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Abstract  

In this study we determined the magnitude of plant mediated CH4 emission (flux) in two 

vegetation types of Carex ramenskii. The objectives of this paper were to quantify the 

proportion of CH4 emissions from plant mediated flux and the total flux (plant and soil). This 

information is needed in order to understand how grazing affects plant mediated CH4 flux. In 

addition, we differentiated between two vegetation morphs, grazed and ungrazed, and 

determined the plant mediated CH4 flux for vegetation type.  This study was conducted at a 

field site on the Tutakoke River (61 15’N, 165 30’W) which is located in the coastal region of 

the Yukon-Kuskokwim Delta. Three replicate plots of the two vegetation morphs of Carex 

ramenskii were established. Methane flux was measured with a total flux chamber (plant and 

soil) and a single leaf chamber using a Picarro Cavity Ring-Down Spectroscopy Analyzer 

(Model G2308, Picarro Inc., Santa Clara, California). Plant density for the two plant types 

was determined. Temperature measurements were taken and correlated with gas flux. This 

study found that total net CH4 emissions from Carex ssp. were the same in both vegetation 

types. This similarity could indicate that plant mediated flux through vegetation is not 

affected by grazing in the sense that grazing is neither facilitating nor inhibiting plant 

mediated CH4 flux. The magnitude of plant mediated flux was still greater in the ungrazed 

meadow type, indicating on both greater facilitation of CH4 flux, and below ground oxygen 

transport enabling higher rates of CH4 consumption. 

Key words: Arctic wetlands, Greenhouse gases, CH4 emission, Plant mediated gas release, 

Geese grazing. 
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1. Introduction  
 

Climate change is driven by accumulation of greenhouse gasses in the atmosphere. 
Methane (CH4) is a known greenhouse gas (GHG) along with carbon dioxide (CO2). CH4 
is one of the more powerful greenhouse gasses, up to 25 times CO2, when released into 
the atmosphere (Kao-Kniffin et al. 2010; Dingemans et al. 2011; Bridgham et al. 2013). 
Global warming is of special concern in Arctic regions because high latitude regions are 
experiencing the most rapid changes, and CH4 emissions may respond accordingly with 
increased emission rates.  Arctic regions are also very sensitive to climate fluctuations and 
can respond quickly with changes such as thawing of permafrost. This, in turn, leads to a 
cascade of effects of which one is increasing GHG emissions (such as CO2 and CH4). In 
high latitude tundra wetlands, bogs and peatlands, permafrost and low temperatures are 
key inhibitors of CH4 production and emission. Arctic and subarctic ecosystems are 
estimated to emit 10150 Tg CH4/year, compared to the global annual CH4 emission of 
500600 Tg CH4, and thus Arctic and subarctic biogenic CH4 emission are considered to 
be globally significant (Andresen et al. 2016).  Much of the CH4 emissions in the Arctic is 
from existing wetlands. There are three major pathways that release methane to the 
atmosphere (Lai 2009; Berrittella and van Huissteden 2011). These include: 

Ebullition 

Ebullition occurs when CH4 concentrations reach certain levels in water saturated soil, 
and gas pressure becomes higher than the hydrostatic pressure and (CH4) gas bubbles 
will rise to the surface. 

Molecular diffusion 

Molecular diffusion of CH4 is the gas flux through the anoxic soil horizon past aerobic 
layers into the atmosphere (Fig. 1.). Rates of molecular diffusion of CH4 can vary widely 
depending on the permeability and porosity of the soil.  

Plant mediated diffusion from root zone through aerenchymous tissue 

Wetland plant species such as sedges (Cyperaceae) develop aerenchymous tissue which 
can be described as internal gas tubes for transport of oxygen down to the root and 
rhizome tissue in anoxic horizons below the water table. These aerenchyma can also 
facilitate CH4 transport from the anoxic horizon through the plant and out to the 
atmosphere (Fig. 1.). This process is particularly important in wetlands where it is a 
major contributor to methane emissions. The potential for Arctic and subarctic wetlands 
to serve as a major contributor to GHG emissions and global warming is therefore 
considerable (Andresen et al. 2016). These ecosystems are of great concern and interest 
when trying to understand the factors behind the underlying processes such as GHG 
production and plant mediated GHG emission. 
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Figure 1. Coarse description of CH4 transport in wetlands. 1. Aerobic soil horizon, 2. Anaerobic soil horizon, 3. 
Water table, 4. CH4 oxidation, 5. CH4 diffusion, 6. Plant mediated CH4 diffusion through aerenchymous 
tissue, 7. Plant mediated CH4 emission through leaf tissue (stoma and cuticula), 5., 6., 7. Gross CH4 
production. 

In Arctic ecosystems carbon cycling is slow and this generates large pools of soil carbon 
(Joabsson and Christensen 2001). Carbon can accumulate in soils when degradation rates 
of carbon are slower than production rates. In Arctic ecosystems where biological 
degradation rates are slow, warming may increase degradation rates through an increase 
in microbial activity, and thus increase emissions of greenhouse gasses such as CO2 and 
CH4. CH4 production is a result of microbes digesting organic carbon under anaerobic 
conditions (methanogenesis). Arctic tundra wetlands are examples of environments 
where methanogenesis is prominent. Methanogenesis and CH4 oxidation (where CH4 is 
oxidized to CO2 by soil microbes to facilitate carbon by using molecular O2) are driven by 
temperature, water table depth and vegetation composition (Segers 1998; Joabsson and 
Christensen 2001; Kao-Kniffin et al. 2010; Dingemans et al. 2011; Juncher Jørgensen et 
al. 2015), because the presence of plants with aerenchymous tissue has been shown to 
facilitate production, emission and oxidation of CH4 depending on climatological 
variables and soil properties (Frenzel and Rudolph 1998; Segers 1998; Kao-Kniffin et al. 
2010; Bridgham et al. 2013; Juncher Jørgensen et al. 2015). Studies have shown that 
aerenchymous tissue can not only be a pathway for CH4 emission, but also facilitate 
oxidation by providing oxygen from roots and rhizomes to CH4 consuming 
microorganisms (methanotrophs) (Segers 1998). Most CH4 oxidation takes place under 
aerobic conditions in dry tundra, but oxidation can also occur under anoxic conditions 
(Moosavi and Crill 1998; Segers 1998).    

Herbivore grazing is another important factor affecting plant biomass and 
biogeochemical cycling in Arctic ecosystems. There are numerous studies where plant 
mediated CH4 flux has been investigated in wetland plant species; however, there is no 
consensus on how the plants respond to processes such as grazing, which alter 
aboveground plant biomass (Kelker and Chanton 1997; Ruess et al. 1997; Kutzbach et al. 
2004; Dingemans et al. 2011; Noyce et al. 2014). Clipping treatments, where plant tissue 
is removed mechanically, have been used as tools for understanding pathways of CH4 
emission, and in some cases clipping experiments have been used to simulate grazing 
from herbivores (e.g., geese and/or waterfowl ) (Ruess et al. 1997; Person et al. 2003; 
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Dingemans et al. 2011). Previous clipping experiments have shown both increased and 
decreased plant mediated CH4 emissions (Kelker and Chanton 1997; Kutzbach et al. 
2004; Dingemans et al. 2011; Noyce et al. 2014). These measurements have been taken by 
different types of closed chamber systems, predominantly with a total flux chamber (soil 
and plant). In addition to a total flux which is the sum of CH4 emissions from the plants 
and the soil, single plant chambers have also been used to separate plant mediated CH4 
flux from flux from the soil itself (Schimel 1995; Frenzel and Rudolph 1998; Kutzbach et 
al. 2004). Single plant chambers are used to differentiate emission rates between plants 
and soil under different treatment effects (e.g., clipping, shading)(Frenzel and Rudolph 
1998). When single culms are measured, more information about plant mediated CH4 
emission can be gathered, and distinctions between the types of CH4 emissions (plant 
mediated versus soil diffusion) in an experimental plot can be made through separating 
plant flux from soil flux. 

Previous studies of GHG emissions from wetland plants have used clipping studies to test 
how flux rates and pathways may change with clipping (Kelker and Chanton 1997; Ruess 
et al. 1997; Person et al. 2003; Dingemans et al. 2011; Noyce et al. 2014). However, with 
the presence of so called “grazing lawns” in this study, there is a naturally occurring 
cutting effect from grazing geese (Branta hutchinsii, Branta bernicla, Chen canagica, 
Anser albifrons). This study is unique because we are investigating the two vegetation 
types of Carex ramenskii (grazed and ungrazed) that are maintained by herbivorous 
geese. Measurements of this kind have not previously been conducted in this region; 
therefore, this work allows for greater understanding GHG emissions on a landscape level 
and how grazing affects GHG production in a vast area such as the Yukon-Kuskokwim 
delta. The study site for this particular experiment is defined as a coastal flood meadow 
(Kincheloe and Stehn 1991; Jorgenson 2000) and has prevalent swards of Carex 
ramenskii. In this study site there are a naturally occurring difference in the morph of 
this dominant sedge (Carex ramenskii) due to grazing of several species of migratory 
waterfowl. The main grazers in the study area is black brant (Branta bernicla) and 
cackling geese (Branta hutchinsii), but also emperor geese (Chen canagica) and white 
fronted goose (Anser albifrons) also use and maintain the grazing lawns (Ruess et al. 
1997; Person et al. 2003).  

1.1. Objectives  

The objective of this study is to determine the magnitude of plant mediated CH4 emission 
(flux) in two different vegetation types of Carex ramenskii in a brackish fringe wet sedge 
meadow in western Alaska. The experiment benefits from the grazing of geese that has a 
similar but naturally occurring clipping effect on these plant communities. In this study 
we test the hypothesis that clipping of tissue (eg. grazing) will increase plant mediated 
CH4 emissions compared to unclipped (eg. ungrazed) because clipping will reduce the 
resistance to diffusion of CH4 through the plant. Furthermore, an additional objective of 
this paper is to quantify the proportion of CH4 emissions from plant mediated flux in two 
different vegetation types (lawn and meadow). This study aims to: 

1. Quantify the proportion of total CH4 flux that is mediated by plants in the grazed and 
ungrazed Carex spp. vegetation types. 
 

2. Compare the relationship between plant biomass and plant mediated CH4 flux in 
grazed and ungrazed Carex ssp. vegetation types. 
 

 
3. Determine how the relationship between CH4 flux and soil temperature varies 

between grazed and ungrazed vegetation types. 
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2. Methods 
 

2.1. Site description 

The study site is located at the Tutakoke River, 61 15’N, 165 30’W in the coastal region of 
the Yukon-Kuskokwim delta (Y-K Delta) (Fig. 2). The Y-K delta is a breeding site for 
many species of waterfowl. The coastal plains, in which this study site is located, are 
affected by tidal movement and the maritime climate of the Bering Sea. The vegetation 
and micro relief of the study site has been described previously (Kincheloe and Stehn 
1991; Jorgenson 2000; Jorgenson and Ely 2001)  and consists of Carex ramenskii 
dominated meadows with patches of grazing lawns. The meadow lies in fair proximity to 
the Tutakoke River (about 50 meters) where a graminoid and forb dominated levy 
community cuts through along the riverbank. The riverbank is affected by erosion and 
deposition, especially in the estuary. The grazing lawns are not as prominent close to 
riverbanks as to beaches in this particular site, but become more frequent further upriver.  
The landscape is influenced by flooding with continuous erosion and deposition of silt 
and sand which makes the landscape very dynamic. This is partly due to the low 
landscape profile (<2m). The continuous sedimentation prevents the formation of an 
organic horizon. The floodplain zone is not underlain by permafrost which is present 
further upriver, and the pH of the floodplain deposits are neutral (Jorgenson 2000). The 
study site is characterized by Carex spp. meadows with additional swards of grazed lawns 
that are dominated by Carex ramenskii and are defined as brackish fringe wet sedge 
meadow (Jorgenson 2000) or wet sedge meadow (Kincheloe and Stehn 1991). In previous 
literature the grazing lawn type is often mentioned as a separate species, Carex 
subspathacea but because of the difficulty in species determination of the lawn type 
(Ruess et al. 1997; Person et al. 2003) this paper refers to Carex ramenskii, but 
differentiated as meadow and lawn type. Temperatures in the region vary from a mean of 
10 o C in the summer to –14 o C in the winter (Jorgenson and Ely 2001). 

 

Figure 2. Map overview of Alaska and the field site at Tutakoke River. 
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2.2. Experimental design  

During the summer 2016 (mid-June), three replicate plots were established on two 
vegetation types (grazed and ungrazed Carex spp.) to determine total and plant mediated 
methane flux from these two vegetation types. Total methane flux and plant mediated 
methane flux were measured three times on the following dates: 27/06/2016, 
14/08/2016, and 18/08/2016. The experimental set up included six PVC collars, each 15 
cm in diameter and 10 cm tall that were planted and equally distributed in the two 
vegetation types of the experimental plot in early June (Fig. 4). The instrument that was 
used to measure CH4 and N2O was a Picarro Cavity Ring-Down Spectroscopy Analyzer 
(Model G2308, Picarro Inc., Santa Clara, California). To measure the total methane flux 
we used an opaque PVC chamber with a rubber gasket, chamber fan, and connecting 
rubber tubing (Fig. 3). The chamber measured 21 cm tall and 13 cm in diameter. Each 
collar and the big chamber have a brim (3.2 cm for the collar and 4.2 cm for the big 
chamber) to enable a tight seal during measurements. To measure plant mediated 
CH4flux we used a small PVC chamber that enclosed one single leaf (Fig. 3). The leaf 
chamber had foam seals at the bottom and connecting tubing in the top. An aluminum 
frame was constructed and attached to one half of the leaf chamber to support and secure 
the chamber during the measurements (Fig. 3).  Clamps were used to secure a gas-tight 
seal during both total and plant mediated flux measurements. A data logger was used to 
record chamber pressure (Model 278, Setra, Boxborough, Massachusetts) and 
temperature (type T thermocouple) in the big chamber (model CR800 Campbell 
Scientific, Logan, Utah). The timeframe for gas flux measurements were set to 180 s for 
the total flux measurements and 360 s for the plant mediated flux measurements. During 
measurement, gas concentrations were measured every 5 seconds. Gas was circulated at a 
rate of 230 ml/min -1. The gas was transported through approximately 5 meters of Bev – 
A- Line tubing with internal diameter of 4mm. For each measurement soil temperature 
was measured at 10 cm below the soil surface with a Fischer Scientific Traceable soil 
thermometer. Tillers from each single plant chamber gas flux measurement were 
collected after the measurement, measured and marked and stored in paper bags for 
drying. All measurements were taken within four hours of solar noon. Measurements 
were taken in the same order for each repetition, with one measurement on lawn followed 
by one measurement on meadow until all plots were measured. The total flux 
measurements were performed first on all six plots and then plant mediated methane was 
measured on individual tillers selected randomly from within 50 cm of each collar. No 
tillers were collected from within the collars. The tiller density of the different vegetation 
types were calculated by averaging 5 tiller counts in 6 representative plots for each 
vegetation type (meadow and lawn) on a 5x5 surface. Water table position was estimated 
by using a nearby preset well that was made of a 50 cm PVC pipe with a 2.5 cm diameter 
and with the bottom part perforated to allow water to enter and a duct tape seal at the 
bottom to prevent soil from entering. Fully dried individual tillers were weighed to 
determine biomass in the lab on a Sartorius precision scale. 
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Figure 3. Schematic over total flux chamber and plant mediated flux chamber: 1. Total flux chamber (plant 
and soil). 2. Plant mediated flux chamber. 3. Diagonal marks on total flux chamber indicates the collar where 
the total flux chamber were placed on for each measurement. 4. Valves for gas circulation from chamber to 
analyzer. Arrows indicate direction of flow. 

 

Figure 4. Overview of experimental plot. 1. Meadow type (ungrazed) of Carex ssp. 2. Lawn type (grazed) of Carex 
ssp. 3. Single plant flux chamber with aluminum frame, clamps and tubing 4. PVC collars.  

 

 

 

3. 

2. 

4. 

1. 

4. 
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2.3. Statistical testing and analysis 

Gas flux was measured in nmols/m-2/s-1. For establishing a testable relationship between 
CH4 flux and biomass the mean tiller density per m2 was calculated to establish flux rate 
per tiller.  Individual tiller flux rate per gram was then calculated by dividing individual 
tiller flux with individual tiller weight.  T-tests were used to test the hypothesis that CH4 
flux between Carex ssp. lawn and meadow was considered significantly different when 
p<0.05. The following three main components of the study were tested: plant mediated 
CH4 flux, total CH4 flux, and soil CH4 flux from lawn and meadow communities. In 
addition to the t-tests, linear regressions were also used to determine correlations 
between environmental factors such as temperature. Normality tests was also performed 
on gas fluxes, temperature and weight ratios to ensure that the data met the assumptions 
for each statistical test. When plotting the CH4 flux measurements, they appeared to be 
variable. Initially we tested for outliers, but when the outliers were excluded the t-tests 
still showed no significant difference between the measurements (total, leaf, soil). A log 
transformation was also performed, and did not change the outcome of the t-tests (total, 
leaf, and soil) either. As these high values were no due to instrument or user error, they 
needed to be taken into consideration; although, they were not representative for the 
measurements in general. A larger sample size may help normalize the sample population 
and increase statistical strength in general. All statistical analysis was performed in 
RStudio (version 3.3.1).  

 

3. Results 

Total flux was more variable than the plant mediated flux in the grazed Carex ssp. 
vegetation type; furthermore the ungrazed vegetation type plant mediated flux were more 
variable than the total flux (Fig. 5). Plant mediated methane flux was greater from the 
ungrazed vegetation type of Carex ssp. than the grazed (Fig. 5), but the flux was variable 
in the ungrazed type (92.1 nmols CH4m-2s-1, 197.7 nmols CH4m-2s-1, p=0.17). CH4 flux 
from soil indicated a slightly positive flux in grazed vegetation type and a negative flux in 
the ungrazed vegetation type (214.6 nmols CH4m-2 s-1 and -120.4 nmols CH4m-2 s-1, 
p=0.24) (Fig. 6). The flux rate per gram of plant mediated CH4 did not vary between the 
two vegetation types (Fig. 7), but the grazed type had greater variability (1.17 nmols CH4

 g-

1s-1 and 0.096 nmols CH4g-1s-1, p=0.14). The temperature and CH4 flux from total flux 
(p=0.97) and plant mediated flux (p=0.48) measurements were not correlated (Fig. 8). 
Temperature between grazed vegetation (mean=16.95oC) was greater than the ungrazed 
vegetation (mean=15.34oC), (p=0.034). Mean height and dry weight was greater in the 
ungrazed vegetation (Table 1.). 
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Figure 5. The variation between plant mediated CH4 flux and total flux from the two vegetation communities. 
The figure shows a boxplot with three quartiles. The pronounced line in each plot is the second quartile and 
indicates the median for each measurement. Each box represent the inter quartile range. Length of whiskers 
represent the total range. 

 

Figure 6. Soil flux from the two vegetation types. The ungrazed type shows higher variability with negative 
flux values (i.e. CH4 consumption). The figure shows a boxplot with three quartiles. The pronounced line in 
each plot is the second quartile and indicates the median for each measurement. Each box represent the inter 
quartile range. Length of whiskers represent the total range. Outliers are represented by independent points. 

 

Figure 7. The CH4 emission rate by plant biomass in grazed and ungrazed vegetation types. The grazed type 
shows high variability. The figure shows a boxplot with three quartiles. The pronounced line in each plot is 
the second quartile and indicates the median for each measurement. Each box represent the inter quartile 
range. Length of whiskers represent the total range. Outliers are represented by independent points. 
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 Table 1.  Means of plant tissue from the single leaf chamber measurements  

 

 

 

 

 

Figure 8. Plots showing the single leaf chamber soil temperatures and CH4 flux by vegetation type. There is 
no apparent difference between the grazed and ungrazed vegetation type from the data collected. 

 

4. Discussion/Conclusion 
 

4.1. Plant and Soil Methane Flux 

This study aimed to determine the magnitude and the proportion of plant mediated CH4 
flux in two vegetation types of Carex ramenskii. We hypothesized that plant mediated 
CH4 emissions would increase with the removal of plant tissue (e.g. grazing) due to 
reduced diffusive resistance in the grazed vegetation. We found that total net CH4 
emissions from Carex ssp. were the same in both vegetation types. This result was similar 
to that of Kutzbach et al. (2004). But the results differs from previous studies where plant 
mediated CH4 from clipped vegetation contributed to the increase of net CH4 emissions 
(Schimel 1995) and  where clipping decreased the net CH4 flux (Noyce et al. 2014). Our 
results indicate ungrazed vegetation flux of plant mediated CH4 emissions to the 
atmosphere was trending to be higher than the grazed vegetation (Fig. 5). Because the net 
flux did not differ between grazed and ungrazed regions, we believe that ungrazed 
vegetation likely also had higher rates of CH4 oxidation in the soil, indicating that 
ungrazed vegetation was much more effective in transporting oxygen to the subsurface 
and facilitating CH4 oxidation (Fig. 6). This oxygen facilitation is thought to be carried out 
through the aerenchyma. The variance in methane flux can also be explained by the 
measurable CH4 oxidation in soil from the ungrazed vegetation type. Grazed vegetation 
had lower rates of plant mediated CH4 flux (Fig.5), but also had lower rates of oxidation in 
the soil (Fig. 6), probably due to reduced transport of oxygen to the subsurface relative to 
the ungrazed vegetation. The CH4 flux rate per gram plant biomass did not differ between 

Carex ssp. Morph type Grazed Ungrazed 

Weight (g) 0.00355 0.0492 

Height (mm) 18.33 172.1 
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the two vegetation types (Fig. 7). This similarity could indicate that plant mediated flux 
through vegetation is not affected by grazing in the sense that grazing is neither 
facilitating nor inhibiting plant mediated CH4 flux. Although previous studies (Schimel 
1995; Kelker and Chanton 1997; Kutzbach et al. 2004) observed increased CH4 flux in 
clipped Carex spp. in Arctic tundra, the plant morphology can explain differences in plant 
emitted CH4 ; where both above- and belowground plant tissue could affect the overall 
CH4 emissions (Schimel 1995; Kutzbach et al. 2004). Soil temperature differed between 
grazed and ungrazed vegetation types (p=0,034), however CH4 flux was not related to soil 
temperature in either vegetation type (Fig. 8). A more distinct relationship between 
morph type, temperature and CH4 flux could possibly be accomplished with a larger 
sample size. 

4.2. Anatomical analysis 

To fully understand the mechanisms behind plant mediated CH4 flux in the studied 
vegetation types, anatomical studies of both aboveground and belowground plant tissue 
would be of great value. In order to establish further knowledge on the issue at hand there 
are four general aspects to consider: how roots and rhizomes facilitates CH4 diffusion 
through aerenchymous tissue; how aerenchymous tissue facilitates CH4 release through 
stomata and cuticula; if there is a distinguishable difference between the two plant 
morphs; and how these differences influence methane emission in this particular 
ecosystem. 

4.3. Further studies 

Measurements taken over a longer period of time during the active season would increase 
the confidence level, and allow us to more accurately quantify CH4 measurements and 
correlate environmental factors (soil temperature and water table). A future study project 
would benefit this overall outcome, and the difficulty with measurements that resemble 
outliers would be of less concern because the outliers would not affect the results to the 
same degree with an increased sample size. This study does not take into consideration all 
probable changes in the investigated vegetation types throughout the vegetative season. 
Seasonal flux information could be of value because biotic and abiotic conditions change 
during the season and thus impact the vegetation communities which in turn could 
change CH4 flux. Temperature and water table are considered as main drivers for 
methane production and consumption in Arctic tundra wetlands. The rather unknown 
effects of ongoing and future climate change make this type of study compelling because 
there is reason to believe that methane flux in these ecosystems may change under future 
climate conditions. To enable future predictions on how these ecosystems will evolve 
under future climate scenarios, there are three components to be considered valuable. 
These are: how these unique ecosystems interact with other biota (e.g. migratory 
waterfowl); in which magnitude herbivorous birds are able to maintain grazing lawns; 
and how changes in geomorphology affect the vegetation. As many previous studies have 
concluded, plant mediated CH4 flux is an important part of CH4 flux in Arctic wetlands 
and further study could help us determine what to expect from these ecosystems 
regarding global greenhouse gas production and emission in the future. 
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