Dear Editor and Referees,

The following is our response to the two anonymous referees for our paper titled “Environmental
correlates of peatland carbon fluxes in a thawing landscape: do transitional thaw stages matter?”

We wish to thank the two referees for their time and insightful comments on our manuscript. We
believe that their constructive criticism and suggestions significantly improved our manuscript.

We have included all of the suggestions from the reviewers and have modified the manuscript
accordingly. Several revisions have been made in the text including the addition of a subsection and
slight modification of figure 5. Revisions are described in detail here and can also be seen in the track
changes version of the manuscript.

The original referee comments are pasted below in black font. In a purple font we respond to each of
the comments and in a green font, we detail the associated changes made in the manuscript.

Thank you,
A. Malhotra and N.T. Roulet
Referee #1

The manuscript shows that the spatial variation is an important control of C gas exchange processes
during permafrost thaw. While this is not a novel idea as it has been shown for different
microforms/vegetation communities of other type boreal peatlands, it is still important to prove that
this also holds for permafrost, whose thawing is likely to have large consequences for climate in future.
As authors say, this should be handled also when building process based models for these ecosystems.
The methods and approach are valid to most part, but see the specific comments. The presentation is
clear and concise throughout the MS.

We thank the referee for their general support of the manuscript and constructive suggestions on how
to improve the manuscript. Based on the referee comments, we have improved our description and
interpretation of some methods and analyses, respectively. Each specific comment is addressed below.

Specific comments:
pg4a50 123: quite small plot to capture a vegetation community

We based our collar size on a vegetation survey of the sites where we found that the minimum distance
where vegetation was relatively homogeneous was approximately 30 cm. At some sites the distance was
larger but on the palsa and thawing sites the distances were small. Therefore, we selected collars of 26
cm diameter to be able to capture a homogenous plant community within a collar that would not
overlap with a different community.

We have revised the wording in the manuscript to make it clear that each collar covered a surface area
of 0.05 m°.



Original text: Within each of the 10 selected communities 3 collars of 0.05 m”area were inserted in the
peat surface and served as a seal for the manual gas flux measurements.

Revised text: Within each of the 10 selected communities 3 collars of 0.05 m? area each were inserted in
the peat surface and served as a seal for the manual gas flux measurements.

pg4d51 15: how large were your samples? your chamber is rather small, so sample collection may cause
pressure. or did you use some sort of vents?

We collected 5 samples of 20 ml and the chamber headspace was either 9 L or 18 L (larger volume to
capture taller vegetation types). Therefore each collected sample was either 0.2 % or 0.1% of the total
headspace and in total either 1% or 0.5% of the total headspace volume was extracted as sample. Vents
were not used but we believe that the pressure created during sampling was negligible because each
sample was only a small fraction (0.2% or 0.1%) of the total headspace.

We have revised pg451 |4 to provide more details on volume of sample and total number of samples.
We also corrected a typo in the manuscript where we said that samples were collected over 25 minutes
rather than 20 minutes.

Original text: Headspace gas samples were collected every 5 min over 25 min.
Revised text: Five headspace gas samples of 20 ml each were collected every 5 min over 20 min.

pg451 120: with such a small chamber, how did you manage with increasing temperature and
condensation during light measurements?

We had a fan in the chamber and did not have considerable change in temperature over the short
measurement period of 3 minutes (average change in temperature during measurement period was 1.9
°C).

Condensation was only observed on very hot days, when air temperature was greater than 20 °C, which
was rare at Stordalen mire. Of the 10 days on which we sampled CO, fluxes, only 5 hours had an average
air temperature above 20 °C. See figure A below for distribution of average hourly air temperature for
the 10 sampled days.
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Figure A. Distribution of average
hourly air temperature during the 10
days when CO, flux was sampled.
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We have modified the text to clarify this.

Text added on p451123: Over the 3 minute measurement period, on average, temperature in the
chamber only increased by 1.9 °C.

pg452 112. how did you manage with the VGA modelling with only 4 points?

VGA was measured at 4 time points x 28 spatial points (collars). A Gaussian best fit model was used for
interpolation of seasonality based on previous studies (Lai, 2012; Wilson et al., 2006). We found that
elevation explained the spatial variability of VGA, using a quadratic function. Thus we were able to
combine the two models and fill in missing data for VGA accounting for the spatial and temporal
variability.

pg452 123. what was the need for this transformation?

The raw methane data were highly skewed and ranged over several orders of magnitude. The
transformation decreased this skew. The transformation also improved the linear fit between methane
and various abiotic and biotic variables (helpful for the use of multiple linear regressions).

We have added the following text to explain why this transformation was performed.

Added following text at P452124: Log,, transformation decreased the skew in the raw data and
improved the linear relationship between methane and other variables, allowing for the use of multiple
linear regressions.

pg453 113: why did you choose this approach as these relationships are seldom linear? or what are you
aiming with this? does this procedure capture for example the seasonality in the NEE that is lacking in eq
1?

We expected PAR to have the strongest relationship with NEE, but we wanted to further assess which
abiotic or biotic variables were linked with NEE (including, as the reviewer points out, influence of



seasonality via VGA, soil temperature and thaw depth as well as influence of WTD). We had assessed
these variables for non-linear relationships but did not find any significant non-linear models. We did
however find weak linear relationships, and reported correlations since data were non-parametric
(Table 3). Since these correlations are weak, they are not a major component of the discussion and we
focus on the dominant control of NEE (PAR). We think that due to the spatial heterogeneity of the site, it
was difficult to see relationships between NEE and WTD, thaw depth, soil temperature and VGA.

We have modified the text to clarify the aim of this exercise and mention that we did try non-linear
regressions as per theory but did not find significant trends. We have also corrected that the analyses
used were non-parametric correlations rather than linear regressions.

Original text: Linear regressions were performed between the CO, flux data as well as WTD, thaw depth,
soil temperature and VGA.

Revised text: Other than PAR, we expected to see non-linear relationships between CO, flux and WTD,
thaw depth, soil temperature and VGA, but we did not find significant relationships. Instead we found
linear relationships to be significant. Since our data were non-parametric, we used Spearman’s
correlation coefficients to quantify the link between CO, flux with abiotic and biotic variables.

pg 457 14: you do not discuss VGA, although it was significant in your model and many previous studies
have indicated the importance of its components as well. such as change from shrubs to sedges (other
aerenchymatoes species). | assume this is the case in your study as well. if you would include only VGA
of those species, you might get even higher significance for VGA. in addition, seasonal development of
VGA is likely a better indicator of seasonality than Julian day.

We agree that VGA could be discussed further and have added text at pg 457 |12 to address this.

Text added at pg 457 12 (after additions from referee#2 comment on removing elevation from the
model): VGA is likely a strong effect as it is linked with spatial and seasonal changes in substrate
availability, litter input and root exudates and thus relates to both spatial and temporal variability in CH4
flux (Whiting and Chanton 1993).

Regarding the VGA of shrubs vs sedges, we leave this out of section 4.1 because it is discussed in the
section 4.3 on CH,4: CO, ratios and in newly added to the methods and results as per the last comment of
reviewer#2 (regarding P 460, Line 15-23). In these new sections and in section 4.3 we discuss that sedge
VGA is related to both CH, and CO, fluxes, while shrub and herbaceous VGA is not. We also found that
Sphagnum abundance is related to CH, and CO, fluxes.

pg457 110-14: you might like to take a look at paper Laine et al. 2009. Ecological modelling 220 (2009)
2646-2655

We are unsure if the paper is closely related to our discussion as our objectives do not include providing
spatially explicit CO, balance for the site. We suspect that the reviewer suggested it to include a
discussion that using a site level model is inappropriate in a heterogeneous site and therefore our
reported light use efficiency model for the site level pooled data is likely biased. If so, we agree with the



reviewer and have modified our discussion to further emphasize that site level model results may be
related to the spatial heterogeneity of the site.

Original text: Comparatively our across peatland lumped data fit to the rectangular hyperbola model
explain a lower percent of the variance (52 %) in NEE, likely due to the structural heterogeneity on our
site.

Revised text: Comparatively our across peatland lumped data fit to the rectangular hyperbola model
explain a lower percent of the variance (52 %) in NEE, likely due to biases introduced by the high spatial
heterogeneity on our site (Laine et al., 2009).

pg457 116 delete 'was’ from, which was makes.
We have modified this text as per the comment.
pg457 125-26: sedge VGA an explanatory here?

We agree with the reviewer that sedge VGA would indeed be a strong correlate of CH, (Fig. 1) and sedge
VGA and overall VGA are higher later in the growing season and in the later stages of thaw. We have
modified the text to include this aspect. We discuss VGA in detail in section 4.3.

Original text: This trend of increasing correlation could be partly due to the increasing magnitude and
variance of not only CH, fluxes but also the environmental variables with thawing permafrost.

Revised text: This trend of increasing correlation could be partly due to the increasing magnitude and
variance of not only CH, fluxes but also the environmental variables with thawing permafrost.
Additionally, higher VGA later in the growing season could also be result in a stronger seasonality effect
(Fig. 4c) in the later stages of thaw, especially as these stages had the highest sedge VGA.

pg459 I111: it is still not clear to me how you use VGA in the modelling. do you use some average value
per plot for all measurements or do you use the modeled VGA so that seasonality is included?

Throughout the paper, we always used modeled VGA (includes the spatial and temporal variability) in
our analyses, so seasonality of VGA is included.

To make this clear in the text, we have modified pg 452 113.

Original text: The seasonality of VGA was modeled using a Gaussian fit and combined with a quadratic
fit with elevation to extrapolate a spatially and temporally higher resolution dataset for VGA, referred to
as modeled VGA in the text.

Revised text: The seasonality of VGA was modeled using a Gaussian fit and combined with a quadratic
fit with elevation to extrapolate a spatially and temporally higher resolution dataset for VGA.
Throughout the manuscript we only use the modeled VGA.

pg460 120-23: why do you ignore the impact of graminoids here?



We agree with the reviewer that the effect of graminoid VGA on CH,:CO, ratio is important and has
been emphasized in previous studies. We did find a strong effect of VGA of graminoid species on the
CH,4:CO, ratio but were surprised that the effect of Sphagnum was stronger and had interactive effects
with soil temperature that graminoids did not have. Therefore, we had a few additional sentences on
Sphagnum. We have clarified this in our revised discussion (see the last comment of referee#2 for
details).

Figure 5. rather than an increase in R2 along thaw gradient, | see two groups defined by existence of
permafrost and maybe cover of vegetation. the linear fit just doesn’t work.

The review makes a good point regarding the linear fit not being appropriate and we have removed it
from the figure and figure caption. However, we cannot say that there are two groups defined by the
existence of permafrost because only stages 1-3 have permafrost while the groupings of R* are 1-4 and
5-10. There are no clear differences in vegetation cover to explain the two groups either.

Fig 6. | am not sure if | am reading this figure correctly. is it so that VGA is included only for stages 6, 8
and 9? and for stage 6 the estimate is negative?

Yes, the reviewer is reading the figure correctly. The results regarding VGA suggest that within stages 6,
8 and 9 there is enough spatial or temporal heterogeneity in VGA that it is a significant predictor of
methane. In the other stages, this variability is better captured by elevation, thaw depth and
temperature. We are unsure why VGA has a negative contribution in stage 6. We think it might be
because late in the growing season, while the VGA begins to decline, the CH, flux continues to increase,
likely because soil temperature is still relatively high (between 8 to 12 °C).

Fig 6. what does the models of stages 2 and 3 include, as nothing gets any values?

The model fits for stages 2 and 3 were not significant and therefore were excluded from the figure. We
have added this information to make it clear.

Text added on p455119: Model fit was non-significant for stages 2 and 3, and therefore their slope
coefficients are not reported in Fig 6.

Literature cited

Lai, Y. F.: Spatial and Temporal Variations of Carbon Dioxide and Methane Fluxes Measured by
Autochambers at the Mer Bleue Bog, PhD thesis. McGill University, Montreal, Canada., 2012.

Wilson, D., Alm, J., Riutta, T., Laine, J., Byrne, K. A., Farrell, E. P. and Tuittila, E.-S.: A high resolution
green area index for modelling the seasonal dynamics of CO2 exchange in peatland vascular plant
communities, Plant Ecol., 190(1), 37-51, d0i:10.1007/s11258-006-9189-1, 2006.



Referee #2

The ms explores how permafrost thaw in (sub) artic peatlands may change gaseous carbon exchange
dynamics as the system moves from a frozen to fully thawed state, including several transitional stages
occurring along the way. Chamber measurements of CO2 and CH4 for each transitional stage are
correlated with several environmental variables to explore how the importance of these factors as
controls of C exchange processes change as the system thaws. Given the potential warming of high
latitudes the topic of the study is timely and important for attempts to e.g. identify and quantify
feedback processes associated with ecosystem transition. It also emphasizes the complexity involved in
doing so due to spatial heterogeneity. The ms is well written and, for most parts, clearly structured.
Methodological approaches are generally sound, clearly conveyed and motivated. However, | have some
concern on the data evaluation and the statistical approach.

We thank the referee for their general support of the manuscript and excellent suggestions to improve
the statistical approach and interpretation as well as our discussion of CO, and CH, ratio. Each specific
comment is addressed below.

Expanding from the simple bivariate correlations the authors use MSLR in order revel more complex
interrelations of their variables. However, the analysis appears to be limited to additive effects while it is
well known that interactions are seldom only additive. Why were other interaction terms (e.g. products)
not included in the analysis? This could potentially shed more process level insights on the transition
dynamics.

We thank the reviewer for this excellent suggestion and agree that interactive effects could be useful.
We reproduced our site level analyses with interactive effects to explore these. We added an interactive
effect between soil temperature and VGA and found that this was insignificant to the overall model. We
also investigated a version of the model with an interactive term between VGA and thaw depth, which
was significant (p value = 0.01) but only improved the adjusted R” of the model by 1%. VGAxThaw depth
also had a very low contribution to the model (lowest beta weight of 0.06, compared to the highest of
0.46). We are unsure how to interpret these weak interactive effects given that most of the variables
used are already proxies for multiple controls on methane production and might already be including
some interactive effects. Given the low contribution of the interactive effects to our model as well as
difficulty in interpreting these interactions, we decided to include additive effects in the model, though
we do clarify that interactive effects were explored.

We have modified the text on pg 452 127 to explain that we attempted to explore interactive effects but
did not find any major effect.

Original text: To explore the relationship between environmental correlates and CH, flux, we used

stepwise multiple linear regression.

Revised text: To explore the relationship between environmental correlates and CH, flux, we used
stepwise multiple linear regression. We used both additive and interactive effects to explore a best fit
model, but found that interactive effects were either insignificant or had a weak contribution to the



overall model. For ease of interpretation, given that our variables are already proxies for several
interacting controls on methane fluxes, we only included additive effects in our final model.

The study finds that “elevation” is a main factor for explaining CH4 fluxes, but from a process level
perspective this variable makes less sense. The authors do acknowledge that “elevation” likely
integrates for other variables like WTD, nutrients etc. that are important in driving CH4 production and
flux, but is there a risk that inclusion of this variable obscures correlations with other, more meaningful
variables, that could be important for explaining the flux dynamics? If elevation was omitted from the
MLSR the WTD would probably correlate most strongly, and it is probable from Fig 1 that the following
residuals could correlate differently. Was this tested? There could be risk of strong collinear influence on
potential X-variables, but this could be solved by e.g. principal component extractions and concomitant
MLSR.

Several combinations of variables were explored for MLSR and elevation improved model fit
considerably in each case. We also tested for multicollinearity and ensured that there were no problems
with highly correlated variables in our final model. The reviewer, however, brings up a good point, that
elevation might be obscuring the effect of the other variables.

We agree with the reviewer that removing elevation makes sense theoretically, and have added a model
that excludes elevation. We also keep the original model that includes elevation and our discussion that
elevation incorporates several controls of methane. For example, since there is no water table in the
palsa thaw stages, elevation serves as a better proxy for moisture than the water table depth.

Added text on P454114: An alternative model that excluded elevation wherein the adjusted R drops to
0.62, is also reported as it better isolated the effects of VGA, soil temperature and thaw depth. The
contribution (beta weights reported in brackets) of soil temperature (0.16) and thaw depth (-0.27) are
similar in the model with or without elevation. The contribution of VGA increases from 0.26 to 0.58
when elevation is removed from the model.

Added text on P45712: Rerunning the best fit model without elevation decreases the overall model fit by
10% but increases the contribution of VGA to the model, while the contribution of thaw depth and soil
temperature remain the same. Removal of elevation from the model better isolates the relative effects
of thaw depth, temperature and VGA on methane fluxes and suggests that the strongest contribution is
from VGA, followed by thaw depth and soil temperature.

Specific comments: P 457, L 16: strange sentence; reword.

We have modified this text as per the comment and have deleted ‘was’ from the text on pg457 116
‘..which was makes sense as..".

P 458, L1-10: Expand this discussion to also address the specific influence of temperature on
methanogensis and methanotrophy, respectively, and the net influence on CH4 fluxes. Several studies
have reported different temperature sensitivities for the two processes which are in accordance with
the observations.



Since we only have measurements of net CH, flux, we are unable to isolate the effect of temperature on
methanogenesis or methanotrophy. To avoid speculating about which process likely dominates in each
of the thaw stages, we simply added a sentence mentioning the importance of the two processes and
that we cannot distinguish their respective influence on our measurements.

Added text on P458120: Our estimated temperature sensitivity for each thaw stage is the net effect of
temperature on methanogenesis and methanotrophy and since we only measure the net CH, flux we
cannot isolate the relative temperature sensitivities for the two processes.

P459, L8-11: Confusing; how can elevation/thaw depth better account for thermal regime than
temperature itself?

Elevation and thaw depth might be representing the thermal regime over a longer time scale and are
also likely related to other controls (eg. moisture) of methane flux. We intended to discuss that for these
two reasons, elevation and thaw depth are stronger model effects than soil temperature. However, we
agree with the reviewer that the sentence is confusing.

We have changed the sentence to reflect the above.

Original text: Soil Temperature was not a statistically significant estimate for any of the thaw stages,
possibly because elevation and thaw depth (significant for stages 1, 4, 5, 7, 8 and 10) better accounted
for thermal regimes.

Revised text: Soil Temperature was not a statistically significant estimate for any of the thaw stages,
possibly because elevation and thaw depth are better proxies for the long term thermal regime and also
relate to several other controls of CH, flux, as previously mentioned.

P 460, Line 15-23: Why is this observation not in the results section? As it reads it comes across as a
somewhat awkward add-on. Suggest moving it to the Results and also give adequate background info in
methods. You can then expand the discussion around partitioning and what controls it.

We fully agree with the reviewer and have made the suggested changes to the manuscript. Specifically,
we have added the following paragraph to the Data Analysis subsection in methods.

Text added on P453I126: Lastly, we evaluated the relationship between CH4 and CO, fluxes using a simple
CHj,: CO, flux ratio. To use a standardized measure of CO, flux we use the GPy;ax from each thaw stage.

We also added a new section in the Results.

Text added on P455I125: 3.3 The relationship between CO, and CH, GPyx and CH, were positively
correlated (p=0.56, p=0.0021; Fig. 7). We found that the best explanatory variables for CH,: GPyay ratio
were Sphagnum percent cover (p =-0.72, p=0.008; and graminoid VGA correlated (p =0.63, p=0.0004).
While graminoid VGA did not have any interactive effects with abiotic variables in explaining CHs: GPyax
ratio, Sphagnum cover and soil temperature had a significant interactive effect (Table 5).



Lastly, we made necessary changes to section 4.3, to remove repetition. These modifications also
include the revisions for referee#fl comment: “pgd60 120-23: why do you ignore the impact of
graminoids here?”

Original text: Interestingly, thaw stages 8 to 10 (graminoid dominated) have a different relationship of
GPyax and CH, compared with thaw stages 1 to 7 (moss dominated) suggesting a shift in the partitioning
of C loss from the system as CO, or CH, with increasing thaw and changing vegetation. We further
investigated whether this shift is related to loss of Sphagnum (increase in pH and decrease in organic
matter lability) or increase in graminoid species (increase in lability and CH, emission via aerenchyma).
Both percent cover of Sphagnum (p = -0.72, p = 0.008) as well as VGA of graminoid species (p = 0.63, p =
0.0004) in the collar were significantly related to CH, : CO,. Additionally, there was a significant
interaction between soil temperature and Sphagnum cover in a linear model explaining CH, : CO,,
suggesting that the relationship of CH4 and CO2 depends on Sphagnum abundance but the effect of
Sphagnum varies by temperature (Table 5).

Revised text: Interestingly, thaw stages 8 to 10 (graminoid dominated) have a different relationship of
GPyax and CH, compared with thaw stages 1 to 7 (moss dominated) suggesting a shift in the partitioning
of C loss from the system as CO, or CH, with increasing thaw and changing vegetation. We expected this
shift to be related to an increase in graminoid VGA (increase in lability and CH, emission via
aerenchyma), which was supported by our data. Surprisingly, we also found the shift to be related to a
loss of Sphagnum cover, perhaps due to an increase in pH and decrease in organic matter lability.
Furthermore, there was a significant interaction between soil temperature and Sphagnum cover in a
linear model explaining CH, : CO,, suggesting that the relationship of CH, and CO, depends on
Sphagnum abundance but the effect of Sphagnum varies by temperature (Table 5).



10

11

12

13

14

15

16

17

18

19

20

21

Environmental correlates of peatland carbon fluxes in a
thawing landscape: do transitional thaw stages matter?
A. Malhotra and N. T. Roulet

Department of Geography, McGill University, Montreal, Quebec, Canada

Correspondence to: A. Malhotra (avni.malhotra@mail.mcqgill.ca)

Page 1 of 30


mailto:avni.malhotra@mail.mcgill.ca

22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50

Abstract

Peatlands in discontinuous permafrost regions occur as a mosaic of wetland types, each with
variable sensitivity to climate change. Permafrost thaw further increases the spatial heterogeneity
in ecosystem structure and function in peatlands. Carbon (C) fluxes are well characterized in
end-member thaw stages such as fully intact or fully thawed permafrost but remain
unconstrained for transitional stages that cover a significant area of thawing peatlands.
Furthermore, changes in the environmental correlates of C fluxes, due to thaw are not well
described: a requirement for modeling future changes to C storage of permafrost peatlands. We
investigated C fluxes and their correlates in end-member and a number of transitional thaw
stages in a sub-arctic peatland. Across peatland lumped CH, and CO, flux data had significant
correlations with expected correlates such as water table depth, thaw depth, temperature,
photosynthetically active radiation and vascular green area. Within individual thaw states,
bivariate correlations as well as multiple regressions between C flux and environmental factors
changed variably with increasing thaw. The variability in directions and magnitudes of correlates
reflects the range of structural conditions that could be present along a thaw gradient. These
structural changes correspond to changes in C flux controls, such as temperature and moisture,
and their interactions. Temperature sensitivity of CH,4 increased with increasing thaw in bivariate
analyses, but lack of this trend in multiple regression analyses suggested cofounding effects of
substrate or water limitation on the apparent temperature sensitivity. Our results emphasize the
importance of incorporating transitional stages of thaw in landscape level C budgets and
highlight that end-member or adjacent thaw stages do not adequately describe the variability in

structure-function relationships present along a thaw gradient.
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1 Introduction

Northern permafrost regions contain approximately 50% (1672 Pg) of the world’s soil carbon
(C) pool and peatlands store 277 Pg of this C (Schuur et al., 2008; Tarnocai et al., 2009).
Thawing permafrost is projected to act as a positive feedback to climate change via the release of
soil C to the atmosphere and the magnitude of this feedback remains uncertain (Schuur et al.,
2013). Peatlands in the permafrost regions are currently experiencing increased rates of thaw and
related changes to abiotic and biotic components (structure) and elemental cycling (function;
Camill, 2005; Osterkamp, 2005). Thawing peatlands are a mosaic of different wetland types,
ranging from permanently frozen (e.g. palsa) to permafrost-free and minerotrophic fens (Luoto et
al., 2004). Each component of these heterogeneous landscapes has distinct C function,
contributing to uncertainties in estimating landscape level C budgets. Constraining the spatial
variability in peatland C fluxes and related abiotic and biotic factors, is an essential step toward

estimating the positive feedback potential of thawing permafrost on climate change.

Permafrost thaw in peatlands is associated with marked changes in ecosystem structure and
function. Initial ground subsidence from thaw results in wet habitats due to a high water table
(Smith et al., 2012). Relative to dry areas, the seasonal frost table thaws faster in wet areas,
further increasing lateral flow of water to wet areas (Quinton et al., 2009). The increase in water
table depth (WTD) leads to a vegetation shift toward wetter communities and an increase in
graminoid species (Camill, 1999; Camill et al., 2001; Malmer et al., 2005). Rapid changes also
occur in the microbial community, notably an increased activity of methane (CH,) and nitrogen
cycling (Mackelprang et al., 2011). Associated with structural shifts, several functional changes
have been observed in thawed permafrost peatlands. Typically plant productivity increases
(Vogel et al., 2009), but so does autotrophic and heterotrophic respiration (Hicks Pries et al.,
2013). Organic matter decomposition may decrease due to increased anoxic conditions after
ground subsidence (Camill et al., 2001). Thus, there could be an initial increase in organic matter
accumulation as a result of permafrost thaw (Turetsky et al., 2007; Vitt et al., 2000).
Subsequently, decomposition may increase due to the increase in easily decomposable litter from
community shifts toward more vascular plants (Hodgkins et al., 2014; Turetsky, 2004) and
quantity of litter (Malmer et al., 2005). Regardless of the initial increase in C accumulation, the
net radiative forcing of a recently thawed area is offset by an increase in CH4 emissions
(Johansson et al., 2006; Sitch et al., 2007; Turetsky et al., 2007). This increase in CH4 emissions
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may be a direct result of increased temperature on microbial processes or indirect consequences
such as increases in plant mediated transport of CH,4 by increased graminoid abundance and
increased anaerobic decomposition due to a high water table (Christensen et al., 2004). In
addition to magnitude, the dominant pathway of methane production is also altered after thaw,
shifting from CO; reduction (hydrogenotrophic) to acetate cleavage (acetoclastic; Hodgkins et
al., 2014; McCalley et al., 2014). The change in pathway is likely related to shifts in vegetation,
for example, a decrease in Sphagnum abundance could lead to an increase in pH and related
increase in acetoclastic methanogens (Hines et al., 2008; Ye et al., 2012). Dissolved organic
matter (DOM) is also more labile in the more thawed stages and there is increased export of
DOM out of the peatland catchment (Hodgkins et al., 2014; Olefeldt and Roulet, 2012, 2014).
Recent studies highlight the interactive controls on C fluxes, emphasizing that net radiative
forcing of a thawing ecosystem depends on non-linear interactions among temperature, degree of
anoxia and organic matter chemistry (Lee et al., 2012; Treat et al., 2014). For example, while
temperature sensitivity of CH, flux increases in wet habitats (Olefeldt et al., 2013), ecosystem
respiration is more sensitive in dry conditions (McConnell et al., 2013). Interactive controls on C
fluxes are further complicated by the variable structural conditions as thaw progresses, and the

overall effect on landscape level fluxes remains unconstrained.

Changes to peatland structure and function due to permafrost degradation have been studied
using a chronosequence approach with sites that have intact permafrost, completely thawed
permafrost and one or two intermediate stages (e.g., Béckstrand et al., 2010; Turetsky et al.,
2007; Vogel et al., 2009). While end-member and major thaw stages of the permafrost gradient
have been well characterized for plant community structure and carbon cycling, the same is not
true for the transitional vegetation communities. Carbon cycling in thawing permafrost regions is
spatially heterogeneous (e.g. Belshe et al., 2012; Morrissey and Livingston, 1992; Zhang et al.,
2012) and a significant portion of the landscape is in varying stages of thaw. Spatial
heterogeneity and transitional stages are therefore important to the ecosystem level C exchanges.
It is unclear whether 3 to 5 thaw classes of intact, intermediate and fully thawed permafrost can
be used to adequately extrapolate landscape scale C fluxes and their abiotic and biotic correlates.

Additional thaw stages may help resolve landscape scale C fluxes in models.
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Our study aims to identify the abiotic and biotic factors (hereafter, correlates) that relate to C
function and investigate how these correlates change along end-member and transitional
permafrost thaw stages. Our research questions are: 1) which correlates best explain the CH4 and
CO; fluxes across all thaw stages at a peatland where permafrost is thawing? 2) How does the
importance of these correlates change along a gradient of increasing thaw? Our selection of
measured correlates was based on current understanding of C flux relationships with
temperature, moisture, pH, nutrients and plant biomass. Given the interactive nature of controls
on C fluxes and variable structural changes after thaw, we expected to see no relationship

between dominant correlates of C flux and degree of thaw.

2 Methods

2.1 Study site

The study site, Stordalen mire is located 10 km east of Abisko in Sweden (68°22° N, 19°03’ E).
The Stordalen peatland complex consists of several landscape units and wetland types.
Permafrost is present in the dry hummocky sections of the peatland (palsa mire). Also present are
areas where permafrost is thawing or has disappeared with vegetation communities that have
been classified as semi-wet, wet, and tall graminoid (Johansson et al., 2006; Kvillner and
Sonesson, 1980). Generally, the drier areas of the peatland complex are composed of species
such as Empetrum hermaphroditum, Betula nana, Rubus chamaemorus, Eriophorum vaginatum,
Dicranum elongatum and Sphagnum fuscum. The wetter areas consist of species such as E.
vaginatum, Carex rotundata, S. balticum, E. angustifolium, C. rostrata, S. lindbergii, and S.
Riparium. The long term (1912-2003) mean precipitation measured at the Abisko Scientific
Research Station (10 km from the site) is 303.3 mm, of which 150 mm occurs between June and
September. The long term (1912-2009) mean annual temperature at the site is -0.5°C but has
surpassed 0°C in the recent decades (summarized in Olefeldt and Roulet (2012) from
observations made at Abisko Scientific Research Station). Smoothed mean annual temperature
trends suggest a 2.5°C increase between 1913 and 2006. (Callaghan et al., 2010).
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2.2 Vegetation community and thaw stage selection

Ten vegetation communities were selected across Stordalen to represent major stages along the
thaw gradient. Selection of communities was based on an across site survey of dominant
vegetation communities, coupled with characterization of water table depth and active layer
thickness. The sequence of the 10 thaw stages was based on a survey of spring thaw depth and
previously established vegetation community relationships with permafrost thaw (Johansson et
al., 2006; Kvillner and Sonesson, 1980).

2.3 Gas flux measurements

Within each of the 10 selected communities 3 collars of 0.05 m? area each were inserted in the
peat surface and served as a seal for the manual gas flux measurements; with the exception of 2
communities that had only 2 collars each as they represent a small area in the mire (Table 1).

Each community also had a PVC dip well installed to measure the water table depth.

Methane flux was measured using opaque chambers of volume 9 or 18 liters. Five headspace
gas samples of 20 ml each were collected every 5 min over 20 min.Headspace-gas-samples-were
collected-every 5-minutes-over25-minutes: Prior to collecting each sample, the headspace was

mixed using a syringe. The collected headspace samples were analyzed within 24 hours for

concentrations of CH4 using a Shimadzu GC-2014 gas chromatograph with a flame ionization
detector, after separation on a HayeSep-Q packed column at the Abisko Scientific Research
Station. Helium was used as a carrier gas at the flow rate of 30 ml min™. Injector, column and
detector temperatures were 120, 40 and 120 °C, respectively. A 10-repetition run of known CH,
standard (2 ppm concentration) was used to calibrate the GC before and after each sample run.
Accuracy of the analysis (calculated with the standard deviation of the 10 standard replicates)
was +0.1 to 0.75%. Flux rates were then calculated using the slope of the linear relationship
between gas concentrations and time. Only the relationships with a significant (p<0.05) R? above
0.85 for the 5 time points were kept to calculate fluxes. If one of the five samples deviated from
the linear fit, flux was calculated without it as long as the R? was greater than 0.95. Methane was

measured on 7 days and 12 days in the 2012 and 2013 growing seasons, respectively.

For carbon dioxide flux measurements on the 28 collars, we used clear cylindrical polycarbonate

chambers (13 liter volume). The air enclosed within the chambers was mixed by fans and
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circulated through an infrared gas analyzer (PP Systems, Model EGM-4) that measured changes

in CO, over 3-min measurement intervals (recording every 10 seconds for the first minute, and

then every 30 seconds for the last 2 minutes). Over the 3 minute measurement period, on

average, temperature in the chamber only increased by 1.9 °C. Measurements were performed

for full sun, with a mesh cover and finally with a black shroud, so that data from varying light
intensities could be collected. Photosynthetically active radiation (PAR) was measured (Model
LI1-190SA, LI-COR®, NE, USA) within each chamber over the sample interval. Fluxes were
calculated using a linear regression of CO, concentration change over time. CO, was sampled on

10 days during the 2013 growing season.

2.4 Ancillary measurements

Each flux measurement of CO, or CH4 was coupled with simultaneous measurements of soil
temperature at 10 cm, air temperature, thaw depth and water table depth (WTD). Once during the
2012 growing season, elevation (above sea level) of each collar was measured using a RTK-
GPS.

Vegetation composition for vascular plants was surveyed once every growing season in each of
the collars recording the percent cover of each species. In 2013, vascular green area (VGA) was
also measured on 4 days during the growing season using species specific formulae based on
leaf-geometry (Lai, 2012; Wilson et al., 2006). For each collar, the total number of green leaves
per species was recorded along with width and length of 10 leaves for each species. The
seasonality of VGA was modeled using a Gaussian fit and combined with a quadratic fit with
elevation to extrapolate a spatially and temporally higher resolution dataset for VGA.
Throughout the manuscript we only use the modeled VGA .;referred-to-as-modeled VVGA-in-the
fexd

Surface water was sampled near the collars on each CH, sampling day in thaw stages that had
persistent water table throughout the growing season (Thaw stages 5, 7, 8, 9 and 10). Surface
water samples were analyzed for pH and conductivity (Oakton® portable pH conductivity meter)
and reduced conductivity was calculated by removing H ion concentrations from the
conductivity. Subsequently, samples were filtered using Whatman® Glass Fiber Filters (0.45 pm
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pore size) and analyzed for dissolved organic carbon and total nitrogen using a Shimadzu TOC-

V series Analyzer.

2.5 Data analysis

CHj flux- Each flux measurement was log;, transformed after adding 12 mg CH, m™? d™ to the

original value (to account for all the negative fluxes). Log;o transformation decreased the skew in

the raw data and improved the linear relationship between methane and other variables, allowing

for the use of multiple linear regressions. Bivariate relationships with abiotic and biotic factors

were explored with Spearman’s rank-order correlations. To explore the relationship between
environmental correlates and CH, flux, we used stepwise multiple linear regression. We used

both additive and interactive effects to explore a best fit model, but found that interactive effects

were either insignificant or had a weak contribution to the overall model. For ease of

interpretation, given that our variables are already proxies for several interacting controls on

methane fluxes, we only included additive effects in our final model. The best fit model met the

necessary assumptions of normality and homoscedasticity of model residuals. Multicollinearity
was checked using variance inflation factors (VIF), wherein any explanatory variable with VIF

greater than 2 was removed from the model.

Arrhenius plots were utilized to study the temperature sensitivity of CH, flux, regressing the log

of CH, flux with inverse of temperature in Kelvin.

CO; flux- We combined all CO, flux data using nonlinear regression of a rectangular hyperbola
to describe the relationship of NEE and PAR (Bubier et al., 2003)-
GPyax X PAR x

NEE = + A 1)
PAR x & + GP,,,,

Where the parameters are:
GPuax - the maximum gross photosynthetic CO, capture at maximum PAR (umol CO, m?s™)
a - the photosynthetic quantum efficiency (umol CO; m?st per umol PAR m? s'l)

A - the dark respiration at 0 °C (umol CO, m?s™)
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Other than PAR, we expected to see non-linear relationships between CO, flux and WTD, thaw

depth, soil temperature and VGA, but we did not find significant relationships. Instead we found

linear relationships to be significant. Since our data were non-parametric, we used Spearman’s

correlation coefficients to quantify the link between CO, flux with abiotic and biotic
variables.Linear regressions were performed between the CO, flux data as well as WTD, thaw

Thaw gradient analyses- above analyses for CH, and CO, were repeated independently for each
of the 10 thaw stages. Subsequently, strength (adjusted R* or Spearman’s p) and direction of
relationships between correlates and function variables were organized by thaw stage to observe
whether there is a significant trend in changing correlates of CH4 and CO, fluxes along the thaw
gradient. The sequence of thaw stages along the gradient was based on a survey of spring thaw
depth, as discussed in section 2.2. Multiple regressions were also performed for each thaw stage
since CH,4 and CO; fluxes are not typically estimated using bivariate models. While the bivariate
correlations identified how the dominant correlates change across the thaw gradient, multiple
regressions across the thaw gradient provide a better idea of the changing interactive effects of

abiotic and biotic correlates on CH,4 or CO, fluxes.

Lastly, we evaluated the relationship between CH, and CO, fluxes using a simple CH,4: CO, flux

ratio. To use a standardized measure of CO, flux we use the GPuax from each thaw stage.

3 Results

3.1 Across peatland C fluxes and correlates

Mean and standard error of CH,4 flux across all collars from 2 years of sampling was 91.25+8.17
mg CHs m? d?, ranging from -1.1+0.3 to 370.2+52.1 mg CHs m d™ (Table 1).

Strongest bivariate relationships between CH, flux and abiotic variables were with elevation,
water table depth, pH, VGA, thaw depth and surface water C:N (Fig. 1). Significant but weaker
relationships were also found with soil temperature and Julian day. TC, TN, conductivity and

reduced conductivity did not have a significant relationship with CH, flux.
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The best fit multiple regression model for CH, fluxes across the peatland included elevation,
thaw depth, VGA and soil temperature, in decreasing order of contribution to the overall model,
and these variables were able to explain 73% of the variance in CH,4 flux (Table 2)._ An
alternative model that excluded elevation wherein the adjusted R drops to 0.62, is also reported

as it better isolated the effects of VGA, soil temperature and thaw depth. The contribution (beta

weights reported in brackets) of soil temperature (0.16) and thaw depth (-0.27) are similar in the

model with or without elevation. The contribution of VGA increases from 0.26 to 0.58 when

elevation is removed from the model.

Photosynthetically active radiation showed the strongest relationship with CO, fluxes, explaining
55% of the variance observed in the flux data (Fig. 2). The rectangular hyperbola fit of NEE
against PAR, Eq. (1), provided the following parameter estimates and standard errors for the
across site lumped data: GPyax was 4.24+0.26 umol CO, m™s™, a was 0.027+0.005 pumol CO,
m”s” per pmol PAR m™s™ and A was -1.78+0.09 pmol CO, m™s™.

Water table depth and thaw depth showed weak relationships with NEE and GPP (calculated
using NEE minus Reco; Table 3). Soil temperature was also related to Reco and NEE. NEE and

Reco Were most strongly related to the mean growing season VGA (Table 3).

3.2 Correlate-function relationships within the thaw stages

Along the thaw gradient, the strength and direction of bivariate relationships among
environmental variables and CH, flux changed variably (Fig. 3). No significant trend along the
thaw gradient was observed for the relationship between CH, flux and elevation, VGA (vascular
green area) and WTD. Significant trends were observed with the water chemistry variables of
pH, C:N, TC, TN and conductivity and strength of correlations between correlate and CH, flux
increased as the permafrost thawed. However, these data were only available for thaw stages
with a water table (thaw stages 5 to 10). Soil temperature, thaw depth and Julian day, with data
available for each of the 10 thaw stages, showed significant trends along the thaw gradient in
their correlation with the CH,4 flux (Fig. 4 a, b, and ¢). There was an increase in the amount of
variance explained in the CH,4 flux by temperature as well as the slope of this relationship (Fig.
5).
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The parameter estimates from the best fit model of across peatland lumped flux data, as shown in
Table 2, were used as inputs for individual multiple regression models for each thaw stage. The
interactive effects of elevation, soil temperature, thaw depth and vascular green area (VGA)
showed varying results across the thaw gradient (Fig. 6). The model R? values ranged from 0.09
(insignificant) to 0.79 (significant with p<0.0001). Generally, elevation, soil temperature, thaw
depth and VGA were better predictors of variance in CH,4 fluxes in the later stages of thaw.

Model fit was non-significant for stages 2 and 3, and therefore their slope coefficients are not

reported in Fig 6.

The relationship of NEE with temperature and with PAR varied across the thaw gradient without
a statistically significant trend. Generally there is a trend of increasing, GPuax, o and A, going
from less thawed to more thawed stages (Table 4). Furthermore, the amount of variance of NEE

explained by PAR was typically higher in the more thawed stages.

3.3 The relationship between CO, and CH4

GPmax and CHy4 were positively correlated (p=0.56, p=0.0021; Fig. 7). We found that the best

explanatory variables for CH4: GPwvax ratio were Sphagnum percent cover (p =-0.72, p=0.008;
and graminoid VGA (p =0.63, p=0.0004). While graminoid VGA did not have any interactive

effects with abiotic variables in explaining CH4: GPmax ratio, Sphagnum cover and soil

temperature had a significant interactive effect (Table 5)

4 Discussion

We identified the major abiotic and biotic correlates of the ecosystem — atmospheric exchanges
of CO, and CH, across Stordalen mire and found that, as per our expectation, these environment-
function relationships changed variably across the thaw gradient, suggesting that correlates of
CO; and CHy, fluxes in transitional stages are not necessarily represented well by correlates of
the end-member or adjacent thaw stages. Contrary to our expectation, we did see significant
trends with thaw in certain bivariate correlations of CH, fluxes such as temperature sensitivity,

seasonality and effect of deepening frost table during the growing season. However, these trends
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were absent when multiple correlates were considered together, suggesting that dominant

controls on C fluxes and their interactions, change variably as thaw progresses.

4.1 Across peatland correlates of C fluxes

Strongest environmental factors associated with the CH, flux across all sampled collars were-
elevation, water table depth, pH, VGA, thaw depth and surface water C:N. Each of these
correlates is a possible proxy of one or more controls of temperature, moisture and substrate
quantity and quality on CHy4 flux. Our correlations support previous findings from various
wetland types (as reviewed in Lai, 2009; Olefeldt et al., 2013; Turetsky et al., 2014). The
multiple regression of lumped data across Stordalen also showed similar trends to other
temperate, boreal or arctic peatlands. For example, a peatland complex sampled in the
discontinuous permafrost region of Manitoba, Canada by Bubier et al. (1995) showed a best fit
model including WTD, water chemistry and vegetation variables explaining 81% of the variance
in CH4 fluxes. Bubier et al. (1995) reported WTD as being the strongest individual correlate with
the CH, fluxes, but in our best fit model, WTD was not an important variable likely because the
stages with little or no thaw had no water table. Elevation seems to be a better proxy for soil
moisture (and other CH, controls), showing the highest contribution to the best fit model (Table
2). Elevation has been previously recognized as an integrator of multiple structural changes
resulting from permafrost thaw and is a potentially useful component of models estimating C

flux in permafrost landscapes (Lee et al., 2011). Rerunning the best fit model without elevation

decreases the overall model fit by 10% but increases the contribution of VGA to the model,

while the contribution of thaw depth and soil temperature remain the same. Removal of elevation

from the model better isolates the relative effects of thaw depth, temperature and VGA on

methane fluxes and suggests that the strongest contribution is from VGA, followed by thaw

depth and soil temperature. VGA is likely a strong effect as it is linked with spatial and seasonal

changes in substrate availability, litter input and root exudates and thus relates to both spatial and
temporal variability in CH,4 flux (Whiting and Chanton 1993).

Soil temperature and thaw depth are significant variables in our multiple regression model of
CHy, flux, while Julian day is not. It may be that across the permafrost gradient, Julian day does

not capture seasonality as well as a combination of thaw depth and soil temperature (Table 2),
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suggesting the role of the variable seasonal trajectories of thaw depth and soil temperature in the

different thaw stages, for predicting CH,4 flux.

As expected, PAR was the strongest correlate of NEE both in across peatland lumped data and
within thaw stage data. Using the rectangular hyperbola fit, Frolking et al. (1998) reported
parameters from 13 peatland sites wherein PAR explained, on average, 68% (ranging from 47 to

89%) of the variance in NEE. Comparatively our across peatland lumped data fit to the

rectanqular hyperbola model explain a lower percent of the variance (52 %) in NEE, likely due

to biases introduced by the high spatial heterogeneity on our site (Laine et al., 2009).

site: WTD, thaw depth and soil temperature also show significant but weak relationships with
CO; fluxes. Vascular green area seems to be a better proxy than WTD, thaw depth and soil
temperature for controls on CO, fluxes, which was-makes sense as VGA represents the amount
of photosynthesizing area as well as approximates above and belowground biomass which is

related to autotrophic and heterotrophic respiration (Schneider et al., 2011; Wilson et al., 2006).

4.2 Trends with increasing thaw

Bivariate relationships between correlates and CH, flux progress variably as the permafrost
thaws although some significant trends of increasing correlations are seen in soil temperature,
thaw depth and Julian day, as thaw progresses (Fig. 3, 4 and 5). We found that as the permafrost
thaws, temperature sensitivity increases (Fig. 4a), increasing thaw depth has an increasing effect
on CHy fluxes (Fig. 4b) and there is a stronger seasonality effect (Fig. 4c). This trend of
increasing correlation could be partly due to the increasing magnitude and variance of not only

CHy, fluxes but also the environmental variables with thawing permafrost. Additionally, higher

VGA later in the growing season could also be result in a stronger seasonality effect (Fig. 4¢) in

the later stages of thaw, especially as these stages had the highest sedge VGA. The Arrhenius

plots of soil temperature and CH, fluxes showed increased temperature sensitivity from less
thawed to more thawed stages, with the slope and R? of this regression increasing (Fig. 5).
Changing temperature sensitivity in our results contradicts results from Yvon-Durocher et al.
(2014) that suggest a consistent temperature sensitivity of CH, fluxes across scales. Apparent
temperature sensitivity can be confounded due to changes in substrate availability (Kirschbaum,
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2006). Increasing temperature sensitivity with thaw in our results could be related to higher
substrate availability (supported by higher VGA) in thawed stages switching CH,4 production
from being substrate limited to becoming temperature limited. Lower temperature sensitivity in
the intact permafrost could also be related to DOC quality. Olefeldt et al. (2012) report higher
aromaticity in DOC exported from palsa and bog catchments at Stordalen compared to fen
catchments and a high proportion of aromatic compounds in litter is generally associated with
decreased temperature sensitivity (eg. Erhagen et al., 2013). High temperature sensitivity in
wetter sites has also been reported by Olefeldt et al. (2013) in a meta-analysis of CH, emissions
from terrestrial ecosystems worldwide. Christensen et al. (2003) found that temperature is a
limiting factor only when the WTD is 10 cm or less below the surface, whereas a lower WTD is
more sensitive to WTD fluctuations than to soil temperature fluctuations. This is generally
supported in our results with stages 4 to 6 that have growing season mean WTD greater than 10
cm (Table 1) having lower sensitivity to WTD than stages 7 to 10, though there is variability in

both classes (Fig. 3). Our estimated temperature sensitivity for each thaw stage is the net effect

of temperature on methanogenesis and methanotrophy and since we only measure the net CH,

flux we cannot isolate the relative temperature sensitivities for the two processes. Also

interesting is the effect of the increasing thaw, over the growing season, on CH,4 flux- more
significant in the wetter more thawed stages than the drier intact permafrost stages (Fig. 3 and
4b). A similar trend was also emphasized in Olefeldt et al. (2013). The deepening frost table is
related to temperature and thus could also represent the larger temperature sensitivity of CH, in
later thaw stages. Additionally, larger variance in thaw depths of later thaw stages could explain
the larger effect of thaw depth in these stages .The larger variance in thaw depth could be
attributed to a steeper drop in thaw depths as the growing season progresses in the wetter thaw
stages due to the dependence of thermal conductivity of peat on the degree of wetness (Quinton
et al. 2009).

While bivariate relationships between correlates and C flux provide insight into the possible
controls on these fluxes, multiple regressions better demonstrate the interactive nature of these
correlates. Re-running the best fit model of the lumped data (Table 2) for each thaw stage
showed that the strength of the overall model and the parameter estimates are variable along the
thaw gradient (Fig. 6). While elevation had a strong effect in across peatland lumped data, it

makes sense that it was a significant effect only for a few within thaw stage analyses (thaw
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stages 1, 4, 8 and 9) because these stages had diverse habitats with spatially varying elevations.

Soil Temperature was not a statistically significant estimate for any of the thaw stages, possibly

because elevation and thaw depth are better proxies for the long term thermal regime and also
relate to several other controls of CH, flux, as previously mentioned.{sigrificant-forstages1-4;

5,7.-8-and-10)-better-accountedfor-thermalregimes. VGA was only a significant effect within

thaw stages 8 and 9. These results emphasize that spatial differences in elevation are not as

important within thaw stages as they were in across peatland lumped data. Also, thaw depth and
VGA have variable effects but generally stronger in the thawed stages.

Similar to CH, flux, the strength of the major correlate for CO, flux (PAR) changes variably
across the thaw gradient. While the across peatland relationship of NEE with temperature and
PAR is weaker than that found in other peatland sites (e.g. Bubier et al., 2003), when broken
down into thaw stages, the percent variance of NEE explained increases (up to 91%; Table 4) for
many thaw stages. The sample size for each thaw stages is different making it problematic to
statistically compare the thaw stages. However, we found that the R? is not significantly
correlated to the sample size for that thaw stage, suggesting that there are other factors increasing
the control of PAR on NEE as permafrost thaws such as increased photosynthesizing biomass
(reflected by increasing VGA and GPP). If VGA is no longer limiting, PAR sensitivity could be
increasing as permafrost thaws. This is supported in the parameter fitting for each thaw stage
(Table 4), the general trends observed are that the CO; fixed at maximum PAR (GPuax)
increases as permafrost thaws as does the amount of CO; fixed per unit of PAR (a), both of
which could be related to increase in VGA but also the photosynthetic capacity change from
plant species changes. The amount of respiration at 0°C generally increases with thaw, which
could be related to increasing substrate availability. Trends of increasing GPP and ecosystem
respiration with permafrost thaw have been reported in previous studies (eg. Dorrepaal et al.,
2009; Hicks Pries et al., 2013). However, in our results these trends are not significant along the

thaw gradient and progress variably.

4.3 Relationship between NEE and CH4

NEE is thought to be related to CH4 emissions due to the shared association with recently
produced substrate availability, root exudates and turnover and litter input, and this link has been

observed in several studies (Bellisario et al., 1999; Strém and Christensen, 2007; Whiting and
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Chanton, 1993, etc.). In our thaw stages, there was also an overall significant and positive
relationship between growing season averages of GPyax and CH,4 (p=0.56, p=0.0021; Fig. 7).
Interestingly, thaw stages 8 to 10 (graminoid dominated) have a different relationship of GPyax
and CH, compared with thaw stages 1 to 7 (moss dominated) suggesting a shift in the
partitioning of C loss from the system as CO, or CH,4 with increasing thaw and changing
vegetation. We further-expected this shift to be related to an increase in graminoid VGA
(increase in lability and CH,4 emission via aerenchyma)investigated-whether-this-shift-isrelated,

which was supported by our data. Surprisingly, we also found the shift to be related to a loss of

Sphagnum_cover, perhaps due to an increase in pH and decrease in organic matter lability.}-e¢

p=6.0004)-ir-the-collarwere significanthyrelatedto-CH :CO.- AdditienallyFurthermore, there

was a significant interaction between soil temperature and Sphagnum cover in a linear model

explaining CH,:CO,, suggesting that the relationship of CH, and CO, depends on Sphaghum
abundance but the effect of Sphagnum varies by temperature (Table 5).

4.4 Variable changes in ecosystem relationships with increasing thaw

Permafrost thaw increases magnitude and variance of CO, and CH, fluxes as well as changes the
abiotic and biotic correlates of these fluxes. As a result, the relationships between the correlates
and C fluxes change. While in the lumped across peatland data, spatially variable factors are the
dominant correlates of CO, and CH, fluxes (elevation being the best proxy for thermal regime,
soil moisture, VGA, etc.), within thaw stages it is the correlates with high temporal variations
that play a critical role (Julian day, deepening frost table and soil temperature). The changing
correlates of CO, and CH, fluxes are important to consider from a context of upscaling these
processes from within thaw stage to site to landscape scales. Changing sensitivity of CH,4 fluxes
to temperature, likely related to a shift from substrate to temperature limitation going from low
biomass and low nutrient palsa stages to high biomass and high nutrient thawed stages. Based
on the range of temperature response curves of CH, flux across the thaw gradient (Fig. 4a),
applying one activation energy value to estimate landscape level CH, fluxes at Stordalen would
not be appropriate and would likely require a set of parameterizations for the various thaw

stages. Variable temperature sensitivities to C fluxes have been recognized in major thaw stages
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in the past (eg. Lupascu and Wadham, 2012), but our study demonstrates that this variability is
present even in the transitional stages. Furthermore, the multiple regression analyses for each
thaw stages (Fig. 6) demonstrated the changing relative importance and interactive effects of
dominant correlates of CH, flux highlighting that controls in transitional stages of permafrost

thaw are not necessarily related to controls in adjacent or end-member stages.

Paleo-ecological methods were not employed to confirm the actual thaw status of the thaw stages
used in our analyses. Rather, our space for time approach was employed to sample the major
stages of thaw at Stordalen acknowledged in previous studies (Béckstrand et al., 2010; Johansson
et al., 2006; Svensson et al., 1999, etc.)- encompassing palsa (our stages 1 to 3), internal fen (our
stages 4 to 6), completely thawed flow through fen (our stages 7 to 10) type habitats- while
capturing the wide range of structural conditions within each one of these 3 broad thaw stages.
We acknowledge that structural changes due to thaw may progress variably and tried to capture
each of these pathways. For example, palsa may collapse abruptly into a wet sedge dominated
habitat that then switches to a Sphagnum lawn (our thaw stage 1 progressing into stage 8 and
then to stage 5). Alternatively, this progression can be gradual with a decrease in elevation of
palsa (stage 1 to 2 and then 3), followed by progression into Sphagnum lawn (stage 4 and 5).
Regardless, the focus of our study was the changing correlates of C fluxes along the thaw

gradient and a proposed sequence of thaw stages was required to analyze these changes.

5 Conclusions

Our results on the environmental correlates of C fluxes interacting and changing variably with
thaw suggest that using process based models or relationships between NEE and CH, flux to
derive landscape level C fluxes would require additional information about transitional thaw

stages.

Peatlands in the discontinuous permafrost zone are highly heterogeneous, especially if they are
actively thawing. Our research highlights the variability observed in structure-function
relationships with permafrost thaw. Additionally, by identifying across peatland structure-
function relationships that are maintained across the heterogeneous landscape our results will
assist in improving regional estimates of the carbon balance and provide insight into the level of
aggregation or disaggregation needed in models to capture ecosystem level response to change.
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676 6 Tables

677  Table 1. Details of each thaw stage- habitat description and dominant vegetation, vascular plant
678  green area (VGA), presence or absence of permafrost, mean growing season water table depth
679  (from 19 days of sampling over 2 years), mean surface water pH, reduced conductivity (Cond)
680 and C:N ratio, growing season mean soil temperature at 10 cm depth below surface and mean
681  growing season CH, fluxes. Details on CO, flux for each thaw stage can be found in Table 4.
682  WTD was only reported for stages with a water table on more than 5 sampled days. All values
683  reported after + are standard errors.

Thaw Habitat description and Mean Perma- Mean pH Cond C:N Mean Soil Mean CH,
Stage dominant vegetation VGA frost WTD (mg temperature flux
(cm?) (cm) L™ (°C) _ (mgm” day”)
1 Intact palsa, Dicranum
elongatum, Vaccinium 279.6 Y - - - - 6.2+0.2 -1.31£0.2
uliginosum
2 Slightly thawing palsa, D.
elongatum, Eriophorum 232.7 Y - - - - 6.7+0.2 7.1+1.1
vaginatum, Ptillidium ciliare
3 Collapsing palsa, desiccated
Sphagnum fuscum, lichens, 66.7 v ) ) ) ) 6.6:0.2 -1.1£0.3
Andromeda polifolia
4 Sphagnum lawn in transition ~ 54.0 - -116+13 - - - 8.3+0.3 7.6x1.4
between stage 3 and 5
5 Sphagnum lawn 60.3 - -10.1+0.7 4.0 8.0 358 7.2+0.3 18.7£2.7
6 Sphagnum lawn, Betulanana 312.1 - -11.5+0.6 - - - 8.1+0.4  29.5%+4.8
7 E.vaginatum, S. cuspidatum, 3344 -  -23+06 4.1 17.0 453 9.9+0.3 56.5+35
open water
8 E.vaginatum, Drepanocladus 322.0 - 1.8+09 4.0 76.2 47.9 10.4+0.3 102.4+7.5
schulzei, open water
9 Eriophorum angustifolium,  1136.3 - 2.3+0.6 45 30.0 46.6 7.6£0.3 370.2+52.1
open water
10 Polytrichum jensenii, Carex 1528.7 -  -5.841.3 4.7 22.6 53.0 7.2+0.3 266.2+22.7
rostrata
684
685
686
687
688
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689  Table 2. Multiple regression model between environmental variables and CH,4 flux across the
690 site. Listed environmental variables explain 73% of the variance in CH, flux (R*= 0.73, Fuse1
691  =267.1, p<0.0001)

Std
Term Estimate Error tRatio Prob>|t|

Intercept 34438  26.94 12.8 <.0001
Elevation -098 0.077 -12.8 <.0001
Soil temp 0.031  0.007 4.43 <.0001
Thaw depth -0.005 0.001 -850 <.0001
VGA 0.001  0.000 7.09 <.0001

692
693
694
695
696
697
698
699
700
701
702
703
704
705
706
707
708
709

710
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717

718

719

720

721

722

723

724

725

726

727

728

729

730

Table 3. Abiotic and biotic relationships with Gross Primary Production (GPP =NEE-R¢,), Net
Ecosystem Exchange (NEE) and Ecosystem Respiration (Reco). Reco has negative values and
therefore, negative correlation signifies that larger VGA or Soil temp have higher Reco. Similarly,
since thaw depth has negative values, negative correlations with GPP and NEE mean that deeper
frost tables relate to greater GPP and NEE.

Function  Correlate Spearman's p p-value
NEE Thaw Depth -0.21 0.0058
NEE Soil Temp 0.14 0.0112
NEE WTD 0.24 0.0002
NEE VGA 0.58 0.0180
GPP Thaw Depth -0.29 0.0020
GPP WTD 0.20 0.0177
Reco Soil Temp -0.16 0.0226
Reco VGA -0.56 0.0250
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731  Table 4. Parameter estimates + standard error from rectangular hyperbola fit of NEE and PAR.
732  PAR dependence of NEE generally increases and becomes more significant from less to more
733 thawed stages as shown by the adjusted R?> (p<0.0001 for all thaw stages). There is a general
734  trend of increasing, GPwuax, alpha and A, going from less thawed to more thawed stages.

Thaw GPuyax a A R n
Stage 2. 1CO, m?2st P
g (umol CO, m2s™?) /gﬁﬁ‘o’l > Aggl.fs.z) (umol CO, m2s7?)
1 38 + 121 -436 * 0.53 0.59 26
2 399 + 053 0015 + 0004 -1.72 + 016 071 75
3 282 + 061 0008 + 0003 -152 + 0.13 080 26
4 244 + 031 0014 + 0005 -089 + 0.11 076 52
5 387 + 030 0030 *+ 0.007 -128 + 011 085 78
6 515 + 052 0053 + 0021 -276 + 025 089 27
7 628 + 072 0032 + 0010 -1.79 + 024 074 78
8 215 + 024 0.015 + 0.005 -094 + 0.09 0.82 98
9 816 + 086 0072 + 0.023 -349 + 032 091 27
10 662 + 134 535 + 0.82 0.69 18

735

736

737

738

739

740

741

742

743

744

745

746

747

748

Page 27 of 30



749  Table 5. Multiple regression model of CH4:CO, explained by percent cover of Sphagnum and
750  soil temperature. (R?=0.86, Fs1; = 16.8, p= 0.0008). Estimates and standard errors (SE) are

751  reported along with t-ratio and p-value.

Estimate  SE t-ratio  p-value
Intercept 2107.1 4441 475  0.0015
Soil Temperature -232.5 58.6 -3.97 0.0041
% Sphagnum -3.0 0.5 -5.71  0.0004
Soil Temp x % Sphagnhum 11.8 3.5 3.39  0.0095
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7 Figure Captions

Figure 1. Relationship between the methane fluxes measured over two years and various
environmental variables (across peatland lumped data). Methane flux across 28 sampled collars
from two years (19 days of sampling) showed significant relationships with Julian day, elevation
(above sea level) of collar, soil temperature at 10 cm depth below surface(°C), modeled VGA
(vascular green area;cm?), water table depth (WTD), pH, thaw depth and C:N of surface water.

Spearman’s p of each correlation are shown on each graph (p<0.0001).

Figure 2. Rectangular hyperbola fit of site-level NEE with PAR (n= 525).

Figure 3. Correlation coefficients between CH, flux and various biotic and abiotic variables
along the thaw gradient from 1 to 10, where 1 is intact permafrost and 10 is fully thawed. Each
data point represents correlations analysis of n=19 days. The missing data points in WTD,
Conductivity, Reduced Conductivity, pH, TC, TN and C:N (total carbon, nitrogen and C:N in
surface water) are from the thaw stages that did not have a water table or had a correlation

coefficient of zero.

Figure 4a. Arrhenius plots for each thaw stage. Slope and R? of the plots increases with
increased thaw (Figure 6). b. changing linear fit between thaw depth and CH, flux with

progressing thaw. c. increase in seasonality of CH, flux as the permafrost thaws.

Figure 5. Slope and adjusted R? of the Arrhenius plot (Figure 4a) across the thaw stages. The left
y axis is the estimate and standard error of the slope of the fit (represented by the gray bars+SE)
and the right y axis shows the R? of each fit (represented by the black dots+SE). The significant
regressions (p<0.0001) are denoted by asterisk. Variance of methane fluxes explained by soil
temperature_generally increases {as-shown-by-the-dottedtine—of best fit of R*along-thethaw
gradient)-and becomes more significant (p-values) from less to more thawed stages. Slope of the

soil temperature to methane flux relationship also increases with increased thaw.

Figure 6. Multiple regression of CH, fluxes with elevation, thaw depth, soil temperature (Temp)
and vascular green area (VGA) for each thaw stage (Thaw stage 1= intact permafrost, 10=
completely thawed). Model fit R? values are reported along with model estimates (stacked bars).
Significance of the R? is denoted by asterisk (* for p<.05, ** for p<.01, and *** for p<.001). Soil
Temperature was not a statistically significant estimate for any of the thaw stages. Elevation was
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800 significant for thaw stages 1, 4, 8 and 9; thaw depth for 1, 4, 5, 7, 8 and 10; and VGA for 8 and
801 9.

802  Figure 7. Significant correlation between growing season means of CH,4 flux and GPyax across
803 all thaw stages. Thaw stage 1 (intact permafrost) to 10(thawed permafrost) are shown using blue

804  to red colours.
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