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A satellite-derived regional methane flux estimate had 3 to

5 times greater precision than estimates based on direct

expansion.

Methane emissions from the tundra exhibit high
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scales of observation. Daily variability in methane

emissions was low near the summer solstice and increased

through the growing season. Strong seasonal variation in

emissions was related to the position of the local water

table, the amount of leaf area above the water, and plant

phenological development.

An interannual comparison of emissions provided
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TEMPORAL AND SPATIAL VARIABILITY OF METHANE EMISSIONS

FROM ALASKAN ARCTIC TUNDRA

I. INTRODUCTION

Methane is a very effective greenhouse gas which is

increasing by approximately 1% per year (Rasmussen and

Khalil, 1981; Ehhalt et al., 1983; Blake and Rowland,

1986). Atmospheric measurements together with

atmospheric modeling suggest that northern high latitude

wetlands may be the largest natural source of methane on

the surface of the earth (Matthews and Fung, 1987), yet

methane flux measurements in the tundra have been few

and estimates vary considerably due to the spatial and

temporal heterogeneity of the environment (Hobbie et al.,

1980; Svensson, 1980; Sebacher et al., 1986; Whalen and

Reeburgh, 1990). Methane emissions from wetlands are

regulated by a number of physical, chemical, and

biological factors that control its production,

consumption, and release to the atmosphere. These

factors have been studied in controlled laboratory and

field experiments. However, in situ control of emissions

by environmental factors is still poorly understood.

Prior to 1980, release of methane from sediments was
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thought to occur through two primary methods: diffusion

from soil sediments and ebullition (bubbling). Although

the two are important processes, a third process, flow

through the gas-filled intercellular spaces (aerenchyma)

of aquatic plants, has been identified in yellow water

lilies in Florida and may account for up to 75% of the

release of methane from the soil (Dacey and Klug, 1979).

Since Dacey's original research, other investigators have

also reported that hydrophytes transport methane from

submerged anaerobic substrates to the atmosphere

(Cicerone and Shetter, 1981; Sebacher et al., 1985;

Bartlett et al., 1988; SchQtz et al., 1989a). Whiting

et al. (1991), Sass et al. (1990), and Morrissey and

Livingston (1989) have all found emissions related to the

amount of vegetation. Studies, to date, provide insight

into the role of vegetation but have not provided an

understanding of the controlling mechanisms involved in

the release of methane from the plant.

Although the role of plants as conduits for methane

release has been explored at the local scale, there has

been no attempt to understand how this process may affect

the release of methane at the regional scale. Regional

understanding requires observations at various

organizational scales and at various temporal scales.
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Reliable estimates of regional methane emissions can be

made based on this understanding.

Understanding emissions at the community level

provides a link to the regional scale. Remotely sensed

data from satellite sensors have proven to be effective

in mapping vegetation characteristics that may also be

important to methane emissions (Bartlett et al., 1989;

Livingston and Morrissey, in press) . To date, use of

satellite data has been limited to the classification of

general land cover or vegetation, which are then related

to methane emissions. Coupling quantitative estimates of

methane emissions from wet tundra plant communities with

satellite-derived vegetation data can form the basis for

regional extrapolation and estimation of methane

emissions for large regions such as the tundra.

Estimates of regional to global emissions requires

an understanding of the temporal variability of flux (the

rate of emissions per unit area) in relation to

observable controlling factors. Flux measurements have

often been made over only part of the season, usually

during the middle of the growing season when flux is

expected to be highest. Static chambers are commonly

used to measure methane emissions where measurement times
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vary from 15 minutes to 24 hours. Extrapolation of these
locally observed and short time flux measurements to the

entire growing season and eventually to the year is often
conducted through direct expansion. Observed fluxes

are multiplied by factors assumed to be appropriate to

obtain a daily flux and then multiplied again by the

estimated length of the growing season. Little is known,

however, about the hourly, daily or seasonal variability

of Arctic tundra methane fluxes and, as a result,

regional-annual estimates employing direct expansion are

often laden with assumptions. Only one study has

monitored daily and seasonal fluxes in the tundra

(Svennson, 1980). Direct expansion estimates propagate

errors at each step (i.e., hour to day, day to season,

season to annual) and are subject to sampling bias.

Therefore, an assessment of temporal variability of flux

(and the associated controlling factors) for tundra

ecosystems is imperative to deriving a reliable regional

flux estimate.

Northern high latitude ecosystems are expected to

play a major role during the predicted future climatic

warming. Present photochemical and climate models

predict global average surface temperature increases of

3.5 to 4.2° C with a doubling of atmospheric carbon
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dioxide (Manabe and Stouffer, 1980; Dickenson and

Cicerone, 1986). Temperature increases ranging from 6 to

12° C in the winter to 2° to 6° C in the summer are

predicted to be largest in northern latitudes

(Schlesinger and Mitchell, 1987). Changes in temperature

distributions in boreholes located in permafrost regions

of the North Slope of Alaska are consistent with a long-

term temperature increase and demonstrate a 2° to 4° C

warming in the last century (Lachenbruch and Marshall,

1986). In addition to increases in air and soil

temperatures in the northern latitudes, precipitation

patterns and the length of the growing season may also

change. The ecological consequences of high latitude

climate change have been the subject of much speculation

(Lashof, 1989). Studies are underway to address warming

effects on carbon in peatlands (Billings, 1987),

vegetation dynamics and carbon dioxide evolution (Tissue

and Oechel, 1987) How climatic change will affect

methane emissions from tundra ecosystems remains a major

research topic.

The overall goal of my research is to investigate

the release of methane from Arctic wet tundra

environments to the atmosphere. To address this goal,

research was conducted from local to regional spatial
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scales, from the plant stomata to the individual plant,

to the plant community, and at various temporal scales,

from daily to weekly to seasonal. At the microscale, the

role of plant stomata as the controlling mechanism on the

release of methane from plants was assessed. At the

individual plant level, the amount of vegetation (in

terms of leaf area) was correlated with methane flux. At

the community level, satellite-derived leaf area

estimates were incorporated into a regional estimate of

methane emissions and compared to an estimate derived by

direct expansion. In addition, seasonal trends in flux

were monitored and related to phenology and changing

environmental factors. As a climatic warming scenario,

an interannual comparison of fluxes for a "warm" year and

"normal" year was assessed.



II. REVIEW OF METHANE PROCESSES AND EMISSIONS

Methane Processes

Microbial methane production is an anaerobic process

occurring in the strict absence of oxygen and requiring

redox conditions less than -400 mV (Conrad, 1989;

Cicerone and Oremland, 1988). Thus, wetlands with

prevailing anaerobic conditions are ideal source areas

for methane production. Net methane emissions are

controlled by three different processes: methane

production, methane oxidation, and transport from the

substrate to the atmosphere (Conrad, 1989). While

methane producing bacteria (methanogens) require strictly

anoxic conditions, methane oxidizing bacteria

(methanotrophs) require oxygen for metabolism. To

produce methane, methanogens utilize a limited number of

compounds as sources of carbon and energy. Hydrogen,

carbon dioxide, and acetate are the primary natural

sources. Under anaerobic conditions, organic matter is

degraded to the gaseous end products CO2 and CH4:

C6H12O6 -----> 3CO2 + 3CH4

Methanogens utilize only simple one and two carbon
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compounds and are, therefore, entirely dependent on the

metabolic activities of other anaerobes that metabolize

complex organic compounds into the simple compounds used

in methane production.

Controlling Environmental Factors

The flux of methane from natural wetlands is

regulated by physical, chemical, and biological factors

that affect its production, consumption, and release into

the atmosphere (Cicerone and Oremland, 1988).

Variability in methane emissions from wetlands has been

reported to depend on soil and air temperatures (Koyama,

1963: Baker-Blocker et al., 1977; King and Wiebe, 1978;

Bartlett et al., 1987; Moore and Knowles, 1987; Yavitt

and Lang, 1988), soil moisture (Svensson, 1980; Svensson

and Rosswall, 1984; Sebacher et al., 1986; Harriss et

al., 1988), vegetation enhanced emission rates (Dacey and

Klug, 1979; Cicerone and Shetter, 1981; Cicerone et

al., 1983; Sebacher et al., 1985; Bartlett et al.,

1988; Burke et al., 1988), organic substrate (Kelly and

Chynoweth, 1981; Harriss and Sebacher, 1981; Yavitt and

Lang, 1988), and water table position (King and Wiebe,

1978; Harriss et al., 1982; Sebacher et al., 1986;

Bartlett et al., 1988; Devol et al., 1988).



Methane flux measurements from tundra and other

terrestrial ecosystems exhibit high spatial

heterogeneity. Whalen and Reeburgh (1990) found that

within the same vegetation type, replicate chamber

measurements had emissions (on a given date) over more

than two orders of magnitude. This high variability was

also found on a previous methane survey in northern

Alaska (Sebacher et al., 1986). Both of these studies

were conducted along the Alaska Pipeline Haul Road which

terminates in the north at Prudhoe Bay and crosses three

physiographic provinces on the North Slope alone. Yet

even within a single physiographic province, the Arctic

Coastal Plain, Morrissey and Livingston (1989) reported

that emissions varied by more than 200%. However, much

of this variability is controlled by, or can be related

to, readily identifiable environmental factors (e.g.,

soil temperature and soil composition, water table

position, vegetation type and amount). Nevertheless, the

spatial and temporal complexity of these controlling

factors make extrapolation to the region very difficult.

However, a spatially integrated estimate of methane

emissions can be made through the identification of

variables which can be used to predict methane emissions

and are observable at the surface.

9



10

Methane Emissions From Tundra Ecosystems

Little published data exists for methane emissions

from tundra environments, due in part to the

inaccessibility of these remote regions. From a Swedish

subarctic mire, methane emissions ranged from 0.34 to 950

mg CH4 m-2 d-1 (Svensson et al., 1975; Svensson and

Rosswall, 1984). Methane measurements along the Trans-

Alaska Pipeline Haul Road in Alaska varied from a mean of

4.9 mg CH4 m-2 d-1 for moist tundra to 119 mg CH4 M-2 d-1 for

wet tundra (Sebacher et al., 1986). More recently and

from the same Alaskan area, Whalen and Reeburgh (1990)

report methane flux ranging between -0.3 to 265 mg m2

d-1. In comparison to Sebacher et al. (1986), Whalen and

Reeburgh (1990) reported a mean flux of 31 mg CH4 m-2 d-1

for moist tundra and a mean of 90 mg CH4 m-2 d-1 for wet

tundra. Of these studies, only one reported on daily and

seasonal methane emissions for the tundra (Svensson et

al., 1975) and none examined plant-mediated transport of

methane from the soil to the atmosphere.



III. OBJECTIVES AND APPROACH

The overall goal of my research is to assess the

temporal and spatial variability of methane emissions

from wet tundra in Arctic Alaska. The research

encompasses field experiments and observations on the

North Slope of Alaska over a four year period. One

experiment was conducted in the tundra and repeated in

the taiga near Fairbanks, Alaska.

Methane flux measurements were made by measuring the

concentration of methane in a chamber over a given time.

Gas samples were taken by syringe from the chamber every

5 minutes and analyzed for methane concentration using a

gas chromatograph. The change in methane concentration

over time, taking chamber volume and air temperature into

account, defines the rate of emissions or flux of methane

from a site.

This research was an outgrowth of on-going research

conducted at NASA Ames Research Center (NASA ARC) to

study methane emissions from high latitude ecosystems.

The purpose of the research program at NASA ARC was to

develop an improved approach to regional estimation of

trace gas flux based on an understanding of local-scale
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spatial variability of methane emissions. Key research

topics (by Chapter) for this dissertation are described

in this section and are summarized in Figure 1.

Methane release from the substrate, where it is

produced, to the atmosphere can occur through diffusion

from the soil directly to the atmosphere, by ebullition

(or bubbling) from the methane-saturated substrate, or by

mass flow or diffusion through plants (Conrad, 1989).

The role of plant-mediated release of methane from the

substrate to the atmosphere has been a focal point of
recent methane research. Basically, the plant acts as a

conduit for methane movement between the source area of

methane production in the substrate to the atmospheric

sink. Methane moves from the substrate into the roots,

through the aerenchyma (inner air spaces) of the stem and

eventually dispenses through the leaves of the plant into

the atmosphere. The exact location of methane release

from the plant has been the basis for much speculation.

Stomata, the primary site of gas exchange at the leaf

surface, are likely candidates for methane release from

the plant.

The research reported in this thesis examines the

role of stomata in plant-mediated release of methane
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VI. STOMATAL CONTROL OF METHANE RELEASE FROM PLANTS
* Repeated measurement of methane emissions

and stomatal conductance under natural
conditions

* Stomatal manipulations to induce closure
+ application of antitranspirant
+ darkening plants

VII. ROLE OF LEAF AREA IN METHANE RELEASE FROM PLANTS
* Monitor methane emissions while systematically

reducing leaf area by clipping
+ Clipping of whole plants and leaves
+ Clipping the tops of plants

VIII. EXTENDING LEAF AREA MEASUREMENTS TO THE ENTIRE
STUDY AREA WITH SATELLITE DATA

* Regression of leaf area measurements and NDVI
+ calculate satellite-derived NDVI (LAI)
+ extrapolate leaf area to the study area

u

IX. ESTIMATING REGIONAL METHANE EMISSIONS
* Couple field measurements of methane emissions

and leaf area with satellite-derived NDVI
+ direct expansion method
+ leaf area-based estimate

u

X. TEMPORAL TRENDS IN METHANE EMISSIONS
* Monitor diurnal, daily, weekly emissions
* Determine biotic and abiotic controls

+ water table position, phenology, leaf area,
soil pH, soil temperature, and
meteorological events

XI. IMPLICATIONS FOR CLIMATIC WARMING
* Interannual comparison of methane emissions for

1987 (a "normal" year) and 1989 (a "warm" year)
* Assessment of historical growing season lengths

+ temporal variability at Barrow over 30 years
+ spatial variability across North Slope

Figure 1. Key research topics and experiments (by
Chapter) of this dissertation.
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based on observational and experimental manipulations of

stomata and methane flux. However, the consensus of

research to date has rejected the hypothesis that plant-

mediated release of methane is through the stomata.

Unlike previous studies stomatal conductance was

monitored along with methane emission rates as part of

each experiment reported in this dissertation. First,

the correlation between stomatal conductance and methane

flux, measured on five days at three sites, was assessed.

Second, stomatal manipulation to induce stomatal closure

was achieved by applying an antitranspirant to the leaves

and stems in one experiment and darkening the plants in

another experiment. It was hypothesized that if stomata

control methane release from the plant, then stomatal

closure should reduce methane emissions from the site.

In the second set of experiments, methane emissions were

monitored while stomatal closure was induced by darkening

the plants (an experiment replicated from previous

studies). If stomata are found to control the release of

methane from the plant, then stomata (which are

responsive to environmental cues) can be modeled to

predict methane emissions over time assuming the

pertinent environmental drivers can be measured or

predicted.



15

That plants act as a pathway for transport of

methane from the soils to the atmosphere is accepted in

the field of methane studies (Conrad, 1989). However,

studies to date have not quantified the relationship

between methane emissions and leaf area. To document the

role of leaf area in the plant-mediated emissions

process, two experiments were conducted. In both

experiments, methane emissions were monitored before and

after systematic clipping of the plants at a site.

Initially, methane was measured at each site before

clipping, and then measured a second time after removal

of approximately half the vegetation. Finally, methane

was measured after all the vegetation was removed to

below the water surface. In the first experiment, whole

plants were clipped so that intact leaves remained after

clipping. In the second experiment, plant shoots were

clipped exposing inner air spaces of stems and leaves to

the atmosphere. It was hypothesized that if methane

emissions are related to the amount of leaf area, then

methane emissions should be reduced as leaf area is

reduced by clipping.

Satellite data can provide detailed information

regarding the amount and phenology of vegetation over

large regions. For this research, satellite data were



utilized to extend field measurements of leaf area to the

entire Prudhoe Bay study area. Regional leaf area

estimates were derived from a Normalized Difference

Vegetation Index (NDVI) calculated from Landsat

Multispectral Scanner satellite data. The satellite-

derived NDVI values were correlated with leaf area

values, providing the basis for a regional extrapolation

of leaf area, and subsequently, methane emissions.

Regional flux is a function of emission rate, area

of emissions, and seasonal (time) changes in these

parameters. Variation in these parameters contributes to

the regional uncertainty of the estimated flux and the
variance for that estimate. Two methods for estimating

regional methane emissions from point measurements were

compared. The most commonly used method, called direct
expansion, calculates a mid-season regional estimate

based on mean emissions measured in the field multiplied

by the areal extent of methane source areas. The sources

of error in this approach arise not only from the
enormous temporal and spatial variability in methane
emissions but also from inaccuracies in estimates of the

areal extent of methane sources and sinks. In the second

method, devised as part of this dissertation, a ratio
estimator is used to incorporate satellite-derived
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environmental information to extend limited field
measurements. In this case, a satellite-derived leaf
area estimate for the study area was used to extrapolate

limited numbers of methane flux measurements based on the

relationship between methane flux and satellite-derived
leaf area. The magnitude and precision of the two
regional flux estimates provide the basis for comparison

of these two extrapolation methods.

Accurate estimates of annual methane emissions

require an understanding of the temporal variability of
emissions and the environmental factors which control
emissions over time. Temporal trends in methane

emissions were observed at time scales of hours, days,
and weeks. Hourly trends in emissions were observed at

four sites near the summer solstice in late June. The

magnitude of day-to-day variability in methane emissions

was also documented. Seasonal trends in emissions were

determined by monitoring methane emissions at nine sites

through the summer of 1989. Seasonal variability in
emissions was related to a number of biotic and abiotic

factors including the location of the local water table
relative to the surface, leaf area, phenology, soil pH,
soil temperature, and meteorological events.
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Projections based upon atmospheric photochemical

models have predicted a significant climatic warming of

the earth's surface during the next century and have

indicated that this warming is expected to be greatest in
the northern latitudes. What is not understood is what

impact this warming will have on high latitude ecosystems

and, of particular importance to this research, the

effect of climatic warming on methane emissions. An

interannual comparison (1987 to 1989) of methane

emissions for sites at Prudhoe Bay provided the basis for
determining the potential effect of climatic warming on

methane emissions from wet tundra. Air temperatures for

1987 indicated a "normal" climatic year, while air

temperatures for 1989 represented a 30 year high. With

warmer air temperatures, 1989 was considered analogous to

the climatic conditions expected following climatic

warming.

With climatic warming, it has been speculated that

growing season length will increase, thereby increasing

methane emissions. Variability in emissions due to

growing season length was assessed over a 30 year period

at Barrow and across the North Slope during one summer.

The interannual comparison and assessment of growing

season also provides the basis for evaluating potential
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feedbacks of climatic warming on methane emissions from

Arctic tundra.



IV. STUDY AREA

The Prudhoe Bay area (700 15' N 148° 30' W),

located within the Arctic Coastal Plain physiographic

province of the North Slope of Alaska is dominated by

Arctic tundra (Figure 2). Like the Arctic Coastal Plain

in which it is situated, the study area is characterized

by extensive and organic-rich wetlands on a low-lying

coastal plain with environmental conditions potentially

conducive to the biogenic production of methane. In

general, these high latitude peatlands are acidic;

however, due to the influence of rivers carrying

calcareous sediments, the Prudhoe Bay region encompasses

wet alkaline tundra with wet acidic tundra occurring

primarily adjacent to the Arctic Ocean. Calcareous silts

are spread from the Sagavanirktok River channel to the

surrounding terrain by strong easterly winds, producing

a distinct pH gradient across the tundra away from the

Arctic Ocean (Walker, 1985). The loess increases soil

mineral matter, adds carbonates, reduces soil particle

size, increases soil pH and depth of thaw, and reduces

water-holding capacity. This suite of characteristics is

not generally conducive to methane production.

2
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This region has been the site of intense interest

since the discovery of oil in 1968 and completion of the

Trans-Alaska Pipeline in 1977. A combination of the

Pipeline, the supporting Haul Road, and the road network

at Prudhoe Bay provides access to the surrounding tundra

and a north-south transect across the North Slope.

Because of this infrastructure, researchers have access

by vehicle to many areas of the Alaskan Arctic (although

the land is accessible only with permits from the oil

companies). Since the early 1970's, Prudhoe Bay has also

been the center of much ecological research supported by

the Tundra Biome program of the International Biological

Program (Brown, 1975). Detailed maps of vegetation,

soils, and landforms have also been prepared for portions

of Prudhoe Bay and a comprehensive evaluation of the

vegetation and environmental gradients has been completed

(Walker 1985; Walker et al., 1980).

Climate and Permafrost

The study area has long, cold winters and short,

cool summers (Dingman et al., 1980). The annual mean

temperature is about -13° C, with a July mean ranging

from about 4° C at the coast to about 8°C inland on the

Coastal Plain (Walker, 1985). This places the study area
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well within the Arctic climate zone as defined by Koppen

(1936). Here, the sun is above the horizon for 72

consecutive days (Walker et al., 1980) and the net

radiation is approximately 420 to 450 MJ/m2 yr, nearly

all of which occurs from June to mid-September. Although

this area is a virtual desert from the standpoint of

precipitation (less than 80 mm of summer precipitation),

summer rainfall is frequent but amounts are small.

Evaporation is low. Fog and drizzle are the most common

forms of summer moisture. Approximately 35% of the total

annual precipitation falls in the summer as rain.

The presence of continuous permafrost, or

perennially frozen ground, near the surface is one of the

major ecological factors of the Arctic tundra. It forms

an impervious barrier that reduces soil drainage and

temperature, thereby impeding decomposition and

contributing to the accumulation of waterlogged

peatlands, which are conducive to the biogenic production

of methane. Soil depth usually exceeds that of the

active (thawed) layer which thaws for less than four

months of the year (Gersper et al., 1980). Mineral soils

typically underlie the peat at approximately 20-40 cm

(Walker et al., 1980).
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Topography and Soils

Although often assumed to be a relatively
homogeneous landscape at regional scales, the tundra

exhibits a high degree of local variability (Figure 3).
This variation is caused by relief ranging from a few
centimeters to many meters, affecting physical and

chemical characteristics of soil and, in turn, vegetation

(Walker et al., 1980). Local relief is often the
surficial expression of freeze-thaw processes in the
ground (Lachenbruch, 1962), which may result in patterned

ground characteristic of permafrost regions. Readily

identifiable surface features are associated with

patterned ground, including both high and low-centered

polygons. High-centered polygons are common in the well

drained areas while low-centered polygons are

characteristic of wet tundra and are the most common form

of patterned ground on the Arctic Coastal Plain. Each

low-centered polygon (10 - 100 m across) is composed of

a central depressed basin, a raised peripheral rim and a

trough which separates adjacent polygons. Non-patterned

ground also exists throughout the North Slope and

supports expanses of wet and moist sedge meadows.
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Of the ten soil orders in the United States, four

are represented in the study area: Entisols, Mollisols,

Inceptisols, and Histosols (Walker et al., 1980).

Inceptisols and Histosols are potential substrates for

methane production. They are saturated and rich in

carbon. The common Inceptisols are Peregelic Cryaquepts

which cover much of the Arctic Coastal Plain. Of the

Histosols, Peregelic Cryofibrists, Cryohemists, and

Cryosaprists are classified by the degree of

decomposition. The Histosols and Inceptisols are the

primary soils groups occurring in wetland areas of the

Prudhoe Bay region.

Arctic Tundra Vegetation

At the regional scale, ecosystems of the Arctic

tundra are characterized as wet or moist tundra

depending on the hydrology, vegetation, and soils (Webber

and Walker, 1975). Study region vegetation at Prudhoe

Bay is typical of wet and moist Arctic tundra in

northern Alaska. Moist tundra is normally drained of

standing water soon after snowmelt, while wet tundra

commonly has poorly drained and often waterlogged soils

throughout the summer season (Walker, 1985). Sedges and

related graminoids are the dominant plant group in both
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wet and moist tundra, and the tussock-forming Eriophorum

vaginatum characterizes the better drained areas, such as

the Arctic Foothills. Wet tundra is prevalent on the

Arctic Coastal Plain but moist tundra is found on well

drained sites, high-centered polygons, and polygonal

rims. Woody vegetation is present but not dominant in

either wet or moist ecosystems, but is established on the
more well drained soils of the Coastal Plain exhibiting

prostrate growth form.

Arctic Coastal Plain wetlands are dominated by

genera in the Cyperaceae. Species of Carex are common and

widespread in arctic regions (Bernard et al., 1988) and

often occur in almost pure stands. C. aauatilis is the

most abundant species in the study region, although it is

often mixed in lesser quantities with other sedges

(primarily Carex and Eriophorum) and grasses (Dupontia

fischeri and Arctophila fulva) occurring in smaller

quantities. Aquatic communities occur in sites that are

normally continuously covered with water throughout the

summer. Two dominant wetland species are C. aauatilis,

occurring primarily in water of less than 50 cm depth,

and Arctophila fulva, which grows in water with depths up

to one meter (Walker, 1985).
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Arctic tundra ecosystems have low productivity, low

rates of energy flow and nutrient cycling, peat

accumulation, and a short and cool growing season (Chapin

et al., 1980). Tundra differs from most other ecosystems

in that the bulk of its carbon is contained in the soil

rather than in live biomass. At Barrow, over 96% of the

organic carbon is bound in dead organic matter or peat.

Most of the carbon in living organisms is in plants, and

most of this is below ground in roots and rhizomes.

Carex aauatilis is a major species in the study

area, occurring along a soil moisture gradient from dry

upland tundra to lake margins with water depths up to 50

cm (Walker, 1985). Among the many adaptive strategies of

C. aauatilis, a portion of the next year's shoots are

formed the previous autumn. This phenological strategy

allows the plant to initiate growth immediately following

snowmelt, thereby permitting the plant to utilize the

entire, although short, growing season. C. aauatilis

reproduces primarily vegetatively. Each plant produces

an extensive network of individual tillers connected by

subsurface rhizomes. A tiller is a horizontal rhizome

with stem, stem base, and leaves originating at the point

where the rhizome joins the parent plant. The leaf

blades generally survive only one growing season,
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although the roots can live for up to 8 years (Billings

et al., 1978). Although generally terrestrial, C.

aauatilis may also be emergent. There are two alternate

rooting strategies used by Carex and other Arctic tundra

graminoids. First, in submerged soils, thick primary

roots are produced which have well developed aerenchyma

(tissue with gas filled air spaces) facilitating oxygen

transport. Second, as the water table recedes later in

the growing season, thin secondary roots are produced

which aid in nutrient absorption (Chapin, 1978).



V. GENERAL METHODS AND MATERIALS

Only those methods that were commonly used

throughout the research are presented in this chapter.
Specific statistical analyses, field measurements,

laboratory analyses, and experimental procedures will be

described in the following chapters as appropriate.

Site Selection

All field sites except one represented wet tundra on

the Arctic Coastal Plain. Sites for the stomatal,

clipping, and seasonal experiments were selected based on

their methane emissions determined as part of a general

survey in 1987 and 1988. For the stomatal experiment,

large leaves were required for porometer studies.

Accordingly, sites with large leaved individual plants

were selected. For the clipping experiment, sites were

chosen to represent a gradient from lush to sparse
vegetative cover. To minimize disturbance at the site,

sites with 2 - 10 cm of water were chosen for all
clipping experiments. For both the stomatal and clipping

sites, chamber locations were optimally located at the

interface of an elevated lake margin or polygonal rim and

a saturated site to avoid disturbance. Portable walkways
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were installed at the seasonal sites to minimize site

disturbance during the weekly measurement program.

Seasonal sites were selected to represent sites which

would be either continually inundated or intermittently

flooded during the summer. All sites were located within
5 miles of the British Petroleum Base Operations Camp at

Prudhoe Bay. Detailed site descriptions and methods for

the seasonal sites will be given in Chapter X.

Methane Flux Measurements

Field Methods

Net methane flux across the soil-atmosphere

interface was measured in situ using static chambers.

Within the chambers, methane concentrations are monitored

by taking gas samples with a 10 ml glass syringe over a

specified interval and analyzing the sample with a gas

chromatograph. Sampling chambers were composed of two

separate sections, a PVC plastic base (25.4 cm Inside

Diameter) and a molded ABS plastic cover fitted with

pressure equalization and sampling ports.

Considerable attention was given to minimizing

disturbance to the sample sites during the course of the
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flux measurements. On saturated or flooded soils,

chamber covers and bases were joined prior to deployment

and set in place using the surface water as seal.

Flotation collars fitted to the chambers were used where

surface water was deeper than 5 cm. On moist soils,

chamber bases were "sealed" to the surface by cutting the

soil around the perimeter of the base and inserting the

base into the soil to a depth of about 4 cm. Chamber

bases were set in place a minimum of 10 minutes prior to

attaching chamber covers and initiating sampling. On all

sites, care was taken during the sampling not to induce

flux by compression of soil near the chamber by

trampling, nor to disturb vegetation within the chambers.

When sampling waterlogged soils, portable walkways were

employed to prevent substrate compression (and methane

expulsion) and samples were withdrawn across a 2 m

distance from the chambers through tubing attached to the

chamber sampling port. On firm soils, the sampling port

was fitted with a butyl rubber septum through which a

hypodermic needle was inserted to remove air samples.

Sampling intervals and approximate chamber

volumes were established prior to sampling in relation to

the anticipated flux from each location. This was done

to assure that methane concentration changes within the
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chambers would be detectable while maintaining chamber

atmospheric concentrations low enough to have minimal

influence on the flux processes over a 20 - 30 minute

deployment. Nominal chamber volumes ranged between 4.9

and 20.2 liters but varied due to the use of bases of
different heights, either 10, 25, or 40 cm. Chamber

volumes were estimated from the measured height of the

chamber above the surface, whether soil, water, or

vegetation mat. Internal chamber atmospheric

temperatures in direct sunlight during deployment did not

differ by more than 2° C from ambient when evaluated; no

soil temperature differences were observed between the

surface and a 2 cm depth. The rate of net methane

emissions into each chamber was determined using 10 ml

glass barrel syringes equipped with butyl rubber pistons

and nylon valves on the basis of four to five samples
drawn from the chamber atmosphere, starting at t = 1

minute following deployment and at 4 to 6 minute

intervals thereafter.

Laboratory Analyses

Methane concentrations in gas samples extracted

from the chambers by syringe were measured on one of two

flame ionization detector and gas chromatographs
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(Shimadzu GC-8). Samples were injected through a

switching valve into a 0.5 mL sample loop. Separation

was on a 2 m Poropak Q (80/100 mesh), 3.2 mm I.D.

analytical column operating at 700 C with helium (35 mL

min-') as carrier. Eluted peak areas were quantified

using either a Shimadzu 3RC-A or Hewlett-Packard 3290A

integrator. Methane concentration analyses were

completed within 2 to 6 hours of collection. Every ten

observations were bracketed by working standards (10

ppmv) referenced to a certified calibration standard (+-

1%; Scott Specialty Gases) . Analytical precision on

bracketed standards averaged 0.23%. The linear response

of the detectors was verified in the range 1-100 ppmv

prior to and following the measurement campaign, although

more than 85% of all observations ranged between 2.0 and

12.0 parts per million by volume (ppmv).

Analytical Methods

Net methane flux was calculated as the slope of

the linear regression of the observed methane

concentrations within the chambers as a function of the

sampling time intervals normalized for the chamber basal

area and volume, the molar volume of methane at the

ambient near surface temperature, and the mean of the
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standards bracketing each set of observations. If the

calculated slope was not near zero and the coefficient of
determination (R2) was less than 0.98, the data were

checked for non-linearity and the regression was

recalculated dropping the last sampling time interval.

Measurements were assumed to reflect a "disturbed state"

during the sampling process if linearity remained

unacceptable (i.e., R2 < 0.98) or if projected ambient

methane concentrations (i.e., the regression intercept)

exceeded 25% of actual (1.7 ppmv). Flux estimates not

meeting these criteria were discarded. The confidence

interval (a=0.05) on the minimal detectable flux under

this sampling protocol ranged between 0.01 and 0.27 mg

CH, m-2 hr-1.
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VI. CONTROLLING MECHANISM FOR RELEASE OF METHANE FROM

PLANTS

Natural wetlands are considered one of the largest

sources of methane, contributing 15-25% of the global

methane budget (Cicerone and Oremland, 1988; Aselmann

and Crutzen, 1989; Fung et al., 1991). Wetland plants

play a number of roles in the methane cycle, serving as

the major carbon source for decomposition, facilitating

oxidation of methane in the rhizosphere, and as a key

transport pathway for the release of methane to the

atmosphere. Rates of emissions from wetland vegetation

have been known to greatly exceed those due to diffusive

or ebullition transport from nearby open water sites (de

Bont et al., 1978; Delaune et al., 1983; Holzapfel-

Pschorn et al., 1986; Bartlett et al., 1988; Wilson et

al., 1989; Morrissey and Livingston, 1989; Morrissey

and Livingston, in press). Indeed, the release of

methane from plants may account for 50-95% of all methane

released from natural and cultivated wetlands (Dacey and

Klug, 1979; Seiler et al., 1984; Sebacher et al, 1985;

Holzapfel-Pschorn et al., 1986; Schiitz et al., 1989a;

Whiting et al., 1991). Our understanding of the

transport mechanisms and sites of methane release from

wetland plants must be significantly advanced to
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characterize regional and seasonal sources of methane

emissions and contribute towards the goal of closing

global budgets or predicting environmental response to

climatic change.

The mechanism(s) controlling release of methane from

plants to the atmosphere is poorly understood for most

wetland species. Bartlett et al. (1988) suggested that

stomata may be involved in methane release upon observing

that methane concentrations were far greater within

submerged than exposed plant structures. The results of

a series of experiments designed to elicit stomatal

closure in response to prolonged darkness or elevated

carbon dioxide concentrations, however, led other

investigators to conclude that stomata do not control

methane emissions from plants; no measurable effect on

rates of methane emissions were observed (Seiler et al.,

1984; Holzapfel-Pschorn et al., 1986; Whiting et al.,

1987; Nouchi et al., 1990). Dacey (1980) further

concluded that the stomatal pores in water lilies were

too large to restrict mass flow of methane, suggesting

that control must reside in the palisade layer below the

epidermis. More recently, the possibility of micropores

in the leaf sheath as a pathway for methane release was

described by Nouchi et al. (1990). These studies all
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concluded that methane transport through plants was not

influenced by stomatal aperture, because it appeared

independent of the key environmental factors to which

stomatal aperture are known to respond, e.g., light,

temperature and carbon dioxide content of ambient air.

However, stomatal conductance was only indirectly

inferred from transpiration and photosynthesis

measurements in two of these studies (Whiting et al.,

1987; Nouchi et al., 1990), and never measured directly

in any of these studies. Stomata were only assumed to be

open at the beginning of each experiment and to be closed

after treatment (Seiler et al. 1984; Holzapfel-Pschorn

et al. 1986; Dacey, 1980).

The objective of the present study is to determine

the significance of stomata in the release of methane

from the plant to the atmosphere in common wetland sedges

(Carex spp.). The role of stomata as a controlling

mechanism in methane release was examined initially by

correlating in situ methane emissions with leaf

conductances under daily varying meteorological

conditions. Experimental manipulations were subsequently

employed to compare the magnitude of cuticular and

stomatal conductance and to assess the effect of induced

stomatal closure on rates of methane emission. All
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experiments were performed in situ in plant communities

dominated by Carex spp. at sites representing both tundra

and taiga wetlands.

Plant Pathways

In wetland environments, plants have adapted to

saturated, anoxic substrates by developing morphological

structures and thereby avoid root anoxia (Mitsch and

Gosselink, 1986). Plants grown in anaerobic or

waterlogged substrates develop intercellular air spaces

(aerenchyma) in the roots, stems and leaves, facilitating

the movement of oxygen to the roots and of methane from

the anaerobic substrate through the plant to the

atmosphere (Mitsch and Gosselink, 1986; Conrad, 1989).

Leaf surface conductance of gases (the inverse of

leaf resistance) is the linear combination of

conductances for the cuticle and stomata (Nobel, 1991).

Stomatal and cuticular conductance often limit gas

exchange although, unlike cuticular conductance, stomatal

conductances are typically responsive to environmental

stimuli. Stomata, which are regulatory openings or

pores in the surface of the plant, linking the

intercellular air spaces with the atmosphere, serve as
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the primary pathway for exchange of carbon dioxide,

water, and oxygen between plants and the atmosphere. In

contrast, the hydrophobic cuticle and wax layer on the

leaf surface of mature leaves has low permeability to

liquid water and vapor, hence low conductance. Cuticular

conductance can be high in young plants before the

cuticle is fully developed, and if stomata are closed or

when the cuticle is damaged, cuticular conductance can

exceed stomatal conductance.

Site Description

Study areas were selected to represent both Arctic

tundra and subarctic taiga wetlands. Experiments were

conducted in the summer of 1989 near Prudhoe Bay on the

North Slope of Alaska and repeated the following summer

near Fairbanks in interior Alaska. Ecological conditions

differed between the study areas, although both support

the sedge Carex as the dominant species. A description

of the Prudhoe Bay study area is found in Chapter IV. In

comparison to Arctic tundra, the taiga site near

Fairbanks is characterized by warmer temperatures, longer

growing season, higher precipitation, greater species

diversity, and higher rates of nutrient cycling,

decomposition, and productivity (Chabot and Mooney, 1985).
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The Fairbanks study area has a continental subarctic

climate characterized by low (28.5 cm) annual

precipitation and low humidity, with large diurnal and

annual temperature ranges (Slaughter et al., 1986). July

is the warmest month with an average temperature of 17.1°

C while maximum monthly precipitation of 5.8 cm falls in

August. The frost-free season at Fairbanks averages 97

days (Haugen et al., 1982). Permafrost underlies most of

the low-lying wetlands and is discontinuous in the

uplands.

My taiga study area was located along Smith Lake

(64° 52'N 147° 51'W) within the Arboretum of the

University of Alaska at Fairbanks. The study area

vegetation is characteristic of boreal forest wetlands,

which reflect variations in topography, substrate

drainage, fire history, and successional stage. The

vegetation at Smith Lake consists of concentric zones

corresponding to the local hydrologic regime. Cattails

(Tvpha latifolia) can be found in the deepest water (>1

m), while sedges (40-140 cm in height) dominated by Carex

aauatilis and C. rostrata occur along the shallow

shoreline. Inland along the lake margin, alder (Alnus

spp.) and willow (Salix spp.) shrubs are intermixed with

sedges. Where conditions are dry enough for tree growth,
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yet where permafrost persists, black spruce (Picea

mariana) forests grow. Birch (Betula papyrifera) and

aspen (Populus tremuloides) forests inhabit better

drained areas and are free of near-surface permafrost.

Experiments reported here were conducted in the Carex

spp. wetlands along the lake margin.

Experimental Design

The relationship between measured leaf conductance

and rates of methane emissions was assessed through both

in situ observations and experiments. All observations

were made from field-grown, mature leaves so that

observed temporal variability in leaf conductance could

be attributed to changes in stomatal aperture, not to

cuticular conductance. The experiments include 1)

monitoring methane emissions and leaf conductance under

naturally varying environmental conditions, 2)

determining the magnitude of cuticular conductance

relative to stomatal conductance by monitoring leaf

conductance under induced stomatal closure conditions,

and 3) manipulating leaf conductance using

antitranspirants and prolonged enclosure in an opaque

chamber to induce stomatal closure.
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In the first experiment, methane emissions and leaf

conductance were monitored under natural conditions at

three sites near Fairbanks over the period of June 10-18,

1990. Repetitive measurements on the same sites over

time (days) were used to control temporal sources of

variability in methane emissions over the study period

and abiotic and biotic factors between sites. All

measurements were made between 9:00 a.m. and 11:00 a.m.,

to minimize the potential effects diurnal variability on

emission rates.

In the second experiment, the magnitude of cuticular

conductance was determined. Stomatal closure was induced

by enclosing plants in an opaque chamber for a time

period ranging from 15 to 120 minutes, followed

immediately by measurement of leaf conductance. Darkness

(and increased carbon dioxide levels) within the chambers

were hypothesized to induce stomatal closure. The

experiment was conducted July 9, 1989, at four sites

along a lake margin in the Prudhoe Bay study area.

Reduction of leaf conductance with time was assumed to

indicate stomatal closure and the constant, minimum value

reached water a measure of cuticular conductance.

Because of the potential for disturbance, methane

emissions were not measured concurrently with leaf
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In the third experiment, the antitranspirant

WiltprufTM was sprayed on the upper and lower surfaces of

the leaves to reduce both cuticular and stomatal

conductances. Wiltpruf, utilized as a 10% solution

mixed with water to cover the epidermis of the leaf and

block the stomata, forms a hydrophobic film (Improved

Wiltpruf Spray, Wiltpruf Products, Inc., Greenwich, CT).

The rate of methane emission was measured at each control

and treatment site both before and after application of

the antitranspirant to the treatment sites. The null

hypotheses tested were that there would be no change in

either leaf conductance or in methane flux before and

after antitranspirant application for the control and

treatment groups.

This experiment was performed August 7-11, 1989,

for seven Carex aguatilis sites at Prudhoe Bay and

repeated June 10-16, 1990 at three sites in a Carex spp.

stand near Fairbanks. In most cases, initial leaf

conductance and methane emission measurements were made

in the early morning. Antitranspirant was subsequently

applied two to three times to the treatment group and

measurements were repeated 6-8 hours later in the
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In the fourth and final experiment, rates of methane
emissions before and after stomatal closure induced by

enclosing plants in an opaque chamber were monitored.

The chamber remained in place for two hours to ensure

stomatal closure. The experiment was conducted at

Prudhoe Bay on July 10 (sites 1-4), August 5 (sites 5-6),

and August 6, 1989 (sites 7-10). In July, plants were

green and nearing maximum leaf area index, while in early

August the plants were partially senescent, showing

necrotic patches at the leaf tips.

Field Methods

Leaf Conductance

Leaf conductance was measured in the summer of 1989

with a transit-time diffusion porometer (MK3, Delta-T

Devices). This instrument measures the rate of humidity

increase within a closed chamber attached to a leaf.

Leaf resistances (r = 1/conductance) were calculated

from calibration curves derived in the field according to

the manufacturer's specifications. Frequent calibration

checks were conducted to ensure accuracy and consistency
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of measurements. A bead thermistor measured leaf

temperature inside the chamber. In 1990, a Licor LI-1600

steady state diffusion porometer was used for all

measurements (recorded as conductance in units of cm sec-

t). This instrument measures the flow of dry air into

the chamber required to balance the increase in humidity

due to leaf transpiration.

At each site where methane emissions were measured,

4-10 leaf conductance measurements were made from both

the adaxial (upper) and abaxial (lower) surfaces of

leaves, immediately prior to placement of the chambers.

The only exception was the antitranspirant experiment

where only the adaxial surfaces were measured.

Preliminary measurements showed that leaf conductance was

significantly higher (p > 0.05, t test) on the adaxial

(upper) leaf surface ( 0.32 ± 0.14 S.D. cm s-1) than on

the abaxial (lower) surface (0.18 ± 0.08 S. D. cm s-1) of

C. actuatilis leaves at both Prudhoe Bay and at Fairbanks

(p > 0.01; adaxial conductance: 0.27 ± 0.09 S.D.,

abaxial conductance: 0.11 ± 0.04 S.D.). Highly

productive Carex aauatilis sites were chosen for these

experiments to ensure that leaves were wide enough to

measure with the smallest leaf sensor (4 mm width). To

maintain consistency, leaf conductance measurements were
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made approximately midway along the length of the leaves.

Individual leaves were chosen at random. To reduce the

potential of leaf damage, no attempt was made either to

measure leaves repeatedly or plants in replicate

observations within each experiment.

Results

Experiment I: Repeated Measures Under Natural Conditions

Over an eight day period in early summer, the over

twofold variability in observed rates of methane emission

was positively correlated (r = 0.95, n=5) with nearly a

twofold increase in leaf conductance (Figure 4; Appendix

Tables A and B). Leaf conductance ranged from 0.17 to

0.70 cm s-' over the course of the experiment with mean

values ranging between 0.3 - 0.5 cm s-'. Mean methane

emission rates ranged between 2.84 and 6.81 mg CH4 m2

hr-'.

Although stomata are known to respond to leaf

temperature, potential confounding of the observed

methane flux-leaf conductance relationship due to

coincident variability in air temperature was not

supported by observations over the study period. Air

temperatures ranged from 14.0 to 18.9° C; however, only
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a weak inverse association (r = -0.60, n = 5) was found

between air temperature and methane flux.

Experiment II: Stomatal Closure Time Course

Following enclosure in an opaque chamber, stomata

remained open for at least 15 minutes, with mean leaf

conductances ranging from 0.31 - 0.50 cm s-1 (Figure 5).

After 30 minutes, however, the stomata had begun to

close, decreasing leaf conductance sixfold. Stable

minimum conductance of 0.05 cm sec-1 was approached after

about 60 minutes. Assuming stomatal closure was complete

at 60 minutes, the leaf conductance observed over the 60

to 120 minute period was regarded as cuticular

conductance.

Experiment III: Antitranspirant Application

Results of the antitranspirant application were

similar for Prudhoe Bay and Fairbanks sites (Table 1).

Experiments results showed considerable variability.

Summary statistics were, therefore, provided on the

pooled observations. Rates of methane emission were

indistinguishable between control (n=10) and treatment

(n=10) groups (p = 0.45, t test) over all sites prior to

application of the antitranspirant. Prior to treatment,

rates of emissions averaged 8.6 ± 3.5 S.D. mg CH4 m-z hr-1
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Figure 5. In situ relationship of leaf conductance (mean

and standard error of the mean) over time, following

foliage enclosure in an opaque chamber.



Table 1. Methane fluxes from Carex spp. before and

following antitranspirant application at Prudhoe Bay and

Fairbanks sites.

Methane Flux'

Site Before After Change

15 Control 7.86 10.15 +2.29
18 Control 7.87 11.60 +3.73
19 Control 10.29 10.56 +0.27
21 Control 10.05 19.11 +9.06
24 Control 15.50 21.38 +5.88
25 Control 8.14 8.59 +0.45
28 Control 11.40 15.70 +4.30
1* Control 2.23 6.55 +4.32
3* Control 5.47 5.49 +0.02
5* Control 7.62 7.50 -0.12

Mean 8.6 11.7 3.0 (+35%)
Standard Deviation 3.5 5.4 3.0
Median 8.0 10.4 3.0

16 Treatment 6.13 5.03 -1.10
17 Treatment 10.62 10.39 -0.23
20 Treatment 17.28 11.51 -5.77
22 Treatment 8.93 6.63 -2.30
23 Treatment 16.64 10.53 -6.11
26 Treatment 11.72 10.06 -1.66
27 Treatment 15.01 12.35 -2.70
2* Treatment 8.84 11.32 +2.48
4* Treatment 3.42 0.73 -2.69
6* Treatment 3.21 1.59 -1.62

Mean 10.2 8.0 -2.2 (-21%)
Standard deviation 5.1 4.3 2.5
Median 9.8 10.2 -2.0

' Flux measured in units of mg CH4 M-2 hr-'
* Fairbanks sites
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and 10.2 ± 5.1 S . D . mg CH4 m-2 hr-1 for control and
treatment groups, respectively. Paired observations on

the control sites showed significant increase in methane

flux (p < 0.001, t-test, Table 1). Paired observations

before and after treatment by antitranspirant showed

significant decrease in methane flux (p < 0.001, t-test,

Table 1) although emissions were not eliminated.

While rates of emissions for the control sites increased

an average of 35% from morning to afternoon (presumably

as a result of diurnal variability), emissions following

application of antitranspirant decreased an average of

21%. The rate of emissions for the treatment group

following antitranspirant application ranged from 0.7 to

12 . 0 mg CH4 M-2 hr-1, representing a decrease on average of

2.2 ± 2 . 5 S . D . mg CH4 m-2 hr-', n = 10, from the

pretreatment measurements. The rate of emissions for the

control group increased an average of 3.0 ± 3.0 S.D. mg

CH4 M-2 hr-1, n = 10, over the same period, ranging from
5.5 to 21.4 mg CH4 m-2 hr-'.

Leaf conductances also differed significantly

between control and treatment groups following

application of antitranspirant. Leaf conductance was not

measured prior to treatment application. Because sites
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were similar in character, located within 1 - 3 m of each
other, and were randomly assigned to control and

treatment groups, I assumed there were no significant

differences between groups at the onset of the

experiment. Following application of the

antitranspirant, however, leaf conductances between

control and treatment groups differed eightfold. Leaf

conductances for the control group averaged 0.51 ± 0.16

S.D. cm s-1, n = 40, indicating the stomata were open and

offered little resistance to gas exchange across the leaf

surface. Leaf conductance for the treatment group

following stomatal closure averaged only 0.06 ± 0.08 S.D.

cm sn = 34, a value comparable to the cuticular

conductance measured in the second experiment.

Experiment IV: Enclosure In An Opaque Chamber

This experiment was conducted July 10, 1989 at peak

growing season, and repeated August 5, 1989 following the

onset of senescence. Field observation in July indicated

that the vegetation was green and nearing maximum leaf

area, while by early August, necrotic patches were

evident at the tips of the leaves and the leaves were
yellowing.

In July, methane fluxes before enclosure (22.7 ±
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12.5 S.D. mg CH4 m-2 hr-1) were consistently and

significantly higher (p > 0.01, paired t test) than

fluxes after enclosure in an opaque chamber (17.0 ± 14.5

S.D. mg CH4 m-2 hr-1; Table 2). The effect of enclosure
reduced rates of emissions an average of 25%. Before

enclosure, leaf conductances averaged 0.54 ± 0.30 S.D.,

n = 10, indicating the stomata were open (Table 3). Leaf

conductances following enclosure were reduced ninefold to

a level of 0.06 ± 0.04 S.D. cm s-1, n=10, the level of
cuticular conductance.

In contrast, August results for both methane

emissions and leaf conductance differed substantially

from those in July. No significant change in methane

emission rates was observed following enclosure and three

out of six observed fluxes were actually higher after

enclosure (Table 2). Leaf conductances before enclosure

were comparable to those observed in July, averaging 0.41

± 0.40 S.D. cm s-1, n=34. In contrast to the July

results, however, leaf conductance following enclosure

decreased only by a factor of 2.6 to a value of 0.16 ±

0.03 S.D. cm s-', n=40, suggesting only partial stomatal

closure (or a significant change in cuticular

conductance). The range of leaf conductances was higher

in July than in August, indicating the stomata were more



Table 2. Methane fluxes from Carex aauatilis before and

after a two hour enclosure in an opaque chamber.

Methane Flux'

Site Date Before
Enclosure

After
Enclosure

Change
in Flux

17/10/89 13.51 3.46 -10.0527/10/89 29.17 25.88 -3.2937/10/89 11.10 5.89 -5.21
4 7/10/89 37.19 32.72 -4.47

Mean 22.7 17.0 -5.7 (-25%)
Standard Deviation 12.5 14.5

5 8/5/89 7.08 6.04 -1.04
6 8/5/89 3.23 4.04 +0.81
7 8/6/89 5.72 5.68 -0.04
8 8/6/89 11.38 11.31 -0.07
9 8/6/89 6.62 8.50 +1.88
10 8/6/89 9.95 11.89 +1.94

Mean 7.3 7.9 +0.6 (+8%)
Standard Deviation 2.9 3.2

Flux measured in units of mg CH4 M-2 hr-'



Table 3. Leaf conductances' of Carex aauatilis before

and after a two hour enclosure in an opaque chamber.

Date July 10, 1989 August 6, 1989

Treatment Before After Before After

Mean 0.54 0.06 0.41 0.16

Median 0.37 0.04 0.35 0.11

Standard Deviation 0.30 0.04 0.40 0.03

Minimum 0.23 0.02 0.04 0.04

Maximum 0.94 0.80 0.80 0.80

Sample size 10 10 34 40

Change in conductance -9.Ox -2.6x

measured in units of cm s-1
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responsive during the middle of the growing season than

later in the season, suggesting a change in stomatal

function with age.

Discussion

These results demonstrate for the first time that

plant stomatal closure controls methane emissions from

Carex tundra and taiga wetlands. In my experiments, I

measured in situ methane emissions and leaf conductance

over an eight day period on the same sites and conducted

in situ experimental manipulations of leaf conductance

using antitranspirants and enclosing plants in an opaque

chamber. My experiments were conducted over two growing

seasons and in two geographically distinct study areas

characteristic of Arctic tundra and subarctic taiga

wetland communities.

Previous studies have noted greatly enhanced rates

of methane emissions as a result of plant-mediated

transport (Dacey and Klug, 1979; Seiler et al., 1984;

Sebacher et al., 1985; Whiting et al., 1991), yet the

mechanisms involved are still poorly understood. My

results of in situ daily observations show that the rate

of methane emissions from mature wet sedge (Carex spp.)
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communities is highly correlated with stomatal

conductance. Subsequent experimental manipulations

confirm that, in response to induced stomatal closure,

methane emission rates from Carex are significantly

reduced.

Leaf, cuticular, and stomatal conductances measured

in this study are similar to previously reported values

for Carex spp. (Stoner and Miller, 1975; Miller et al.,

1978; Tieszen, 1978; Lafleur, 1988). Maximum leaf

conductance rates (0.3 cm s-1) for Carex acxuatilis

reported by Stoner and Miller (1975) and those reported

by Lafleur (1988) for Carex paleacea (0.7 - 1.1 cm s-1)

were well within the range of my observations for the

Arctic tundra and taiga wetlands examined in this study.

I observed leaf conductances lower than those reported

for plants from aquatic habitats noted by Korner et al.

(1979). Cuticular conductance for Carex aauatilis (0.05

- 0.06 cm s-1) observed in this study was within the

range of 0.03 - 0.07 cm s-1, as reported by Stoner and
Miller (1975), Miller et al. (1978), Tieszen (1978) and

Lafleur (1988).

While my results demonstrate that stomatal

conductance modulates the release of methane from the
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plant to the atmosphere, the results also show that

emission rates, on average, are only partially reduced

following stomatal closure. I attribute this response

both to ineffective treatment applications and to

alternative methane release pathways. Application of

antitranspirant by spraying cannot be assumed to be

uniformly effective (Solarova et al., 1981). Therefore,

although application of the antitranspirant reduced leaf

conductance on that portion of the leaf measured by the

porometer, complete coverage of the entire plant surface

with the antitranspirant was unlikely. Similarly, in the

enclosure experiments, stomatal conductance was

demonstrated to be the major component of leaf

conductance at those points sampled with the porometer

(i.e., mid-length along the leaves). My sampling of

leaves with the porometer may not have been

representative of the whole plant surface. For example,

senescent leaf tips observed during the August enclosure

experiment most likely had cuticular conductance

substantially greater than that observed in the middle of

the leaves. As a result, these senescent tissues may

have provided a more permeable pathway for the release of

methane to the atmosphere than the section of the leaf

measured with the porometer. Furthermore, micropores, if

present, may provide an alternative pathway for methane
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release in Carex spp., as reported by Nouchi et al.

(1990) in their study of rice. However, contribution of

micropores to the low cuticular conductance measured

along the leaves in this study may have been correctly

observed. If the distribution of alternative cuticular

pathways, such as the micropores, is not uniform over the
plant surface, then my measurements would not have

estimated their relative importance at the plant scale

correctly. Knowledge of the structure and function of

both the stomata and cuticle for dominant wetland species

through the growing season would facilitate the

understanding of plant-mediated release of methane in

future methane emissions studies.

The results regarding stomatal and cuticular control

of methane release from plants provides a basis for

better understanding the temporal and spatial

distribution of methane emissions. Although release of

methane from the surface of the leaf is only one

component of the transport pathway through plants, the

relative roles of the stomata and cuticle presented here

further advances our understanding of mechanisms

regulating methane release from wetlands.
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Comparison with Previous Stomatal Manipulation Studies

Previous studies (Seiler et al., 1984; Holzapfel-

Pschorn et al., 1986; Whiting et al., 1987; Nouchi et

al., 1990) concluded that stomatal closure was

insignificant in regulating methane emissions from

natural and cultivated wetland plants. My results for

Carex spp. show the opposite: stomatal conductance is

important to the release of methane from plants under

common environmental and experimental conditions. The

apparent difference between my results and those of

previous studies may be due to differences in species

composition and structure, plant phenology, leaf age and

experimental conditions as they affect stomatal response.

Three types of environmental stimuli have been used

to induce stomatal closure, including alternating light,

temperature, and elevated CO2 concentrations in the

atmosphere around the plant. Several studies have

concluded that darkness (placing plants in opaque

enclosures) has no effect on rates of methane emissions

(Seiler et al., 1984; Holzapfel-Pschorn et al., 1986;

Whiting et al., 1987; Nouchi et al., 1990), whereas I

found a significant reduction in emissions following the

July enclosure. My results agree with those of King
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(1990) who monitored emissions from soil cores and of

Raimbalt et al. (1977), who noted significant differences

in methane emissions from illuminated and unilluminated

rice plants. Dacey (1980) demonstrated that transport of

methane through water lilies was explained by a

pressurized flow-through system driven by temperature and

light intensity. More recent, research has suggested

that a change in methane emissions in response to

light/dark manipulation may be due to the presence or

absence of a pressurized ventilation system in the plant

(Chanton, pers. comm.).

Potential differences in the stomatal response

between Carex spp. and those of other natural and

cultivated wetland species should also be considered.

The stomata of rice, investigated by Morison and Gifford

(1983), are less sensitive to carbon dioxide in the
atmosphere and intercellular air spaces of the leaf than
the native wetland plant, canary grass (Phalaris

aguatica). In addition, maximum leaf conductance for

cultivated C3 grasses, such as rice, is about half that
of typical wetland plants (Korner et al., 1979).

Differences in canopy characteristics among species may

also affect methane release. At the ecosystem scale, the

release of methane from the plant is due, in part, to
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canopy conductance, which is a product of leaf

conductance and leaf area. Therefore, although leaf

conductances may be lower for rice than for Carex spp.,

canopy conductances overall may be higher for rice

because the leaf area is typically much larger for a rice
canopy than for a Carex spp. community.

Stomatal response to environmental cues is further

complicated by leaf aging (Field, 1987). Younger plants

have both high cuticular and stomatal conductances. More

mature plants exhibit constant cuticular conductance and

less responsive stomata (Jones, 1983). With senescence,

stomatal function decreases or stops and the cuticle may

again become porous, providing an alternate pathway for

methane release, bypassing stomatal control. As plants

mature, the density of stomata increases with leaf

expansion and the number of stomata increase

proportionally to leaf area index (Ticha, 1982), thereby

increasing the surface area for stomatal transport of

methane from the plant to the atmosphere during the early

stages of plant development. Methane emissions from

boreal wetlands early in the growing season, however, may

be limited by factors other than leaf conductance, such

as limitation of microbial production by low substrate

temperatures, plant-mediated release due to low number of
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stomata as defined by low leaf surface areas, and reduced

root uptake associated with low root biomass and low

substrate temperatures. The role of stomata in the

control of methane emissions from sedge dominated

wetlands, therefore, is expected to vary seasonally, with

reduced importance early in the growing season and

during senescence.

Stomatal response within and between species may

also vary due to experimental conditions. My in situ

experiments involved minimal modification of the

environment, while in vitro studies, such as those

performed by Nouchi et al. (1990) maximize control of

environmental variables at the risk of modifying the

plant response. For example, greenhouse grown plants

typically have smaller leaf conductances than wild plants

(Korner et al., 1979). In addition, Morison and Gifford

(1983) reported that response to stomatal manipulation is

proportional to the absolute conductance. As a

consequence, the potentially lower leaf conductance of

plants grown under greenhouse or laboratory conditions

may negate stomatal response that might be apparent in a

field study.



Implications for Future Studies

An understanding of stomatal control of plant-

mediated methane flux also has implications for chamber-

based measurements of methane emission rates.

Observation periods, in particular, must be kept short.

In this study, chamber deployment was limited to 20

minutes because stomata begin to close after 30 minutes

of enclosure. Other studies, however, have reported

chamber deployments of 1 to 24 hours in similar

environments. Such practices may bias measured rates of

methane emission. Additionally, the potential for bias

in chamber-based observations of wetland methane

emissions is high, due to potential physical disturbance

and to potential changes in stomatal conductance in

response to changes in air movement, temperature, CO,

partial pressure, and relative humidity within the

chambers (Nobel, 1991). Reduced air flow within closed

static chambers may also decrease boundary layer

conductance, thereby potentially reducing the rate of

methane release. Chamber techniques must therefore be

carefully designed to minimize the potential of inducing

stomatal opening or closing during a methane emissions

measurement and to prevent damage to the vegetation

within the chambers.



66

The relative importance of stomatal and cuticular

pathways for transport and release of methane from plants

is dependent upon the type of plants, whether submerged

or emergent, rooted or floating. Carex aguatilis, which

occurring along a wet to dry moisture gradient, has

adapted to anaerobic substrates and provides multiple

pathways for the release of methane into the atmosphere,

including stomatal release. The absence of stomata in

many aquatic plants (especially those with surfaces in

contact with water), however, necessitates an alternative

pathway of methane release, most likely involving a thin

cuticle. In many other wetland plants, stomata are

continuously open (Zeiger, 1987) potentially providing

little resistance to the release of methane from the

plant. For Carex aauatilis, stomata are present in equal

numbers on both sides of the leaf (amphistomaty) although

in many other Carex spp., stomata occur only on the

adaxial (upper) surface of the leaves (Standley, 1985;

1986). An understanding of wetland species structure

could provide insight into the relative role of the

stomata and cuticle in methane release from plants.
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VII. ROLE OF LEAF AREA IN METHANE RELEASE

Since the initial experiments of John Dacey, who

discovered that methane was transported from the substrate

to the atmosphere through the stems of yellow water lilies

(Dacey and Klug, 1979), plant-mediated transport of methane

has been found to be an important pathway for release of

methane in temperate and tropical sites. Since then there

has been much speculation regarding the role of vegetation

in the release of methane. Quantitative relationships

between methane emissions and plant density, spacing, and

biomass have received little study. This research

documents the relationship between methane emissions and

leaf area through a series of clipping experiments in which
methane emissions were monitored while foliage was

systematically reduced.

In preliminary studies performed in the Prudhoe Bay

region during the summers of 1987 and 1988, the presence,

type, and amount of vegetation present was found to

influence the magnitude of methane emissions substantially

(Morrissey and Livingston, 1989; Morrissey and Livingston,

in press). These relationships were initially noted in the

highly variable (0 to 261 mg CH4 M-2 d-') methane emissions

from tundra lakes. The large magnitude and variability in
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emission rates we found were unexpected due to the low

values (14.7 mg CH4 m-2 d-1) originally reported by Hobbie et

al. (1980). The lake emissions data indicated two distinct

distributions of methane emissions rates, separable on the

basis of the presence of vegetation in the measurement

chamber. Paired observations within lakes controlling for

differences in substrate type and water depth, showed very

significant differences (paired t test, p < 0.001, n=16) in

methane flux in relation to the presence or absence of

vegetation in the sampling chamber. Methane flux from lake

margins without vegetation had a mean flux and standard

error of 3.1 +- 1.4 mg CH4 m-2 d-1. Paired observations from

1 to 5 meters away over vegetation averaged nearly 25 times

greater flux (74.2 +- 19.1 mg CH4 M-2 d-1) . Additional

evidence that the vegetation is particularly important in

the emissions process was provided by observations of

methane concentrations (300 to 1500 ppmv; n = 15) within

the shoots of Carex aguatilis and Arctophila fulva in

relation to ambient atmospheric concentrations

(approximately 2.0 ppmv).

Methods and Experimental Design

Above-ground green foliage was harvested from samples

clipped at the substrate surface and single-sided leaf area
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was measured on harvested foliage. Although referred to as

leaf area, leaf area samples included both leaves and

stems. However, previous studies of wet tundra plant

communities at Barrow, Alaska found that leaves and stems

represent 90% and 10% respectively of the foliage area

(Dennis et al., 1978). Live and dead fractions of samples

were separated and their respective leaf areas measured in

the laboratory using a Licor 3100 Area Meter. Two

measurements of each sample were made, following initial

calibration of the meter. Coefficients of variation on

repeat measurements were typically less than 5%. If

greater than 10%, however, additional replicate measures of

leaf area were made. Measured leaf areas were subsequently

normalized for the ground surface area sampled, yielding a

leaf area index (LAI) which could be compared to measured

rates of methane emissions.

To understand the relationship of methane emissions to

leaf area in this research, a series of clipping

experiments was performed at sites with 2-5 cm of standing

water. In both experiments, methane emissions were

measured from sampling chamber sites immediately prior to

and following systematic clipping of the vascular leaf area

below the surface of the water. Methane emissions were

measured initially before harvesting (control), a second
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time after approximately half of the plant material was

clipped, and a third time after all the plant material had

been harvested from the site (Figure 6). In the first

experiment, whole plants were clipped so that the remaining

foliage consisted of intact leaves and stems above the

water surface (Figure 6a). In the second experiment, the

tops of the leaves were clipped leaving stems and leaves

exposed to the atmosphere (Figure 6b).

Results

Methane flux was directly, but non-linearly, a

function of the leaf area (Figure 7). The relationship

between leaf area and flux was described by two

multiplicative models in the form of y = axb, where y is
the flux, x is the leaf area index. Two separate

relationships were represented: terrestrial sites

characterizing basins of low-centered polygons and

strangmoors with low methane emissions, and more productive

lake margins with higher emissions. For the terrestrial

sites more representative of tundra wetlands, this

relationship was described as: Flux = 2.24(LAI)*29. The

relationship between leaf area index and flux (mg CH4 m2

hr') for the lake margin sites was described as:
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Figure 6. Experimental design for the clipping
experiments. In the first experiment (a), following
clipping, the remaining plants consist of intact leaves and

stems. In the second experiment (b), the inner air spaces

of the leaves and stems were exposed to the atmosphere

following clipping of the tops of the plants.
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Figure 7. Repeated measurement of methane emissions

following systematic reduction of foliage with leaves of

remaining plants left intact (type (a) of Figure 6). Two

curvilinear relationships relating methane flux and leaf

area are evident.
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Flux = 3.25 (LAI)29. A comparison of methane emissions

before harvesting to those after complete removal of all

vegetation indicate that approximately 90 - 98% of observed

emissions from flooded sites were through the plant. Flux

and leaf area data for this experiment can be found in the
Appendix (Table C). These results confirm that herbaceous

vegetation in tundra ecosystems enhances the rate of

methane transfer from the substrate to the atmosphere.

In the second experiment, the effect of clipping the
top half of the vegetation (at terrestrial sites) so that
the remaining vegetation no longer consisted of intact
leaves was examined (Figure 6b). If the intact leaves and
stems of the plant limit or restrict the transport of
methane from the substrate to the atmosphere then clipping

the leaves and stems should allow a free flow of methane

from the inner air spaces of the plant. The results

demonstrate a slight but significant increase (paired t
test, p = .04, n=5) in the rate of emissions following
clipping (Figure 8), indicating that the release of methane

through the aerenchyma tissue of the plant is facilitated

by exposing the inner air spaces of the leaves and stems,

creating an open pathway for the release of methane to the

atmosphere. Flux and leaf area data for this experiment
can be found in the Appendix (Table D).
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Figure 8. Repeated measurement of flux following

systematic clipping of the tops of the foliage exposing the

inner air spaces of the aerenchyma tissue of the plant to

the atmosphere.
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Net diffusive emission rates (i.e., non plant-mediated

transport) across the water-atmosphere boundary were

estimated from observations from the clipping experiment

where all vegetation had been removed to below the surface

of the water. Those emissions ranged between 0.211 and

0.704 mg CH4 m-2 hr-1 for the terrestrial sites and 1.434 to
2.868 mg CH4 M-2 hr-1 for the lake margins. These low rates

were reasonable, as ebullition was not observed in the

field. Flux for the diffusion pathway was similar in

magnitude for all non-vegetated sites, whether occurring

naturally or created by clipping. With such a narrow range

of emissions from unvegetated sites, site to site

variability due to diffusion was low; site to site

variability in emissions increased only when vegetation was

present and plant-mediated transport of methane dominated

the release process at the site.

Discussion

Hydrophytes act as conduits for methane transport from

the anaerobic substrate to the atmosphere [Dacey and Klug,

1979; Cicerone and Shetter, 1981; Sebacher et al., 1985;

Bartlett et al., 1988; Conrad, 1989; Schiitz et al.,

1989a]. Yet knowledge of hydrophyte's role in the

transport process has not been utilized to derive regional
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estimates of methane emissions. Measurements to assess

the role of plants in the emissions process are few and
interpretation of results is sometimes conflicting. No

influence of rice-plant density on methane release rates

was found by Seiler et al. (1984). Burke et al. [1988]

concluded that variability in methane flux between sites in

the Florida Everglades was at least in part attributable to
differences in plant size and spacing. They found that

methane emission rates were inversely proportional to

vegetation densities as a consequence of increased methane

oxidation in the substrate related to root aeration.

Morrissey and Livingston (1989) found that methane

emissions from Arctic tundra were proportional to the

amount of herbaceous vegetation at a site. Methane

emissions were strongly related to aboveground biomass in

rice fields (Sass et al., 1990) and in a Florida marsh

(Whiting et al., 1991). Field observations and

experimental manipulations of this study indicate that

methane emission rates in the Arctic tundra are

significantly and substantially enhanced in direct relation

to the leaf area of aquatic and terrestrial plants in

anaerobic sites. This study, therefore, suggests that

plant-mediated methane emissions processes should be

considered an integral part of future methane studies and

extrapolations of local methane measurements to the region.
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The basis of the observed non-linear relationship

between leaf area and flux (Figure 7) is unknown. Assuming

conditions remained constant over the course of the

experiment, the relationship would be expected to be

linear. A possible explanation for the non-linear

relationship is change in experimental conditions either

concurrent with or induced by the experiment. Over the two

hour experiment, increasing air temperature and solar

radiation on the leaf surface could have increased the rate
of methane transport from the soil into the roots or

through the plants by diffusion, which is temperature

dependent. Diurnal measurements (Chapter X) in methane

emissions, which increase from morning to afternoon,

indicate and are supportive of slightly elevated emissions

during the second phase of the first clipping experiment.

Another possibility is that the diffusional gradient from

the plant and the atmosphere may have increased (i.e.,

higher concentrations of methane in the remaining intact

leaves relative to the ambient atmosphere). With higher

methane concentrations in the remaining leaves, a larger

driving force (larger diffusional gradient between the air

and plant) could have been generated, thereby increasing

diffusion through the remaining intact leaves.
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Differences in the rate of emissions between lake

margin and terrestrial sites may reflect site differences

in methane production, oxidation and transport rates.

Oxidation was assumed to be negligible at these anaerobic

sites. Aboveground and belowground biomass and leaf area

along lake margins are characteristically greater than at

inland sites, as a result of increasing lake margin

temperatures relative to inland sites. The higher

aboveground biomass and leaf area for the lake margin sites

provides more surface area for release of methane than is

provided at terrestrial sites. Similarly, nutrient cycling

rates are higher near lake margins, where waters move

freely, providing a warmer substrate than terrestrial sites

(Hobbie et al., 1980). The warmer substrate temperatures

at lake margins also increase decomposition rates,

providing more simple carbon substrate for methanogens.

Additionally, warmer temperatures increase root

development, increasing methane absorption as well as

increasing rates of diffusion of methane from the substrate

into the roots and, possibly within the plants themselves.

Contributions to higher methane emissions at lake margin

sites are enhanced anaerobic conditions conducive to

methane production throughout the growing season. In

contrast, terrestrial sites may dry, resulting in aerobic
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substrate conditions leading to oxidation of methane,

reducing net emissions.

Clipping experiment results are similar to those

reported by Holzapfel-Pschorn et al. (1986) and Seiler et

al. (1984) in rice fields. Clipping experiments in rice

fields by Schutz et al. (1989b) have also shown that the

amount of methane emitted through plants varied during the

growing season. Although bubbling and diffusion were

important in rice fields, the latter contribution to the

total emission rates depended upon the phenological

development of the plants. Bubbling and diffusion were

important before the development of the vegetation, while

plant-mediated transport dominated after the vegetation

appeared. Although these and other studies have

investigated the role of plant mediated transport of

methane, no previous studies have investigated the

relationship between the amount of vegetation and methane

emissions.

Extremely large variations in methane flux, over

several orders of magnitude between similar sites and

within a given site over time (Whalen and Reeburgh, 1988),

can be due, in part, to the amount of vegetation within the

sampling chamber. Site to site variability in observed
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rates of emission may be significantly reduced if the type

and amount of vegetation is accounted for. The temporal

variation in flux may also be tied to the daily and

seasonal progression of vegetation during the growing

season and will be examined further in the Chapter X.

Movement of methane through plants appears dominated

by two primary processes: diffusion and mass flow.

Researchers have referred to the general process of

"ventilation". Dacey (1980) demonstrated a pressurized

ventilation system in yellow water lilies, which moved

methane (via mass flow) through the plant. Koncalova et

al. (1988) examined gas exchange between partially

submerged Carex spp. plants and the atmosphere, concluding

that both diffusion and mass flow are equally involved in

the ventilation of Carex roots. Ventilation occurs by

diffusion following the oxygen gradient along the internal

gas spaces of the root and by mass flow driven by the

solubility of respiratory carbon dioxide in the root medium

(Koncalova et al., 1988). In contrast, Raskin and Kende

(1985) found that diffusion played a minor role compared to

mass flow in ventilation by rice plants. The importance of

diffusion through the plant, and at the water to atmosphere
interface, can be further examined by analysis of

diffusion coefficients.
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In comparison to plant-mediated transport of methane,

diffusion through ambient air and water is a slow process

(Liss and Slater, 1974). Diffusion of methane from the

soil to the overlying surface water and then to the

atmosphere is proportional to the concentration gradient

from the soil, and across the water and to the air. For

gases of low to moderate solubility such as methane, the

liquid phase offers the major resistance to gas transfer

(Liss and Slater, 1974). This is not surprising when one

compares the gaseous diffusivity of methane in air,

approximately 2.2 10-Sm2 sec (Boushehri et al., 1987), with

the diffusivity of methane in water at 2.0 10-9 m2 sec

(Broecker and Peng, 1974). Therefore, the more east

movement of methane from the substrate to the atmosphere

through the plant is able to circumvent the slow diffusion

of methane from the substrate through the water and

subsequently, to the air, by several orders of magnitude.

Clipping experiments also shed light on stomata as a

key pathway for release of methane from the plant. When

leaves were completely removed, reduced leaf area in the

chamber resulted in a proportional reduction in methane

flux. In contrast, when leaf tops were partially clipped,

rates of methane emissions increased slightly despite the

reduced leaf area. The slight enhancement of methane flux
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observed following clipping of the leaf tops most likely

reflected slightly increased leaf conductance resulting

from an open pathway between the inner air spaces of the

mesophyll and the atmosphere. In addition to raising the

leaf conductance through partial clipping of the plant

tops, conductance for the inner air spaces of the mesophyll

was also raised by exposing these spaces directly to

ambient air. In contrast, Seiler et al. (1984) found no

change in rates of emissions before and after clipping the

tops of plants and concluded that emissions were

independent of stomatal aperture. They assumed that if

stomatal conductance was controlling emissions, methane

emissions should increase following clipping. This would

certainly be the case if the stomata were initially closed;
an increase in conductance induced by clipping would

increase emissions. However, if the stomata were initially

open, not restricting the release of methane, then an

induced change in conductance and resultant change in the

rate of emissions due to clipping would be expected to be

negligible. The unstated assumptions of Seiler et al.

(1984), therefore, may have precluded their consideration

of alternative explanations for their results. My

experimental results are consistent with Seiler et al.

(1984), although my interpretation of the results differs.
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The results of my study show, to a large degree, that

plants control the release of methane from the substrate to

the atmosphere. Further, the control is determined by the

plant's intact green leaves. Plant-mediated transport of

methane is a more significant pathway in the tundra than

the soil-atmosphere interface because it circumvents the

slow diffusion of methane through water at the surface and

it also bypasses potential oxidation that could occur
within the substrate.



VIII. SATELLITE-DERIVED LEAF AREA ESTIMATES

Numerous indices derived from remote sensing data

have been developed to describe vegetation canopies.

These indices generally attempt to enhance the spectral

contribution of green vegetation while minimizing those

from soil background, solar irradiance, sun angle,

senescent vegetation, and atmosphere (Tucker, 1979). The

most common of these indices, the Normalized Difference

Vegetation Index (NDVI), utilizes red and near infrared

canopy reflectances or radiances in the form of ratios.

This index has been found to be well correlated with

various vegetation parameters including green leaf area,

biomass, percent green cover, productivity, and

photosynthetic activity (Asrar et al., 1984; Sellers,

1985). In this chapter, satellite-derived NDVI was used

to extend leaf area measurements to the entire study area
of Prudhoe Bay. These regional leaf area data provided

the basis for the regional methane emission estimates

described in the next Chapter.

Background

Theoretical models of radiation transport predict

that the spectral reflectance of solar radiation by plant



85

canopies is related to leaf area index (Jarvis and

Leverenz, 1983) . A positive relationship exists between

LAI and near IR reflectance due to a strong scattering

and weak absorbance by leaves in the canopy (Woolley,

1971; Gausman and Allen, 1973). Conversely, there is an

inverse relationship between LAI and visible regions of

radiation absorption by chlorophyll (Hoffer, 1978).

Therefore, a ratio of the near IR to visible regions of

the electromagnetic spectrum would be expected to

increase with increasing leaf area index.

A number of empirical studies have been reported

which examined the relationship between spectral

reflectances and the leaf area index for a wide range of

ecosystems (Curran, 1980; Tucker et al., 1981; Asrar et

al., 1984; Spanner et al., 1990; Badhwar et al., 1986).

Several investigators have applied these spectral

relationships to studies of wetland plant communities.

Graminoid marsh plants show a strong correlation between

near infrared and visible red waveband ratios and green

biomass in Delaware salt marshes (Bartlett and Klemas,

1981; Hardisky et al., 1983). Gross et al. (1987, 1988)

were able to predict live aboveground biomass with a

vegetation index. Hardisky and Klemas (1985)

investigated the influence of wetland plant morphology on
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the observed vegetation index. The NIR/RED ratios

(including NDVI) are very sensitive to low values of LAI

and biomass, with saturation occurring at a LAI of

between 3 and 5 (i.e., not good indicators for areas of

high LAI). However, these empirical approaches relating

vegetation indices to leaf area or biomass are site-

specific, limiting their regional application. In

addition to the many empirical studies, a theoretical

discussion of these relationships can be found in Sellers

(1989).

Theoretically, NDVI is a bounded ratio with values

between -1.0 and +1.0, however, these bounds are never

reached because of factors whose combined effect reduces

the absolute value of NDVI (Singh, 1988; Holben, 1986).

Atmospheric scattering, solar zenith angle, and cloud

contamii --ion cause NDVI to vary. Atmospheric

attenuation due to aerosols and water vapor can increase

or decrease NDVI and high solar zenith angles decrease

NDVI. In general, NDVI increases with the amount of

green vegetation, while clouds, water and snow are more

reflective in the visible than the near infrared (NIR),

resulting in a negative NDVI, and rocks and soil have

similar responses in these spectral ranges, resulting in

NDVI values near zero (Tarpley et al., 1984).



Experimental Design and Methods

Landsat Multispectral Scanner (MSS) data were

acquired on August 2, 1985. From these data, the digital

numbers were converted to radiances, atmospherically

corrected, and a Normalized Difference Vegetation Index

(NDVI) computed.

Atmospheric correction was performed using an

improved dark-object subtraction technique allowing the

user to select a relative atmospheric scattering model to

predict the haze values for all bands from a selected

starting band haze (Chavez, 1988). Initially, the

minimum radiance of deep lakes and ocean in the image was

extracted, assuming that without atmospheric scattering,

the minimum radiance of these features would be zero. A

relative power-law scattering model was selected to

represent the atmospheric conditions at the time that the

image was collected, using the guidelines of Chavez

(1988). This varies from the -1.0 power of the

wavelength on moderately clear days to -0.7 power on hazy

days. Values for a clear atmosphere scattering model

were based on Chavez (1988; Tables 2 and 3) with initial

conditions selected based on MSS band 2.



88

Because the vegetative response is based on radiance

values, the digital counts (QCAL values) were converted

to spectral radiances, L, following the procedure

described by Markham and Barker (1986) as follows:

LMAX - LMIN

L = LMIN + ( ------------- ) QCAL

LMAX + LMIN

where QCAL = calibrated and quantified scaled radiance in

units of DN (digital numbers); L = spectral radiance (mW

cm-2 str-1 um-1) ; LMIN = spectral radiance at QCAL = 0;

LMAX = spectral radiance at QCAL = QCALMAX; QCALMAX =

range of rescaled radiance in DN. The values for LMIN,

LMAX, and QCALMAX shown in Table 4 were obtained from

Markham and Barker (1986). The data were processed using

IDIMS (ii,:-:teractive Digital Image Manipulation System)

software produced by Electromagnetic Systems Laboratory.



Table 4. Landsat MSS post-calibration values

for dynamic ranges after Markham and Barker (1986).

Band 2 Band 3 Band 4

LMIN 0.3 0.4 0.3
LMAX 17.9 14.8 12.3
QCALMAX 127 127 127
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Field sampling was conducted during the summer of

1989. Twelve sites, delineated as homogeneous polygons

on the NDVI satellite image, were selected to include a

wide range of NDVI (and leaf area) values. At the
approximate center of each polygon, ten randomly selected

subsamples along a randomly oriented 100 m transect were

clipped and leaf area measured in the laboratory. Within

a chamber sample (area of 508.6 cm2), all vegetation was

removed from the site and stored in a plastic bag for
later analysis. The green leaf area was subsequently

measured in the laboratory using a Licor 3100 Leaf Area

Meter. Live and dead materials were separated and each

sample was measured twice. Mean leaf area values were

calculated for each NDVI site by summing the leaf areas

for all ten samples and dividing by the number of samples

(10).

Twelve leaf area transects were located on an

interactive image display of the NDVI image. Mean

digital numbers for a 3 by 3 pixel-size polygon for each

leaf area transect location were retrieved and, following

atmospheric correction, converted to radiances. Mean

radiances were used to calculate a mean NDVI value for

bands 2, 3 and 4. Two NDVI images were generated because

the Landsat MSS has two near infrared bands. The first
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option uses a ratio of bands 2 and 3 (henceforth,

referred to as NDV132). The second option uses a ratio

of bands 2 and 4 (henceforth referred to as NDVI42). A

simple linear regression was performed to determine the

relationship between leaf area and NDV132 and NDVI42 for

the 12 sites. A summary of the leaf area, NDVI values,

and band radiances for each of the 12 sites is presented

in Table 5.

Results

NDVI and leaf area characteristics of the 12 Prudhoe

Bay sites are summarized in Table 6. Leaf area ranged

from 0 to 860 cm2 (LAI of 0 to 1.7), representing nearly

the entire range for vascular herbaceous plant

communities in the tundra biome (Tieszen, 1978). The

relationships between leaf area and MSS Bands 2, 3, and

4 radiances are presented in Table 7 and Figure 9. There

is a weak negative relationship between leaf area and the

visible radiance in MSS Band 2 (Figure 9a). However, a

strong positive linear relationship is evident between

leaf area and the two near infrared bands 3 and 4 (Figure
9b and 9c). These positive relationships are consistent

with the expectation of increased near infrared

reflectance with increasing green leaf area. Because



Table 5. Radiance and NDVI values for MSS data related

to average one-sided leaf area index.

Site Mean LAI MSS Band Radiances' NDVI Values

LA2 MSS2 MSS3 MSS4 NDV132 NDVI42

L1 6.3 0.01 3.18 2.80 1.81 -0.06 -0.28

L6 0.0 0.0 4.75 4.08 2.58 -0.08 -0.30

L4 860.2 1.7 2.15 4.51 4.10 0.36 0.31

L10 699.2 1.4 2.52 3.96 3.37 0.22 0.15

L7 89.0 0.2 3.15 3.34 2.39 0.03 -0.14

L9 828.1 1.6 2.38 4.57 3.84 0.32 0.24

L42 207.6 0.4 2.58 3.05 2.50 0.08 -0.02

L52 179.8 0.4 2.15 2.34 1.51 0.04 -0.17

L81 254.0 0.5 3.00 3.75 3.01 0.12 0.00

L80 170.3 0.3 2.80 3.28 2.43 0.08 -0.07

L8 433.8 0.9 2.16 3.01 2.38 0.16 0.05

L50 87.2 0.2 2.56 2.71 2.07 0.03 -0.11

1 Radiance units in mW cm-2 ster-1 m-1

2 Average one-sided leaf area (cm2) per 508.6 cm2 ground
area
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fable 6. Summary statistics for field-determined one-

sided green leaf area and NDVI sites at Prudhoe Bay,

Alaska

Statistics Leaf Area' NDV132 NDVI42

Mean 318.0 0.108 -0.027

Median 193.7 0.082 -0.042

St. Deviation 312.5 0.136 0.190

Minimum 0.1 -0.076 -0.297

Maximum 860.2 0.355 0.312

Sample Size 12 12 12

Mean one-sided leaf area in units in cm2 per 508.6 cm`
around area



Table 7. Summary of relationships between one-sided

green leaf area index and Multispectral Satellite (MSS)

radiance data.

Bands Correlation (r)

MSS Band 2 radiance -.57

MSS Band 3 radiance .68

MSS Band 4 radiance .86

NDVI (Band 2 and 4) .95

NDVI (Band 2 and 3) .97
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the two infrared bands are highly correlated (r = 0.93),

NDVI is also highly correlated with leaf area; r =.95

for bands 2 and 4 and r =.97 for bands 2 and 3 (Figure

10).

To estimate leaf area for the satellite data, a

regression was determined for the relationship

between leaf area and NDVI32. The mean NDVI values for

each site (3 pixels x 3 pixels) and average leaf area
determined by field transects were computed (Table 5).

Leaf area was calculated for the Prudhoe Bay wetlands in

the MSS image of Prudhoe Bay by regression: Leaf area

index = 0.15 + 4.37(NDVI32), r2 = .95, n = 12, as shown

in Figure 10. Satellite-derived leaf area for the MSS

scene ranged from LAI of 0 to 2.7, while NDVI ranged from

-0.50 to + 0.43 (Figure 10).

Total leaf area for the MSS satellite data set
(approximately 152,000 ha) was estimated to be 6.7 * 106

m2. Average leaf area index per pixel for the satellite

data was 0.57, calculated as the total leaf area divided

by the total number of pixels, compared to the field-

determined sample mean of 0.62 for LAI. Total NDVI32 for

the MSS data set was 39,404, calculated by summing the

NDVI values for the MSS data set, and the average NDVI
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for the data set, calculated as the total NDVI divided by
the total number of pixels (468,928), was 0.0840. The

average NDVI of 0.1083 for the twelve field-determined

ground transect samples compared reasonably well with the

average NDVI (0.08) for the entire derived satellite data

set.

MSS Band 4 radiances were consistently lower than

Band 3 radiances, resulting in lower NDVI values for

NDVI42 compared to NDVI32 (Table 5). Nearly half of the

12 vegetated sample sites have negative NDVI42 values.

For NDV132, the vegetated sites have a positive NDVI with

only two negative values representing bare soil. The

preponderance of low radiances for Band 4 and

corresponding low NDVI values is most likely the result

of characteristically high absorption of the infrared

bands by standing water and ponds in the wetlands. At

the 800-1100 nm wavelength, Band 4 is more sensitive to

water absorption than Band 3 at 700-800 nm. In addition,

an estimated mean NDVI32 value of 0.11 derived from the

satellite data is consistent with measured NDVI values of

0.09 for low density vegetation (Holben, 1986).
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Discussion

The NDVI and leaf area data derived from Landsat MSS

satellite data in this study are consistent with values

reported in previous studies on the North Slope of Alaska

(Tieszen, 1978; Goward et al., 1985). Also, the range

and maximum NDVI values for Prudhoe Bay agree with those

reported for Barrow, Alaska (Goward et al., 1985). At

Barrow, they mapped seasonal NDVI using AVHRR satellite

data with mid-season maximum NDVI values between 0.2 and

0.3. International Biome Program (IBP) studies for the

Alaskan tundra estimated the range of leaf area index of

0.8 to 1.2 for meadows dominated by Carex spp. (Caldwell

et al., 1974), agreeing with the results of this study.

Satellite-derived NIR/RED indices have been widely

used as surrogates for LAI despite the fact that other

leaf and surface properties influence these indices.

Radiative transfer modeling of canopies of increasing

thickness led Sellers (1987) to conclude that NDVI "is an

insensitive measure of leaf area when:

1) the LAI is above 2 or 3,

2) there are patches of bare ground,

3) there is an unknown quantity of dead material,
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4) the leaf angle distribution is unknown and the

solar elevation is high".

According to Sellers, because of these restrictions, NDVI

is a poor indicator of leaf area index (hence, leaf area)

and radiance properties of vegetation provide more

information about such processes as photosynthesis and

respiration than about the state of the vegetation (leaf

area, biomass). In most studies involving the

application of remote sensing to the estimation of LAI

using vegetation indices, the power of these

relationships is made possible by the inclusion of a very

wide range of vegetation types with a wide range of LAI.

In this study, a strong relationship between leaf area

and NDVI was determined for mono-specific stands of wet

tundra dominated by Carex spp. which exhibits a narrow

LAI range (0-3). The steep linear response between NDVI

and leaf area at low values of LAI indicates a good

sensitivity of the index for areas with low LAI such as

the tundra. Therefore, the factors mentioned by Sellers

(1986) are not generally applicable to these tundra

sites. Sites chosen in this study were geographically

dispersed throughout the Prudhoe Bay area, homogeneous in

physiognomy, included leaf area indices of less than 3,

and included species exhibiting known erect leaf angles.
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A high solar zenith angle of 54°reduced NDVI by about 12%

according to Singh (1988).

Although many of the factors cited by Sellers do not

apply to the use of NDVI for this study, some of those

factors influenced the NDVI values calculated from the

satellite data. These factors taken together most likely

have caused an underestimate of NDVI for the Prudhoe Bay

area. Presence of dead vegetation, a dark and wet soil

background, standing water at the surface, low vegetation

density, and low sun angle all tend to decrease the

observed vegetation index (Holben, 1986; Singh, 1988;

Sellers, 1985).



IX. REGIONAL ESTIMATION OF METHANE FLUX

Most regional and global methane budgets have been

extrapolated from flux estimates collected on reasonably

well-studied sites that are assumed to be representative

of the region (Matthews and Fung, 1987). This assumption

of representativeness is often arbitrary and may lead to

erroneous estimates (Matson et al., 1989). While major

sources of methane emissions on a global scale have been

identified, there are considerable uncertainties in

source strengths (Fung et al., 1991). Individual methane

flux measurements within a region such as the tundra

often span several orders of magnitude (Sebacher et al.,

1986; Whalen and Reeburgh, 1990), making extrapolation

from individual flux measurements to the region very

difficult. Thus, regional estimates are plagued by

uncertainties not only of the magnitude of emissions but

also of the areal extent of wetlands, length of the

methane producing season, and the spatial and temporal

variability of the emission rates. Furthermore,

extrapolation of measured fluxes to the region commonly

relies on insufficient data. These shortcomings are

compensated by supplementary assumptions (Aselmann,

1989). In addition, in most if not all cases,

statistical assumptions based on random sampling and
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normal distributions have not been met. It is not

surprising then, that "present wetland [gas flux]

statistics, their seasonal status, and the extrapolation

of flux data can only yield rather large ranges"

(Aselmann, 1989).

Background

Regional flux is a function of emission rate, area

of emission, and the seasonal changes in these

parameters. Variation in these parameters contributes to

the regional uncertainty of the estimated flux and
variance for that estimate. Although the regional flux

cannot be determined absolutely without a complete census

of the region, the variance or precision of the estimate

can be determined and used to compare alternate methods

of extrapolation. The precision is judged in sampling

theory by the variance of the estimators concerned and

provides the basis for comparison of population estimates

(Raj, 1968).

This study compares two regional-scale estimators:

one based on a common approach in the literature of
direct expansion of mean local-scale flux and the other

is the approach introduced here based on a ratio
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estimator combined with a regression estimator. The

first approach calculated the regional estimate as a

product of the mean emission values and areal extent of

wetlands (methane source areas). The second approach

utilizes environmental parameters observed at the local

and regional scales. For this study, calculation of a

mid-season emissions estimate for the Prudhoe Bay region

eliminates variability due to the length of the methane

producing season (time). Furthermore, all estimates were

based on methane flux measurements from the summer of

1989 and utilized the same areal extent of wetlands

(methane source areas), eliminating variability due to

both the "emission rate" and "area" terms. As a result,

differences in the two estimates were due to the

precision of the regional methane estimate and sampling

error.

The direct expansion method is the most commonly

reported approach in regional methane flux studies. In

the direct expansion method, a local scale mid-season

mean methane flux is multiplied by the areal extent of

the methane source area and by the length of the methane

producing period. The sources of error in this approach

arise not only from the enormous spatial and temporal

variability in methane emissions at the local and
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regional scales, but also from inaccuracies in estimates

of the areal extent and length of the growing season. In

this comparison, potential sources of error in

variability in emissions due to time of day, extent of

methane source area, and seasonal variability were

controlled.

The ratio estimator method allows use of ancillary

information to improve the precision of the regional flux

estimate. The ratio estimator can be used 1) when a

sample has been taken to estimate the population total of
the variable (Y) of interest, in this case, methane flux

and 2) when a complete accounting of a covariable (X) is

also available, in this case, satellite-derived leaf area

index (LAI). By developing a ratio estimate for the

known values of variable Y (methane flux) relative to

variable X (satellite-derived LAI), one can estimate Y

based upon X where Y is not sampled (Snedecor and

Cochran, 1989). This estimator assumes a linear

correspondence and zero intercept between the two

variables, X and Y.

The linear regression is a more generalized estimate

also designed to increase precision on limited

observations for variable (Y) by the use of an auxiliary
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variable (X). The regression estimator was used to

estimate the average leaf area index for the region based
on satellite-derived NDVI data described in the previous

chapter. The regression estimate is more precise than

the ratio estimate when the regression intercept is not

zero (Cochran, 1977).

To estimate regional gas flux, studies to date have

integrated remote sensing methods based on broad

vegetation categories combined with in situ flux

measurements (Matson et al., 1989). The assumption

behind this approach is that these broad and easily

observable categories serve as long term integrators of

a number of less easily determined environmental factors

that affect methane flux. This approach has been

utilized for methane studies in the Florida Everglades by

Bartlett et al. (1989) and in the Arctic tundra

(Livingston and Morrissey, in press). These strata

provide a basis for determining the areal extent of

source and sink areas, thereby improving the accuracy and

reducing the overall variance term for the regional

estimate. This research demonstrates the use of a

continuous satellite-derived variable (rather than the

discrete strata described above) combined with in situ

flux measurements to derive a regional flux estimate and
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corresponding variance term with greater precision than

traditional direct expansion approaches.

Data Base

When estimating the regional flux of an area using

the direct expansion approach, investigators

characteristically measure gas flux in the field during
the peak growing season and extrapolate these

measurements to the entire growing season (Matthews and

Fung, 1987). For the comparison in this study, flux
measurements were acquired in the summer of 1989

resulting in two peak flux periods bracketing a low flux

period. Direct expansion estimates here are calculated

based on a two week peak midsummer flux period and a two

week low midsummer flux period, both observed during the

middle of the 1989 growing season. For nine seasonally

studied sites (described in Chapter X), regional

estimates are calculated based on fluxes measured during

the weeks of July 19 and July 26 representing a low end

average flux (Table 8) and the weeks of August 7 and 14

representing the peak flux period (Table 9). The purpose

of this analysis was to provide a basis for comparison
between traditional direct expansion methods
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Table 8. Low mid-summer in situ fluxes used for the

direct expansion estimate.

Site
July 19

Flux'

July 26

Flux'

Mean

Flux'

81N 10.09 7.09 8.59

81S 1.83 2.63 2.23

50 3.11 4.48 3.80

80N 17.55 9.60 13.58

80S 15.12 11.00 13.06

52W 3.55 12.37 7.96

52E 8.40 5.01 6.71

42W 9.90 8.18 9.04

42E 8.44 0.70 4.57

Mean flux (fil) = 7.73, variance = 15.23

in units of mg CH, m-2 hr"'



Table 9. Peak mid-summer in situ fluxes' used for the

direct expansion estimate.

Site
August 7
Flux

August 14 Mean
Flux Flux

81N 20.23 11.69 15.96

81S 6.37 6.65 6.51

50 11.88 12.68 12.28

80N 19.57 17.26 18.42

80S 23.61 18.13 20.87

52W 14.15 12.64 13.40

52E 14.85 11.69 13.27

42W 9.19 10.39 9.79

42E 9.57 10.17 9.87

Mean flux (fip) = 13.37, variance = 20.22

in units of mg CH, m"2 hr-'
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and the estimator introduced here referred to as the LAI-
based estimator. The extrapolation of methane emissions

to the Prudhoe Bay region in itself is of limited value

as samples were allocated non-randomly and limited in

number (n=9). For this study, the "best" estimation

approach will be judged by the precision of the regional

estimate (i.e., the lowest regional variance term)

assuming bias is negligible.

Calculation of a regional methane emissions estimate

utilizing the LAI-based estimator required a two step

approach. In the first step, the flux and leaf area data

presented in Chapter VII are used to estimate methane

flux and variance as a function of leaf area using the

ratio estimator (Table 10). In the second step, the

relationship between in situ leaf area index (LAI) and

satellite-derived NDVI values for the region is used to

estimate the average LAI (and variance) for the region

employing a regression estimator (Table 11). The total

regional flux and variance terms are estimated from these

calculations of methane flux per leaf area and average

LAI for the region. Finally, the regional flux and

variance terms for the LAI-derived estimate and the

direct expansion estimates were compared in terms of

precision and discussed in terms of sampling efficiency.



(fL)

Flux/LAI'

Table 10. In situ flux and leaf area data utilized for

the ratio estimate.

Site

(f)
Total
Flux'

Diffusive
Flux'

(y)

LAI2

23 6.90 0.70 .4522 15.26

24 7.09 0.63 .3669 19.32

6 8.22 0.28 .7346 11.19

5 10.73 0.21 .8114 13.22

8 11.93 0.21 1.1170 10.68

7 13.42 0.60 .8246 16.27

Mean flux (f) = 9.715, mean LAI (y) _ .7178

E fiyi = 44.858

E yi2 = 3.456

E fit = 603.0

' in units of mg CH4 m-2 hr-'
2 leaf area index (leaf area/508.6)

3 flux per leaf area (mg CH4/m2 leaf area/hr)



Table 11. Leaf area, LAI and NDVI data utilized in

regression estimate of average LAI for the Prudhoe Bay

region.

Site Leaf Area' LAIZ NDVI x

L6 0.0 0.0 -.08

Li 6.3 0.0124 -.06

L50 87.2 .171 .03

L7 89.0 0.175 .03

L80 170.3 .335 .08

L52 179.8 .354 .04

L42 207.6 .408 .08

L81 254.0 .499 .12

L8 433.8 .853 .16

L10 699.2 1.375 .22

L9 828.1 1.628 .32

L4 860.2 1.691 .36

Mean LAI (y) = .6251, mean NDVI (x) = .1083, n = 12

Ex;yi = 1.7118

Exit = .3466

jyi2 = 8.8411

1 in units of cm2 per 508.6 cm2 ground area
2 Leaf area index (leaf area / 508.6 cm2)
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Although the lake margin sites examined in Chapter

VII had exceedingly high rates of emissions when compared

to the terrestrial sites, they were not representative of

tundra generally found on the Arctic Coastal Plain of

Alaska. These highly productive sites encompass a very

small percentage of the study region, estimated to be

less than 2% of the region for select areas of Prudhoe

Bay (Walker and Acevedo, 1987). In addition, because of

their small areal coverage, lake margin sites are rarely

classified with satellite data as distinct cover or

vegetation classes. Usually only 1 to 5 m wide, these

sites are smaller than the minimum spatial resolution of

MSS satellite data (Morrissey and Ennis, 1981; Walker

and Acevedo, 1987). Furthermore, the presence of water

makes these sites spectrally indistinguishable from

surrounding water or other wet tundra. Therefore, the

calculation of the regional flux estimate based on the

LAI-based estimator utilized the more representative

terrestrial sites when determining the relationship

between LAI and flux.

The total area of wetlands, or methane source areas,

was determined from a Landsat-derived land cover

classification of Prudhoe Bay (Walker and Acevedo, 1987).

The "wet herbaceous tundra" category was utilized to
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represent methane source areas in the Prudhoe Bay region.

The satellite database was stratified utilizing the land

cover classification of Walker and Acevedo (1987) so that

only those pixels located within the "wet herbaceous

tundra" category would be included in the regional flux

estimates. The "wet herbaceous tundra" category

encompasses approximately 31% (468,928 pixels or 152,355

ha) of the land area of the MSS data set for Prudhoe Bay.
The regional flux estimates, therefore, did not include

other potential methane source areas or areas of

potential consumption.

Despite differences in the number of flux

measurements, coefficients of variation for the direct

expansion approach (two estimates) utilized in this study

(coefficient of variation of 50% and 34%; n=9) were

comparable to those of Sebacher et al. (1986) for coastal
tundra (coefficient of variation of approximately 60%;

n=44) and those of Whalen and Reeburgh (1990) who

reported within-site variability of 51% (coefficient of

variation; n=18). The variability of the nine samples

used in this study was, therefore, representative of

variability found in the other North Slope studies.
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Analysis and Results

Direct Expansion Estimates

Calculation of the regional methane emissions and

variance by the direct expansion method is relatively

straight forward as described by Raj (1968; sec. 3.2) or

Cochran (1977; sec. 2.4 and 2.5). The regional flux is

a function of the sample mean flux and methane source

area and the regional variance is a function of the

sample mean flux, sample variance of the flux, and area.

For the purpose of this comparison, the area of wetland

is assumed to remain constant although emissions vary.

Regional Flux Estimate (F) was calculated for the peak

midsummer estimate (Table 9) as:

F fip * A

13.37 * 468,928 * 3249

2.04 * 1010 mg CH4 hr-1

where fip is the in situ mean flux for the peak period
and A is the total area (m2) of wet herbaceous tundra,

calculated as the total number of pixels in the MSS scene

multiplied by the number of square meters (572) in one

pixel.
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Similarly, the regional flux estimate calculated for the

low mid-summer estimate (Table 8) was calculated as:

F = fil * A
7.73 * (468, 928) (3249)

1.18 * 1010 mg CH4 hr-1

where fil is the in situ mean flux for the low period.

The corresponding regional variance for the direct
expansion estimates according to Raj (1968; sec. 1.4 and

sec. 3.3) is:

var(F) A2 var(f)

Therefore, the variance for the peak mid-summer estimate

is:

var(F) A2 (1-n/N) var(f)/n

[(468928) (3249)]2 (1) (20.22)/9

A2 * 2.247

5.22 * 1018 (mg CH, hr-1) 2
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Similarly, the variance for the low mid-summer estimate

is:

var(F) A2 (1-n/N) var(f)/n

[(468,928) (3249)]2 (1) (15.23/9)

A2 * 1.691

3.93 1018 (mg CH4 hr-1) 2

where,

1-n/N finite population correction (n/N) which

is assumed to be close to zero (12/468928)

A total area of wet herbaceous tundra in m2

f flux for an individual sample

site (mg CH4 m-2 hr-1)

LAI-Based Estimate

Calculation of a regional flux estimate based on the
ratio estimator incorporates the use of satellite-derived

leaf areas which were found to be directly proportional

to flux. The ratio estimator assumes an intercept of

zero. Using values from Table 10, the intercept for the

inland sites was near zero; the bias is therefore,

negligible. As discussed in Chapter VII, total methane

emissions from a site are the sum of diffusive and plant-
mediated release, so that at sites where there is no
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vegetation, diffusive release of methane accounts for

approximately 5% of the total flux (Appendix Table C).

From this, the LAI-ratio estimator will underestimate the

regional emissions by approximately 5%. Using values

from Table 10, a ratio estimator (Cochran, 1977; Theorem

6.1) for flux per leaf area (fL) is defined as:

fL f /y

9.715/.7178

13.534 mg CH4 M-2 hr-1

where f is the mean flux and y is the leaf area index for

the six sites.

According to Cochran (1977; equ. 6.13) a sample

estimate of the variance of fL is given by:

var(fL) _ (Sf2 + fL2 Sy2 - 2 fL Sf,Y)

= 1/6(.7178)2 [(7 34)2(.0747)-2(13.534)(.6031)]

= 1.5190 (mg CH4

where (from Table 10),

5,,2 = E (y1)2 - n(y;)2 / n-1

3.465 - 6(.7178)2 / 5

.0747



Sf2 E fit - n ( f) 2 / n-1
603.0 - 6 (9.715)2 / 5

7.343

Sf,Y I yi fi - n (9) (f) / n-1
44.858 - 6 (.7178) (9.715) / 5

.6031

The relationship of leaf area to NDVI for the 12

samples (Table 11) and the total NDVI for the MSS data

provides the basis for the regression estimation of the

regional leaf area index. To facilitate calculations,

leaf area (cm2) was converted to leaf area index by

dividing leaf area by the ground area of 508.6 cm2.

To estimate the average LAI for the region, a

regression estimator based on the relationship LAI =

.1517 + 4.370 (NDVI), using values from Table 11. Using

Cochran's formulas (1977; equ. 7.20), mean and variance

of LAI for the region were estimated as:

YR y - fS(x X)

.6251 - 4.370 (.1083 - .0840)

.5190
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where,

YR = estimate of average LAI for the region

sample mean NDVI

mean satellite NDVI for MSS data set as

total NDVI for MSS data/number of pixels

(39,403.5 / 468928 = .0840)

y = sample mean LAI

9 = slope coefficient

The corresponding variance for the regional average

LAI (Cochran, 1977; equ. 7.30) was calculated as follows:

var(YR) = 1-n/N (yi-Y) 2 - [E (yi-Y) ( x 1 - ) ] 2 1

n(n-2) E(xi - 2

1

= [ (1-n/N) /n (n-2) ] E yi2 - ny2 - (E xiyi - nxy) 2

Exit -n}{2

= 1*10I8.8411-12(.6251)2-[1.7118-12(.1083)(.6251)]2
12 l

(.3466) - 12(.1083)2

1/120 (4.1521 - 3.9298)

.001853

Finally, the total regional flux is the product of
the total LAI for the region and flux per leaf area as:

F = YR A fL

.5190 * A * 13.534

1.070 * 1010



where,

YR estimate of regional average LAI

A total area in m2

fL flux per m2 leaf area

The corresponding variance of the regional flux is

proportional to the product of the variances of the flux
and the regional LAI. Using the Raj equation (Raj, 1968;

equ. 1.18) for the variance of a product of independent
random variables:

var(F)

A2 var (YR * fL)

A2 [ var(fL) (var(YR) + YR2) + var(YR) * fL2 ]

A2 [1.519 (.001853 + .51902) + .001853 * 13.5342]

A2 (.7514)

1.744 * 1018 (mg CH4 hr-1) 2

where,

YR = average LAI for the region

fL = flux per m2 leaf area

This equation assumes that the regional average leaf area

and flux per leaf area are independent. This is
justified based on empirical evidence that the
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correlation of these two variables is statistically

insignificant (p = <.05) and the assumption of

independence is reasonable in that one would not expect

these two variables to be related.

Discussion

A comparison of the three regional methane flux

estimates for Prudhoe Bay region indicates that both the

regional flux and variance terms were higher for the

direct expansion estimates than the LAI-based estimate

(Table 12). Differences in variance between the direct

expansion estimates were based solely on differences in

flux measured in the field resulting in a nearly two fold
difference in flux and variance terms. Variance due to

the length of the productive season for methanogenesis or

the area of methane source wetlands are not included in

this comparison.

An evaluation of variance ratios for the two direct

expansion estimates indicates that the variance for the

peak mid-summer estimate was three-fold greater than the

LAI-based estimate and the low midsummer estimate two-

fold greater, resulting in a substantial improvement in

precision with the LAI-based estimator. The regional
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Table 12. Comparison of regional methane flux estimates

and variances for Prudhoe Bay wet tundra.

Estimator
Regional
Flux'

Regional
Variance

Variance
Ratio2

Direct Expansion

Low Flux Period 1.18 1010 3.93 1018 2.3

Peak Flux Period 2.04 1010 5.22 1018 3.0

LAI-Based 1.07 * 1010 1.74 * 1018 1.0

5% Bias3 (1.12 * 1010)

1 In units of mg CH4 hr-1
2 Ratio of direct expansion variance estimates to ratio

estimator

A ratio estimator intercept near zero may have
underestimated the regional flux estimate by 5%
(accounting for non-plant mediated diffusional flux)
so the regional estimate was adjusted upwards by 5%
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flux for the LAI-based estimate is half of the peak

midsummer estimate. Considered in terms of sampling

efficiency, to attain the same level of precision for the
peak mid-summer direct expansion estimate as for the LAI-

based estimate, the number of samples required would have

to triple. Increasing precision by increasing the number

of field flux measurements is often prohibitively costly

and therefore, difficult to attain. The estimator based

on satellite-derived leaf areas, therefore, provides an

extrapolation approach which increases precision for
regional gas flux estimates when compared to the

traditional direct expansion approach.

The use of two estimators resulted in two

multiplicative variance terms. A more efficient
procedure would have been to relate NDVI values directly

to methane emissions using a ratio estimator (foregoing

the regression estimator reported above), thereby further

reducing the overall variance of the regional estimate.

The use of a wide range of NDVI values (as a surrogate

for leaf area index) related directly to methane

emissions would provide regional methane estimates with

greatly reduced variance terms. The variance for these

improved regional estimates based on a single estimator

would further surpass the direct expansion estimates
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commonly found in the literature and supporting many of

the current global estimates.



X. TEMPORAL TRENDS IN METHANE EMISSIONS

An understanding of methane emissions in the tundra

requires an assessment of temporal and spatial variability

in flux. Temporal variability of emissions occurs on

several scales; hourly, daily, and weekly through the

growing season, and annually. At each temporal scale,

variability in emissions propagates to each succeeding

scale when estimating a regional flux. As a result,

reliable seasonal and annual estimates of flux can only be

obtained by observing and integrating measurements at

shorter time scales. By comparison, integration of

measurements made during one particular period of the day

or one particular period of the growing season may result

in poor estimates of the seasonal and subsequent annual

flux. In addition, assumptions regarding the length of

methane emissions over a day or through a season contribute

to the overall variability in the regional estimation of

emissions. This chapter documents the variability of

methane emissions for wet tundra of Arctic Alaska with

regard to time of day, day-to-day, and through the growing

season and in relation to controlling environmental and

biotic factors.
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To monitor diurnal trends in methane emissions, two

experiments were also performed over a twenty-four hour

period early and late in the growing season. Day-to-day

variability in methane emissions were assessed by

monitoring emissions over successive days. Seasonal

measurements of methane emissions were made weekly at nine

wet tundra sites beginning at snowmelt and continuing

through to the middle of August to document seasonal trends

of methane emissions for Arctic tundra. As a second

objective, methane emissions for the seasonal sites were

also correlated with selected environmental factors to

determine the physical controls for emissions.

Diurnal Trends

Diurnal variation of methane emissions was studied

near the summer solstice (June 25-26, 1989) and later in

the growing season (August 13-14, 1989). Over 50% of the

flux data for the August study was discarded due to

disturbance during measurement and, therefore, the August

diurnal data are not examined here. Variation of leaf

conductance was examined over a 24 hr period and is

presented here.
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Methods and Experimental Design

Four sites were chosen along the margin of a lake

located behind the British Petroleum Base Operations Camp.

The sites represented the range of leaf area in a wet

tundra meadow dominated by Carex spp. Site 1 was

essentially unvegetated; the other three sites were

vegetated. Flux and air temperature measurements were made

every four hours for a 24 hr period beginning at 8 a.m.
June 25, 1989. During the June study, C. aguatilis was in

its initial stages of growth with correspondingly low leaf

area. Site conditions included standing water 2 to 10 cm

deep, permafrost at 25 cm depth, and partly cloudy skies

with cool air temperatures. The high latitude solstice

resulted in 24 hours of daylight throughout the experiment.

Results

Figure 12 and Table 13 summarize daily variations in

methane emissions obtained during the summer solstice

measurements at the four sites including concurrent

measurements of air temperature and light intensity. Flux

and corresponding environmental data for these sites can be

found in the Appendix (Table E). At a given site, there

was little variation in emissions over a 24 hr period with
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Figure 12. Diurnal trend of methane emissions: a) for the

summer solstice on June 25-26, 1989; b) corresponding air

temperature and; c) solar radiation. Site 1 is

unvegetated; sites 2-4 are vegetated.



Table 13. Summary statistics for the June 25-26, 1989

diurnal study at Prudhoe Bay, Alaska.

Site 1 2 3 4

Mean Flux' .492 4.10 2.57 4.37

Standard Dev.' .248 .390 .195 .545

Coef. of Variation .504 .095 .076 .125

Minimum Flux' .234 3.486 2.330 3.676

Maximum Flux' 0.874 4.521 2.853 5.129

Leaf Area2 10.9 153.9 132.8 150.9

Flux/Leaf Area3 22.96 13.55 9.84 14.73

1

2

3

in units of mg CH4 M-2 hr-'
in units of cm2 per 508.6 cm2 ground area
in units of mg CH, M-2 LA hr
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coefficients of variation ranging from 0.08 to 0.13 for

vegetated sites (Table 13). Correlation between methane

fluxes and ambient air temperature (Figure 12b) or light

intensities (Figure 12c) were not found. However,

differences in average flux for the four replicates were

positively correlated to the amount of leaf area at each

site. Site 1, with the lowest amount of leaf area, had the

lowest flux, highest coefficient of variation, and the

highest rate of emissions per leaf area. Conversely,

sites 2 and 4 had the highest fluxes and leaf area. The

lowest rate of emissions per leaf area was displayed at

Site 3 with an intermediate mean flux. Based on the

results in Chapter VII, demonstrating the importance of

plants in methane release, it appears that plant-mediated

transport dominates the release process in sites 2-4 while

diffusion dominates unvegetated site 1.

Although the August diurnal experiment is not examined

here, a comparison of fluxes for the control sites from the
stomatal experiments conducted over August 7-11, 1989,

provides evidence for strong diurnal trends late in the

growing season. In a series of repeated measurements for

the stomatal experiment, flux was determined at each

control site in the early morning and again in the late
afternoon. In each case, flux increased from morning to
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afternoon (Table 14). The magnitude of the fluxes (2 to 4

times greater than the mean diurnal emissions for June) and

coefficient of variation (0.93) were greater in August than

during the June diurnal experiment. Strong diurnal trends

in stomatal resistance were also evident during the middle

of August (Figure 13, see also Appendix F). The increase

in flux from early morning to late afternoon was

consistent with stomatal function. Leaf conductance was

lowest near midnight, increasing from early morning to late

afternoon and decreasing again until midnight.

Daily Trends

Day-to-day variations in flux were also measured in

the field at the same Prudhoe Bay control sites used for

stomatal experiments as described in Chapter VI (Table 15).

Coefficient of variation in methane fluxes was measured at

the same site (at the same approximate time) over

successive days ranged from .14 to .30 mg CH4 M-2 hr-1, a

factor of two. Day-to-day variation contributes to

seasonal variability and subsequently, to the variance for

the regional flux estimate. Furthermore, associated

measurement error was determined by making two consecutive

measurements within two hours at the same site.

Coefficients of variation due to measurement error



Table 14. Diurnal effect resulting from repeated

measurements of flux in the morning and afternoon at six

sites at Prudhoe Bay, Alaska.

Date
Morning
Flux'

Afternoon
Flux'

Change
in Flux' (% )

8/7/89 7.86 10.15 +2.29 (29)

8/8/89 10.28 10.56 +0.28 (3)

8/11/89 9.54 10.06 +0.52 (6)

8/7/89 7.87 11.60 +3.73 (47)

8/8/89 10.05 19.11 +9.06 (90)

8/8/89 15.50 21.38 +5.88 (38)

' in units of mg CH4 M-2 hr-'
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Figure 13. Diurnal trend of leaf conductance for August

13-14, 1989 at Prudhoe Bay, Alaska.



Table 15. Day-to-day variability in methane emissions at

Prudhoe Bay, Alaska.

Coefficient
Date Time2 Flux' of Variation

(Site 1)
8/7/89 9:00 7.86 .14
8/8/89 8:00 10.28
8/10/89 11:55 11.72
8/11/89 11:30 10.06
8/12/89 9:00 10.80

(Site 2)
8/7/89 9:00 7.87 .30
8/8/89 8:00 10.05
8/10/89 11:55 15.01
8/11/89 11:30 12.35
8/12/89 9:00 17.01

(Site 3)
8/8/89 8 00 15.50 .25
8/11/89 8 00 27.86
8/12/89 9 00 28.88
8/13/89 9 45 27.34

in units of mg CH4 m-2 hr-'

local time (A.M.)
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were calculated and ranged from 11% to 44%. Sites with low

fluxes often had high measurement errors because flux
measurement differences relative to a small mean produce a

larger coefficient of variation when compared to a site
with a high mean flux.

Seasonal Trends

Site Description

The seasonal sites represent wet tundra dominated by

Carex spp. found in the Prudhoe Bay region. Due to the

limited number of data loggers available for this study,
five sampling locations were selected representative of
lake margins, low-centered polygonal basins, and meadows

(Figure 14). At four of these locations, two distinct
sites (not replicates) were identified for seasonal

monitoring. At the fifth location (site 50),

micrometeorological variables were monitored. A summary of

site attributes can be found in Table 16 and the Appendix

(Table G).

Methods

Field flux measurements were conducted at nine sites
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Figure 14. Location of seasonal sites at Prudhoe Bay,



Table 16. Descriptive summary of environmental data for seasonal

sites at Prudhoe Bay, Alaska.

ite
Dominant' Microtopographic
Species2 Unit

End of
Landform Season LAI

2W Caaa Lake Margin Ancient Lake Basin 1.5

52E Caaa Polygonal Basin Ancient Lake Basin 0.4

8ON Caag Polygonal Basin Ancient Lake Basin 0.7

80S Casa Polygonal Basin Ancient Lake Basin 0.6

81N Caro Meadow Recently Drained 0.5
Lake Basin

81S Caro Meadow Recently Drained 0.1
Lake Basin

42W Caag Stragmoor Meadow Recently Drained 0.3

Lake Basin

42E Caag Stragmoor Meadow Recently Drained 0.3

50 Caag Polygonal Basin Ancient Lake Basin 0.5

S

5

Dominance is defined as a percent of cover

A species listing can be found in the Appendix (Table G)

caag = C. aauatilis, Casa = C. saxatilis, Caro = C. rotundata
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in the Prudhoe Bay region representing wet tundra at lake

margins, low-centered polygons, and meadows. Methane flux

was measured weekly (between 8 a.m. and 12 noon) from June

11 to August 15, 1989. Permanent walkways were utilized at

each site to avoid disturbance during measurements.

At each site, concurrently with the weekly flux

measurements, thaw depth (depth to permafrost), and water

table depth were also recorded. In addition, plant

phenology was recorded throughout the growing season.

Species composition and abundance measurements for each of

the seasonal sites can be found in the Appendix (Table G).

Soil temperature and soil moisture were monitored by

thermistors and soil moisture blocks at 10 cm depth at each
site. Measurements were made every five minutes and

recorded in data loggers as hourly average values. Depth

of the local water table was monitored weekly using 5 cm

perforated PVC tubes (closed at the bottom) installed in

the ground. Meteorological data, including solar

radiation, rainfall, and water temperature were monitored

at only one site. Global solar radiation (sun plus sky)

was measured hourly (based on an average of five minute

measurements) with a pyranometer. Rainfall was measured

with a Sierra tipping bucket gauge and surface water

temperature with a thermistor.
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At the end of the field season, soil samples were

collected by filling soil containers with soil from 0-5 and
5-10 cm depths at each seasonal site. Soil samples were

analyzed in the laboratory for pH and organic content by

the Plant and Soil Analysis Laboratory, University of

Alaska Agricultural Experimental Station, Palmer, Alaska.

Soil samples were collected for analysis of soil water

content and bulk density. Three 300 cm3 blocks of soil

were collected by carefully cutting around the perimeter of

the sample containers with a knife to avoid compression of

the samples in the peaty soils. Cut samples were weighed,

oven dried at 90° C, and reweighed to determine the amount

of water in the sample. Soil water content was recorded as

a percentage of the mass of dry soil. The depth of the

soil horizon (interface of the mineral soil and peat),

depth of the thermistors and soil moisture blocks, depth

and extent of the root zone, and depth to mineral soil and

permafrost were recorded.

Results

All sites exhibited a strong seasonal variation in

methane emissions (Figure 15a). Flux varied in relation to

site characteristics. Emissions were initiated immediately

following snowmelt in the middle of June, reaching peak
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Figure 15. Seasonal trend in mean methane emissions (a),
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the nine seasonal sites at Prudhoe Bay (plotted as mean and

standard error of the mean).
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values in mid-July and early August. A three week

midsummer drop in emissions occurred during the end of

July. The range of mean weekly emissions over the season

varied by a factor of 15. The seasonal pattern of weekly

soil temperatures at 10 cm depth coincided with seasonal

methane flux trends (Figure 15b). At all sites thaw depth

of the active layer, indicative of the volume of substrate

available for root development and methanogenesis,

increased progressively through the growing season (Figure

15c). Methane emissions were evident when thaw depths were

as shallow as 3 cm. As thaw depths increased through the

growing season, emissions increased exponentially until the

first seasonal emissions peak in the first week in July.

Seasonal variation in methane emissions varied with

environmental conditions. Seasonal changes in methane

emissions were also closely linked to the phenology of

vascular plants. At the time of snowmelt, there was little

vegetative growth even beneath the snow. Plant growth

commenced immediately following snowmelt. The largest rate

of increase in methane flux occurred during the period of

shoot emergence and leaf expansion in mid-June to mid-July

(Figure 15a). The period of maximum standing crop and leaf

area at the end of July and beginning of August coincided

with the onset of shortening photoperiods and reduction in
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incoming solar energy and air temperatures (Tieszen, 1972).

By the end of July, necrotic patches appeared on the

leaves. However, before and concurrent with visual signs

of senescence, the leaves lose a significant portion of

their weight as green healthy tissue related to

translocation of carbohydrates to belowground parts

(Flanagan and Bunnell, 1980; Chapin et al., 1975). During

early to mid-August, a decrease in methane flux coincided

with the initiation of senescence.

Using leaf area and methane flux measurements acquired

at the height of the growing season (August 9 - 15, 1989),

methane flux increased proportionally with leaf area as

shown in Figure 16. Flux was well correlated (r2 = .74;

n=8) with leaf area for the seasonal sites, with one

outlier shown in the figure but not included in the

correlation.

The relationship of methane flux to leaf area was

also examined in terms of seasonal trends. When the flux

per leaf area for the eight seasonal sites (not including

the outlier) was compared with the four June diurnal sites,
seasonal trends became evident (Figure 17). Regression

equations predicting flux from leaf area for the two key
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periods were:

June 25-26, 1989 (Diurnal experiment)

Flux = 0.11 + 12.6(LAI); r2 = .89; n=4

August 9, 1989 (Seasonal sites)

Flux = 2.50 + 27.9(LAI); r2 = .74; n=8

The rate of emissions per leaf area (m2) increased

through the growing season, as shown by the change in slope

of the relationship (Figure 17). The intercept,

interpreted here as methane flux due to diffusion (i.e.,

all plants have been removed so that the only remaining

pathway for release of methane is by diffusion), also

increased through the growing season by more than an order

of magnitude (from 0.11 mg CH4 m-2 hr-1 in June to 2.50 mg

CH4 m-2 hr-1 in August). Therefore, both the rate of
emissions per leaf area and the diffusion rate increase

through the growing season. These conclusions assumed no

emissions due to ebullition from the soil. During four

years of gas measurements in the tundra, natural bubbling

was never observed except when the substrate was disturbed

and therefore, ebullition was assumed to be a small

release pathway for methane release. Flux per unit leaf

area was greatest during leaf expansion near the summer

solstice, while plant-mediated methane emissions were

highest when leaf area peaked at the beginning of August.
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During leaf expansion, high methane emission rates per leaf

area could have resulted from high stomatal and cuticular

conductance typical in the early development of the plant

(Jones, 1983). Later in the season, high site emissions

resulted from peak standing crop expressed as high LAI.

Abiotic Controls

From the seasonal pattern in emissions described

previously, two distinct emissions distributions emerge

which are related to the position of the local water table

shown as solid and dashed lines in Figures 18a and 18b.

The first distribution (solid line) represents the more

productive (i.e., high leaf area index) sites which are

assumed to have remained anaerobic throughout the growing

season because of a high water table. These sites are

represented by high methane emissions with two distinct

summer peaks (Figure 18a). The second distribution

represents less productive sites in terms of emissions with

intermittently low water table levels. The emissions from

these sites are low and display a slow increase through the
growing season limited presumably by aerobic oxidation and

reduction in methane production when the water table drops

below the surface. In general, water table levels for all

sites are highest immediately following snowmelt in June
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and gradually lower through early July but they also vary

through the summer in response to precipitation (Figure 18b

and 18c).

Soil characteristics were related to emissions at the

seasonal sites. Methane emissions were correlated to soil

pH (Figure 19) at eight of the nine sites. With the

exception of one outlier (a dry site), emissions for the

seasonal sites (not including the outlier) increased with

increasing pH (r = .85). This relationship provides

further evidence in agreement with previous laboratory

studies regarding the relationship between methane flux

and soil pH (Oremland and Cicerone, 1989).

Soil temperature measured at 10 cm depth was also

directly related to methane emissions. Soil temperatures

recorded on July 25, 1989 at five anaerobic sites with

standing water throughout the growing season, are

positively correlated with methane emissions (crosses,

Figure 20). For the sites with standing water, methane

emissions nearly double with a 2° C increase in soil

temperatures. This same relationship was not evident for

the four intermittently aerobic sites (circles, Figure 20).

Emissions for the intermittently aerobic sites may have

been limited by oxidation of methane within an
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aerobic substrate or reduced production of methane near the

surface.

Interaction of Water Table and Leaf Area

Examination of the seasonal sites can also provide

insight into the interaction of physical and biological

controls effecting methane release. Changes in water table

position were evident in response to major storm events.

As shown previously in Figure 18c, the mid-summer drop in

methane emissions for the continuously anaerobic sites

reverses after a major storm event on July 16, 1989 and

corresponding increase in water table level. A 2 to 3 cm

rise in the local water table corresponds with a two-fold

increase in emissions. In contrast to the first major

storm event on July 16, emissions only increased for the

intermittently aerobic sites with increasing water table

levels following the second larger storm of August 1-2.

With low water table levels throughout the summer,

intermittently aerobic sites may be limited by oxidation

of methane at the surface. Of the nine seasonal sites,

three (50, 81S, and 42E) were intermittently aerobic based

on the water table monitoring. Furthermore, reddish

coatings of oxidized iron on the surface suggested

intermittently aerobic status for these sites In
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contrast, an oily residue on the surface water of

continuously wet sites, an organic byproduct indicative of

anaerobic fermentation in the substrate (D. Desmarais, Ames

Research Center, personal communications), is evidence of

continuous anaerobic status of the very wet sites.

The leaf area data provides a plausible explanation

for the observed seasonal trends in emissions. The outlier

(site 52W) from Figure 16 with leaf area approaching 800

cm2 (LAI = 1.5), may shed light on the relationship between

methane emissions, leaf area, and water table position.

Exhibiting an apparent contradiction, site 52W, with the

highest leaf area of all seasonal sites, had a surprisingly

low flux. However, site 52W had the highest water table

(16.5 cm) of all the sites at the time of harvesting on
August 15, 1989. A water table of 16.5 cm would have

covered about 34% of the total plant height with water.

The amount of leaf area covered by water was probably even

higher than 34%. According to IBP studies of canopy leaf

area (Dennis et al., 1978) more than half of the total LAI

occurred in the lowest 5 cm of the canopy based on a total

canopy height of 20 cm. Assuming (conservatively) that 50%

of the leaf area occurred in the lowest 25% of the canopy

for site 52 W, with a water level of 16.5 cm, leaf area
above the surface of the water was estimated as 208 cm2
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(LAI = .41). Adjusting the leaf area of site 52W

accordingly placed the outlier in line with the expected

leaf area-flux relationship for the other eight seasonal

sites (Figure 21) . This adjustment was calculated for site

52 W only because the water table, in contrast to the other

sites, was both high and stable throughout the growing

season. This type of adjustment would have been more

problematic with a changing water table. The relationship

between leaf area and flux established in Chapter VII

appears to require the presence of intact leaves exposed to
a free atmosphere.

Although based on only one data point, these results

suggest that plant-mediated release of methane from the

leaf (and through the stomata) is dependent upon the local

aboveground water table which is, in turn, depends upon

precipitation. As the water table rises in response to

storms, exposed leaf area is reduced, resulting in

proportional reduction in methane emissions. Similarly, as

the water table drops more leaves are exposed to air, and

methane emissions increase proportionally. However, with

still further drops in water table, soils become aerobic

and methanogenesis stops.
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Discussion

Research documenting temporal variability in methane

flux has often been contradictory. Strong diurnal trends

in methane emissions have been reported by Holzapfel-

Pschorn and Seiler (1986), Dacey and Klug (1979), and

Schutz et al. (1989b), while Seiler et al. (1984), Cicerone

et al. (1983), and this study reported no significant

diurnal trend in June emissions. Whalen and Reeburgh's

(1988) diurnal study in the Alaskan taiga was conducted

near the summer solstice and is consistent with this

research. Similarly, seasonal variation in methane

emissions during the summer months can be broadly grouped

into two distributions. A single summer peak has been

reported by Whalen and Reeburgh (1988), Seiler et al.

(1984), and King and Wiebe (1978). Other studies have

noted a two maxima peaks in methane emissions during the

summer (Holzapfel-Pschorn et al., 1986; Holzapfel-Pschorn

and Seiler, 1986) consistent with this research. Although

not well understood in terms of environmental controls,

knowledge of the temporal variability in emissions is

necessary in order to estimate annual flux rates.

Temporal trends in methane emissions through a single

growing season were primarily related to variation in the
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leaf area and water table position with secondary effects

due to soil pH and soil temperature. However, because

these environmental factors interact throughout the summer,

a quantitative assessment of each would be difficult to

accomplish and require a complete and costly factorial

design. The present research provides evidence for the

interaction between leaf area and water table and seasonal

methane emissions. By monitoring both seasonal water

table, as determined by precipitation, and leaf area

development, one should be able to predict seasonal methane

emissions in wet tundra reasonably. An understanding of

the seasonal distribution of canopy leaf area in relation

to the changing local water table can provide the basis for
prediction of temporal trends in methane emissions over

large regions.
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XI. IMPLICATIONS FOR CLIMATIC WARMING

Climate projections based upon atmospheric

photochemical models have predicted a significant climatic

warming of the earth's surface over the next century

(Manabe and Wetherald, 1975; Washington and Meehl, 1984).

The projected warming is expected to be first displayed,

and to be greatest, in northern high latitude regions.

What is not understood is the impact of this warming on

high latitude ecosystems. The simple and direct effect of

increased air temperatures on methane emissions in northern

wetlands may increase total emissions, and increase

interannual and seasonal variability in emissions or both.

Global warming may also increase methane emissions by

increasing the length of the growing season. Increased

summer temperatures may thaw permafrost and release trapped

methane. Warming may expand or contract the areal extent

of methane producing wetlands (Khalil and Rasmussen, 1989).

Since 1987 was a "normal" year and 1989 an extremely warm

year, comparison of methane emissions for 1987 and 1989

conducted as part of this study provides insight into the

potential response of high latitude wetlands to global

warming.



Interannual Comparison

Observational Background

Comparison of in situ emissions observed in 1987 and

1989 provides insight into the local- and regional-scale

responses of Arctic tundra subject to increased air and

soil temperatures. Summer temperatures in 1989 were much

warmer than 1987, a "normal" year, and precipitation was

somewhat higher in 1989 than in 1987. This analysis was

based upon in situ measurements of methane emissions from

Prudhoe Bay sites with saturated substrates and standing

water throughout the growing season.

For this analysis, the length of the growing season is

defined as the period of biological activity, calculated

as five consecutive days with the average of the minimum

and maximum temperature (NOAA 1987, 1989) above or below 00

C defining the beginning and ending of the growing season,

respectively.

Results

Summer temperatures from the North Slope differed

significantly between 1987 and 1989 yet, growing season
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length remained the same (Table 17; Figure 22). Whereas

the mean monthly air temperatures at Prudhoe Bay for July

and August of 1987 differed little from the 30 year mean,

1989 temperatures represented record highs (NOAA, 1987;

1989) . Mid-summer mean daily air temperatures for July and

August months averaged 7.7 °C and 11.8 °C in 1987 and 1989

respectively. By the middle of August just before complete

plant senescence, cumulative daily temperatures for the two

years differed by over 300 degree-days above 0 °C (379 in

1987 compared to 706 degrees C-day in 1989). By the end of

the growing season in September, cumulative degree-days

differed by 393 degrees C-day. Precipitation for 1989

was higher than for 1987.

Rates of methane emissions from anaerobic sites at

Prudhoe Bay (Table 17) differed by 300% between the summers

of 1987 and 1989. Emission rates in 1987 averaged 2.9 ±
0.4 mg CH4 M-2 hr-1 S . E . (n=11) , in contrast to 11.7 ± 1.4 mg
CH, m-2 hr-1 S.E. (n=9) in 1989.
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Table 17. Interannual comparison of climate and methane

flux for Arctic tundra sites in 1987 and 1989 at Prudhoe

Bay, Alaska.

1987 1989 % Change

Mean Summer Air Temperatures'

July 7.6 12.3 62

August 7.7 11.3 47

Cumulative Precipitation (mm)

June 1 - August 30 546 803 47

Growing Season Length2

Duration (da) 112 111

Begin June 6 May 29

End Sept. 25 Sept. 16

Cumulative Thaw-Degree Days3

Degrees C-day 538 931 73

Wet Tundra Methane Emissions4

Mean 2.9 11.7 304

Standard Error 0.4 1.4

Based on average minimum and maximum monthly air
temperatures in C

Defined as the number of days between five successive
days with average temperatures above 0 C at the start
of the growing season and below 0 C at the end of the
growing season

Sums of daily average temperature above 0 C calculated
during the growing season

In units of mg CH, m-2 hr-'
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Growing Season Length

In addition to interannual temporal variability in

emissions related to temperature, precipitation and growing

season, spatial variability was examined by comparing the

length of the growing season at several North Slope

locations during the same summer. It has often been

speculated that one outcome of climatic warming could be to

lengthen the growing season (Lashof, 1989). Given a longer

growing season, provided that anaerobic conditions

prevailed, methane emissions would continue over a longer

period contributing to higher regional emissions and

subsequently to higher global emissions.

Results and Discussion

In 1987, growing season length for three North Slope

meteorological stations (Barrow, Prudhoe Bay, and Umiat)

varied from 68 to 127 days, a factor of 2 (Table 18).

Moreover, over a thirty year period, climate records

indicate that the length of the growing season for one

location at Barrow also varied by a factor of 2 (Tieszen,

et al., 1978). From this, methane emissions could also

vary by a factor of two mirroring the variability in the



Table 18. Temporal variability in growing season at Barrow

from 1922 to 1973 and spatial variability in growing season

at Barrow, Prudhoe Bay, and Umiat in 1987.

Variability % Change

Interannual Variability
Barrow (1922-1973) 52-112 da 115

Spatial Variability
Arctic Coastal Plain, 1987 86-104 da 21

(Barrow and Prudhoe Bay)

North Slope, 1987 68-127 da 87

(Barrow, Prudhoe Bay, and Umiat)
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growing season over a thirty year period or from location

to location.

Interannual variability in methane emissions from 1987

to 1989 exceeded variability in length of growing season.

The growing season for the two years was almost the same

(Table 17). This suggests that thaw degree-days, which is

related to both temperature and growing season, is a better

indicator of trace gas response to warming than growing

season length alone. Although increase in growing season

length related to climatic warming is expected to be

significant (Lashof, 1989), this study demonstrates the

magnitude of summer air temperature in response to climatic

warming may be far more significant in determining the rate

of methane emissions in northern ecosystems than growing

season length.

Plant response to increased summer air temperatures

could also provide a feedback for plant-mediated release of

methane. In these temperature-limited environments, air

temperature has a strong effect on plant growth and

production. The onset and end of growth, the rate of

phenological progression, and the stature of plants are all

positively correlated with air temperature (Webber et al.,

1980). Soil temperature also mediates phenological events
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and plant growth. Although shoots and roots are capable of

growth at low temperature (0-5° C), experimental studies

have shown that growth is enhanced in graminoids by higher

temperatures (10-20° C) (Billings et al., 1978; Chapin

and Shaver, 1985). At Barrow, investigators have observed

an increase in biomass at sites located over buried heated

pipes (Bunnell et al., 1980).

Based on the results reported in Chapter VII, higher

leaf area related to increased plant growth could further

enhance methane release from northern wetlands.

Furthermore, leaf conductance is positively correlated to

leaf temperature (up to some critical temperature; Jones,

1983) so that, as air temperature increases with climatic

warming, stomatal conductance may increase thereby

enhancing methane release. Methane production could also

increase as increasing air temperatures thaw the active

layer providing a warmer and deeper substrate for root

development, facilitating the movement of methane from the

substrate into the plant. The potential for strong

biological feedback exists whereby the enhanced emissions

of methane, a greenhouse gas, to the atmosphere due to

climatic warming could further accelerate rates of regional

and global climatic warming.



XII. SUMMARY AND CONCLUSIONS

This research has demonstrated that plants provide a

major pathway for release of methane from Arctic tundra

wetlands. Clipping experiments provided evidence that

intact green leaves control the release of methane from the

plant and that the amount of leaf area is positively

related to methane emissions at anaerobic sites. At the

surface of the leaf, stomata control the release of methane

from the plant. This relationship was most evident when

assessing daily variation in emissions.

Stomatal conductance is a significant factor governing

methane release from Carex-dominated tundra. Methane

release from Carex aauatilis communities was correlated

with natural day-to-day changes in leaf conductance and

with reductions in conductance induced by the application

of antitranspirants and by prolonged enclosure in an opaque

chamber. Stomatal closure provides the most reasonable

explanation for daily changes in leaf conductance measured

here. However, substantial methane release continued even

upon stomata closure. Non-stomatal (cuticular) pathways

may therefore contribute substantially to methane release

from plants, especially early and late in the growing

season.
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The importance of stomatal control of methane

emissions from wet tundra environments and the role of leaf

area is documented in this research. Future methane gas

measurement programs should evaluate these relationships

and, as required, incorporate measurements of LAI and

stomatal conductance into methane emission process-level

models. The use of satellite-derived indices of canopy

conductance and vegetative productivity (Sellers, 1985)

will provide improved estimates of methane emissions over

extensive regions with greater precision than previously

accomplished.

This research has demonstrated the use of satellite

data to extend leaf area measurements to a region and to

provide the basis for estimating regional methane

emissions. In addition to using satellite data for

extending leaf area measurements to the region, monitoring

the position of the local water table and determining leaf

area index over the growing season is feasible with

existing visible and near infrared sensors. However,

optical satellite data are difficult to obtain because the

extensive cloud cover in the Arctic regions. Future

regional methane emissions studies may be enhanced by the

cloud penetrating potential of future radar systems with

short (C band) wavelengths providing an opportunity for
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seasonal monitoring of the local water table (i.e., the

extent of standing water or anaerobic substrates critical

for methane production) and leaf area estimates.

The factors which determine the spatial and temporal

variability of methane emissions in tundra are

interconnected. For example, leaf area index may account

for the spatial variability of emissions from site to site

and also account for the temporal variability as the leaf

area increases through the growing season. The water table

position determines the substrate conditions necessary for

methane production and oxidation, which in turn, determines

net methane emissions.

Significant temporal trends in methane emissions were

observed at the hourly, daily, weekly, and seasonal scales.

The magnitude and variation of diurnal (hourly) emissions

was found to increase through the growing season, while

daily emissions were correlated with stomatal conductance.

Weekly and seasonal variation was controlled primarily by

the position of the local water table and secondly, by soil

temperature. The water table primarily affects the degree

of anaerobiosis and therefore mediates methane production

and oxidation. However, at sites which remained anaerobic

through the summer, emissions were controlled by the
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interaction of foliage and water table levels; where water

table is high, foliage is covered by water and the leaf
area is reduced. Reduced leaf area diminishes methane

emissions.

Methane emissions from Arctic tundra wetlands have

been studied from snowmelt in mid-June until the initiation

of tundra senescence in the mid-August. These wetlands

acted as a source of methane throughout the growing season

with fluxes ranging 15 fold. Emissions from these wetlands

are of the same magnitude as temperate rice paddies (Seiler

et al., 1984; Cicerone and Shetter, 1981) and, although

the Arctic growing season is shorter than in the temperate

or tropic zones, Arctic emissions continue over a 24 hour

period for much of the summer. The vast extent of methane

source areas combined with significant emission rate and

extended period of emissions make the Arctic tundra a key

element in the global methane budget.

Based on the results reported in this research, it is
apparent that future methane emissions measurement programs

or modeling efforts must incorporate both spatial and
temporal information about the ecosystem structure and
response to environment as they relate to methane

emissions. The development of leaf area and role of
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stomatal gas exchange through the growing season provides

the basis for quantifying plant-mediated release of methane

from northern wetlands. Quantitative characterizations

integrating satellite-remote sensing and in situ flux

measurements will be required to fully understand the

magnitude and variability of methane emissions on regional

to global scales. A knowledge of the variation in

emissions at several temporal scales will further enhance

the precision of regional emission estimates and the

resulting global budgets.
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Table A. Methane flux summary for stomatal

experiment assessing daily repeated measures of leaf

conductance and methane flux under natural conditions at

Prudhoe Bay, Alaska.

Month of June

Day 10 11 16 17 18

Mean Flux' 2.84 3.78 6.81 6.07 6.36

Median Flux' 2.34 3.63 7.33 6.04 6.88

St. Error 0.62 0.55 0.67 0.34 0.85

Minimum Flux' 2.11 2.90 5.47 5.49 4.69

Maximum Flux' 4.07 4.80 7.62 6.68 7.50

Sample Size 3 3 3 3 3

Air Temp. (C) 18.8 15.7 15.4 17.7 14.0

Time 10:30 9:15 10:10 8:55 9:00



Table B. Summary of leaf conductances for the
stomatal experiment assessing daily repeated measures of
leaf conductance' and methane emissions under natural
conditions at Prudhoe Bay, Alaska.

Month of June

Day 10 11 16 17 18

(Adaxial Leaf Surface)

Mean 0.25 0.27 0.41 0.35 0.43
Median 0.26 0.25 0.39 0.35 0.47
St. Error 0.02 0.02 0.02 0.02 0.05
Minimum 0.15 0.16 0.36 0.27 0.20
Maximum 0.42 0.52 0.54 0.44 0.60
Sample Size 14 17 8 8 8

(Abaxial Leaf Surface)

Mean 0.06 0.09 0.09 0.07 0.08
Median 0.06 0.09 0.09 0.07 0.07
St. Error 0.005 0.011 0.00 0.006 0.007
Minimum 0.02 0.03 0.07 0.04 0.04
Maximum 0.09 0.21 0.10 0.09 0.11
Sample Size 19 17 8 8 8

(Total Leaf Conductance2)

Mean 0.31 0.37 0.49 0.42 0.50
Median 0.32 0.34 0.47 0.41 0.54
St. Error 0.02 0.03 0.02 0.02 0.05
Minimum 0.17 0.24 0.43 0.34 0.30
Maximum 0.47 0.70 0.63 0.49 0.67
Sample Size 14 17 8 8 8

1 Leaf conductance measured in units of cm s-'
2 Change in leaf conductance in this experiment is

equivalent to stomatal conductance because cuticular
conductance is constant in fully developed, mature
leaves.



Table C. Methane flux' and leaf area results for the

clipping experiment conducted at eight sites at Prudhoe

Bay, Alaska.

Site

5 inland6
6 inland
7 inland
8 inland
9 lake
15 lake
23 inland
24 inland

Total Leaf Diff. Vegetative Total Flux
Flux Area2 Flux3 Flux4 (% ) Leaf Area5

10.73 412.7 0.21 10.52(98.0) 13.22
8.22 373.6 0.28 7.94 96.6) 11.19

13.42 419.4 0.60 12.82 95.5) 16.27
11.93 568.1 0.21 11.72 98.2) 10.68
31.07 647.3 2.87 28.20 90.8) 24.41
21.51 262.3 1.43 20.08 93.3) 41.71
6.90 230.0 0.70 6.20 89.8) 15.26
7.09 186.6 0.63 6.46 91.1) 19.32

' Flux calculated in units of mg CH4 m-2 hr-'
2 One-sided leaf area (cm2) per 508.6 cm2 ground area
3 Diffusive flux refers to methane emissions at a site

with all vegetation removed.
Vegetative flux refers to methane emissions at a site

due only to transfer through the plants, not including
diffusive flux. Therefore, total flux minus diffusive
flux equals vegetative flux.

In units of mg CH4 m2 Leaf Area hr
An inland or terrestrial site includes meadows and low

centered polygons, not lake margins (indicated by
lake)



Before Clipping pping Completely Clipped
Flux' LA` Flux' LA`

0

2

Table D. Methane flux' and leaf area before and after clipping the

top half of the foliage for sites at Prudhoe Bay, Alaska.

Site
Partial Cli
Flux' LA`

16 11.86 343 11.98 175 2.21

19 11.38 247 13.80 186 2.26 0

20 6.57 226 8.16 172 1.15 0

21 7.78 330 8.19 210 0.77 0

22 11.18 322 12.35 230 0.79 0

Flux calculated in units of mg CH4 M-2 hr''
One-sided leaf area (cm2) per 508.6 cm2 ground area



Table E. Methane fluxes2 for diurnal experiment
on June 25-26, 1989 at Prudhoe Bay, Alaska.

Site Time
Air
Temperature'

Methane
Flux2

1 8 00 a.m. 5.1 0.234
2 8 00 a.m. 5.1 3.908
3 8 00 a.m. 5.1 2.395
4 8 00 a.m. 5.1 4.090

1 12:15 p.m. 6.8 0.447
2 12:15 p.m. 6.8 3.486
3 12:15 p.m. 6.8 2.515
4 12:15 p.m. 6.8 3.676

1 4:10 p.m. 8.3 0.796
2 4:10 p.m. 8.3 3.747
3 4:10 p.m. 8.3 2.788
4 4:10 p.m. 8.3 3.956

1 8 10 P.M. 6.5 0.874
2 8 10 P.M. 6.5 4.357
3 8 10 p.m. 6.5 2.620
4 8 10 p.m. 6.5 4.571

1 12 10 a.m. 4.4 0.406
2 12 10 a.m. 4.4 4.521
3 12 10 a.m. 4.4 2.853
4 12 10 a.m. 4.4 4.152

1 4 00 a.m. 4.6 0.268
2 4 00 a.m. 4.6 4.270
3 4 00 a.m. 4.6 2.330
4 4 00 a.m. 4.6 5.129

1 8 00 a.m. 6.0 0.417
2 8 00 a.m. 6.0 4.421
3 8 00 a.m. 6.0 2.493
4 8 00 a.m. 6.0 4.992

1 In units of °C
2 In units of mg CH, M-2 hr-'



Table F. Summary of leaf conductance' measurements

for diurnal observations on August 13-14, 1989 at

Prudhoe Bay, Alaska.

Local Time 800 1200 1600 2000 1200 400 800

Mean Conductance' 6.7 3.4 1.9 3.3 10.5 6.2 4.4

Standard. Dev.' 5.4 1.3 0.6 1.4 7.8 3.1 2.7

Standard Error 1.3 0.4 0.2 0.5 2.2 1.2 0.8

Minimum' 0.8 1.7 1.0 1.0 1.7 1.9 1.1

Maximum' 16.7 5.7 3.1 4.8 23.7 12.0 8.8

Sample Size 16 10 10 9 12 7 12

In units of cm s-'



Table G. Species composition and cover range for each o
the seasonal sites at Prudhoe Bay, Alaska.

Site Species' Cover Range (%)2

42W Carex saxatilis var laxa 6-25
Carex aauatilis 26-50

42E Carex aguatilis 26-50
Carex saxatilis var laxa 6-25

50 Carex aguatilis 51-75
Carex rotundata 6-25

52E Carex aauatilis 26-50
Carex rotundata < 1

52W Carex aauatilis 51-75

80N Carex aauatilis 26-50
Carex saxatilis var laxa 26-50

80S Carex aguatilis 6-25
Carex saxatilis var laxa 26-50

81N Carex rotundata 51-75
Carex aguatilis 1-5

81S Carex rotundata 6-25
Eauisetum varieaatum 6-25
Carex aauatilis 1-5

1

2

f

Nomenclature follows Hulten, 1963
Cover range estimated in the field by cover class as:

+ < 1% cover
1 1-5% cover
2 6-25% cover
3 26-50% cover
4 51-75% cover
5 76-100% cover

Note: species composition and dominance data provided by
Dr. Robert Frenkel


