from inputs from the litter without decomposition, since the litter was 
added to incubations in a 1:5 ratio (litter:peat dry mass), it was diluted to such an extent 
that some of the labeled compounds must also have been generated from decomposition. 
Additionally, in the bog, lactate became labeled in litter-addition incubations but was not 
labeled in the litter itself, indicating its production from litter decomposition. This is 
consistent with the idea that litter addition would drive negative priming (substrate 
switching) during fermentation. 

In fen incubations, propionate was not labeled in either litter or peat but its concentration 
was much higher in incubations that received sedge litter than either control or sphagnum 
addition incubations indicating it must have been generated from decomposition of SOM. 
This suggests that there was some priming of fermentation taking place in fen 
incubations, but not when sphagnum litter was present, which is consistent with the idea 
that sphagnum chemically inhibits decomposition (Freeman et al. 2004; Lai 2009).    

Substrate limitation of methanogenesis 
Increases in fermentation products such as those seen in our litter incubations have the 
potential to fuel methanogenesis either by increasing the acidity, making 
hydrogenotrophic methanogenesis more energetically favorable, or through increasing 
availability of substrate for acetoclastic and methylotrophic methanogenesis (Wilson 
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2019). Hydrogenotrophy is unlikely to be substrate limited because of the high 
abundance of CO2 and hydrogen produced during fermentation. Because fermentation 
products were derived from both litter and SOM, they may contribute to both priming 
and CH4 production from litter.  

The majority of methanogenic label uptake throughout the incubation period was by 
hydrogenotrophic organisms but methylotrophic and acetocalstic organisms became 
labeled in fen incubations by days 18 and 40, respectively (Figure 8, S3). Consistent with 
this observation, although acetate and methanol were present in all habitats, they were 
both particularly abundant in the fen (Figure 4). While some of the methanol was derived 
from plant litter (as indicated by the presence of 13C label), it was not more abundant in 
incubations receiving litter indicating either that there was no major increase in its 
production or that any increase was consumed. Acetate concentrations were elevated in 
fen litter addition incubations as compared to unamended controls but the increase was 
much larger with the addition of sedge litter than sphagnum (Figure 4). Fen incubations 
that received sedge litter were also the only ones in which we saw a secondary spike in 
CH4 production after the initial spike and decline (Figure 2) - which also coincided with 
members of Methanosarcinaceae, the only potential acetoclasts, becoming labeled 
(Figure 8). Taken together, these results suggest that litter provided additional substrate 
for acetoclastic methanogenesis, helping to fuel the observed CH4 production from litter. 

Previous research has suggested that acetoclastic methanogenesis is linked to litter 
decomposition with hydrogenotrophy taking over as the influence of litter on CH4 
production decreases (Ji, Liu, and Conrad 2018). Additional work has linked rates of 
acetoclastic methanogenesis to plant root exudate production (Strom et al. 2015) and 
suggested that a continuous supply of acetate inputs may be required to maintain 
acetoclastic CH4 production (Ström et al. 2012). In contrast, it has been suggested that 
hydrogenotrophy is the dominant driver of primed SOM decomposition to CH4 (Q. Yuan, 
Pump, and Conrad 2014), possibly due to the production of acid-phase fermentation 
products which increase the energetic favorability of the reaction (Wilson et al. 2019; Lai 
2009). If indeed acetoclasty is primarily driven by plant production (either as litter or as 
root exudates) while hydrogenotrophy is driven by environmental conditions (such as 
acidity), this could help to explain the different rates of hydrogenotrophy versus 
acetoclasty previously observed in the bog versus the fen (McCalley et al. 2014) as well 
as the drivers behind temporal variability in their rates.  

Overall impacts on C cycling 
In post permafrost thaw fen areas, 0.9% of carbon from litter was decomposed to CH4 gas 
while 47% of litter C was decomposed to CO2 (Table 1). If these processes operate 
similarly in the field, they suggest that litter decomposition may drive more than 12% of 
the methane production from the late-thaw fen habitat with 10% of this resulting from 
direct decomposition and the remaining 2% from priming (Table 3). If CO2 is produced 
from litter at a similar rate in the field, it would mean a release equal to 76% of the 
current total flux (Table 2). Note, however, that the net CO2 flux is uptake into the 
system, meaning that the current rate of CO2 release due to decomposition is exceeded by 
uptake from photosynthesis (Holmes et al., n.d.). These are certainly under-estimates 
since they are based on only the first 40 days of litter decomposition. Other studies have 
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found that organic C sources may contribute 11-31% of CO2 production and 23-35% of 
CH4 production (Quan Yuan, Pump, and Conrad 2012). 

Litter decomposed much faster in fen than in bog or palsa thus contributing the least to 
SOM over the time-frame of this experiment. This is somewhat surprising since the 
conversion of palsa or bog areas to fens has been shown to lead to increased C-storage 
(Holmes et al., n.d.). Our results suggest that this is not due to a decrease in the rate of 
decomposition, as decomposition rates actually increased. Instead, we suggest that the 
increased C-storage is a result of the increased magnitude of litter input associated with 
conversion to fen areas (Tables 2 & 3) (Hough et al., n.d.). In order to maintain 
consistency, all incubations received litter in a 1:5 ratio of C from litter to C from peat. 
Since the different stages of permafrost thaw typically receive very different quantities of 
litter, this resulted in a higher rate of litter addition than typical for palsa areas but a lower 
rate of litter addition than typical for bog and fen areas (Tables 2 & 3). Thus, while in our 
experiment fen incubations had the lowest C remaining as a percentage of the starting 
peat, if they had received three times as much litter, as would be consistent with field 
deposition rates, they likely would have shown higher C-storage consistent with field 
measurements. 

Conclusions 

The degree to which litter decomposition results in C storage in SOM versus CO2 and 
CH4 production in wetlands is a major determinant of their net radiative forcing. Areas 
that are net C sinks may still have an overall warming impact on the climate where they 
drive conversion of CO2 to CH4 through litter decomposition. This conversion is even 
more significant if litter deposition drives priming - increased CH4 release from existing 
soil organic matter pools. We found that litter addition drives shifts in microbial 
community activity that result in increased CH4 production both directly and through 
priming in peatlands that have recently been converted to wetlands after permafrost thaw. 
While the overall system remains a net C sink (Holmes et al., n.d.), the addition of 
increasing high quality litter contributes to its net positive radiative forcing. These effects 
may not be well captured in current C-budget calculations. Most litter deposition takes 
place in the late fall or early spring (in the case of sedge litter that remains standing over 
the winter), when it can be difficult to accurately measure CO2 and CH4 fluxes in the 
field because of freeze-thaw dynamics. Indeed, flux measurements from these seasons are 
often highly variable yet can have a large impact on calculations of net C balance. It is 
possible that litter deposition at these times plays a role in influencing microbial 
community activity and driving some of this variability. We suggest that the strong 
impacts of litter inputs on microbial activity rates of CH4 production and priming play an 
important role in driving the increase in climate forcing caused by permafrost conversion 
to wetlands with thaw. 
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Tables 

Table 1. Litter loss as CO2 and CH4 gas from incubations of palsa, bog, and fen peat. 

 Palsa Bog Fen 
Litter added (gC) 0.2581 0.152184 0.246848 
CO2 produced (gC) 0.029248 0.02571 0.114831 
CH4 produced (gC) 1.21307E-06 0.000085 0.002253 
Litter lost (gC) 0.029249213 0.025795 0.117084 
Percent of loss as CO2 99.99585264 99.67047877 98.07574 
Percent of loss as CH4 0.004147359 0.329521225 1.92426 
Percent litter C lost as CO2 11.33204184 16.89402302 46.51891 
Percent litter C lost as CH4 0.00047 0.055853441 0.912707 

 

Table 2. CO2 produced from litter decomposition and priming in incubations and 
calculated contribution to annual CO2 fluxes if rate of production per g litter remains 
constant. 

CO2 Palsa Bog Fen 
From litter ugC/g litter 49578 72882 202416 
Priming ugC/g litter 5166 -37018 -45449 
Total Induced ugC/g litter 54744 35864 156967 
Field annual litter g/m2/yr 128 181 485.73 
Litter potential induced g/m2/yr 6.345984 13.191642 98.31952368 
Priming potential induced g/m2/yr 0.661248 -6.700258 -22.07594277 
Total potential induced g/m2/yr 7.007232 6.491384 76.24358091 
Field annual flux g/m2/yr -12.73 -53.31 -110.28 
Percent potentially induced by litter -55.04503 -12.1766723 -69.13636281 

 

Table 3. CH4 produced from litter decomposition and priming in incubations and 
calculated contribution to annual CH4 fluxes if rate of production per g litter remains 
constant. 

CH4 Palsa Bog Fen 
From litter ugC/g litter NA NA 4110 
Priming ugC/g litter NA NA 438 
Total Induced ugC/g litter 4.7 217 4548 
Field annual litter g/m2/yr 128 181 485.73 
Litter potential induced g/m2/yr NA NA 1.9963503 
Priming potential induced g/m2/yr NA NA 0.21274974 

Total potential induced g/m2/yr 0.0006 
0.03927

7 2.20910004 
Field annual Flux g/m2/yr 0.31 3.92 19.25 

Percent potentially induced by litter 
0.1940

6 
1.00196

4 
11.4758443

6 
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Figures 

Figure 1: Study design showing a) permafrost thaw succession under study and b) plant 
labeling and incubation experimental set-ups. 

 
  



119 
 

Figure 2: Production of a) CO2 gas in ug C/g Soil/day, b) CH4 gas in ug C/g Soil/day 
showing mean and standard deviation for all replicates present on each day. Cumulative 
production of c) CO2 and d) CH4 in ug C/g Soil/day showing mean and standard 
deviation of only those replicates present for the duration of the experiment (those 
harvested on day 40). Blue lines indicate production from unamended control 
incubations. Black lines indicate total production from unlabeled litter addition 
incubations, green lines indicate production from litter, orange lines production from soil, 
and yellow lines indicate priming effect. Destructive harvest dates are indicated with 
dashed lines and periods between each are labeled T1=up to day 7, T2=day 7-day 18, 
T3=day 18-day 40. Calculations were based on isotopic partitioning as follows: 
Litter =  Total CO2∗(13C/12C Total−13C/12C soil)

13C/12C litter−13C/12C soil
,  Soil=Total-Litter, Priming=Soil-Control 
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Figure 3: Total a) CO2 production (ug/day), b) CH4 production (ug/day), c) O2 
drawdown (percent remaining) measured in incubations showing mean and standard 
deviation for all replicates present on each day. Blue lines indicate production from 
unamended control incubations, black lines indicate production from unlabeled litter 
addition incubations, red lines indicate production from labeled litter addition 
incubations, purple lines indicate production from incubations receiving litter from a 
different thaw stage (sphagnum litter from the bog for palsa and fen, or sedge litter from 
the palsa for bog). Destructive harvest dates are indicated with dashed lines and periods 
between each are labeled T1=up to day 7, T2=day 7-day 18, T3=day 18-day 40. 
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Figure 4: Concentrations (uM) of fermentation products in a) palsa, b) bog, and c) fen 
litter (prior to addition to incubations) and peat incubations (after litter addition). Blue = 
unamended control incubations, black = litter addition incubations, red = labeled litter 
addition incubations, purple = incubations receiving litter from a different thaw stage 
(sphagnum litter from the bog for palsa and fen, or sedge litter from the palsa for bog). 
Red stars indicate that a compound was partially labeled. Note the different y-axis for 
methanol in the fen. 
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Figure 5: Difference in relative abundance between unamended control and litter 
addition incubations of families representing at least 0.5% of the population for a) palsa, 
b) bog, and c) fen incubations at each sampling time. 
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Figure 6: Total label uptake (measured as atom fraction excess multiplied by abundance) 
for each OTU contributing to 25% of decomposition on day 7 in a) palsa, c) bog, and e) 
fen incubations. Pink indicates time points where organisms were considered labeled 
(90% CI of ape greater than and not overlapping with zero) and red indicates time points 
where organisms were considered strongly labeled (90% CI of ape greater than and not 
overlapping with average enrichment of litter). And relative contribution to total label 
uptake of the community for each family contributing to 25% of decomposition at each 
time point for b) palsa, d) bog, and f) fen incubations. 
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Figure 7: Label uptake (measured as atom fraction excess multiplied by abundance) for 
each putative methanotrophic OTU in a) palsa, b) bog, c) fen habitats and d) total label 
uptake for all putative  methanotrophs in each habitat at each time point. Colors indicate 
response groups based on the time point at which an OTU first became labeled with 
green=labeled on day 7, blue=labeled on day 18, pink=labeled on day 40. 
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Figure 8: Label uptake (measured as atom fraction excess multiplied by abundance) for 
each putative methanogenic OTU in a) fen, and b) bog (no putative methanogens were 
retrieved from the palsa). c) total label uptake for all putative methanotrophs in each 
habitat at each time point with colors indicating response groups based on the time point 
at which an OTU first became labeled with green=labeled on day 7, blue=labeled on day 
18, pink=labeled on day 40. d) total label uptake for all putative methanotrophs in each 
habitat at each time point with colors indicating type of methanotrophy. 
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Figure 9: a) C remaining in different pools in incubations at each time point for each 
habitat with blue=unamended control incubations, orange=soil organic material, 
green=litter, and black=effect of litter on total C pool measured as percent of C prior to 
litter addition. b) total label uptake (measured as atom fraction excess multiplied by 
abundance) of all microbes in each habitat at each time point. Colors indicate response 
groups based on the time point at which an OTU first became labeled with green=labeled 
on day 7, blue=labeled on day 18, pink=labeled on day 40. 
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Supplemental Tables  

Table S1: Quantities by mass, total C addition rates, and isotopic enrichment for litter, 
bulk peat, and incubation initial conditions. 

 Peat 
wet 
mass 
(g) 

Peat 
dry 
mass 
(g) 

Litter 
dry 
mass 
(g) 

Litter:Peat 
dry mass 
ratio 

Peat 
gC 

Litter 
gC 

Litter:Peat 
C ratio 

Peat 
At% 

Litter 
At% 

Inc 
est 
At% 

Palsa 15.00 2.88 0.58 0.20 1.38 0.26 0.19 1.08 52.36 14.42 
Bog 37.40 1.71 0.34 0.20 0.80 0.15 0.19 1.08 22.86 4.38 
Fen 37.80 2.92 0.56 0.19 1.48 0.25 0.17 1.08 52.45 13.87 

 

Table S2: Proportion of microbial community enriched and strongly enriched at each 
time point. 

 Degree of 
label 

Day 7 Day 18 Day 40 

Palsa Labeled 0.73 0.82 0.8 
Palsa Strongly 

labeled 
0.0099 0.022 0.0094 

Bog Labeled 0.53 0.77 0.52 
Bog Strongly 

labeled 
0.0205 0.0739 0.0555 

Fen Labeled 0.18 0.45 0.91 
Fen Strongly 

labeled 
0.0003 0.0012 0.031 
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Supplemental Figures 

Figure S1: Mean Carbon:Nitrogen ratios for initial litter, initial peat, and incubations at 
each time point. Time points represent: 0=before litter addition, 1=Day 7, 2=Day 18, 
3=Day 40. Error bars are standard error across incubation replicates. Black=no-litter 
addition control incubations, Green=unlabeled litter addition incubations, Brown=bulk 
peat prior to litter addition, Yellow=litter prior to addition to incubations. 
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Figure S2: CH4 release from a) palsa and b) bog incubations. Blue=unamended control, 
black=nonlabeled litter addition, red=labeled litter addition, purple=non-native litter 
addition (sphagnum litter for palsa and sedge litter for bog). 

a) 

 
b) 
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Figure S3: Changes in concentration of fermentation products over time for a) palsa and 
b) bog incubations. Circles= litter prior to addition to incubations. Triangles=incubations. 
Blue=unamended control, grey=unlabeled litter addition, purple=non-native litter 
addition (sphagnum for palsa, sedge for bog), red=concentration of labeled compound in 
labeled litter additions. 
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Figure S4: NMDS plots showing a) separation of samples by thaw stage, and between 
treatments and time periods for b) palsa, c) bog, and d) fen areas. Times are as follows: 
I=day 7, II=day 18, III=day 40, T0=peat prior to litter addition. Treatments are: 
E=labeled litter addition, N=unlabeled litter addition, F=liter addition from a different 
thaw stage (bog for palsa and fen, palsa for bog), C=unamended control. Taxonomy 
based on marker-gene identification of unassembled metagenomes using SingleM. 

a)      b) 

 
c)      d) 
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Figure S5: Most abundant families in unamended control incubations at each sampling 
date for a) palsa, b) bog, and c) fen thaw stages. Families included are in the 95th 
percentile of relative abundance. Taxonomy based on marker-gene identification of 
unassembled metagenomes using SingleM. 

a) 

 
b) 
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c) 

 

 
 

Figure S6: Heatmap showing mean relative abundance across replicates of phyla for all 
incubation types. Taxonomy is based on marker-gene identification of unassembled 
metagenomes using SingleM. In sample codes, initial numeral indicates time period with 
T0=peat prior to incubation or litter addition, I=day 7, II=day 18, III=day 40. Thaw stage 
name (palsa, bog, or fen) indicates source of peat for the incubation. Final letter indicates 
treatment with C=unamended control, N=unlabeled litter addition, E=labeled litter 
addition, F=nonnative litter addition (bog litter for palsa and fen, palsa litter for bog). 
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Figure S7: Relative abundance of labeled, strongly labeled, and unlabeled organisms at 
each time point for peat from each thaw stage. Labeled organisms had 90% confidence 
interval calculated atom fraction excess great than and non-overlapping with zero. 
Strongly labeled organisms had 90% confidence interval calculated atom fraction excess 
greater than and non-overlapping with average enrichment of litter added.

 
Figure S8: a) Impact of methanogenesis and methanotrophy on delta 13C of emitted CH4 
b) proportion of total activity on litter (measured as label uptake) of different 
methanogens with green=acetoclastic, grey=hydrogenotophic, yellow=methylotrophic c) 
total activity of methanotrophs calculated as abundance times enrichment for each taxon 
with green=organisms becoming enriched on day 7, blue=organisms becoming enriched 
on day 18, and pink=organisms becoming enriched on day 40. 

 


