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Abstract Vascular plants are important in the wetland methane cycle, but their effect on production,
oxidation, and transport has high uncertainty, limiting our ability to predict emissions. In a 
permafrost-thaw bog in Interior Alaska, we used plant manipulation treatments, eld-deployed planar 
optical oxygen sensors, direct measurements of methane oxidation, and microbial DNA analyses to 
disentangle mechanisms by which vascular vegetation affect methane emissions. Vegetation operated on top 
of baseline methane emissions, which varied with proximity to the thawing permafrost margin. Emissions 
from vegetated plots increased over the season, resulting in cumulative seasonal methane emissions that 
were 4.1–5.2 g m 2 season 1 greater than unvegetated plots. Mass balance calculations signify these greater
emissions were due to increased methane production (3.0–3.5 g m 2 season 1) and decreased methane
oxidation (1.1–1.6 g m 2 season 1). Minimal oxidation occurred along the plant-transport pathway, and
oxidation was suppressed outside the plant pathway. Our data indicate suppression of methane oxidation 
was stimulated by root exudates fueling competition among microbes for electron acceptors. This contention 
is supported by the fact that methane oxidation and relative abundance of methanotrophs decreased over the 
season in the presence of vegetation, but methane oxidation remained steady in unvegetated treatments; 
oxygen was not detected around plant roots but was detected around silicone tubes mimicking aerenchyma; 
and oxygen injection experiments suggested that oxygen consumption was faster in the presence of 
vascular vegetation. Root exudates are known to fuel methane production, and our work provides evidence 
they also decrease methane oxidation. 

Plain Language Summary Methane is a greenhouse gas with a greater ability to warm the earth
than carbon dioxide. Wetlands are the largest natural source of methane to the atmosphere. To understand 
future climate change, scientists need to predict the amount of methane released from wetlands. Many 
factors affect the amount of methane generated by soil microbes (called methane production) and how much 
methane is released into the atmosphere (called methane emission). Methane traveling through soils can 
also get converted to carbon dioxide through methane oxidation. Wetland plants in uence production, 
transport, and oxidation of methane, but studies disagree on their overall effect on emissions. In this study, 
we used multiple methods to identify how plants affect the methane cycle. Plants appeared to increase 
methane production and, to our surprise, decrease methane oxidation. We created a theory for why plants 
increased methane emissions, advancing understanding of plant-soil interactions that contribute to wetland 
methane emissions. 

1. Introduction
Wetlands represent the largest natural source of atmospheric methane (CH4), contributing 20%–40% of 
global emissions (Ciais et al., 2013). Modeling of wetland-methane feedbacks indicates that wetland 
methane emissions could drive 21st century climate change, with global wetland emissions matching or 
exceeding anthropogenic emissions by 2100 (Zhang et al., 2017). However, modeled CH4 emissions have 
high variability (Ciais et al., 2013; Melton et al., 2013), partly due to poor understanding of the role of vegeta- 
tion in methane production, transport, and oxidation (Berrittella & van Huissteden, 2011; Riley et al., 2011; 
van Huissteden et al., 2009). 

https://doi.org/10.1029/2020JG005825
http://dx.doi.org/10.1029/2020JG005825
http://dx.doi.org/10.1029/2020JG005825
mailto:rbneum@uw.edu
https://doi.org/10.1029/2020JG005825
https://doi.org/10.1029/2020JG005825


TURNER ET AL. 2 of 18 

Journal of Geophysical Research: Biogeosciences 10.1029/2020JG005825 

Validation: Jesse C. Turner, Mark P. 
Waldrop, Rebecca B. Neumann 
Visualization: Jesse C. Turner, Mark 
P. Waldrop, Rebecca B. Neumann 
Writing - original draft: Jesse C. 
Turner, Rebecca B. Neumann 
Writing – review & editing: Jesse C. 
Turner, Mark P. Waldrop, Merritt R. 
Turetsky, Rebecca B. Neumann 

 
Vascular wetland plants are key factors in production, transportation, and oxidation of CH4 (Joabsson 
et al., 1999; Laanbroek, 2010). Microbes produce CH4 in the anaerobic subsurface of wetlands via methano- 
genesis, a process enhanced by sugars and amino acids released from plant roots, termed root exudates 
(Megonigal et al., 1999; Shannon & White, 1996; Ström et al., 2003; Whiting & Chanton, 1993). Emission 
occurs via three pathways: gas-bubble ebullition; diffusion through soil and/or the water column; or diffu- 
sion through hollow aerenchyma tissue inside vascular vegetation, also known as plant-mediated transport. 
Frequently, the dominant pathway is plant-mediated transport (Laanbroek, 2010; Schimel, 1995; Van der 
Nat & Middelburg, 1998), which is thought to decrease oxidation by enabling methane to bypass oxic 
surface layers (Knoblauch et al., 2015; Marushchak et al., 2016; Sebacher et al., 1985; Watson et al., 1997). 
However, hollow aerenchyma tissues that facilitate CH4 transport can also bring atmospheric oxygen below- 
ground (Armstrong, 2000; Blossfeld et al., 2011; Frederiksen & Glud, 2006; Han et al., 2016), potentially 
oxidizing methane along the plant-transport pathway (Calhoun & King, 1997; Fritz et al., 2011; Gerard & 
Chanton, 1993; van der Nat & Middelburg, 1998). 

Most empirical studies connect increased plant productivity  with  increased  methane  emissions 
(e.g., Kankaala et al., 2005; McEwing et al., 2015; Megonigal et al., 1999; Nielsen et al., 2017; Vann 
& Patrick Megonigal, 2003; Whiting & Chanton, 1993), and most large-scale wetland models couple CH4 

emissions to net primary productivity (Bridgham et al., 2013; Melton et al., 2013). However, some empirical 
studies found emissions to be minimally related to plant productivity or even negatively correlated 
(e.g., Fritz et al., 2011; Neubauer et al., 2005; Sutton-Grier & Megonigal, 2011; Updegraff et al., 2001). 
These responses are attributed to plant-facilitated oxygenation of the subsurface inhibiting methanogenesis 
and increasing CH4 oxidation. But plant-facilitated oxidation is poorly characterized, set as a constant 
percentage of plant-mediated emissions in most wetland methane models (Ringeval et al., 2011; Walter 
& Heimann, 2000; Wania et al., 2010; Zhuang et al., 2004), though not all (see Riley et al., 2011). This fact 
re ects uncertainty in the extent to which different plant species oxygenate the rhizosphere and the ability 
of methanotrophs to compete with other heterotrophic microbes for oxygen (Calhoun & King, 1997; Riley 
et al., 2011; Segers et al., 2001; Whalen, 2005). 

In this study, we disentangled the mechanisms by which vascular vegetation affect wetland methane emis- 
sions. At a thermokarst bog complex in Interior Alaska, we utilized eld-deployed planar optical oxygen sen- 
sors, microbial DNA analysis, and vegetation manipulation treatments (natural vegetation, no vascular 
vegetation, and simulated aerenchyma treatments) to identify the (1) importance of aerenchyma in 
transporting methane from soil to atmosphere, (2) ability of aerenchyma to transport oxygen belowground, 
(3) extent to which aerenchyma transport affects methane oxidation, and (4) nonphysical or “biological” 
in uence of vegetation (associated with root carbon exudation and/or root-associated microbial commu- 
nities) on methane production and oxidation. was the species of interest, as it emits the 
majority of plant-mediated methane emissions at the site (supporting information, Figure S1). 

 
 

2. Materials and Methods 
2.1. Field Site 

Data were collected May to September 2015 in a collapse scar bog within the Bonanza Creek Long Term 
Ecological Research forest in Interior Alaska (64.70°N, 148.3°W). The bog is part of a thawing wetland 
complex located within a black spruce forest underlain by ice-rich permafrost. Thaw commenced at the site 
50 to 400 years ago and is active along bog margins (Euskirchen et al., 2014; Klapstein et al., 2014). The cen- 
ters of collapse scar bogs are where thaw initiated while edges represent areas that recently thawed. Bog 
edges include open water transitioning into hummocks with vascular plants such as 
water sedge ( spp.), bog rosemary ( L.), cotton grass ( spp.), and leather 
leaf ( .). Older bog centers are dominated by spp. hummocks that sup- 
port woody species such as dwarf and bog birch ( and ) and larch ( ) 
(Finger et al., 2016). Hollows in the bog center support a diversity of vascular species similar to those of 
bog edges. In situ microbial rates and methane emissions are greater at the bog edge than in the center 
(Klapstein et al., 2014; Neumann et al., 2016). Data from 2009 and 2010 indicated that plant-facilitated 
methane emissions were driven by species, accounting for ~66% of plant-mediated emissions at both 
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the edge (±9%) and center (±11%) (Figure S1). In 2015, density was 72 (edge) and 39 (center) plants 
m 2, averaging 55.5 plants m 2. 

2.2. Collar Treatments 

Six ux collars (61 × 61 × 26 cm; width × length × height) were positioned in the bog, three near the edge 
(0.8 to 2.4 m from edge) and three in the center (5.3 to 5.9 m from edge). Collars at both locations were sub- 
jected to one of three experimental treatments: natural-vegetation, simulated-aerenchyma, or - 
only. Thus, there was treatment replication between the bog edge and center, but not within each location. 

For natural-vegetation collars, no manipulations were done. For -only and simulated-aerenchyma 
treatments, vascular plants were hand-pulled (including belowground roots) from the collar and within 
20 cm of the perimeter. Disturbance to the overwinter methane pool was eliminated by removing vegetation 
prior to seasonal frost thaw, and plant removal was done carefully to minimize disturbance to . 
However, the approach could have formed conduits through the peat (Verville et al., 1998), and/or left roots 
behind that provided carbon for methanogenesis, both of which would have caused an overestimation of 
methane emissions from nonvegetated treatments. Removed vegetation was categorized as forb, shrub or 
graminoid and weighed prior to manipulations (supporting information, Table S1). Plants were weeded 
throughout the season. 

The method of King et al. (1998) was adapted to create the simulated-aerenchyma treatment. After plant 
removal, gas permeable silicone tubing (Dow Corning™ Silastic™ Tubing, 1.47 mm inner diameter, 
0.23 mm wall thickness) was inserted into peat matching site density of (225 tubes m 2, equating to 
~56 “plants” per m 2 with a “plant” represented by a bundle of four tubes). Tubes were tied at the bottom 
to keep water out and inserted to at least 30 cm. Tubing above the peat was held upright with a copper wire. 
Tubes mimicked aerenchyma by providing a diffusive pathway for subsurface gases to travel to the atmo- 
sphere. However, conductance along the tube pathway was likely greater than that of the plant pathway 
because stomata and root tissues provide resistance to gas ow (Kelker & Chanton, 1997; Morrissey et al., 
1993; Schimel, 1995). In addition, tube conductance was constant, whereas plant conductance can change 
diurnally (i.e., with stomatal conductance) and/or over the season (i.e., with plant growth). 

Depth of surface seasonal frost was measured throughout the season at the corners of every collar. 

2.3. Methane Fluxes 
2.3.1. Collar Fluxes 
Methane ux was measured from collars using the static-chamber method. For standard ux measurements, 
well-mixed gas from opaque ux chambers (61-cm cubes) was sampled every 5 min over a 30-min period 
into 20-ml plastic syringes. Two nonstandard chamber ux measurements were conducted. The rst, termed 
an “anaerobic” ux, estimated the fraction of methane oxidized along the emissions pathway. The method 
was adapted from van der Nat and Middelburg (1998). The second nonstandard ux, termed a “dark” ux, 
provided a check on the “anaerobic” ux method, indicating if extended darkness during the anaerobic 

uxes in uenced methane emissions. Fluxes were done the same time each day from 11:00 to 14:00, match- 
ing with the period of peak emissions at the bog complex (supporting information, Figure S2). 

The anaerobic ux was initiated with a standard ux, after which the chamber was left on the collar, 
connected to an 80 ft3 nitrogen cylinder and ushed with nitrogen for ~15 min during which one third of 
the gas tank was emptied. Chambers were kept anaerobic for 180 min by trickling another one third of 
the tank into the chamber. Finally, the last one third of the tank was emptied into the chamber over 
~15 min. Immediately after the nal nitrogen ush, gas samples were collected following the same method 
as the standard ux. The length of the nitrogen trickle was established from tests with an oxygen electrode 
that indicated anaerobic conditions inside the chamber after ~180 min. This approach assumes that relative 
to the initial standard ux, additional methane is emitted after the nitrogen ush, representing methane that 
was oxidized during the standard ux but that escaped oxidation during the anaerobic ux. 

The dark ux measurement mimicked an anaerobic ux except for the nitrogen ush. Instead of the ush, 
chambers were placed askew on the collar, enabling oxygenation of the chamber while keeping treatments 
dark. This con guration was maintained for ~210 min, matching the full length of a nitrogen ush (initial 

ush, trickle, and nal ush). The chamber was then returned to the collar for gas sampling. A few dark 
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uxes were conducted in 2015, but most were conducted in 2016 to assess the in uence of extended darkness 
on treatments. These uxes do not determine the absolute effect of darkness but assess if darkness differen- 
tially affected the emissions of methane from vegetated and nonvegetated treatments (e.g., by causing sto- 
mata to close and/or stopping photosynthesis). 
2.3.2. Individual Plant Fluxes 
Standard and anaerobic uxes were performed on individual plants using a ux chamber constructed 
of a 1-m long, 10-cm diameter pipe (supporting information, Figure S3). A mechanical plastic plug (Oatey 
Company, Inc., Cleveland, OH) sealed the top, and a black rubber stopper sealed the bottom. The rubber 
stopper had a slit extending from the outer edge to a center hole into which the base of a plant was slid. 
The stopper was placed on the peat surface, and gaps between the stopper and the plant were sealed with 
vacuum grease to facilitate a gas-tight connection with the chamber. Chambers were positioned over the 
chosen plant onto the rubber stopper and held in place with a clamp that extended from the boardwalk. 
The plug was then inserted to create a closed system containing the entire aboveground portion of the plant. 
Three to six representative plants extending from the bog edge to the center were selected for each measure- 
ment event. 

Standard plant-level methane uxes (refer to section 2.3.1) were conducted by sampling gas into syringes 
every 5 min over a 20-min period. Anaerobic uxes were conducted by ushing the system with three cham- 
ber volumes of nitrogen gas and then trickling with nitrogen gas for 60 min; after which, the chambers were 

ushed again before collection of samples. This ushing-sampling procedure was repeated two more times. 
The maximum ux rate from the three anaerobic sampling events was used as the anaerobic ux value. This 
staggered approach allowed for achievement of anaerobic conditions while minimizing time plants were in 
the dark; it was not possible to directly measure root-zone oxygen concentrations of an individual plant due 
to proximity of other roots. 
2.3.3. Analysis and Processing of Flux Samples 
Gas ux samples were analyzed within 24 h of collection using a gas chromatograph out tted with a ame 
ionization detector and Haysep Q column (Varian Inc., Palo Alto, CA, USA). A three-point calibration was 
used: 0-, 10-, and 100-ppmv CH4 (Air Liquide America Specialty Gases, Plumsteadville, PA). Standards 
(10 ppmv) were run every 20 samples. A linear regression of CH4 concentration versus time was t to deter- 
mine ux rates (mg CH4 m 2 day 1). Standard error (SE) of the tted slope was used to characterize error. 
Fluxes containing ebullition events, identi ed manually by sporadic jumps in methane concentration, were 
excluded (4% overall data). Only data from uxing events that resulted in successful ux measurements from 
all six collars were used. 

For anaerobic uxes, the fraction of methane oxidized ( ) was calculated as 4

4 4
, where is the ux measured after the nitrogen ush and ¼ 

4
is the ux measured before the nitrogen ush. The additional methane released during relative 
to was attributed to methane oxidized prior to the nitrogen ush that escaped oxidation after 
the ush. Dividing the ux difference ( ) by normalizes oxidized 
methane to emitted methane, enabling comparisons across treatments. Normalization by the amount of 

4
produced methane can be calculated from as 4 ¼ 

þ 4 
 . Note that 

“produced” methane only includes that which was produced and transported, not what remained in 
porewater. Data are presented both ways, as normalization to emitted methane facilitates comparison to 
emissions, which is often the only reported value, while normalization to produced methane 
indicates  how  much  oxidation  reduced  potential  emissions.  Similarly,  for  dark  control  uxes,  the 

relative difference between dark and standard emissions ( ) was calculated as 4 ¼ 
4 4

, where is the ux after the dark period and is the ux before the 
4

dark period. 

Cumulative methane emissions from each treatment were calculated by integrating daily measurements 
over the season (108 days) using the midpoint Riemann sum method. The seasonal fraction of methane 

1 
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oxidized was calculated by (1) multiplying daily emissions by the measured fraction of methane oxidized to 
get a daily amount of methane oxidized, (2) integrating these values over the season using the midpoint 
Riemann sum method to get the seasonal amount of methane oxidized, and (3) normalizing cumulative 
methane oxidation by cumulative methane emissions. Standard error propagation techniques were used 
at each step of the integration process. 

Differences in emissions between treatments were calculated to parse out the effects of biological and 
physical-transport processes. These differences were determined for each ux event and for cumulative 
seasonal values. The difference between simulated-aerenchyma and -only treatments was inter- 
preted as the effect aerenchyma have on physical methane transport from soil into the atmosphere. The 
difference between natural-vegetation and simulated-aerenchyma treatments was interpreted as the 
nonphysical or biological effect of plants on methane production. Standard error propagation techniques 
were used. 

2.4. Planar Optical Oxygen Measurements (Optodes) 

Planar optical oxygen sensors (optodes) enable quantitative visualization of oxygen concentrations at high 
spatial resolution across a two-dimensional surface. We adopted and modi ed the technology of Larsen 
et al. (2015). See supporting information Figure S4 for details about the optode technology. Two optode sen- 
sors were attached as windows (88.9 cm tall × 55.9 cm wide) on separate sides of a hollow box (94.0 cm 
tall × 55.9 cm long × 55.9 cm wide) built out of 2.54-cm thick extruded polyvinyl chloride (PVC) 
sheets (Figure S4a). Dye and graphite coatings on optodes faced outward. This setup enabled visualization 
of oxygen concentrations and placement of imaging equipment inside the box (Figure S4b). At the bog, a 
hole between the edge and center locations was carefully dug such that adjacent vegetation was minimally 
impacted (Figure S4c). The box was placed in the hole, and optode windows were pushed against the peat 
(Figure S4d). The box was anchored to deep mineral soil using fence posts and weighted down using steel 
bricks to offset water displacement. When not in use, the open top of the box was covered with a 
water-proof cap. A black tent was placed over the box during imaging approximately three times per month. 

After installation, vascular vegetation was removed from an ~30-cm strip adjacent to one optode face and 
continually weeded throughout the season. In addition, along the outer edge of this optode, two silicone 
tubes matching those used in the simulated-aerenchyma treatment were inserted. The other optode face 
was left unaltered with natural vegetation. 

2.5. Oxygen Injection and Decay Experiments 

Oxygen injection and decay experiments were conducted using eld optodes. Water was withdrawn from the 
bog into a syringe, oxygenated by bubbling in atmosphere, and injected into the bog against the optode face 
where decay of oxygen was tracked over time. Bog water was withdrawn ~15 cm from and injected directly 
against both optode faces (with and without natural vegetation) at 15 and 38 cm below the surface. For the 
optode without vascular vegetation, water withdrawal occurred within the unvegetated buffer strip. Two 
stainless-steel sipper tubes with unidirectional screens were used along with a low- ow peristaltic pump 
to control location and speed of water withdrawals and injections. 

Immediately prior to, during and after the oxygen injection, multiple optode images were taken. For each 
image, total oxygen present was calculated by summing oxygen present in each pixel, determined by multi- 
plying measured oxygen concentrations within a pixel by the pixel area. These summed values were plotted 
against time for an injection series. Preinjection values established baseline conditions, and the maximum 
value was used to normalize the data. An example of a normalized injection and decay curve is shown in 
supporting information Figure S5. Decay portions of curves were t with a rst-order decay equation. The 

tted decay constant and associated con dence intervals were used to compare rates of oxygen consumption 
across different injection experiments. 

2.6. Microbial Community Analysis 

Cores for microbial analyses were taken in July, August, and September 2015 from within 15 m of the ux 
collars at three different randomized locations spanning between bog edge and center. Due to the destructive 
nature of coring, we were unable to take cores near treatment collars. These cores therefore represent 
natural, unmanipulated bog conditions. We used freeze coring in which a dry-ice and ethanol mixture 
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Figure 1. Methane emissions from bog edge (blue) and center (red) from 
treatments (a) with natural vegetation, (b) without vascular vegetation but 
with simulated aerenchyma (i.e., silicone tubes), and (c) without vascular 
vegetation. Pictures of treatment types are in top left corners of plots. Error bars 
represent plus and minus standard error of the tted emissions slope. 
(d) Integrated cumulative sum of emission time-series with shading showing 
propagated error from individual uxes. Vertical dashed line indicates the period 
during which surface seasonal frost fully thawed. 

 
 

was poured down a 1.5-m hollow metal tube inserted into the ground, 
causing soil to freeze on the exterior of the tube. After ~10 min, the 
tube was pulled from the bog and subsampled at depths of 0–10, 
10–20, 20–40, and 60–70 cm, which were immediately placed on 
dry ice for shipment. DNA was extracted at Michigan Tech 
University as part of the Peatland Microbiome Intercomparison pro- 
ject and sequenced at the Joint Genome Institute (JGI). Ten grams of 
peat was pulverized using a BioSpec beadbeater (BioSpec Products, 
Bartlesville, OK) for 2 min. DNA was extracted from 0.5 g of pulver- 
ized peat using a Powersoil DNA isolation kit (MoBio Laboratories 
Inc., Carlsbad, CA) and cleaned using MoBio PowerClean Pro 
cleanup kit. DNA was quanti ed using a Qubit Fluorometer. JGI 
sequenced the V4 region of 16S rRNA using primers 515F and 
805R (10 M) using 10-ng DNA/ l and QuantaBio 5PRIME 
HotMasterMix (VWR International, Visalia, CA) (Caporaso et al., 
2011). Samples were sequenced on an Illumina MiSeq platform 
(Illumina Inc., San Diego, CA) using 2 × 300 bp chemistry. 
Amplicon libraries were analyzed using the iTagger v2.1 pipeline. 

No signi cant effect of location on methane oxidizer or methanogen 
abundance was detected, so statistical analyses used samples from all 
locations as true replicates. An analysis of covariance (ANCOVA) 
was run with depth as a categorical variable and month as a covari- 
ate, using the normalized relative abundance of methane oxidizers 
or methanogens weighted by DNA concentration due to the large var- 
iation in DNA concentration with depth. 

 
2.7. Study Trade-Offs 

The use of multiple approaches within this study came at the cost of 
replication for the plant manipulation treatments. The treatments 
were replicated within two locations of the bog (edge and center) 
known to have different plant community compositions and emit dif- 
ferent amounts of methane (Finger et al., 2016, Neumann et al., 2016, 
2019), but there was not replication of each treatment within each 
location. This trade-off was dictated by time and human-resource 
limitations in a remote eld site. Studying two different bog locations 
and using multiple approaches were prioritized as it enabled probing 
of the various biogeochemical processes within the methane cycle 
affected by vascular vegetation. Therefore, results from the collar 

uxes can indicate differences between individual collars, but they 
cannot statistically verify if differences were due to the applied treat- 
ments. Nonetheless, results from the treatment collars provide useful 
insights about general patterns and trends of methane production, 
oxidation, and emissions at the studied locations within the bog, 
particularly when paired with results from other methods used in 
the study. 

3. Results 
3.1. Methane Emissions From Treatment Collars 

For all treatment collars, methane emissions on a given day were, in general, greater at the bog edge than in 
the bog center (Figures 1a–1c). As such, cumulative seasonal methane emissions from collars at the bog edge 
were greater than those in the center for all treatments (Figure 1d, Table 1). Within each location, cumula- 
tive methane emissions were greatest for natural-vegetation treatments, followed by simulated-aerenchyma 
treatments, and least for -only treatments (Figure 1d, Table 1). Cumulative emissions from collars 
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Table 1 

Cumulative values (±standard error)    CH4 emitted (g m 2 season 1)    CH4 oxidation (seasonal fraction of emitted CH4)    CH4 produced (g m 2 season 1)a
 

Natural vegetation    
Edge 12.3 (±0.1) 0.21b (±0.02) 14.9 (±0.3) 
Center 8.4 (±0.2) 0.17b (±0.03) 9.8 (±0.3) 
Tubes w/out vascular vegetation 
Edge 8.7 (±0.3) 0.60c (±0.04) 13.9 (±0.5) 

7.6 (±0.2) 
Center 4.8 (±0.1) 
No vascular vegetation 
Edge 7.1 (±0.1) 0.60c (±0.03) 11.4 (±0.3) 

6.8 (±0.2) 
Center 4.3 (±0.1) 
Difference in treatments at edge 
[Natural veg.]—[Tubes] 3.6 (±0.4) 0.38 (±0.05) 1.0 (±0.6) 
[Natural veg.]—[No veg.] 5.2 (±0.2) 0.38 (±0.04) 3.5 (±0.4) 
[Tubes]—[No veg.] 1.5 (±0.3) 0 (±0.05) 2.5 (±0.6) 
Difference in treatments at center 
[Natural veg.]—[Tubes] 3.6 (±0.2) 0.43 (±0.04) 2.2 (±0.3) 
[Natural veg.]—[No veg.] 4.1 (±0.2) 0.43 (±0.04) 3.0 (±0.3) 
[Tubes]—[No veg.] 0.5 (±0.1) 0 (±0.05) 0.8 (±0.3) 
Individual plants 
Edge 4.1d (±0.6) 0.08 (±0.04) 4.4 (±0.6) 

2.4 (±0.3) 
3.4 (±0.4) 

Center 2.2e (±0.3) 
Site average 3.2f (±0.4) 
Vascular vegetation (scaled from plants)g

   
Edge 6.2 (±1.3) 0.08 (±0.04) 6.7 (±1.4) 

3.6 (±0.7) 
5.2 (±0.8) 

Center 3.4 (±0.7) 
Site average 4.8 (±0.8)   
aCalculated as (column 2)*(1 + column 3).   bMeasurements of the fraction of methane oxidized in edge and center collars with natural vegetation combined into 
one group and t with a linearly decreasing trend line for seasonal calculation.   cMeasurements of the fraction of methane oxidized in all collars without vas- 
cular vegetation treated as a group. Average value used in seasonal calculation.   dCalculated using average emissions rate for individual plants (Figure 4a) and 
density of plants at edge (26 plants in collar with area of 0.36 m2 = 72 plants m 2).   eCalculated using average emissions rate for individual plants 
(Figure 4a) and density of plants in center (14 plants in collar with area of 0.36 m2 = 39 plants m 2).   fCalculated using average emissions rate for indi- 
vidual plants (Figure 4a) and average density of plants at site (average of edge and center locations = 55.5 plants m 2).   gScaling accounts for fact that 

contribute to 66% of plant-mediated methane ux at the site (Figure S1). 

with natural vegetation were 3.6 (±0.4 SE, edge and ±0.2 SE, center) g m 2 season 1 larger than cumulative 
emissions from collars with simulated aerenchyma, and 4.1 (±0.2 SE, center) to 5.2 (±0.2 SE, edge) g m 2 

season 1 larger than cumulative emissions from collars with only (Table 1). 

At both locations, emissions from natural-vegetation treatments continually increased over the season 
(Mann Kendall value < 0.01, Figure 1a), with much of the increase visually occurring after thaw of seaso- 
nal frost in early July. There was no statistically signi cant seasonal trend for simulated-aerenchyma or 

-only treatments. Instead, emissions from simulated-aerenchyma treatments appeared to 
increase after frost thaw and decrease back to prethaw levels after 1 month (Figure 1b), while emissions from 

-only treatments appeared consistent for the entire season (Figure 1c). 

Differences in daily ux measurements between treatments qualitatively indicate that the continual 
post-thaw increase in methane emissions from natural-vegetation treatments was facilitated by both biolo- 
gical and physical-transport processes (Figure 2a). These differences indicate that “aerenchyma” transport, 
represented by the difference between simulated-aerenchyma and -only treatments, increased 
emissions only during the rst month post-thaw (Figure 2b). Meanwhile, nonphysical or biological 
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Figure 2. Difference in methane emissions between treatments at the bog edge (blue) and center (red). Emission 
differences between (a) natural-vegetation and -only treatments, due conceptually to both physical and 
biological effects of vascular vegetation; (b) simulated-aerenchyma and -only treatments, due conceptually to 
only physical effects of vascular vegetation on the methane cycle (i.e., aerenchyma in uence); and (c) natural-vegetation 
and simulated-aerenchyma treatments, due conceptually to only biological effects of vegetation. Gray and brown 
panels mark the periods when differences in panels (b) and (c), respectively, qualitatively increased above a baseline 
level. Vertical dashed line indicates when surface seasonal frost fully thawed. Error bars represent propagated error from 
individual uxes. 

processes, represented by the difference between natural-vegetation and simulated-aerenchyma treatments, 
increased emissions later in the season (Figure 2c). 

3.2. Methane Oxidation in Treatment Collars 

For each treatment, methane oxidation was similar between collars at the bog edge and center (supporting 
information, Figure S6a). Combining edge and center data for a given treatment further showed that the 
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Figure 3. The fraction of methane oxidized at both the bog edge and center in collars with (black circles) and without 
(empty squares) natural vegetation, including treatments with and without simulated aerenchyma. Brown panel 
marks the period when emissions were conceptually controlled by the biological effects of vegetation (according to 
emission differences; Figure 2c). 

fraction oxidized by treatments without vascular vegetation (i.e., -only and simulated-aerenchyma 
treatments) were highly similar (Figure S6b). As such, oxidation data were consolidated into two popula- 
tions: treatments with and without vascular vegetation (Figure 3). 

For each sampling event, the fraction of methane oxidized by treatments with natural vegetation was less 
than that oxidized by treatments without vegetation. As such, on a seasonal timescale, the fraction of 
methane oxidized by natural-vegetation treatments was 17–21% of that emitted (15–18% of that produced), 
while oxidation in nonvegetated treatments was 60% of that emitted (37% of that produced) (Table 1, 
Table 2). The magnitude of this difference changed over the season (Figure 3). Notably, the fraction oxidized 
by vegetated treatments decreased throughout the season (Mann Kendall value = 0.017) while no trend 
was detected for nonvegetated treatments. By the season's end, natural-vegetation treatments exhibited little 
to no oxidation (Figure 3), aligning with the period when differences between treatments qualitatively indi- 
cated that methane emissions were driven by plant-facilitated biological processes (Figure 2c). 

Results from dark control uxes indicate that oxidation differences between vegetated and nonvegetated 
treatments cannot be attributed to the method, namely, keeping treatments dark for an extended period. 
There was not a notable difference between the fraction of methane lost during a dark ux (i.e., normalized 
difference between standard and dark emissions) from vegetated and nonvegetated treatments, and no trend 
was detected over the season for either treatment category (Figures S6c and S6d). 

3.3. Methane Emissions and Oxidation by Individual Carex Plants 

The average amount of methane emitted by individual plants was 0.53-mg CH4 plant 1 day 1 (±0.08 
SE, Figure 4a). Data from all uxes were compiled because no trends were detected as a function of 
time or location (supporting information, Figure S7). Methane oxidation by individual plants was 
minimal with an average oxidation of 4% (±2% SE) of that emitted (Figure 4b). 

To compare emissions from individual plants to collar treatments, results were translated to an area basis 
using density at the site (55.5 plant m 2, the average of edge and center locations) and scaled to 
account for methane emissions from other vascular species (Figure S1). On an area basis, the average emis- 
sions rate from individual plants was 29 (±4 SE) mg m 2 day 1 (Figure 4a), which equated to a cumu- 
lative seasonal ux of 3.2 (±0.4 SE) g m 2 season 1 (Table 1). Because are responsible for ~66% of 
plant-mediated methane emissions (Figure S1), the total vegetation ux scales up to an average emissions 
rate of 44 (±7 SE) mg m 2 day 1 (Figure 4a) or an average cumulative value of 4.8 (±0.8 SE) g m 2 season 1 

(Table 1). This calculated cumulative vegetation ux of 4.8 g m 2  season 1  aligns with differences in 
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Figure 4. Box and whisker plots of methane emitted and oxidized by individual plants. (a) Methane emissions on a 
per plant basis and translated to an area basis using average density of 55.5 plant m 2 (left hand -axes) and scaled 
to account for methane emissions from other vascular species (Figure S1) (right hand -axis). (b) Methane oxidation by 

normalized to produced and emitted methane. Horizontal line on box and whisker plots marks the median and 
diamond marks the mean. Box edges mark the 25th and 75th percentiles. Whiskers denote extreme data points not 
considered outliers (marked with “x” symbol). 

cumulative emissions between vegetated and nonvegetated treatments of 5.2 (±0.2 SE) (edge) and 4.1 (±0.2 
SE) (center) g m 2 season 1 (Table 1). 

3.4. Planar Optical Oxygen Measurements 

Planar optical oxygen sensors detected no belowground oxygen in the presence of natural vegetation 
(Figure 5b) but did detect oxygen around simulated aerenchyma (i.e., silicone tubes) in the absence of vas- 
cular vegetation (Figure 5a). 

3.5. Methane Mass Balance 

To elucidate subsurface production, oxidation, and transport along different emission pathways, a mass 
balance was calculated based on cumulative seasonal methane emissions and oxidation from treatments with 
and without vascular vegetation (Table 2; supporting information, Figure S8). Results from individual plant 
measurements (Table 1, Figure 4) were used to partition methane ux between the plant and peat-transport 
pathways within natural-vegetation treatments (Table 2, Figures S8b and S8d). This approach assumes that 
the difference in cumulative methane emissions between -only and natural-vegetation treatments 
at a given location was due only to the presence of vegetation (i.e., cumulative methane emissions would have 

 

Figure 5. Dissolved oxygen concentrations measured with two-dimensional optical oxygen sensors (optodes) installed at 
the eld site (Figure S4). Silicone tubes were placed at the far edge of the nonvegetated optode. 
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Table 2  

CH4 g m 2 season 1 

(±standard error) 
 

Yes veg.a 

Edge 

No veg.b 

 
 

Diff. [yes – no] 

Center 

Yes veg.a No veg.b Diff. [yes – no] 

Production, total 14.9 (±0.3) 11.4 (±0.3) +3.5 (±0.4) 9.8 (±0.3) 6.8 (±0.2) +3.0 (±0.3) 
Peat pathway 8.4 (±1.4) 11.4 (±0.3) 3.0 (±1.4) 6.3 (±0.8) 6.8 (±0.2) 0.5 (±0.8) 
% Total 56% (±9%) 100% n/a 64% (±8%) 100% n/a 
Veg. pathway +6.5 (±1.3) n/a +6.5 (±1.3) 3.5 (±0.7) n/a +3.5 (±0.7) 
% Total 44% (±9%) n/a n/a 36% (±7%) n/a n/a 

Oxidation, total 2.6 (±0.3) 4.3 (±0.2) 1.6 (±0.4) 1.4 (±0.2) 2.6 (±0.1) 1.1 (±0.3) 
Peat pathway 2.3 (±0.3) 4.3 (±0.2) 2.0 (±0.4) 1.3 (±0.2) 2.6 (±0.1) 1.3 (±0.3) 
% Total 87% (±16%) 100% n/a 87% (±21%) 100% n/a 
Veg. pathwayc

 0.3 (±0.2) n/a +0.3 (±0.2) 0.2 (±0.1) n/a +0.2 (±0.1) 
% Total 13% (±6%) n/a n/a 13% (±6%) n/a n/a 

Oxidation, fraction of CH4 produced 0.18 (±0.02) 0.37 (±0.02) 0.20 (±0.03) 0.15 (±0.02) 0.37 (±0.02) 0.23 (±0.03) 
Peat pathway 0.27 (±0.06) 0.37 (±0.02) 0.10 (±0.07) 0.20 (±0.04) 0.37 (±0.02) 0.17 (±0.05) 
Veg. pathway 0.05 (±0.03) n/a +0.05 (±0.03) 0.05 (±0.03) n/a +0.05 (±0.03) 

Emissions, total 12.3 (±0.1) 7.1 (±0.1) +5.2 (±0.2) 8.4 (±0.2) 4.3 (±0.1) +4.1 (±0.2) 
Peat pathway 6.1 (±1.3) 7.1 (±0.1) 1.0 (±1.3) 5.0 (±0.7) 4.3 (±0.1) 0.8 (±0.7) 
% Total 49% (±11%) 100% n/a 60% (±9%) 100% n/a 
Veg. pathwayd

 6.2 (±1.3) n/a +6.2 (±1.3) 3.4 (±0.7) n/a +3.4 (±0.7) 
% Total 51% (±11%) n/a n/a 40% (±9%) n/a n/a 

. Bold text represents values that were measured; other values were calculated. 
aNatural-vegetation treatments.   b -only treatments.   cAssuming no oxidation occurs through the plant-transport pathway for non- vegeta- 
tion.  dScaled value from Table 1 that accounts for fact that contribute to 66% of plant-mediated methane ux at the site (Figure S1). 

been identical between the two collars before vegetation was removed) and that methane emission and oxi- 
dation measured on individual plants was representative of all plants at the site. 

The mass balance indicates methane production in natural-vegetation treatments was 3.5 (±0.4 SE, edge) 
and 3.0 (±0.3 SE, center) g m 2 season 1 greater than in -only treatments (Table 2). At both loca- 
tions, the plant-transport pathway carried this additional methane to the atmosphere, and at the bog edge, it 
siphoned methane away from the peat-transport pathway (Table 2, Figure S8). Vascular plants carried 51% 
(edge) and 40% (center) of emitted methane from natural-vegetation treatments (Table 2). 

The greater amount of methane emitted from natural-vegetation treatments relative to -only 
treatments (5.2 ± 0.2, edge and 4.1 ± 0.2, center, g m 2 season 1; Table 2) was more than that which could 

be attributed to differences in methane production (i.e., 3.5 ± 0.4, 
edge and 3.0 ± 0.3, center, g m 2 season 1; see paragraph above 
and Table 2). This discrepancy was explained by decreased methane 
oxidation in the presence of vegetation. Minimal oxidation occurred 
along the plant-transport pathway, and according to the mass bal- 
ance, oxidation was decreased along the peat-transport pathway in 
the presence of vegetation. Thirty-seven percent (±2% SE) of trans- 
ported methane was oxidized along the peat-transport pathway at 
both bog locations without vascular vegetation while 27% (±6% SE, 
edge) and 20% (±4% SE, center) was oxidized along this pathway with 
vascular vegetation (Table 2, Figure S8). 

   

Figure 6. Fitted rst-order rate constant from oxygen injection experiments 
(Figure S5) conducted against vegetated and nonvegetated optode faces after 
thaw of seasonal frost. Rate constants from 15 cm depth with (black circles) and 
without (open circles) natural vegetation, and from 38 cm depth regardless of 
vegetation (gray squares). Consumption rate was anomalously high for the rst 
shallow-depth injection conducted without vascular vegetation. 

3.6. Oxygen Injection and Decay 

At 15 cm, oxygen consumption appeared faster with vascular vege- 
tation than without (Figure 6). The average rst-order decay rate 
constant was 4.6 (±0.1 SE) h 1 with vegetation and 3.0 (±0.3 SE) 
h 1 without vegetation (ignoring the outlier, de ned as a point that 
is greater than the third quartile or less than the rst quartile by 
more than 1.5 times the interquartile range). However, vascular 
vegetation  had  no  effect  on  oxygen  consumption  at  38  cm 
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(Figure 6). Data from this depth were combined resulting in an average rst-order decay rate constant of 
1.9 (±0.1 SE) h 1. 

3.7. Abundance of Methane Oxidizers and Methanogens 

The ANCOVA for the relative abundance of methane oxidizers showed a signi cant effect of the categorical 
variable depth ( = 0.0002, followed by the Tukey Kramer honestly signi cant difference [HSD] test), as well 
as the covariate month ( = 0.03), with no interaction between them (supporting information, Figure S9). 
Methane oxidizers were highest in the surface 10 cm and abundance decreased over the season. The overall 
adjusted -squared was 0.48. Methane oxidizers were both Type I gamma-proteobacteria ( ) 
and Type II alpha-proteobacteria ( and ), beta-proteobacteria 

, and genus . The dominant population 
(re ected in 16S rRNA relative abundance) of methane oxidizers was . 

A similarly organized ANCOVA for methanogens showed an interaction between depth and month 
( = 0.03, supporting information, Figure S10). Methanogens were most abundant at 20 and 40 cm, followed 
by 70 cm, and lowest at 10 cm. The relative abundance of methanogens increased over the season at 40 cm 
and remained stable at all other depths. The overall adjusted -squared was 0.78. 

4. Discussion 
4.1. Methane Emissions at Bog Edge Versus Bog Center 

Cumulative seasonal methane emissions were greater from treatment collars at the bog edge than from those 
in the center (Table 1); though due to lack of replication within each location, we cannot statistically con rm 
that emissions were greater at the edge than at the center. However, the permafrost-free, but actively thaw- 
ing edge of a collapse scar bog, is a known hotspot for emissions at this site (Klapstein et al., 2014; Neumann 
et al., 2016, 2019) and others ( Liblik et al., 1997; Prater et al., 2007). Increased emissions along bog edges are 
potentially caused by (1) proximity to thawing permafrost, which releases organic carbon and nutrients use- 
ful to microbial and plant activity (Abbott et al., 2014; Anthony et al., 2016; Keuper et al., 2012); (2) runoff 
from surrounding permafrost plateaus, which transports atmospheric thermal energy into the bog and 
rapidly warms soil (Neumann et al., 2019); (3) higher water tables, which promote anaerobic soil conditions 
that favor methanogenesis, reduce methane oxidation, and promote colonization by sedges (Liblik 
et al., 1997; Olefeldt et al., 2013); and/or (4) greater abundance of sedges, which facilitate methane transport 
and release sugars and organic acids into soil that fuel methanogenesis (Olefeldt et al., 2013; Prater 
et al., 2007). All four of these mechanisms are plausible at this site given previous site measurements 
(Finger et al., 2016; Neumann et al., 2019). 

Our results imply that while vegetation affects methane emissions, it is not responsible for increased emis- 
sions at the bog edge relative to the center at our site. At the edge, all treatment collars emitted more cumu- 
lative seasonal methane than corresponding collars in the center (Table 1). Additionally, the difference in 
emissions between treatments with and without vascular vegetation throughout the season was qualitatively 
similar at both locations (Figure 2a), signifying that effects of vegetation operated on top of location-speci c 
factors (e.g., proximity to thawing permafrost, and higher water tables) that controlled baseline emissions. 

4.2. Dual Role of Vascular Vegetation on Methane Emissions 

Methane emissions from collars with vascular vegetation increased in the late season (i.e., after July; 
Figure 1a), facilitating greater cumulative seasonal methane emissions relative to nonvegetated treatment 
collars at each location (Table 1, Figure 1d). While the lack of collar treatment replication means we cannot 
statistically conclude that vegetation was responsible for these differences, the two approaches used to assess 
the effects of vegetation—removing plants (i.e., collar treatments) and isolating plants (i.e., individual plant 

uxes)—found a similar methane contribution from vascular vegetation. Removing plants suggested that 
vascular vegetation increased cumulative methane emissions by 4.1–5.2 g m 2 season 1 (Table 1), while iso- 
lating plants suggested that vascular vegetation increased emissions by 4.8 g m 2 season 1, after scaling for 
plant density and relative contributions of different species (Table 1). 

It is established that vascular vegetation increase wetland methane emissions (Davidson et al., 2016; King 
et al., 1998; Marushchak et al., 2016; McEwing et al., 2015; Noyce et al., 2014; Olefeldt et al., 2013; 
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Whiting & Chanton, 1992). This increase is attributed to both aerenchyma-enhanced transport of methane 
and release of organic carbon into soil that fuels methanogenesis. Disentangling these two factors is impor- 
tant for predicting how plants will affect future emissions; aerenchyma development and root carbon release 
will respond differently to increasing atmospheric carbon dioxide levels, warmer temperatures, and altered 
precipitation and soil moisture patterns (Armstrong, 1980; Cheng, 1999; Gregory et al., 1995; Leakey 
et al., 2009; Visser et al., 2000). 

We adopted the approach of King et al. (1998), using silicone tubes to simulate the aerenchyma transport 
capacity of vascular vegetation without associated “biological” in uences of plants. Simulated aerenchyma 
qualitatively increased methane emissions relative to -only treatments for a brief period in July 
after seasonal frost thaw (Figure 2b). The methane released was likely generated over winter and made avail- 
able for transport with thawing frost. King et al. (1998) saw a decrease in emissions from late July onwards in 
their simulated-aerenchyma treatment, similarly to our study (Figure 1b from early August onwards). 
Collectively, these results signify that physical aerenchyma transport is important when there is a store of 
belowground methane, but “biological” in uences of vascular vegetation are necessary for continued 
methane generation. 

The “biological” in uence of vascular vegetation appeared to increase over time, aligning with seasonal 
growth of vegetation. Peak biomass occurred in late July and differences between treatments indicated that 
“biological” in uences started dominating in late July to early August and facilitated a continued increase in 
emissions until the season's end (early September) (Figure 2c). Methane emitted later in the season was 
likely generated during the growing season through fermentation of plant-derived organic carbon and/or 
by plant-associated microbes. 

Methane oxidation in vegetated treatments also decreased over time (Figure 3), reaching zero during the per- 
iod when emissions appeared to be dominated by “biological” in uences of vascular vegetation (Figure 2c). 
These responses imply that the “biological” in uence dominated when plants were fully mature (i.e., had 
reached peak biomass), and plants increased methane emissions by simultaneously increasing production 
and decreasing oxidation. Mass balance calculations con rm this contention, showing that production 
increased and oxidation decreased in vegetated treatments relative to nonvegetated treatments (Table 2, 
Figure S8). 

4.3. Methane Oxidation 

Early in the season, the amount of methane oxidized was ~50%–80% of that emitted (~30%–45% of that pro- 
duced) in all treatments (Figure 3). Normalized to production, this oxidation aligns with other direct mea- 
surements using chamber inhibition methods (i.e., chemical inhibitors or oxic vs. anoxic uxes): 13%–38% 
in wet sedge tundra on Alaska's North Slope (Moosavi & Crill, 1998), 20%–40% in a -dominated fen 
in Alberta, Canada, early in the season (Popp et al., 2000), 30%–39% in a -dominated marsh in NE 
China early in the season (Ding et al., 2004), 15%–32% in a freshwater marsh in Maine when soils were sub- 
merged (Roslev & King, 1996). 

However, methane oxidation decreased over time in vegetated treatments such that by mid-August, oxida- 
tion no longer occurred (Figure 3). This decrease dropped the cumulative seasonal fraction of methane 
oxidized from 0.60 in nonvegetated treatments to 0.17–0.21 in vegetated treatments when normalizing by 
emitted methane (from 0.37 to 0.15–0.18 when normalizing by produced methane) (Table 1). Others have 
directly measured a similar seasonal decrease in methane oxidation (Ding et al., 2004; Lombardi et al., 1997; 
Popp et al., 2000; van der Nat & Middelburg, 1998). Results from our study indicate that the seasonal 
decrease in oxidation was related to plant growth; the fraction of methane oxidized was constant in nonve- 
getated treatments (Figure 3). 

Minimal methane oxidation occurred along the plant-transport pathway (Figure 4b). It is often assumed that 
vascular vegetation oxygenate the subsurface, and studies have detected oxygen around wetland plant roots 
(Blossfeld et al., 2011; Frederiksen & Glud, 2006; Han et al., 2016). However, our optical oxygen sensors 
showed little to no oxygen around roots at the eld site (Figure 5b), indicating that either plants were not 
transporting oxygen belowground, or rates of oxygen consumption matched or exceeded rates of oxygen 
delivery. This absence of rhizosphere oxygenation supports the lack of methane oxidation measured along 



Journal of Geophysical Research: Biogeosciences 10.1029/2020JG005825 

TURNER ET AL. 14 of 18 

the plant-transport pathway, as oxygen availability has been directly linked with root-associated methano- 
trophy (Calhoun & King, 1997). 

Relative to -only treatments, simulated aerenchyma did not appear to increase the fraction of 
methane oxidized (Table 1, Figures S6a and S6b), which is explained by the fact that the tubes increased oxic 
surface area across which methane diffusion and transport occurred. The optical oxygen sensors detected 
standing pools of oxygen around simulated aerenchyma (Figure 5a). Therefore, the tubes extended the 
peat-atmosphere interface deeper belowground, which simultaneously increased methane transport and 
oxidation, leaving normalized oxidation unchanged. This outcome reinforces the contention that reduced 
methane oxidation associated with vascular vegetation must have a “biological” in uence. Simulated aer- 
enchyma alone facilitated transport of both methane and oxygen between the peat-atmosphere interface 
and thus did not alter the fraction of methane oxidized. 

4.4. Why Would Vascular Vegetation Decrease Methane Oxidation? 

Reduced methane oxidation in the presence of vascular vegetation is often attributed to transport of methane 
through aerenchyma tissues, allowing methane to bypass oxic surface layers where oxidation can occur 
(Knoblauch et al., 2015; Marushchak et al., 2016; Sebacher et al., 1985; Watson et al., 1997). As discussed 
in the previous section, this mechanism only decreases methane oxidation if oxygen transported below- 
ground through aerenchyma is consumed by nonmethanotrophic processes (e.g., root respiration and/or 
other heterotrophic microbes). In this study, measuring methane oxidation in treatments with and without 
vascular vegetation and in isolated plants enabled partitioning of methane transport and oxidation along 
plant- versus peat-emissions pathways (Figure S8). Partitioning showed that reduced oxidation associated 
with vascular vegetation was due in part to aerenchyma transport allowing methane to bypass oxic surface 
layers, but it was not fully explained by this mechanism. Vascular vegetation did siphon methane away from 
the peat-transport pathway (Table 2) and minimal methane oxidation occurred along the plant-transport 
pathway (Figures 4 and S8), but vascular vegetation also decreased the fraction of methane oxidized along 
the peat-transport pathway. 

The ability of vascular vegetation to reduce methane oxidation along the peat-transport pathway sig- 
ni es that plants altered the soil environment and/or microbial community such that methane 
dynamics outside the rhizosphere were impacted. In agreement with ux data, the relative abundance 
of methane oxidizers in the bog surface, which was naturally vegetated, declined over the season, while 
the relative abundance of methanogens in deeper soils increased. Robroek et al. (2015) found that 
potential methane oxidation, as assessed by incubations of peat collected from treatments with and 
without vascular vegetation in a -dominated ombrotrophic peatland in Sweden, was highest 
in hummocks when both graminoids and ericoids were absent. The greater potential for methane 
oxidation in these incubations was associated with a shift in the microbial community (greater number 
of gene copies of type 1b methane oxidizing bacteria) and decrease in polysaccharide content of the 
peat. Robroek et al. (2015) theorized that the lack of carbon exuded from plant roots in the nonvege- 
tated treatment caused substrate limitation for nonmethanotrophic bacteria, enabling the methano- 
trophic bacteria to thrive. 

Building upon this past work, we speculate that at our study site, decreased oxidation associated with vascu- 
lar vegetation was caused by root exudates fueling an increase in other heterotrophic communities that out- 
competed methanotrophs for available oxygen and other electron acceptors. This argument is supported by 
multiple lines of evidence from our study: 

1. Minimal to no oxygen was detected around plant roots, but oxygen was detected around silicone tubes 
(Figure 5). Assuming plants were transporting and releasing oxygen belowground, this nding implies 
that root exudates (not released by the silicone tubes) fueled microbial consumption of root-released 
oxygen. 

2. Methane oxidation (Figure 3) and relative abundance of methane oxidizers (Figure S9) decreased over 
the season when plants were present. This decrease coincided with the time during which “biological” 
in uences of plants dominated physical in uences, according to differences in methane emissions 
between the three treatments (Figure 2). Plant release of carbon belowground is positively associated 
with productivity (Edwards et al., 2018; Farrar et al., 2003; Nielsen et al., 2017) and known to fuel growth 
of microbial communities (Robroek et al., 2015). 
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3. Oxygen consumption rates appeared to be fastest in shallow peat in the presence of vascular vegetation 
(Figure 6). Rates appeared to be slower in shallow peat without vascular vegetation and in deeper peat 
where conceptually plant roots exert less of an in uence. According to Michaelis–Menten kinetics, 
oxygen consumption is a function of the  microbial  community  and  substrate  availability 
(Van Bodegom et al., 2001). The release of root exudates necessarily alters substrate availability, which 
in turn alters microbial community structure (Galand et al., 2005; Robroek et al., 2015). These results 
indicate plants facilitated competition among heterotrophic communities for available oxygen. 

Literature often points to root carbon as a source for fueling methane production (Joabsson et al., 1999; 
Laanbroek, 2010). Here, we have indirect evidence that these same exudates facilitate decreases in methane 
oxidation. 

4.5. Modeling Implications 

Currently, models positively relate methane production with plant productivity, but methane oxidation has 
no direct connection with productivity. Our study points toward a seasonal increase in plant productivity 
and associated root exudates in fueling a decrease in methane oxidation (Figure 3). This result, if validated 
at other sites, indicates that models should negatively correlate methane oxidation with plant productivity. 

Many models assume 40%–50% of methane traveling through plants is oxidized (Ringeval et al., 2011; Walter 
& Heimann, 2000; Wania et al., 2010; Zhuang et al., 2004). Riley et al. (2011), which has a more mechanistic 
representation of rhizospheric oxidation, estimated that globally, an average of ~60% of plant-transported 
methane is oxidized, with less oxidation occuring in northern than in southern lattitudes. Our measure- 
ments indicate that for , plant-transported methane oxidation was minimal (~4% on average; 
Figure 4b). Thus, in locations with high density, 40%–50% likely over estimates oxidation along the 
plant-transport pathway. 

We found one other study that directly measured methane oxidation by . Ström et al. (2005) used 
14C-labeled acetate in a single eld-obtained monolith to estimate that oxidized 20%–40% of 
root-zone methane. Our oxidation measurements conducted over a season on 21 undistrubed plants 
had large variability and did reach as high as 51% (Figure 4b). This variability could explain the difference 
between our smaller average oxidation value and the larger estimate from Ström et al. (2005), which was 
based on one measurment. 

4.6. Experimental  Approach 

We used multiple methods to probe plant processes within a thermokarst bog, many of which were novel for 
a eld campaign. The various lines of evidence facilitated a mechanistic interpretation that would not have 
been possible without the multipronged approach. However, this strategy came at the cost of treatment repli- 
cation and therefore the ability to statistically con rm that treatment-collar results were due to the applied 
plant manipulations. Preferably, the study would have included either treatment replication within the two 
locations of the studied bog (edge and center) or replication of the entire experiment in nearby bogs. Ideally, 
future work can build upon the study approach with resources needed for experimental replication. 

5. Conclusion 
In the studied collapse scar bog, baseline methane emissions appeared to be driven by location-speci c fac- 
tors (e.g., proximity to thawing permafrost and higher water tables) rather than by vegetation, with greater 
cumulative methane emissions at the bog edge than center for all treatments (Figure 1d). Effects of vascular 
vegetation operated on top of these location-speci c factors. At both locations, cumulative methane emis- 
sions were greater in vegetated treatment collars than in  nonvegetated  treatment  collars  (Table  1, 
Figure 1d), though this difference cannot be statistically attributed to vegetation due to a lack of treatment 
replication. However, the estimated methane contribution from vegetation based on the treatment collars 
(4.1–5.2 g m 2 season 1) matched that estimated by isolating plants and measuring individual plant uxes 
(4.8 g m 2 season 1, Table 1). Merging multiple lines of evidence in mass balance calculations suggest that 
methane production was greater and methane oxidation was smaller in the presence of vegetation (Table 2, 
Figure S8). Minimal oxidation occurred along the plant-transport pathway (Figure 4b), and oxidation was 
suppressed along the peat-transport pathway in the presence of vascular vegetation (Table 2, Figure S8). 
These responses appeared biologically mediated and not due to methane transport through aerenchyma 
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tissues (Figures 2 and 3). We conjecture they were supported by plant root exudates. It is well established 
that root exudates fuel methanogenesis (Joabsson et al., 1999; Laanbroek, 2010). Our study points to a role 
for root exudates in fueling relative growth of nonmethanotrophic microbial communities that outcompete 
methanotrophs for oxygen and other electron acceptors. 

It is anticipated that plant productivity will increase with atmospheric concentrations of carbon dioxide and 
climate warming (Ainsworth & Long, 2004; Leakey et al., 2009). Root exudation of carbon is coupled with 
plant productivity (Edwards et al., 2018; Nielsen et al., 2017), implying that rates of exudation will increase 
in the future. Our study indicates that such an increase in exudation could facilitate greater methane emis- 
sions by both fueling methanogenesis and diminishing methanotrophy. 

Data Availability Statement 
Data used in this publication are available on the Bonanza Creek LTER website (http://www.lter.uaf.edu/ 
data/data-catalog). 
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