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Most global and regional "greenhouse gas" budgets have neglected beaver ponds,
but they have been Ibund to be relatively high emillers ofmethane (CH.) (Roulet et al.,
Il)1)2). Static ehambers, bubble traps, benthic chambers, piezometers, and water column
and sediment profiles were used to determine the dynamics of CH, production, oxidation,
storage, and emissions Irom a northern boreal beaver pond, as part of the Boreal Forest
Ecosystem-Atmosphere Study (BOREAS) l'rom May 1 to September 15, 1994. Samples
were analysed by gas chromatography, and isotopic analyses were perlormed by mass
spectrometry.

The mean flux of CI 1., trom the beaver pond (155 and 320 mg CH. m·2 d· 1 for
vegetated and open water sites, respectively) was greater than the flux l'rom most other
northern boreal wetlands (Bubier et al., 1995). CH. availability was primarily controlled
by sediment temperature, and CH. transport was eontrolled by windspeed (diffusion) and
atmospheric pressure (bubbles) Bubbles comprised 20 to 52% of the net annuai flux
(18.2 g CH., m'2 yr"I), with dilfusion comprising the remainder. A large ditference in
bubble flux was observed between open water (15.7 g CH. m' l yr' l ) and vegetated sites
(2.9 g CH. m'2 yr"), and isotopic analyses indicate that this ditlèrence is due, in part, to a
dillèrence in CH.• production pathways between sites. Greater oxidation also reduced the
CH. llux l'rom shallow, vegetated sites.

A preliminary CH. budget for the BOREAS northern study area indicates that
beavcr ponds contributc significantly (6% to 30%) to the regional CH. flux. The areal
extent ofbeaver ponds needs to he determined for inclusion in regional and global CH•
budgets.
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La plupart dcs budgcts dcs ..gaz d'cl1èt dc scnc" n'indus pas les lacs il castors
l'ourtant, ccs bassins émcltcntunc quantité dc méthanc (CIL,) relativemcnt clevéc (Roulct
et al., 1992). La production. l'oxydation, Ic stockagc, ct Ic l1ux dc Cil., dans uniac il
castors au nord du Manitoba ont été détcrminés par dcs cnccintcs statiqucs. dcs piégcs il
bulles. des cnceintes au fond du ba:;sin, dcs échantillons dc (ï l, dans Ics caux intcrstitiellc:;
cl des prolils d'eau et de sédimcnts. Celte étudc, él1ècluée du premier mai il la mi
septembre, 1994, a été réalisée dans le cadre du ..Boreal Forest Ecosyslem-Atmosphere
Study" (BOREAS). Les échantillons de Cil., ont été analysés par la chromatographie dcs
gaz et les analyses isotopiques de CH., étaient accomplis par la spectrometrie de mass.

La moyenne des émissions de Cil, par le lac à castors (155 à 320 mg CII.,n( an")
était plus élevée que la majorité de ceux obtcnus à d'autres sites tourbeux (Bubier cl al.,
sous prcsse). La disponibilité de Cil, était comrolléc principalemcnt par la températurc ml

fond du bassin, et le transport de CH, était comrollé par la vitcsse du vent (dilrusion) ct
par la pression de l'atmosphère (bouillonnement). Les bulles ont contribué dc 20 à 52%
des émissions annuelles (18.2 g m,2 an") et la diflùsion tùt responsable dc la balancc. Dc
grandes ditTérences de bouillonnement ont èté observées entrc dcs sites végétaux (2.9 g
CH, m,2 an,l), et les sites non-végétaux (15.7 g ClI.rm,2 an"); les analyscs isotopiqucs
ayam indiqué que ces ditTérenœs étaient en partie dù aux ditlërents mècanismcs chimiquc
de la production de CH,. Plus d'oxydation a aussi réduit les emissions dcs sites pcu
profonds et végètaux.

Un budget préliminaire indique que les lacs à castors émcttent de 6% il 30% dc la
flux de CH, régionale, mais l'aire des bassins doit être micux détcrminé pour améliorcr Ics
budgets de CH, régionaux et mondiaux.
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(,h:l(ltH 1: Inlroduction

l.lI Introduction

Ilcavcr ponds are a small but important componen! of norlhern wetland

ecosystems. They have bcen I(,UlIllto be rclatively high emillers ofmethane (C/-I.t>, an

important greenhousc gas, Cümpared to other types ofwetlands (Fig. 1.1 J, butthey

have been neglected in most global and regional greenhuusc gas budgets. Detcrmining

the nel Cil, flux and its variability. combined with knowlcdge about the areal coverage

ofbeavcr ponds. will improve understanding of the borcal C/-I. budgct. This study.

part of the Boreal Forest Ecosystcm-Atmosphcre Study (BOREASJ, measured and

explains the Cil. flux l'rom a northem boreal beavcr pond.

1.1 Atmos(lherÏ<' Met/ume

Methane is thc most abundant organic gas in Earth's atmosphere, playing

important roles in both radiative c1imatology, and tropospheric and stratospheric

chemistry (Ciccrone and Oremland, 1988). Although CH. is 150-times less abund~nt

in the atmosphere than CO2, on a molar basis it is 21-times more effective at absorbing

longwavc radiation. Thereforc CH. is projected to contribute approximately 15 to

19% of total grcenhouse warming (Rodhe, 1990; Slanina and Wameck, 1994).

The concentration ofatmospheric CH. was relatively constant between 3,000

and 200 ycars ago, but it has doubled in the last 200 years, &om 800 ppbv (parts per

billion by volumc) to over 1700 ppbv (Cicerone and Oremland, 1988). The raIe of
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increase peaked at approximatcly 1% per year over the last decade, but this rate of

increase has declined to 0.7% per year (Stecle ct al., 1992; Mauhews, 1(94).

The increase in atmospherie CI-/4 may be duc to an increase in sources, a

decrease in sinks, or both (Moore, 1(88). Sinks of CHI include oxidation by 01-/

radicals in the troposphere (Cicerone and Oremland, 1988) and upttke by soils (Crill,

1(91). Atmospheric 01'C evidence indicates thatthe largest component of the

observed increase has been an increase in CI-/4 sources (Cicerone and Oremland,

1(88).

1.2 Sources of Methane

The atlJ10spheric CH4 budget is given in Table 1. The total of CI-/4 sources to

the atmosphere is estimated to be 500 Tg il (1 Tg = 1012 g) (Mallhews, 1994).

Nalural wetlands arc the largest single contributor to the atmospheric burden.

Seasonal and latitudinal difTerences in atmospheric CI-/4 concentrations indicate

a strong source in the northem hemisphere. The world's largest wetland areas arc

located between 50° and 70° N (Aselmann and Crutzen, 1989; Fung et al., 1991),

which is the same region predicted to undergo the greatest c1imate changes l'rom most

generaI circulation model estimates ofdoubled atmospheric CO2 concentrations. In

order to predict how wetland CH4 sources may change in a warmer global c1imate,

recent studies have focused on determining controls of CH4 emissions !Tom wetlands

under present conditions.
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Cil., (Tg ~c 10 l~ ~)

Atmosphcric Burdcn 4ClOO-o1HOO

Annuallnereasc 40-45
Annual Sources: 500
\. Fosfiil fuel:

Coal mining 35
Natural gas 80

2. Biomass burning 55
3. Natural wetlands

Northern 35
Tropical 80

4. Riee Cultivation 75
5. Animais (mainlv domestic ruminants) 80
6. Termites 20
7. Oceans \0
8. Landfills 25
9. Methane hydrate releases 5
10. Wastewater trcatment and animal wastc 40
Annual Sinks
1. OH destruction 450
2. Soil absorption 10

1.3 Processes AfTecting Methane Emissions from Freshwater Wetlands

CH.. flux from wetlands is the result of production, cansumption and transpurt

processes. CH.. is produced by archaeobacteria during decomposition of organic

matter under anaerohie conditions. These hacteria (termed methanogens) are

dependent on other anaerohic bacteria ta supply them with substrates, which includc

gaseous hydrogen, carbon dioxide, formate, acetic aeid, and one-carbon compaunds

(Svensson and Sundh, 1992~ Knowles, 1993). Archaeobactcria can toleratc sorne

oxygen exposure, but require strongly reduced conditions (Eh <·300 mV) for growth
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(Knowles, 199]). Melhanogens inhabil acid environmenls lypical of mosl anaerobic

soils (p116 10 8). Temperalure optima have been found 10 be belween 25° and 30°C,

with low lemperalures (0 10 10°C) permilting Iiltle production aClivity, even in arclic

peal soils (Dunficld el al., 1993) where adaptation to low temperatures might be

expecled.

The two main pathways for methane production in freshwater ecosystems are

acetate fermentation and CO2 reduction (Whiticar et al., 1986). CH-l can be derived

l'rom a methyl group of any substrate, bUI since acelate is most common, this pathway

is lermed acetale fermentation. Acetate fermentation accounts for approximately 70%

of ail CH-l produced in freshwater ecosystems (Whiticar et al., 1986). The other major

production pathway is CO2 reduction, in which hydrogen is used as an e1ectron source.

These two pathways result in different isotopic compositions of the produced CB.t.

Methane produced by acetate fermentation is generally enriched in DC and depleted in

D (deuterium) compared to that produced by CO2 reduction (Happell et al., 1993).

CH-l is consumed by methanotrophs which are obligate aerobes. Consumption

is dependent on oxygen for the first step of methane oxidation, although sorne

methanotrophs may prefer sub-atmospheric O2 concentrations (King, 1992). Certain

anaerobic methanotrophs have been identified, but their importance in welland

environments has not been studied (Whiticar and Faber, 1985). Optimum

temperatures for aerobic CH-l consumption range l'rom 20 through 25 oC, although

substantial activities have been observed at temperatures as low as 0 to 5 oC (Dunfield

et al., 1993). Therefore, CH-t oxidation can occur at 10wer temperatures than

production. Duril,g oxidation. methanotrophs preferentiaUy consume the lighter
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isotopes of both carbon and hydrogen. leaving residual ('II., enrichcd in 1.\(' and D

(Coleman ct al., 1981; Chanton ct al" 1992),

CH. can be transported l'rom wetland sediments 10 the atmosphere by three

mechanisms: diffilsion, gas bubble ebullition, and plant transport. Ditlilsion is a

relatively slow transport mechanism, controlled by the CH.. concentration gradienl and

the difTusivity of the medium. DifTusing CH. will be subject to oxidation by

methanotrophs if it passes through aerobic layers.

Ebullition (bubbling) has been observed in Ilooded wetlands, and is a much

more rapid transport process than diffusion, and more CH. bypasses zones of

oxidation (Martens and Klump, 1980; Martens et al., 1986). Gas bubbles l'mm as

vertical columns in sediments where porewater CH. l'caches supersaturation, When

bubble pressure exceeds pressures exerted by the overlying materials and the

atmosphere, bubbles will be released l'rom storage in the sediments to thc atmosphere.

Ebullition events have been found to be correlated with water table Iluctuations

(Windsor et al., 1992) and atmospheric pressure Iluctuations (Matlson and Likens,

1990), where negative pressure changes stimulate bubble relcase.

Vascular plants have been identified as being important in the transport of Cil.

but their role is not weil understood (Dacey and Klug, 1979; Whiting and Chanton,

1992). Plants may enhance the flux ofCH. by providing substrate for the production

ofCH. in the root zone, or by acting as conduits for atmospheric exchange (Dacey,

1980). They may attenuate CH. flux by transporting atmospheric oxygen to the roots,

promoting CH. oxidation. The overall efTect of plants on CH.. flux is considered to be

positive (Epp and Chanton, 1993).
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1.4 Controls of Mellullle Flllx from Wellllnds

Several parameters have been identified in laboratory and field experiments as

important indicators of CH, flux. Formulating strong predictive relationships has

largcly been unsuccessful, however, since many of these variables are correlated with

both production and oxidation proeesses, but in difTerent ways. Furthermore, many

environmental variables aflèet CH. flux from wetlands, and they act at different scales.

Factors alfecting CH. availability may vary over microscales and very short times,

while factors controlling CH. transport inlluence larger areas over longer time periods.

Field methods measure fluxes over scales that incorporate many scale-dependent

proeesses, therefore fluxes are typically variable, with coeflicients of variation

(standard deviation:mean) commonly ranging From 30 to 100% within il site (e.g.

Moore and Roulet, 1991).

The most successful variables explaining Ilux are those which integrate

environmental factors. Water table position, a surrogate for aerobic/anaerobic status,

has been found to be the stro":;",.t indicator ofCH. flux. When the water table is

below the wetland surface, an aerobic zone forms, and methanotrophs may deplete the

CH. reservoir and attenuate flux. When the water table is at or above the surface,

anaerobic conditions dominate, and less CH, is oxidized. While laboralory

experimenl s have successfully used water table position to predict flux at a single site

(Moore and Knowles, 1989; Moore and Roulet, 1993), this variable has been

successfully used in the field only to explain differences in fluxes between sites having

different water table positions and therefore different degrees ofanaerobism (Roulet et
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al.. 1992; Bubier ct al.. 1993; Dise cl al.. 1(93). The inability tu show c1ear

relationships between water table position and l1ux at a given site is likcly due to

coincident changes in temperature. plant aetivities, or pressure eausing episodic rclease

of CH, stored in porewaters.

Laboratory experiments have revealed the importance or temperature in

controlling rates of CH4 production and consumption (e.g. Svensson. 1984; Dunticld

et al., 19(3). On a few occasions. signiticant correlations belween Cil., emissions and

temperature have been observed in the tield (e.g. Crill et al.. 1988; Bubier ct al ..

1995a). Other studies have found that temperature only explains fluxes once the

primary variable of sustained water table position is satistied (Roulet et al.. 1992; Dise

et al.. 1(93), or that it does little to improve the predictive capability orthe water table

position vs. flux relationship (Moore et al., 1990; Dise et al., 19(3). White CH., fluxes

are often positively correlated with temperature and water table position, these

relationships are generally weak and do not hold across ecosystem types.

A strong predictive relationship between tcmperature at the mean position of

the water table and CH4 flux has recently been demonstratcd for northem borcal

wetlands (Bubier et al., 1995a). This variable integrates information about moisturc

and temperature, and may therefore be a useful indicator of flux in other rcgions.

Macrophyte and bryophyte communities have also becn used successfully to prcdict

CH4 flux across wetland types since plants l'espond to a host offactors and thercforc

represent good environmental integrators (Bubier ct al., 1995a, 1995b).
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ln addition, plant communilies can be mapped more easily than water table or soil

lemperature, and lherefore hold promise as tools for extrapolation ofCH4 fluxes.

Substrate characteristics (sueh as pH and nutritional status) have been found to

control melhane production and consumption rates in some laboratory experiments

(Knowles, 1993). Field studies indicate that emissions are lowest l'rom nutrient-poor

bogs, and increase in order to fens, swamps and marshes (Aselmann and Crutzen,

1989). These wellands categories have been used to extrapolate regional and global

welland CH., emissions using representative CH4 fluxes and areal coverage estimates

(Bartleu and Harriss, 1993; Mauhews, 1994).

1.5 8eaver Ponds as a Source of Atmospheric Methane

Very few studies ofCH4 emissions l'rom wetlands have included beaver ponds.

Of these, only one investigated diffusive and bubble fluxes separately (Weyhenmeyer,

1992). Boreal wetland C~ emissions have ranged !Tom 0.1 to 65.7 g CH4 m'2y.l,

with most <10 g CH4 m,2 / (MaUhews, 1994), while CH4 emissions l'rom beaver

ponds have ranged l'rom 5.9 (Ford and Naiman, 1988) to 76.2 (Viti et al., 1990) g CH4

m,2 y'1. Roulet et al. (! 992) found that even though beaver ponds comprised 7% ofa

low boreal wetland area, they contributed approximately 32% of the annual CH4 flux.

However, beaver ponds have not been used in the global C~ emission estimates

(Mauhews, 1994).
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Beaver pond~ may conlribule signilicanlly to the welland ('II., budget l{lr three

reason3: (1) beavers alter stream ecosystems in a manner that promotes conditions 1{1I'

CH4 production; (2) these ecosystems receive inputs of carbon-rich materials.

increasing the availability of substrate for methanogenesis; and (3) the areal extent of

beaver ponds appears 10 be increasing in response to declining population pre~sure

l'rom humans and other predators.

Beavers (Cas/o/' ('(lili/demis) dam rivers and slreams to increase the area of

aquatic habitat in order to provide protection l'rom predators and to increase their t{llld

supply (Naiman et al., 1988). Impoundment reduces llow vclocity, hence suspended

sediments and organic matter tend to settle in ponds. The combination of low llow

and a high oxygen demand of the decomposing organic sediments results in the

formation ofanaerobic conditions. ln addition to organic matter inputs lrom upslream

and riparian zones, individual beavers can import up to 1 tonne oforganic matter into

a pond each year (Naiman et al., 1986). When previous wetland or peatland

ecosystems are flooded by beavers, the peat profiles can themselves contribute to the

supply oforganic matter for methanogenesis. Beaver ponds have been found to have

greater standing stocks and greater inputs and outputs of carbon pel' unit length of

stream, compared to streams without beavers (Naiman et al., 1986, 1988). However,

little ofthis material is transported downstream; carbon outputs occur instead as

respiration and methane evasion (Naiman et al., 1988).

The beaver was made nearly extinct by the tum ofthe last century, when

hunting and trapping removed large numbers ofbeaver every year (Naiman et al.,
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1()KH). Sinc!: thal time, demand for pelts has decreased, laws have been imposed to

regulate trapping, and beaver populations have made a strong recovery in North

America. Significant, but poorly quantified, populations inhabit Eurasia and the

former Soviet Union, although populations arc stilliow in Europe (Nisbet, 1989).

Estimates ofcurrent beaver populations in North America arc in the range of6 to 12

million (Naiman ct al., 1988), which is about 10% of the pre-European settlement

population. Population densities in favourable habitats are 0.4 to 0.8 colonies km-2 (1

colony generally consisting of 4 to 8 individuals) but have been found to be as great as

3 colonies km-2 (Naiman et al., 1986).

Beaver ponds arc typically inhabited for 5 to 20 years (Nisbet, 1989), but

changes to the biogeochemistry of stream ecosystems may pel'sist for decades to

centuries after occupation (Naiman et al., 1988). Beavers tend to select optimal sites

for ponds first, then impound marginal areas as resources become depleted. Ponds

that are impounded first have greater longevity than ponds built on less ideal sites

(Naiman et al., 1988).

1.6 Conceptual Model of Methane Dynamics in Beaver Ponds

As indicated above, the few studies that have examined the flux ofC~ !Tom

beaver ponds have found them to be relatively high emitters compared to other

welland types. The reasons for these high fluxes are poorly understood. In general,

high organic inputs to ponds combined with sustained anaerobism caused by

inundation are believed to explain the high emissions.
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A conceptual model of a beaver pond and the Iilctors that relate to the t1l1X of

CH4are shown in Fig. 1.2. A beaver pond can viewed as a system, with (,H, traveling

across several interfaces. Controls of the t1l1X operate at two levcls: contmls on C\-I4

production and consumption processes in the sediments, and contmls on the transport

processes which in tum may int1uence tùrther oxidation.

CH4is produced in the sediments ofa beaver pond at rates contmlled by

substrate availability and temperature. Since the sediments arc always satllrated,

production is Iikely to be more closely related to temperature variations tlmn in other

wetland ecosystems with variable moisture conditions. Greater sediment heat t1uxes

and higher maximum temperatures have been observed in beaver ponds compared to

other welland types (Roulet et al., 1992; Naiman et al., 1994), therefore the CH,

production zone may extend deeper in pond sediments than in other weIlands.

Once produced. CH4is either stored in the sediments, oxidized by

methanotrophs, or transported to the atmosphere via ebullition, diffusion, and/or

plants. Sedimentary Cfu oxidation may only be a small component of the budget,

because the sediments are consistenlly inundated and because decomposition processes

compete with methanotrophs for available oxygen. The zone ofgreatest activity for

methanotrophs will be close to the anaerobic-aerobic interface, where both CH4and

O2 are available in significant quantities (Knowles, 1993). Algal or cyanobacterial

mats inhabiting the surface ofthe pond sediments may provide O2 for C\-I4oxidation

during daylight hours (King, 1990).
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Fig. 1.2: Conceptual Model of Methane Dynamics in a Beaver Pond
Curved line is a theoretical profile ofCH~ in the sediments and in the water column
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Ifrates ofCH4production in ponds arc greater Ihan removal rates by dil11lsion,

large amounts ofgaseous and dissolved CH4ean potentially be stored in the sediments.

The CH4storage reservoir in beaver ponds is Iikely large, because the sediments

consist ofhigh-porosity nocculent organics depositcd in a slow-!lowing hydrologieal

environment. Bubble !luxes will occur at a rate conlrolled by the excess olTH4

production over oxidation, storage, and the other transport meehanisms. The

magnitude ofthese fluxes may be related to changes in pressure (water table position

and atmospheric pressure) and the CUITent size of the sediment CH4reservoir.

Emissions l'rom vascular plants are Iikely greater than diffuse emissions l'rom

equivalent open water areas because plants may provide a conduit that bypasses the

oxidation layer. Certain plant species may actively ventilate the sediments surrounding

their roots, resulting in lower porewater CH4concentrations and therefore lower

bubble emissions. Higher production rates may be associated with root exudates and

therefore enhance CH4fluxes, or conversely, oxidation associated with O2 diffusion

across the root-sediment interface may fuel higher rates ofCH4consumption and

result in lower C~ emissions l'rom vegetated areas.

1.7 Stlidy Objectives

The specific objectives of the research presented in this thesis arc to deterrnine:

(1) the relative contributions ofC~ production, eonsumption and transport processes

to the flux of CH4l'rom a boreal forest beaver pond; (2) how these processcs vary

within the pond and over an emission season; and (3) the relationship among these

processes and environmental variables.
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Speci/icaily, four hypotheses were tested l'rom May through mid-September,

l'J'J4, al a single beaver pond near Thompson, Manitoba:

1. The annual flux of CH. l'rom the beaver pond to the atmosphere is relatively high

compared to values reported in the literature for other wetlands because the

hydrological and thermal regimes in beaver ponds maximize CH. production and

minimize CI!., oxidation.

2. Oxidalion of C/-I. reduces the overall flux liule, because:

2. 1 ebullition and plant transport mechanisms dominate and bypass the main zone

of oxidation

2.2 oxidation of CH. at the sediment-water interface is small because the

thickness of the zone for potential oxidation is small, and

2.3 liule oxidation occurs in open water.

3. As a consequence of hypothesis 2.1, the loss ofCH, l'rom the sediments relates to

negative changes in atmospheric pressure and water table position

4. The flux l'rom plants is greater than the flux l'rom open water areas since plant

transport bypasses CH. oxidation and CH. production is greater in vegetated

areas.

The results l'rom this thesis represent a significant advancement in the process

level understanding of CH. emissions l'rom beaver ponds. The following chapters

describe the field programme, BOREAS and the methods and materials (Chapter 2),

and the results obtained (Chapter 3). The results encompass information about CH.
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processes, storage and fluxes over ail interlilces and Ihllll dillèrent areas of the pond.

They indicate thatthe flux of CI 1., li'ol11lhe beaver pond is high and variable, but thal

these variations relate to environmentallàctors and site dillèrences.

These tines of evidence arc pursued in Chapler 4. The l11agr:tude. variabilily

and contributions of the various transport processes to the total CIL, flux Ihlln this

beaver pond arc described. A detailed error analysis is perforl11ed and suggestions ale

made for future sampling programmes. Comparisons with the flux of Cil., Ii'om other

wetlands in the same area indicatc that bcaver ponds arc a signilicant regional source

which should not be ncglected in grcenhousc gas budgets.
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Chnpler 2: Stndy Site nnd Methodology

2.0 The Borenl Forest Ecosystelll-Atlllosphere SIndy

Thc Borcal Forcsl Ecosystcm-Atmosphere Study (BOREASJ is an international

coilaborative spccial project designed to darity the role of the boreal forest biome in

the global dimale system and carbon budget. In particular, it is aimed at improving

our understanding of the processes which govern the exchanges ofenergy, water,

carbon dioxide, and tmce gases bctween the boreal torest and the atmosphere, and to

develop and validate remote sensing algorithms to transtèr our understanding ofthese

processes l'rom local to regional scales. Research was undertaken in and between two

600 km2 study sites in central Canada to represent the north-south ecological gradient

oftemperature and moisture (Fig. 2.1 J. The southern study area (SSAJ, near Prince

Albert, Saskatchewan lies along the sourthern edge of the boreal torest biome where

ecosystem processes arc generaily moisture-limited during the summer. The northern

study area (NSA), near Thompson, Manitoba, is representative of the northern portion

of the boreal forest, where ecosystem processes are generally temperature-limited.

BOREAS includes research trom a wide range of scientific fields, i.e. terrestrial

ecology, snow hydrology, land surface c1imatology, boundary layer meteorology, trace

gas biogeochemistry and remote sensing science. Over 80 research teams arc involved,

including 10 teams l'rom Canadian universities. BOREAS is scheduled for a period of

tour years (1992 - 1996). The first year, 1992-93, was used tOI' planning, site

selection, preliminary studies and testing ofequipment for the intensive field campaign

in 1994.
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2.1 SIndy Site

The fielu work lor this stuuy was eonuueteu as part of a BüREAS Trace Gas

Biogeochemistry (TGB) investigations at the northern stuuy area (NSA). A single

beaver ponu, locateu 13 km west of Thompson, approximatcly 300 m south of

lIighway 391 (550 55' N, 980 01' W; military griu reference 614887), was selected for

study (Fig. 2.2). Il is the last, but one, in a series of ponds in a urainage basin that is

ahout 15 km in length and 3 - 5 km in width. The pond covers 5 ha, and has two

dams: one on the northern outtlow, and one on the eastern outtlow. The dam on the

primary (cast) outtlow is approximately 60 m long by 3 m wide. The pond receives

waters Irom many small, seasonal streams at the south end.

The age of the pond is unknown but it is inhabited by a làmily of3 or more

beavers. Il also provided habitat for a family of wood ducks and migratory birds in the

srring and làll, 1994. Prior to impoundment by beavers the area was a peatland. The

sediments comprise a thick layer (0.05 to 0.2 m) of!,')'ltja, overlying peat sediments

(0.1 to 1.0 m) over silt and sands. Clay was observed in one area of the pond at 0.7 to

1.0 m depth.

The maximum pond depth is approximately 2.2 m to the west of the main dam,

but most of the pond is 0.5 to 1.0 m deep. About 75% (3.75 ha) of the pond is

covered with aquatic emergent vegetation, primarily sedges (Carex .\p.), some ofwhich

grows on mats tloating on the pond surface. Submergent aquatic vegetation (primarily

UrriL'lIlaria .'p.) was present in most areas of the pond. A detailed Iist of the

vegetation is provided in Table 2.1 .
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TabJ\:_7J_J-ist..Qf Valieular l'iant S[1eeies atthe Heaver l'ond
dominant species are marked by an asterisk CO)

Emergent Aquatie Vegetation:
o ('arex aqlla/i/is

(', /ilIIosa
('. dialltlra
C. ms/ra/a

• ('a/alllaKms/is cU//(/dellsis
o !'o/elllil/a pa/Ils/ris

Sa/ix .Ip.
l}lJ/w /a/ifo/ia

!'o!aIlIOKelall.lp.
/~iJi/ohilllllplls/lls/re
I\'qllise/IIIII flllviali/e

As/ersp.
!'o/YKalllllll lIà!alls

SparWlJ)ill1ll hlïJerhorell1ll
NYlllpl1at!ll/e/raWJlla

Submergent Aquatie Vegetation:
Utrkll/lIria VII/KU/'is

II. "orlla/a
li. illlerllletlia

2,2 Field Methods

Field work was condueted between May 1and Sept. 15, 1994. The field

measurements comprised determining the flux of CH.. at the water-air interface as

diflùsion and ebullition; the flux ofCH4 at the sediment-water interface; the dynamics

ofCH4 storage in the sediments and in the open water; and the sampling ofbubbles and

stored gas for isotopie determination. The beaver pond (Fig. 2,2) was outfitted with a

floating boardwalk and a platform on which a 1.5 m tower was erected for

measurement ofenvironmental variables and the flux ofheat, water, C02 and CH4 by

micrometeorological techniques,
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2.2.1 Floating Chamber Flux Measurements

Statie !loating chambers were employed to measure dit1iIsion of CI!., acl'llss the

watcr-air intertàce approximatcly every thinl day during the ticld season using methods

outlined in Moore and Roulet (1991). The chambers were made of 18 L polyearbonale

bOilles trom which the bases had been removed, and were covered with aluminum Ibil

to reduce heating. A styrofoam !loat was atlixed 2 cm above the base of the chamber.

The necks were sealed with a rubber stopper containing a glass tube to which 4 m of

tygon tubing was attached. Sampies were obtained trom the end of the tubing through

a stopcock after pumping several times with a 60 cc syringe to ensure the air was

mixed within the chamber.

Most !luxes were obtained adjacent to the boardwalk. 'l'en chambers were used

on each sampling date; ofthese, generally 6 measured !luxes trom open water sites, 2

from sites colonized by ('''l'ex .\p., and 2 from other vegetation types. Depth of site,

vegetation characteristics and time of day were recorded. Chambers and tubing were

flushed with ambient air, then chambers were gently placed on the pond surtàce. One

sample was obtained every live minutes for 20 minutes, so that each !lux measurement

was based on four data points. The change in CH4 concentration over time in the

chambers was used to determine CH.. flux (Eq. 1). If the rise in concentration was not

linear (r>O.9 for n=4) then the flux was rejected.

Two diel experiments were performed to determine if !luxes varied

systematically with the time of day. On these occasions, 6 fluxes were obtained trom

various sites every 4 hours for 24 hours.



• (/')(1') . 1 /II~ /. min
Nllx(/II~'/II'.J ') " - " (MW)" s/ope" -------"1440-

(N)(1)(A) 1000 ~ 11/. Jay

where P - pressure (atm)
V' chamber volumc (0.01 C) m')
R = ideal gas constant (8.21 , 10.5 atm nr' mole'! °KI

)

T ~ temperature (OK)
A = arca of chamber (0.055 m2

)

MW" molar weight of CH., (16 g mole'!)
slope =. slope of rise in CH. concentration over time (ul L'! min'!)

2.2.2 Bubble Flux Measurements

2)

[Eq. 1]

•

•

Bubble Iluxes were measured using inverted funnels along two transects (Fig.

2.2). The line transect comprised 12-14 funnels and extended east trom the boardwalk

across a vegetated area and deeper open water sites to the pond margin. The beam

transect was located west of the boardwalk, extending from a Iloating mat toward the

pond margin, and comprised an additional 14-18 funnels. The beam transect was

primarily vegetated by emergent macrophytes such as C"I'ex sp. but also crossed

several open water channels which Ilowed between the vegetation.

Thirty-cm diameter inverted funnels were fitted with clear graduated cylinders

and a stopper through which bubbles were sampled. Small tloats w~re attached to the

funnels to keep them Iloating at the water-air interface, and the funnels were secured to

the line or beam transect by small pieces of rope. Funnel sites were classified as either

vegetated or open-water. Vegetated sites contained both emergent and submergent

vegetation, and funnels were not placed directly over but rather between the emergent

vegetation. Open water sites almost always contained sorne submergent vegetation.



• Bubbles that aeeumulated in the funncls were sampled by boat, usually within

two days. Bubble volume was measured by earctillly withdrawing the bubbles into

syringes. Flux was caleulated (Eq. 3) Ii'om the volume orbubbles that Imd

accumulated over the time between measurements, and the concentration of CI!., in the

bubbles.

•

'{ '1 «')(1') . • 1 1 III): /.J. IIX(III):'111 -·u )= x (,\MI ) x (MW) x --- x --.----
(A) li/lle! 1000): 11/.

where C = bubble CH4 concentration (uL L,I)
V = volume ofaccumulated bubbles (L)
A = funne1 area (0.073 m2

)

SMV = standard molar volume ofgas (1/22.4 mole L,I)
MW = molar weight of CH4 (16 g mole'l)

2.2.3 Porewater CH4 Storage

IEq.21

•

Porewater CH4 concentrations were used to calculate storage of CH., and

changes in storage during the field season. CH4 concentrations in sediments were

detennined approximate1y every third day at 3 sites along the boardwalk l'rom 5

piezometers at each site. The 3 sites comprised one shallow water (.. 0.2 m) vegetated

site, one intennediate site (.. 0.7 m) with submergent aquatic vegetation, and one deep

water site (.. 2.0 m) with no observable vegetation. The depths of the piezometers at

each site were 10, 30, 50, 70, and 100 cm below the sediment-water interface.

Piezometers were constructed trom 1.75 cm PVC pipe, were perforated at the

desired sampling depth, and fiued with tygon tubing through which samples were
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drawn. Ouring sampling. the tubing was Oushed and 30 ml samples were slowly

withdrawn to prevent bubbling and degassing. Storagc was calculated by integrating

the profiles of dissolved CIl., concentrations and assuming a constant porosity 01'0.8.

~~2.4 Sediment-Water Intertàce CH; Profiles

Iligh resolution profiles of CH., concentrations at the sediment surtàce were

determined using peepers (Hesslein. 1976). Peepers comprised 51 chambers at 1cm

intervals which were tilled with distilled water in the lab and covered with a

semipermeable membrane through which CH. can ditlùse. Peepers were installed

across and below the sediment-water interface 2 weeks prior to sampling to permit

equilibration with in silll CH. concentrations. Profiles were used to identify the zones

of CH. production and consumption, and to model the Fickian ditlùsive Oux orCH.

l'rom the sediments (Eq. 3).

M'
F" = Il/) --

"'=
[Eq. 3]

•

where Il = porosity (assllmed 0.8)
D = diffusion coefficient (cm' S·,) which was determined to vary according to

temperature (Leflllan, 1979) with r'=0.99:

0.796 1- 0.0293 + l' where T = sediment temperature
0.000325 x 1"

and li C = maximum CH. concentration gradient below the sediment-water interface
"'=
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2.2.5 Waler Column CH j l'rotile~

l'rutiles ofCH4in the water column were determined appl'llximately bi-weekly

using a pole secured to stationary posts along the boardwalk. Tygon lubes were

attached to the pole to sample water at 0, 2, 4, 6, 8, 10, 20, 40, 60, 80, 100, and 12ll

em above the sediment-water intertàee. Samples were drawn slowly through the

tubing by syringe.

2.2.6 Surtàee-Water CH.. Concentrations

Concentrations of CH4in surface water were determined concurrently with

about 50% of the floating ehamber !luxes, ta be used in a thin-tilm boundary layer

modelto calculate the ditlùsive flux of CH4l'rom the pond. However, the tluxes

derived by this model were an order of magnitude lower than the tower CH4tluxes (l'.

Crill and N. Roulet, unpubl. data) and chamber fluxes; therefore the data were nol

incorporated into the analysis.

2.2.7 Flux ofCH4across the Sediment-Water Interlàce

Benthic chambers were designed ta measure the tlux of CH4 across the

sediment-water interlàce. Chambers were built l'rom inverted 12 L tupperware

containers (base 26 cm x 38.5 cm) and equipped with a pump and hase with which to

slowly circulate water within the chambers. Chambers were lowered to the bottom of

the pond adjacent ta the boardwalk and gently held in place by foot. The pump was

started and water was circulated at 1L min". Samples were taken through the
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sampling port by syringe every 2 minutes for 10 minutes. CIl., flux was calculated

using Eq. 1 modified lhr the area and volume ofthese chambers.

Fluxes measured using methyllluoride (MF) as a CHI oxidation inhibitor

1()lIowed the same procedure. Flux was tirst measured without MF, the chamber was

llushed and then replaced. MF was injectcd into the chamber to a concentration of 1%

MF by volume, and samples were taken as described above. Oxidation was calculated

as the dil1èrence between the tlux measured with MF and those without MF inhibition.

2.2.8 Environmental Variables

Environmental variables used in the analysis were measured on the

micrometeorological tower at the platform at the end of the boardwalk. Table 2.2 lists

these variables and the equipment used.

Table 2.2 Measurement of Environmental Variables

Variable Equipment Location
Air temperature thermocouples 1. 5 m above pond surface
Pond temperature thermocouples l, 10, 20, and 30 cm below

pond surface
Sediment temperature thermocouples 0, S, 10, 20, 40, 75, and 150

cm below the sediment-water
interface

Precipitation tipping bucket rain gauge beaver pond and NSA fen
Pond stage float and sensor
PAR (photosynthetically- PAR sensor 1.5 m above pond surface
active radiation)
Underwater PAR PAR sensor 50 to 70 cm below pond

surface
Atmospheric pressure barometer
Windspeed anemometer 1 m above oond surface
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Ilalt~llUurly or hourly averages of the variables were stored in a dalalogger

located at the base of the lower. and daily l1leans were later ealculated lbr each

variable. Daily mean PAR and underwilter l'AR \l'ere calculated using only positive

(daytime) values.

2.3 LlIborlllory Methods

The laboratory methods cOl1lprised the analysis ofCH4 sal1lples. incubation

experiments to examine the CH4 production and oxidation potentials of the pond

sediments, and analysis for the isotopic composition of carbon and hydrogen in CII.I

stored and emitted l'rom the pond.

~).I CH; Analysis

Analysis lor CH4 was determined by gas ehromatography within 8 hours of

sampling. CH4 in bubbles was determined using a Shimadzu-SA thermal conductivity

detector (TCD) equipped with a HeyeSep column and SA molecular sieve, using ultra

high purity (UIIP) Ile as carrier gas llowing at 30 ml min- l
. The column and detector

temperatures were 50 oC and 130 oC. respectively, and the detector bridge current was

160 mA. Ali other sampies were analysed with a Shimadzu Mini-2 equipped with a

llame ionization detector (FID) and a I.S m Poropak-Q column (50/S0 mesh), using

UHP N2 as carrier gas llowing at 40 ml min- I
. The column and detector temperatures

were 45 oC and 125 oc, respectively. 80th machines were also equipped with 1 or 3

ml sample loops to standardize injections.
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CI t, standards of 2.349 and 10 200 ppm were run with samples III calibrate

concentrations. The l'ID responded linearly to CII.I concentrations between 0.9 l'pm

and 10200 ppm. The precision of the l'ID was 0.4% at both 2.349 ppm and 10200

ppm. and the precision of the lTD was 1.5% at 10200 ppm.

CI 1.1 concentrations in water sampics were determined by headspace

equilibration technique. An equivalent volume of UHP N2 was added to the sample

then shaken for a minimum of2 minutes, and the CH, concentration in the headspace

WIIS determined in duplicate by l'ID.

:!~:LLSçgj!1JÇJJt Sample IncJ1bations

Sediment samples were collected in mid-September from 3 sites in the beaver

pond. Cores were collected from two open water sites using plastic pipe, and the ends

of the pipe were sealed immediatcly after removal to prevent contamination. Samples

ofa noating mat were obtained using a knife to eut out mat layers which were

transferred into mason jars under water to prevent disturbance of the samples.

Sediments were stored at 4 oC until the incubation experiment in the fall of 1994.

Laboratory incubations of the sediment samples were perforrned to deterrnine

potential rates ofCH, production and consumption under anaerobic and aerobic

ct'nditions, respectively. Cores were divided into 10 cm depth intervals, and triplicate

(anaerobic incubations) or duplicate (aerobic incubations) samples ofapproximately 5

g of wet peat from each layer and 5 ml of pond water were transferred into 60 mL

Erlenmeyer nasks which were fitted with SubaSeals. Aerobic CH. consumption



•

•

•

.111

pOlentials were determined by injecting 50 ~d of pure CIl., inlo the l1asks. which were

shaken on a ~vrotory shaker at 250 rpm to prevenlthe Ihrmation of anileruhic pockets

in the sediments. and observing the deerease in ('II. concentraI ion over time.

Anaerobic production potentials were determined by twice evacllatinl:\ the Ilasks and

backllushing with N! so thatliltle initial CH, remained. and the increase in ('II.,

concentration in the Ilask headspace was determined by sampling daily lor 5 days.

Between sampl;ng. the Ilasks were incubated in the dark at ruom temperallire.

Aller the incubations were completed. the sampies were oven dried at 60 nc.

A regression of the change in CH. concentration over time was then expressed as mass

ofCH. produced or consumed per mass ofoven·dry sediment. The samples were then

combusted in a 450 oC muffie fumace to determine organic malter content.

2.3.3 Isotopic Analysis

Bubble and porewater samples were collected for isotopic analysis in late·

August and September. Samples were transferred to 160 ml vials using an inverted

vial technique (Jeff Chanton, personal communication) to prevent piercing the vial

stopper. The samples were stored upside·down and frozen to prevent leakage. In

February, 1995. the samples were analysed at Florida State University. Sampics were

prepared for carbon isotope analysis by combusting the CH. to CO! in a hclium gas

stream passing over 800 oC copper oxide, cryogenically purirying the CO! and sealing

the sample in a glass tube (Chanton et al., 1992). Hydrogen isotopes (Coleman ct al.,

1981) were deterrnined by combusting the samples. trapping the released water and

liberating the H2 by heating the tubes at 500 oC for 30 minutes in the presence ofZn.
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"e lInd J) (deulerium) were lInalyzed on a mass spectromeler, Results were corrected

Itlr line blllnks and expresscd in delta notation (Eq, 4),

'/" (.!l"""J'J<' __ 1) 1 1()()O%o
J~\loHl,I,'''1

where R in the respective isotope ratio ("C/ 12C or 0111)
and the standard is l'cedee belemnite (l'DB) fol' carbon and

slllndard mean ocean water (SMOW) for hydrogen

2.4 I):tt:t AJI:tlysis

[Eq, 4J

•

•

AlIlluxes and storage were calculated as described above. then llux data were

divided according to site vegetation characteristics. and mean daily llux was calculated

for cach catcgory, Cumulative emissions were calculated by interpolating the daily

mcans 101' days with missing data and summing ail daily means for the season, Total

emissions were calculated by adding bubble and chamber flux measurements,

Statistical analyses ineluded regression. Mann-Whitney V-tests and Spearman

correlations, A list ofdata availablc through BORIS (BOREAS Information Systems)

appcars in Appendix 1.
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Chaptrr' 3: Rrsults

3.1 Euvil"Onmrnta\ Variahlrs

The 1994 field season \Vas \Varm and dry, \Vilh lolal prcdpitalion 01' J5l) mm

(Fig. 3.la) t'rom May 20 (Julian day 140) 10 Scplcmbcr 17 (ld. 2(10) (scc Appcndix 1\

for conversions l'rom Julian days to calcndar days). Pond \Valcr Icvcl (Fig. J.lb) rusc

during sno\Vmelt. but declincd sharply ancr a dam \1lilurc on Junc 22 (ld. 17.1). Oncc

the beavers repaired the dam it was observed to rcmain intact für thc rcmaindcr of thc

field season. Water level pcaked (136.2 cm at Ihe slall' gauge, relative to an arbilrary

datum) on July 20 (ld. 201), and then declined gradually through the cnd oflhe field

season.

Mean daily air temperature (Fig. 3.2a) ranged l'rom 4.2 oC 10 21.4 0('

Temperatures in the pond retlected ambienl air temperaturcs (Fig. 3.2b), bul Ilucluatcd

less due to the higher heat capacity of water. Pond water temperatures onen exceeded

mean daily air temperature and never fell belo\V 10°C. Pond sediment temperatures

also followed air temperature (Fig. 3.3). but exhibited a lag (4 days at 20 cm and 5

days at 40 em depth) \Vith smaller fluctuations. At 1.5 m depth, the sediment

temperature increased linearly l'rom 2.7 to 7.0 oC throughout the seasun.

photosynthetically active radiation (PAR) fluclllated greatly (Fig. 3.4). From

July 1- 6 (J.d. 182through 187), smoke l'rom forest fires dramatically reduced PAR

Underwater PAR, measured 50 to 70 cm below the water surface (Fig. 3.4), was

typically 10% of that incident at the surface.

Mean daily atmospheric pressure (Fig. 3.5) fluctuated between 98.5 and 101.5

kPa throughout the field season, but the majority of the many fluctuations were less
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than 1 kl'a. The maximum 24-hour change was an increase of2.1 kPa. Mean daily

windspccd ranged from 0.46 to 3.65 m S·I, ~nd maximum half-hour windspeeds ranged

from 1.69 to 5.98 m S·I. Winds were calm at night and in the early morning and there

were usually several hours each day when it was also calm.

3.2 Chnmber I1lllxrs

A total of 260 chamber !luxes were obtained on 42 days from May 20 (ld.

140) to September 13 (J.d. 256). An additional 53 !lux measurements were made

during two 24-hour periods in June and July to examine diel trends in diffusive !luxes

from the beaver pond. Fluxes ranged from -7.2 to 1080 mg CH. m'2d· I
, and the

distribution was positively skewed (skewness = 2.3; Fig. 3.6). Approximately 75% of

ail !luxes were bclow 157 mg CH. m·2d'I. The mean flux was 139.2 ± 194 mg CH.

m'2d· I, and the median was 60.3 mg CH. m'2 d'I. Geometrie means were not

calculated because several !luxes were ~ O.

3.2.1 Vegetation and Site Diflèrences

The chamber !lux measurements were divided into 7 different vegetation

categories (Fig. 3.7 and Table 3.1): open water; Car<!x .\p. (sedges); Nympha<!a ''11.

(waterlilies); Salix .\]1. (willows); 1~'qllis<!IIIII1.\p. (horsetails); Calamagroslis CClnadmsis

(grasses); and 'lj'lllm.VI. (cattails). Fluxes were lowest over Calamawoslis (9.9 ±9.6

mg CH. m,2 d· I
, n=2), Eqllis<!l1Im (50.8 ± 53.4 mg CH. m'2 d,l, n=6), Nympha<!a (50.7

± 65 mg CH. m,2 d'l, n= 17), and Salix (35.3 ± 29.5 mg CH. m,2 d'l, 0=5). Fluxes
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(rom sites containing ('arex (123.5 ± 138.2 mg CIf., m'2 d", n~ 105) and open water

(161.2 .l 223.6 mg Cil.• m'2 d'l, n= 121) were higher. 1'>1)//(/ had the highest Iluxes

(594.3 ± 418.5 mg CIf., m,2 d'l, n~4). The highest measured Ilux (1080 mg Cil, m'2

d") was obtained from a chamber enclosing a 1';1)l1a plant. There were no statistically

signilicant dillèrences between Iluxes from any two vegetation groups (Mann Whitney

U tests, p>O.05). In several cases this may have been due to small sample sizes.

A further category comprised Iluxes measured from a stagnant pool near the

north pond outllow. These Iluxes were high (432.9 ± 229 mg CH~ m'2 d", n=6),likcly

due to a buildup of CH. in surtàce waters from the lack ofwater Ilow, sheltered

location, and high organic content of the sediments, but these associations were not

tested.

3.2.2 Seasonal Trends and Spatial Variability

Mean daily Iluxes from open water and from Carex sites are shown in Fig. 3.8.

Fluxes were initially very small, but an l'mission 'pulse' was observed from June 12 to

14 (J.d. 163 - 165), during which the flux ITom open water sites reached 856 mg CH.

m'2 d·'. This pulse occurred weil alter ice-olf, and may be related to a concurrent rise

in sediment temperature and a drop in atmospheric pressure and water table (sel' Figs.

3.1 b, 3.3, and 3.5). For the remainder of the season, the l'mission patterns ITom open

water and Carex sites were similar, with peaks and troughs generally occurring on or

about the same days.

Coefficients ofvariation (standard deviation:mean) indicated that fluxes can be

extremely variable over short distances. The average coefficient ofvariation was 0.62
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(range (J,06 - 1,8) lor ('''l'ex sites, and 0,64 (range 0,02 - lA) tor open water sites,

No significant diflèrence was observed between mean daily fluxes from open

waler and ('''l'ex sites (U = 1,62, p>O,OS), Cumulative emissions for the season,

calculated by integrating tbe area under the mean daily emissions curves, were 14A g

CH4 m'2(1 O,S g CH4-C m,2) from opcn water sites, and Il.3 g CI-I4 m,2 (S.5 g CH4-C

m·2
) from ('''l'ex sites,

Measurements from an independent study of CH4 flux at the beaver pond, using

a flux-gradient approach trom a 1.5 m micrometeorological tower, showed that the

flux of CH,I was greatest when the wind was blowing l'rom the vegetated areas of the

beaver pond (P, Crill and N, Roulet, unpubl. data; see Section 4,2A), Chamber flux

measurements in this study, however, indicated similar flux between ('''l'ex sites and

open water areas, For several reasons, the chamber measurements may not have

detected actual enhanced flux through sedges, Most chamber fluxes were measured

from the boardwalk, whcre the measurements were easier to obtain compared to

sampling by boat, but where the density of sedges was low compared to other pond

areas, ln general, floating chamber sedge sites comprised only 1 to 3 ('al'ex, By the

end of the field season, these plants had become damaged by repeated sampling,

For these reasons, the ('al'ex sites along the boardwalk may not represent

('''l'ex sites elsewhere in the pond, At the beginning of the season, floating chamber

measurements were taken lTom both the boardwalk and other sites, but no difference

between the sites was observed as fluxes were uniformly low at the time. Sampling

was subsequently restricted to the boardwalk. Toward the end orthe season, when it

was recognized that the tower measurements showed flux differences between open
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water and vegetated areas, subsequent chamber tluxes were measured using a boat to

access areas with more dense vegetation (-1 tll 12 ('''1'''.1' per chamber) (Fig. J. 'l). On

these 6 dates, the tlux l'rom ('''1'''.1' was observed to be signiticantly greater lhan tlux

l'rom open water (Mann Whitney li ~ 156, p<().()()() 1) Therefore, it is Iikcly that the

('''l'ex chamber tlux measurements reportl:d in this study undereslimate the Cil., tlux

trom these plants.

J.2.J Relationshins between C'hamber Fluxes and Environmel)tal Varinhlç"

Several analyses were performed to reveal factors that might explain variations

in observed tluxes. Since tluxes and other variables were not normally distributed,

Spearman correlation coetlicients (r for non-normal distributions) were calculated to

determine the direction and strength ofrelationships (Table J.2). No signiticance levcl

is available for Spearman correlations. Scatter plots of these relationships are shown in

Fig. J. 10. Since daily means of variables are most likely to describe tlux variations on

a similar time scale, mean daily fluxes trom open water and ('''l'''X sites were used lor

these analyses.

ln general, open water tluxes were more strongly correlated with environmental

variables than fluxes measured l'rom ('arex sites. Open water fluxes related negaliveiy

to mean daily atmospheric pressure for the day prior to measurement, while ('al'ex

fluxes related less strongly with pressure and exhibited no lag in response. Open water

fluxes were most strongly (and pnsitively) related to near-surface sediment

temperatures, while ('arex fluxes were only weakly related to deeper sediment
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temperalures. "'1uxes were occasiona!ly negativcly rclatcd to dceper sediment

temperalure whieh may be due to the lime lag of sediment temperature at depth.

Tnhk:LV;p.ear]TI-,11L~1irwise CQrrclalion Coellicients W
He.!wej~.ILMl;.illLl11iJy. Chamber Fluxes and Enviromnental Variables

Vmiablc /. Me:m Daily N Mean Daily N
ÛllCn Waler ri n,cs ('"r('x Sile Fln.,es

0 0.50 0.1(,
5 0.50 lU 1

Mean Daily 10 0045 11.111)

Sedime.ll Temperalnrcs 211 IU5 :1') Il.02 :15
40 II.IIK -0.04
75 -0.12 0.25
150 -0.04 0.2K

l'AR 0.15 -0.21
Undemaler l'AR 0.02 :1K -0.20 :14
l'ond Slace -11.1)1 -o. Il
Atrllospherie Pressnre -IU6 .19 -11.:14 :15
Alrh. Pr~ssurc Lm.!. =: 1dm' -(J.Cl2 :17 -11.15 .n
Alm. Pressure L:.c - 2 dms -1104:1 :17 -0.15 :14
24-hr change ill 0.21 :1K -0.17 :14
menn dail\· pressllre
Windspced OAK :1K -11.0:1 :14

/.- deplh bclow scdullelll-waler IIllerraee

Forwards and backwards stepwise multiple linear regressions were modelled to

determine the best predictive relationships for chamber fluxes (Fig. 3.11). Most

rclationships were weak; the best explained only 44% of the variance in flux. For the

regression model of mean daily open water flux, mean daily windspeed explained 35%

of the variance in !luxes (p<O.OO\), and mean daily temperature at the sediment-water

interface explained a further 9% ofvariance (p<O.05). Mean daily windspeed was the

only signilicant predictor of !lux from (-"rex sites, but relationships were much weaker

Ihan those for open water sites.
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• lI- . ~._ ,Ii .• ..... ""''''p'_''_ "., .'~.' ". "'_·,.· ... v. h.,". l, ......
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• Fig. 3.11: Multiple Linear Regression Equations for Chambcr Fluxç_s
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')'0 I\lrther examine the rciationships between pond sediment temperatures and

chamber lluxes, the llux data were divided into specifie intervals of increasing or

decreasing temperature (Table 3.3). Between May 20 through June 14 (J.d. 140-

165), during wbich sediment temperatures continuously increased, the correlation

bctwecn open water charnber !luxes and sediment temperatures was strong and

positive (Speannan r>0.6) (Table 3.3a). Over the same period, Carex-site charnber

Jable 3.3 Spcarman Pairwise Correlation Coetlicients (r)
J3ctwcen Chamber Fluxes and Sediment Temperatures

a)JulianJ)avs 140-165: JnçrejlsinJ!.S_~dil11ent Temppat\lreS
Variablc 1. Opcn Watcr Flnxcs N ('lIrt'X Silc Flnxcs N

0 0.62 0.20
5 Il.64 Il.24

Scdimcnl III Il.61 Il.:14
Tcmperalnrc 211 0.61 411 Il.:14 26

411 0.65 -- Il,S7
75 0.66 Il.56
1511 0.65 Il,S7

b) Julian Davs 190-205: 1nçreasinu Sedimeo.t Temperature~
Variablc 1. Open Walcr N ClIrt'.'· Silc N

Fluxcs Fluxcs
Il Il.75 Il.24
5 Il.73 Il.211

Sedimcnt 10 Il.7:1 Il.211
Tcmperatnre 211 Il.7:1 14 0.22 12

411 Il.71 Il.2 t
75 -0.7:1 -(1.21
1511 Il.75 0.2:1

cl)ulian pays 2.1 4-231 : Decreasinl! Sediment Temneratures (with !luctuations)
Variablc 1. Open Walcr N ClIrex Sitc N

Fluxcs Fluxcs
Sedimcnt Il Il. 19 O.SM

Tcmper:lIurc 5 Il.29 0.64
10 O,SM 0.46
20 O.6M M 0.46 6
40 11.31 O.SM
75 -().17 -(I,SM
150 -(Ul -(),S8

1.- dcplh III !'Cd.lllcnls belnw !'Cd'Illcnt-watcr IIllcrf.1cc <cm)
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fluxes were most posilivcly eorrclllted with deep sediment tempen:tures (Spearmlln

r>0.56). As lempcrntures warmed tilrther (July 9 through 24; ld. 190 - 20~) open

water chambcr fluxes again corrclated with ail sediment temperatures. but fluxes Ii'om

('urex-colonized sites did not (Table 3Jb). Toward Ihe end of the seasonopen water

fluxes correlated besl with declining sediment tempernture at lOto 20 em depth. but

('urex fluxes correlated best with near-surlàce sediment temperntures (Table 3.3e).

Despite poor statistical relationships between chamber flux and temperature. the

graphical trend in both is strikingly similar (Fig. 3.12).

3.2.4 Diel Chamber Fluxes

The diel experiment on June 20-21 (Fig. 3.13l1). yielded no consistent change in

tlux with time of day, The July diel experiment (July 10-11) showed a pattern of

increased tlux l'rom ('al'ex during daylight hours (8:00 to 20:(0) (Fig. 3.13b). These

data are inconc1usive. however. due to the small sample sizes (each bar in Fig. 3.\3

represents a single flux measurement) and because the spatial variability observed is

greater than any detectable change in flux due to time of day. Il is interesting to note

that no significant relationships were found between chamber fluxes l'rom ( 'ul'ex sites

and PAR or underwater PAR (above).
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3.3 Huhhle Fluxes

A total 01'771 bubble fluxes were measured from June 6 (J.d. 157) to

September 14 (J.d. 257). The minimum flux was 0 and the maximum 1849.3 mg CIl4

m'} d· l. The distribution was positivcly skewed (skewness = 4.6; Fig. 3.14). The mean

flux was 83.8 ± 141 mg C/I., 01.
2 d· 1 and the median was 32.3 mg CH, 01.

2 d· l
. Since

many fluxes were zero, geometric means could not be calculated.

3.3.1 YllgetatÎon and Site DifTerence~

Hubble flux measurements were divided into open water sites and vegetated

sites, which contained emergent macrophytes. notably Carex (Table 3.4). Bubble

fluxes \Vere significanlly greater (U = 37230, p<0.0005) l'rom open water sites (159.5

± 192.3 mg Clb m'} d,l) than l'rom vegetated sites (30.6 ± 33.2 mg CH4 m'} d'I) (Fig.

3.15a), and this dillèrence was observed at bath the line (U = 9366.5, p<0.0005) and

beam (U = 7433.5, p<0.0005) transects. The difTerence in fluxes was due bath to

greater bubbling rates (U = 38426.5, p<0.0005) (Fig. 3.15b) and higher CH4

concentrations in the bubbles (U = 14911, p<0.0005) (Fig. 3.15e) l'rom open water

sites. The mean open water bubbling rate and CH4 concentration were 542.8 ± 1683

ml m'} d" and 471.885 ± 207,562 ppm, respectively. The mean rate ofbubbling and

average bubble CH4 concentration for vegetated sites were 165.3 ± 285 ml 01.
2 d'l and

265,951 ± 124,300 ppm, respective\y.
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J)2 Seasot1i\LIrsmh'Ô_wH!Jlux Varial~lity

Mean daily and cUl11ulative bubble l1uxes 1(11" open water and vegelated siles are

shown in Fig. J .16. I3ubble l1uxes 1'1'0111 vegetated sites were consistently lower bUI

foUowcd the same pattern as Ihe open water bubble l1uxes. CUl11ulalive Cil., bubble

emissions, calculalcd by integrating l11ean daily bubble l1uxes over the Iield season.

were 2.9 g CH, m-' (2.2 g CH,-C m-') l'rom vegelated sites and 15.7 g CIL, n,-' (1 III g

CH,-C n,-') l'rom open water sites.

Daily coetlicients of variation indieatcd a large spatial variability, ranging n·ol11

0.31 through 1.80 tOI' vegetated sites and l'rom O.2J thl'Ough 2.3J for open water sites.

Coetlicients of variation at a single site indicated high temporal variability, ranging

l'rom 0.40 through 1.21 tOI' vegetated sites and 0.35 through 2.28 for open water sites.

3.3.3 Relationships between I3ubble Fluxes and Environmental Variables

Spearman correlation coetlicients were computed to test for relationships

between bubble fluxes and environmental variables (Table 3.5). Mean daily open water

bubble fluxes were strongly correlated with sediment temperatures to a depth 01'20 cm

(1' ~O.68). Correlations between mean daily vegetated site bubble fluxes and sediment

temperature were strongest at 20 cm depth.

Bubble fluxes were negatively correlated with atmospheric pressure, but not to

the extent that was originaUy hypothesized. The strenb'lh of these correlations was not

improved by using relative change in pressure l'rom the previous day (vs. relative

change in bubble flux pel' day), nor by using time lags for response ofbubble fluxes to

pressure changes. Although the correlations between bubble fluxes and atmospheric
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pressure were pnnr, their temporal trends display a high degree nfsynchrnnicity (Fig.

3.17) Atmospheric pressure was alsn rnund tn be a signiticant cnmpnnent nI' llux

regression equations (sec bc1nw).

:1:at>ld".~Speann[\oJ~ljŒ.i~e_i:.(lfLeljtll(lILÜ1.CJJjcj~.!lls_0J

Between Mean Daib'..Uuhhle Flux.es aIllUinvirQlJ1!JgntaLY.,tdabJ~'s

Variable 1. Meall Oail)' Me:1II Oail)' N
Onell \Valer 1'111, e'III'('X Site Fins

Il O,(lt) 1155
5 n.75 Il.r.o

Meall Dail)' III Il.X2 lUth

Sediment Tcmpcml1lrcs 211 Il.(,X Il.75 51
~II (UI Il.71
75 lUI nA7
15n nA7 0,(1(,

PAR .n.n2 n.m 51
Ulldemaler PAR -(I.II~ -n.11 5n
Pond Sla"e 11.1 l', n.l~ 51
AlmosDherie Pressllre -(1.117 -n.2r.
Alm. Pressllre La~ = 1dm -n.12 -0.26

Alm. Pressllre Lac = 2 dal's -n.2n -(1.11')
2~·hr ehall~e ill lIIeall daill' Dressure n.n7 (Un 51
2~-hr ehallce ill lIIeall Dressure. la~ 1dal' (1.11 -n.12
2~-hr change in l11eall nressure. lac 2 dal's -0.n7 -n.15

H-hr Challge ill Opell 24-hr Challge ill N
\Valer 1'111' ('m'l'.\' Sile 1'111'

2~·1" ehallge illl11eall dail)' pressure -n.l~ -0.21
2~-hr ehallge ill 111C.111 pressure. lag 1da)' n.J5 -(1.1(, 51l
24-hr ehall~e illl11C:1II oressure. lac 2 <l.11'S (U5 Il.11

z- deplh helo\\' scd,melll-\\'a1er IIIlerfaee

Fig. 3.18 shows Ihe lemporallrend ol'mean daily bubble flux wilh mean daily

20 em sedimenl lemperalures and pond level. The sudden 14 cm drop in pond water

level caused by dam failure on June 22 (J.d. 173), and coincident sedimenl temperature

increase. were assoeialed wilh a large increase in mean daily open waler bubble nux

l'rom 66 10 315 mg CH. m'2 dol. Bolh open waler and vegelaled silc fluxcs thcn
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declined dramatically on July 4 (J.d. 185). This decline correspondcd 10 the reeovery

ol'Ihe pond water levcl, a reduclion in sedimenttemperalures, and a rise in

atmospheric pressure. Subsequent smaller changes in mean daily fluxes were also

occasionaily synchronous with changes in sediment temperature.

Sedimenltemperature at 20 cm depth was the strongesl predictor ol'bubble

fluxes, explaining 64% and 45% orthe variance in mean daily fluxes Irom open water

and vegelated sites, respeclivcly. Atmospheric pressure terms explained a l'unher 4%

and 11% ol'variance in these fluxes. The regression equations, with signilicance levels,

scaller plots of the relationships, and distribution ofregression residuals are shown for

open waler sites in Fig. 3.19, and for vegetated sites in Fig. 3.20. Ali predictive

variables were signilicantto p<0.05.

334 Hubble Release l'rom Siorage

The panitioning ofdissolved and gaseous Cil. stored in sediments depends on

temperature and pressure according to lIenry's law (e.g. Lemlan, 1979). Equilibrium

belwcen dissolved and gaseous CH. in sediments cannot be demonstrated here because

Ihey wcre not determined concurrenlly. Using lIenry's law, however, the onset of

bubbling (J .d. 165-170) was determined to coincide with the saturation ofdissolved

CH. in porewaters at most piezometer sites. Chanton et al. (1989) have shown that

dissolved Cil. in porewaters maintains equilibrium with CH. bubbles in welland

sediments over changing pressures and temperatures. Therefore, changes in CH.
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inventories calculated Irom dissolved CI Il concentrations may he used to indicale

changes in the total pool of CI I, in the sediments of the heavcr pond.

Bubble !luxes could not be detected by changes in porewater Cil, storage.

Spearman correlation coellicients were cOll1puted between inlerpolated % 24-hour

changes in porewater Cil., storage and bubble !luxes (Table J.6). Many correlations

are negative. indicating that increasing buhble l1ux is sometimes associated with

declining porewater CH., concentrations. Regression analysis yielded no signiticant

relationship. however. between changes in porewater CIl., storage and changes in

bubble flux. Bubble !luxes cOll1prised ll1erely 4-6% ofstored CIl." exceeding 10% only

on three sampling dates. A significant relationship wouId not be expected since

bubbles cOll1prised a sll1alllraction of potential Cil., ell1issions.

Table 3.6 Spearman Pairwise Correlation CoellicicntllùJlej~~en

24-hour % Change in Bubble Fluxes and Porewater CIl, ConcentratiolJ~

Relative % Change Depth of Relativc I~{J Changc in Rebtive % Change in n
in Pore"'ater CH.. Piezometer Menn Daily Veg"'oled Mcan Daily Opcn Watcr

conccntration Site Bubblc Fluxes Bubble Fluxes
Shallow 1.0m 0.36 -OAI \0

Piezometer Nest 0.7m 0.00 -0.03 10
(approx. water 0.5 111 -0.52 -0.15 12
dcpth 0.2 m) 0.3 m -0.25 0.35 12

0.1 m 0.06 0.05 1
12

Intermediatc 1.0 111 -0.21 -OA6 10
Piezometer Nest 0.7m -OAI -0.27 10

(approx. watcr 0.5 m -0.32 0.22 12
depth 1.0 m) 0.3 m -0.22 0.19 12

0.\ 111 -0.04 -0.20 12
Deep 1.0 m 0.00 -0.83 8

Piezometer Ncst 0.7m 0.26 -0.21 10
(approx. water 0.5 m -0.55 0.06 Il
depth 1.7 m) 0.3 m -OA7 0.06 Il

0.1 m -0.08 0.08 Il
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Eslimales ofbuhhle C111 reservoirs were ohlained on Âug. 27. 1<)<)4 (J.d. 219)

hy prodding sedimenls 10 a deplh of approximately 1 m. al two previously undisturbed

boardwalk siles. unlil no more bubbles were observed. At a site vegetated with grasses

by Ihe pond margin. ~.4 g CIl, m" was collected. while 7.1 g CH, m" was collected al

a non-vegelated deep water (1.4 m) site. The pOlld margin rc1eased numerous small

bubbles, while Ihe deeper site rcleased fewer, but much larger bubbles. 13ubble

volumes were I~.ô L nI" al the vegetated site, and 16.~ L m" al the open water site.

To my knowledge, these are the largest bubble storage volumes recorded (see Chanton

and Dacey. 19<) 1).

The limnels were kept in si/II and within two weeks (to J.d. 253) the vegetated

site had ernitted a funher 0.8 g CIl, m". and the open water site had emitted 0.11 g

CIl, n1". Funher prodding yielded 4.8 g CH, m" produced at the margin. and 0.8 g

CH, m" produced at the deep water site. Total production, calculated as the sum ofall

bubbles produced since the sites had been initially prodded. was 399 mg CIl, m" d· l at

the yegetated site, and ô8 mg CH, m" d· 1 at the open water site.

1J .ô Isotopic Analysis of Hubble CH!

CI 1.1 in bubbles (Fig. 3.21) l'rom vegetated sites was signilicantly heavier in

earbon (C) (ô"'C ~ -5S.8 ± 1.8 %0, n = 17) (t = 4.78, p<O.OS) and significantly lighter

in hydrogen (II) (ôD (deutcrium) =-378.1 ± IS.6 %0. n = 17) (t =-2.43. p<O.OS) than

bubblcs from opcn watcr sites (Ô"C= -59.6 ±.2.6 %0; 150 = -362.<) ± 18.7 %0, n = 13).
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Regression analysis of the isotopic composition of ail naturally·released bubbles yiclded

the equation:

L. Ii:..·D....;(....;%o....;)....;,_~_•..:.5_90....;._8_-....;3....;.8....;ô_1.1....;C~(~_60-'-)__r2_~_0_.3_3__-'-p_<0_._0._5 _

Bubbles obtained by prodding were similar to naturally-released bubbles at a

vegetated site. but isotoj1ically lighter compared 10 naturally-released bubbles al an

open water site (Fig. 3.21).

Bubbles collected l'rom open water siles along the beam transect (which

comprised smail channcls between the vegetation) were intermediate in composition,

compared to bubbles Irom open water sites along the !ine transect and bubbles l'rom ail

vegetated sites (Fig. 3.21). The isotopic signature ofbubbles l'rom these channels was

more simih:r, however, t0 bubbles l'rom vegetated sites (150: t=0.59, p>0.05; ô13C:

t= 1.21, p>G.05) than those l'rom open water sites (150: t=4.60, p<0.005; ôl.'C :t=-3.32,

p<O.OI).

These results indicate dilTerences in isotopic composition between open water

and vegetaled sites which are likely due to a dilTerence in production processes. (l'the

dil1èrences were due to greater oxidation at vegetated sites, one would expect CH. in

bubbles emitted l'rom vegetated sites to be isotopically heavier in both carbon and

hydrogen compared to open water sites. CH. oxidizers preferentially consume the

lighter isotopes ofC and H (Coleman et al., 1981; see direction ofoxidation elTect line

shown in Fig. 3.21). H,:,wever, the slope ofthe regression line through the isotope

data in Fig. 3.21 is similarto a stope determined by Whiticar et al. (1986), expressing

dilTerences created by dilTerent production pathways. This indicates that dilTerent
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substrates are used by melhanogens between vegelated and open water sites. Al open

water sites, CO~ is the dominant substrate l'or CIl., production while in vegelaled sites,

CH.I is produced by acetate reduction.

3.4 Sediment-Water Flnxes

Between June 25 through August 20 (J.d. 176 - 232), 39 !luxes or CI\.1 acrnss

the sediment-water interlàce were measured using benthic chambers. No !luxes were

obtained over emergent macrophytes, although some chambers contained submergent

macrophytes. Ali sites are, thererore, analogous to chamber and bubble !lux open

water sites. There was no significant dillèrence between !luxes over submergent

macrophytes and those with no vegetation (t=0.80, p>0.05).

50me dilliculties arose while using the benthic chambers. The chambers Imd to

be held in place on the pond botlom and some disturbance resulted. CIl., would also

continue to accumulate in the chambers between sampling (despite venting) so that the

chambers had to be removed and replaced, exacerbating the disturbance. Il is not

known if the measurements re!lect dilfusive !luxes or disturbance orthe sediments

causing high but linear CH4 emissions.

Two sediment-water lluxes, measured near the pond margin (1923.1 ± 476 mg

CH4 m,2 d,I), were much greater than lluxes obtained c1sewhere along the boardwalk

(183.9 ± 112 mg CH4 m'~ d,I). Because the l'casons for this diffcrcncc arc not

understood and because this dillèrence was so pronounccd, the lluxes obtained l'rom

the pond margin were not included in subsequent analyses.
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Sediment-water (benthie) ehamber and water-air (floating) chamber fluxes were

rarely measured on the same day, 50 eomparisons (Fig. 3.22) were made using ail data

for the period from June 25 through August 20. Fluxes aeross the sediment-water

interface (183.9 ± 112 mg CH, m'2d· l
) were signilicantly greater (U = 31, p<0.005)

than fluxes across the water-air interface from Carex sites (96.3 ± 80 mg CH, m'2d,I).

The sediment-water fluxes were higher but not signiticantly greater (U = 64, p>0.05)

than chamber fluxes from open water sites (138.6 ± 154 mg CH, m'2d· I
).

3.4 1 Sediment and Water Column CH~ Oxidation

.,' The observed dil1èrence between mean daily sediment-water fluxes (183.9 mg

CH, m·2d· l
) and mean daily open water-air fluxes (138.6 mg CH, m·2d· l

) may be due

to oxidation in the water column. By ditTerence, the average amount ofCH,oxidation

is 45.3 mg CH, 01,2 d· I
, for this time interval.

Sediment-water flux measurements using methyl fluoride (MF) to inhibit CH,

oxidation yielded mean fluxes of353.5 ± 236 and 435 ± 788 mg CH.. m,2 d· I
, on July 1

(ld. 192) and July 15 (J.d. 196), respectivc1y (Fig. 3.22). The ditTerences between

these fluxes and the sediment-water diftùsive fluxes without MF on the same dates

were 95 and 271 mg CH.. m,2 d· l These ditTerences may represent oxidation in the

upper layers of the sediments and the bottom 25 cm of the water column, but the

standard deviations associated with the measured MF-inhibited fluxes are greater than

the ditlèrences attributed to oxidation so the data should be interpreted with a great

deal ofcaution.
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3.5 Sediment-Wllter Interfllce Cil. l'romes

'l'en profiles of CH, concentrations in the sediments were obtained trom June

23 to September Il (J.d. 174 - 1.d. 254) (Fig. 3.23). Generally, the protiles showed

lowest CIl., concentrations in the water column, rapidly increasing concentrations

across and bc10w the sediment-water intertàce, and greatest CH. concentrations at

depth. Only 2 protiles (Fig. 3.23a and t) showed significant decreases in CH, at depth.

The profile trom a tloating mat (Fig 3.5. 1h) showed a decrease in CH. at depth

because the peeper penetrated the mat and measured CH. in the water column beneath

il.

CH., concentrations were generally lower in the profiles l'rom shallow water

sites (range 0.9to 1.7% CH.) than l'rom deeper sites (range 1.7 to 2.5% CH.). The

layer below the sediment water interface, in which the concentrations of CH. increased

steeply, was also thicker (9to 16 cm) for shallow water sites (Fig. 3.23 b,c,fand h)

than for deep-water sites (3 to 9 cm) (Fig. 3.23 a,d,e and g). Oxidation may be

partially responsible for these steep gradients, therefore the oxidation zone may

penetrate deeper in shallow water sediments. Il is important to note, however, that an

algallayer was observed even at the deepest site (Fig. 3.23d), indicating that most

areas of the pond receive enough light to support algal populations and may therefore

also support populations of methanotrophs.

Fluxes ofCH. l'rom the sediments were modelled using a Fickian ditlùsion

model, an estimate ofporosity (0.8), and the CH. gradient between the depth of

maximum CH. concentration and the sediment water interface (Table 3.7). These

fluxes arc shown in Fig. 3.24 for comparison with average daily water-air ditlùsive
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• fluxes The Irends arc similar. bul Ihe modelled sediment-waler fluxes arc neither

consislenlly grealer nor smaller than the measured mean daily open waler-air (floating

chamber) fluxes.

'!'ahklLE!.(*iilD};.edimenl-Waler Dil1i1sive Fluxes Modelled l'rom Peeper Profiles

- mld·date between peeper placement and removal

Dille' Delllh ol'Waler (m) Modelled Flux
June IJ (Jd. 1(4) 0.7 15.2
June 22 (Jd 173) 1.1 380.4
July 6 (Jd 187) 1.05 67.0
July 15 (Jd. 1%) 0.14 115.3
July 21 (Jd 209) 0.25 343.2
i\ug. 6 (Jd 218) 2.2 52.4
i\ug. 10 (Jd 22: i 1.0 48.2
i\ug. 10 (Jd.222) 0.22 83.8
Sept.! (Jd 244) 1.45 136.3
Sept 4 (J.d.247) 0.02 (floaling mal) 38.5
1

•
3.6 Wall'r Column Cil. Prolill's

From June 3 through Septcmber Il ( J.d. 154 - Jd. 254), a total 01'20 protiles

ol'C1I, concentrations in the water column (Fig. 3.25) were obtained l'rom 3 dilTerent

sites in the beaver pond. The majority ofthese (e.g. Fig. 3.25 d-i) were taken l'rom the

tower phuform at the end of the boardwalk, adjacent to the pond levc1 gauge. The first

three water protiles shown (Fig. 3.25 a-c), and two others taken in July (not shown),

were sampled l'rom shallower sites.

hlost profiles were stratified, with the highest concentrations orCH. close to

•
the sediment-water interface, and steeply declining concentrations in the bOllom lOto
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20 cm. Shallow water sites had lower ('J 1. concentrations at thc sediment-water

interf1lce (125') 1 1JlJ2 ppm) than the deeper platlonn site (15218 l 4806 ppm). The

sediment-water interf1lce Cil.• concentrations were onen greater Ihan those observed in

the pccpel' profiles (sec Fig.s 3.23 and 3.25). The peeper profiles and waler column

profiles were never taken at Ihe saille sites, however, and these dillèrences illustrate Ihe

high spatial variability in Cil. concentrations observed in the beaver pond.

Ilollom-water CH. concentrations were tàirly consislent atthe platform site

Irnm June '1 through Sept. 3 (J.d. 160 - J.d. 246) (163'19 J 3948 ppm), but decreased

in mid-September (J.d.252 - 256) (7539 ct 510 ppm). This is consistent with the

decrease in porewater CH4 observed at the same time (sec Section 3.7).

J61.1.so1ewicJ'OI)Jp-osilion ofCIl1 in the Water Colunm

Two samples of CH4 from a profile al the tower platform were analysed for H

and C isotopes (sec Fig. 3.28). CH4 l'rom the sediment-water interface was lighter

both in C (S"C = -63.8 %0) and H (SD = -365.2 %0) than CH4 in water 6 cm above the

interface (S"e ~ -62.3 %0; SD = -363.1 %0). This difference is not significant, but is

consistent with a change duc to oxidation as CH4 diffuses upwards in the water

colunm.
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3.7 l'orrwatrr <:11 4 l'rom l'irlOmrh"'s

From June 2 (J.d. 154) through Sept. 10 (lli. 25J) Cil, dissnlved in

pore\Vaters \Vas measured l'rom 15 piezometers in J nesls. Pnre\Vater CIl.,

concentrations (Fig. J.26) \Vere initially In\V, dramalically increased th1l11.1l1ne 1.1 tn

July 1 (J.d. 164 - 182), then remained cnnsistently high throllgh the seasnn. On the

final sampling date, ho\Vever. Cil., concentrations decreascd hy III' tn 50'% since the

prcvious day. Thcre \Vas no consistent trend in concentratinn \Vith depth het\Veen the

thrce sites, but CI 1., concentrations \Vere 10\Vest near the sediment sllrtitce at the

shallo\V, vegetated site, while highest concentrations \Vere observed near the surlilce at

the open \Vatel' sites.

Porewater storage of dissolved CI 1., was calculated using profiles of ClI , Ihl111

piezometers, assuming a porosity 01'0.8, and a prolile depth nI' 1.5 m (Fig. J.27) The

reservoirs were large, containing up to 30 g CH4 nf' in early July. The reservoirs \Vere

similar between sites, although the piezometer nest at the deep site pcnetrated clay at

0.7 and \.0 m and thererore contained less CII ,. The dissolved Cil, reservoir \Vas very

sl11all in the spring, but was stilllàirly large at the end or the Iield season.

3.7.1 Isotopic Composition of Porewater ClIl

Sampies or porewaters l'rom the 3 piezometer nests \Vere analysed for isotopie

composition (Fig. 3.28). Regression analysis ofthese samples yiclded the equatinn

oD (%0) ~ - 454.6 -1.9 oDe (0/00) r' ~ 0.14 P - 0.20 n 12
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There was no consistent trend in isotopic composition with porewater depth,

either within a nest or betweennests. The compositions of CI Il wcre similar helwecn

nests, although e was signilicanlly lighter (U " 25, p<0.(5) in the illlermediate nest

(o"e = -64.7 ± 2 %0) compared to the shaUow nest (8"r ,. -59.6 J: 3 %0).

3.8 Lnhofntory IlIcllhntiolls

Incubations of pond sediments in the laboratory showed dit1èrenccs in the

capacity ofvegetated and open water sites to producc and consume CI Il (Fig. 3.29 and

Table 3.8; note that more negative values indicate higher consumption rates).

Production potentials, detennined under anaerobic condilions, spanned 3 orders of

magnitude, and were much greater in sediments Ii'om a Iloaling mal than Irom open

water sites. Consumption potentials, determined under aerobic conditions, spanned 2

orders of magnitude, and were also greatest in the Iloating mat core. Consumption

l'ales were almost invariably greater than production l'atcs. Bolh produclion and

consumption were greater in a core l'rom a deep open water site whcre high bubble

Ilw,es were observed (core 2), compared to a core obtained IrOmlll1 open water sile

adjacent to the boardwalk (core 3).

CH. production was greatest at or near the sediment-water interface (Fig

3.29a). ln the Iloating mat, production was greatesl at the surface, and decreased wilh

depth. The cores l'rom open water sites had maximum CH. production potentials at

depths of 5 to 10 cm below the sediment-water interface, below which production

decreased. Consumption potentials were highest in surface sediments (Fig. 3.29b).
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Table J. 8 Potential Anaerobic <'lkJ30QHctiQJlJ!HiLA!!IT1bic CU'I.rJ}11~!IllJl2!LQ!!

pl' l'lej1y'e.LfQmL'i~Qj-'!2e-'-'L·\.Jleler-'lJille(tjl]1he"l,aboratory

Values arc means ofJ samples (production) and 2 samplcs (consumplion)
SD = standard dcviation CV ~ coellicicnl of variation (SD:mcan)

Anaerobie CH. Production Aerobic CH. ConslImplion
Core DelJth (Ug g'l d'l) SI) CV 11Igg"d'l) SD CV

Core 1 0 259.6 16(),J O.M -68.55 H64 0.51
Floating 5 58.05 41.65 0.72 -2DJ 4.50 O. 19

Mat 10 107.24 78.48 o.n -n54 22.10 0.70
20 Il,35 10.24 0.90 -48.49 54.18 1.12
JO 25.25 14.64 0.58 -20.n 0.16 0.01
40 23.67 6.36 0.27 -13.57 \0.19 075
50 20.53 18.01 0.88 -49.79 03(J (Ult

Core 2 0 1.38 .33 0.24 -U.71 0 -
Decp 5 1.88 .15 0.08 -5.87 1.99 0.34

(\,35 m) 10 2.21 1.19 0.54 -1.52 (J.SI 053
Open 20 1.12 00.39 0,35 -4.58 0.98 0.21
Water 30 0.26 0.27 1.04 -1.70 2.4 1.41

40 0 0 - -1.25 0.14 O. 11
Core 3 0 0.11 0.01 0.09 -20J 1,46 072
(1.2 m) 5 0.56 0.52 0.93. -2.07 0.03 o.a 1
Open 10 0.36 0.19 0.53 -2.31 J.27 1.42
Water 20 0.14 0.06 0.43 -1. U 0.7 0.62

The varia!Jility in rates of CH. production and consumption \Vere both lilirly

large. Standard deviations of duplicate samples for cach depth ranged Irom 1 tu 142%

of the mean for the aerobic CH. consumption incubations. Standard deviations of Cil,

production rates ranged l'rom 9 to 104% of the mean oftriplicalc samples at each

depth.

Consumption and production potentials \Vere positively related (Fig. 3JO).

Layers with low production generally also had 10\V consurnption polentials, and lhose

with higher production potentials \Vere greater consumers of CH.. This trend \Vas

found in ail cores (see inset, Fig. 3,30), although sorne variation in individual sarnplcs
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occurrcd. In gcncral, opcn watcr sitcs had low ('II, production and consllmption

potcntials, and tllc Iloating mat sitc had much highcr plltentials. I.incar regression of

Cil, consumption vs. production rates yiclded the lilliowing equation:

Mean polential CH., prodllction (lig g.1 dry peat d")
l' = 18.4 r~ = 0.55 SEE = 45 ..1

-Q.Q. 2..1 , ml'an consllmption
p -< 0.005 n- 17

•

•

Rates of potcntial CIl, production and consumption were both positively

related to the organic matter contcnt ofscdimcnts (Fig. .1.11), although thc rclationship

between production and organic matter was not signilicanl.

Potential CH, <:lmsumplion (ug g" dry peat d'I) ~ -s.5· 55.5 , organic content lOlo)
)'=20.Q 1"=0.40 SEE= 18.7 p<O.OOI
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Chulltrl''': Dis('ussiou

".0 Intro!lurtion

The researeh objectives and hypotheses out!ined in Section 1.7 \\we lestcd

during a Iicld call1paign frolll May through Septelllber. 199.1. The contributions of

Cil, production. consumption and transport to the total nux ofnl, lrolll a hcal'cr

pond were deterlllined. and the relationships among these proccsscs and environlllcnlai

variables were examined.

The following discussion willlirsl examine the totaillux of CI 1., IrOlnthe

beaver pond, and compare this Ilux and its error with the CIl., Ilux reporled fi.lr olher

boreal wetlands. The signiticance ofbeaver ponds in the regional CIl., budget will he

assessed using this comparison and prcliminary estimates of the areal coverage of

beaver ponds in the region. The rciationships between the transport components of

the Ilux (i.e. diflùsive, bubble and plant-transported Ilux) and environmental variables

will be examined to determine the probable contraIs on the transport of CIl,. The

relative strengths of the production and consumption pracesses will be deduced.

Finally, the contraIs of these pracesses will be discussed in light of evidence of

differences in CH.. dynamics between vegetated and open water areas of the beaver

pond.

4.1 Total CH.. Emissions

The total Ilux ofCIl.. is the sum ofthe flux transported by bubbling and by

diffusion. By adding the mean bubble Ilux and the mean dilTusive Ilux, the totaillux is
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calculaled 10 bc 320 mg CJI, m·1 d· l filr open waler sites and 155 mg CH, m·1 d· l for

vegelaled sites in the pond. These l1uxes arc grealer Ihan the l1ux l'rom other welland

types in the BOREAS northern study area (Bubier e~ al., 1<J<J5a), except for the l1ux

fhlm an open graminoid len (Fig. 4.1). The mean fluxes l'rom other wetlands arc

commonly less than 50% orthe l1ux l'rom the beavef pond.

Total annual emissions, calculated by interpolating the mean daily Ilux data to

account lilr missing sampling dates, and integrating the areas undcr the curves, arc

summarized in Fig. 4.2. Cumulative difTusive Ilux (measured by Iloating chambers)

was similar at open water and vegetated sites, but bubble-transported Ilux was 5-times

greater at open water sites. Therefore, the total Ilux of CH, was twiee as great at

open water sites (30.1 g CH, m·2
/) compared to vegetated sites (14.2 g CH, 01.

2 y.\

Because differences in tlux were observed between open water and vegetated

sites, it is important to weight the totaillux for the pond according to the relative areas

covered by vegetation and open water. Using an aerial photograph (Manitoba

Ministry ofNatural Resources), the pond was èetermined to be 5 ha. with vegetation

covering 75% ofthe pond area and open water comprising the remaining 25%. An

areal-wcighted flux was determined by summing the products of the annual total

emissions by the percent coyer for the two classes:

(Open Water AnnuaJ Flux x % Cover) + (Vegetated Annual FJux x % Cover)
~ Areal-Weighted Annual Flux

(30.1 g CH. 01.
2 yrl x 0.25) + (14.2 g CH. m·2 yrl x 0.75)

~ 18.2 g CH. m'2 yr\
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Fig. 4.2: Total Annual CH" Emissions
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Annual CIII tlllX l'rom olhcr Silldics of beaver pond~ arc presl.~t1led in Tahle 4.1.

The llux of CH, rncasured here lies within the range mensured inlhese studies.

, ,

Numbcr
Mean Daily ~~nnllal

Study Location Latitude Flux Integraled
of Ponds (m~ m") è- I ) Flux (I!. 11(')

This study Manitoba 55° 51' N 1
154,7a

Ig,2 1nO.i'
Vilt et al., 1990 Albcrta 54-55° N 1 518 76.2

Ford and Naiman,
Quebec 50° 15' N 1

21.6
5,91988 18.7

Bubier et al., 1993
northern 49° N 1 350 52.5<1
Ontario 4 290 "J.i'

Naiman et al., !991 Minnesota 48° 34' N 1 nia
14Ac

Il.611

Wcyhenrncyer,
Ontario 45° 23' N 1 38 6.21992

90.6
Roulet et al., 1992 Ontario 45° 04' N 3 29.7 7.6

47.4

Windsor, 1993
southern

45° N 1
396 78,1

Quebec 694 130"

Yavitl et al., 1992 New York
43° 50' N

2
138 34

42° 52' N 162 40
a ernergent vegetation sites
" .open water sItes

.: submergent vegetation sites
Il shallow margins

•

This study and the study by Weyhenmeyer (1992) are the only two in which

bubbles were measured explicitty. Chamber methods commonly reject bubbles

because the fit of the rise in CH.. concentration over time is poor Ce.g. Roulet et al.,

1992; Sundh et aL, t(95). Bubbtes were detccted in 5-10% orthe noating chamber

measurements in this study, and these data were rejected from the final data set.
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flubbles, however, were found lU be a sig~ilicant trunsporter of CIl.. in this beaver

pond, comprising 20% and 52% of the total flux ofCH~ from vegetated and open

water sites, respectivc!y. l3ubbles have been sbown to contribute 65% of the total flux

from a low boreal beaver pond (Weyhenmeyer, 19(2) and 50% of total CI-I.I emissions

from a coa~tal wetland (Chanton ct al., 1989). Using floating chambers alone,

tberefore, underestimates flux, and tùture studies ofCH~ emissions trom flooded

wetlands should include separate measurements ofbubbles.

The omission ofbubble measurement is problematic tbr open wat~r sites where

bubbles comprise more than hall' of the total CH4 flux. The beaver pond in this study

was moslly vegetated, but may not be representative of other boreal beaver ponds in

this respect. In a regional slJrvey of 12 beaver ponds in the BOREAS northem study

area, most comprised open water only (c. Robinson and N. Roulet, personal

communication). Other boreal beaver ponds also comprised open water with smaller

amounts of emergent or floating vegetation (e.g Roulet et al., 1992; Weyhenmeyer,

19(2). Ifbeaver ponds generally contain open water, then any regiollal extrapolation

of measurements without measuring bubbles will seriol!sly underestimate the C~ flux.

4.1.2 Regional Signilicance ofCH4 Emissions from Beaver Ponds

The flux of CH4 from this beaver pond was greater than the flux from most

other northem boreal welland types, but the regional significance of this source

depends a1so on the areal coverage of ail ecosystems in the boreal forest and their

respective rates ofC~ consumption or emission. The contribution ofbeaver ponds to
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the CH. budget of the II 00 km~ BOREAS northern study area is estimaled assuming

the areal coverage ol'uplands, wetlands, lakes and beaver ponds ("l'able 4.2). Flux data

l'rom upland and wetland ecosystems were determined in studies by other BOREAS

researchers. Two scenarios arc presented: scenario 1 assumes 5% coverage by beaver

ponds, and scenario 2 assumes only 1% coverage by beaver ponds. Within each

scenario, maximum and minimum estimates are derived. The maximum net !lux would

result l'rom minimum upland CH. consumption and maximum wetland CH., emission

rates, and the minimum flux assumes maximum upland consumption and minimum

wetland flux of CH•.

Table 4.2 CH. Budget for the ~OREAS Northern Stl!iY...Area

Scenario \ Scenario 2
Measured Area Flux (g m'~ y") Arca Flux (g nf~ y")

Flux (g m,2 y") (%) (%)
Max. Min. Max. Min. Max. Min.

Uplands' -0.04 -0.07 50 -0.02 -0.035 50 -0.02 -0.035
Wetlands2 10 8.5 25 2.5 2.125 29 2.9 2.465
Lakes 0 0 20 0 0 20 0 0
Beaver 18.2 18.2 5 0.91 0.91 1 0.182 0.182
Ponds

Net Flux (g m" v"): 3.4 3.0 3.0 2.6
Contribution ofbeaver 27% 30% 6% 7%

nonds to net flux:
, Data l'rom K. Savage, unpubl. data
2 Data l'rom Bubier et al., 1995a

The net flux of CH. l'rom the NSA is estimated to lie between 2.6 and 3.4 mg

CH. m,2 y" (Table 4.2). The flux l'rom beaver ponds is disproportionately large, and

comprises a significant portion of the regional budget. Ifbeaver ponds coyer only \%
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of the area of the NSA, they may contribute between 6 and 7% of the total emissions

trom ail wetlands. Ifbeaver ponds eover 5% orthe NSA, lhey may contribule up to

30% ofall wetland emissions. Any efTort to determine the regional flux of CH, from

northern boreal areas without consideration of the flux from beaver ponds would

underestimate the net flux by up to 30%, and this error would increase if the area of

beaver ponds is grealer than 5%.

4,2 Error Analysis

CH, emissions trom wetlands commonly display high spatial and temporal

variability, even within apparently uniform ecological sites (Bubier et al., 1993).

Dillèrences in emissions may result from this inherent variability, or from actual errors

in measurement and/or statistical analysis. While the variance offlux measurements is

easily determined, the accuracy of measurements is oflen impossible to assess.

Fortunately, independent measurements of the CH, flux from the same beaver pond

was made concurrently by other BOREAS researchers.

4.2.1 Flux Variability

Emissions ofCH, showed high spatial variability, with standard deviations that

onen exceeded the daily mean flux. Due to the large sample sizes, however, this

observed variability had liule effect on the average flux. Variograms (Fig. 4.3) were

produced by randomizing the indi\;dual flux measurements, and then observing the

change in confidence in the mean flux as the sample size was increased. The ratio of
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the standard error ta the mean flux decreased with increasing sample size. but

reasonable confidence in the mean flux (where the standard error is less than 20% of

the mean) was obtained when the floating chamber sample size reached 20 ta 50. and

when the bubble flux sample size reached lOto 60 measurements. depending on the

vegetation characteristics of the sites. With additional sampies, the means themselves

did not change significantly. but the ratio of standard error ta mean flux decreased

further due ta the continued variability in emissions. Since the mean !lux changed little

aller about 60 flux measurements. and the sample sizes obtained in this study were

much larger. the accuracy of the !lux determined here is considered ta be better than ±

20%.

These results have implications for future measurement programmes. In this

study. a large sample size was neccp.ssary because the objectives were to determine the

sources and controls of the !lux variability. A careful sampling programme, however.

using as few as 50 chamber !lux and 60 bubble !lux measurements over the season.

wouId be sufficient to accurately determine the net !lux. Estimating the annual!lux by

multiplying the measured mean daily flux by the len/,'th of the field season would have

overestimated the seasonal integrated flux by only 15% (34.7 g CH4 m,2 yr"l) and 22%

(17.4 g CH4 m,2 yr"l) for open water and vegetated sites. respectively. Studies ta

determine the net annual CH4 flux from beaver ponds need to determine the mean flux

and length of the emission season.
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4.2.2 Flux Accurl\ÇyJomnarison with rontinuous T()WSLc!Jtl:~!!t~lgasl]renWI.\ls

Il is rare that an independent measurement ol'rH., Ilux is available, bul Cil,

llux was also measured at the beaver pond using a llux-gradient approach l'rom a 1.5 m

micrometeorologicaltower with a 50-120 m footprint over the pond (1'. Crill and N.

Roulet, unpubl. data). Mean daily llux measured l'rom the tower ranged Ir,lIll 29 to

282 mg CH4 m,2 d", which agrees weil with the areal-weighted llux calculated in this

study (193 mg CH4 m'2 d· I
). The annuaillux Irom the tower (11.1 g CH4 nf2yr"',

calculated by interpolating and integrating daily mean llux over the season) was lower

than that measured here using static chambers and funnels ( 18.2 !! CI14 m,2 yr"1 l, but

the tower may not measure bubble emissions accurately. High concentrations of CIl.,

in the air above the pond (presumably resulting lrom bubble emissions) were onen

observed in the tower data, but some of these were only observed at the higher

sampling inle!. Since the tower flux calculations rely on the gradient of atmospheric

CH4, a downward gradient of CH4 thus measured results in a calculated uptake rather

than elllux, and leads to an underestimate of net emissions l'rom the pond.

In general the CH4 flux measured lrom the tower is lower than the net (Iloating

chamber + bubble) flux measured in this study (Fig. 4.4a), but it is similar to the

floating chamber flux aJone (Fig. 4.4b). Indeed, the annuaJ areal-weighted !lux l'rom

floating chambers (12.1 g CH4 m,2 yr"') compares weil with the tower flux (11.1 g CH4

m'2 yr"'). Statistical comparisons (Mann-Whitney U tests) indicated that the mean

daily flux measured at the tower was greater than the floating chamber llux (U = 1174,
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p<O.O 1) (Fig. 4.5a), but less than the bubble l1u~ (U lb]\), p·,0.(5) (Fig. -1.5b)

measured at open water sites. The llu~ measul'ed Irom the tower, therdhre, lies

between the llu~ trom ditlilsion and bubbles (Table 4.3). Since the lower may not

aeeurately measure bubble emissions, the llu~-gradient resu\ts independently continll

that the results presented here arc a reasonable estimate of spatially-averaged Cil.,

emissions from the beaver pond.

Table 4.3 Comparison of CH., Flu~ Measured Continuollsly aLlhc,T(~sr

with Chamber and Bubble Flu~ Measurements

A1/ mIlles are clatly II/eal/flllx (II/K CH4 Il'-- ,,')

Statistie Open Water Carex Site Tower Flu~ Open Water Vegetated Site
Chamber Flu~ Chamber Flu~ Bubble Flu~ Bubble Flux

N (davs) 41 37 82 51 51
Min. 1.2 0.7 15.3 0.02 0.01
Ma~. 856.4 476.9 351.6 443.2 89.54
Mean 141.4 109.1 112.5 156.7 26.0
SD 208.4 97.8 60.6 112.6 21.6

Median 47.9 89.8 103.8 172.4 22.2,
•

4.2.3 Arithmetie vs. Geometrie Means

Other investigators have eritieized the use of arithmetie means in CH, llu~

studies (e.g. Wehenmeyer, 1992). Geometrie means may be more appropriate than

arithmetie means when distributions are positive1y skewed beeause high values tend to

inflate arithmetie means. Arithmetie means were used here, however, despite the

skewed distribution of flux measurements, beeause several fluxes were zero or

•
negative whieh eaused geometrie means to be indefinite. Geometrie means were

ealculated where possible, and cumulative emissions were eompared using the two
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methods (Table 4.4). Annual emissions calculated by illlegrating geometric mean daily

!luxes were roughly lOto 20% lower than those calculated using arithmetic mcans. but

the contributions ofbubbles and !loating chamber !luxcs to the total !lux rcmained very

similar. Correlation coetlicients between geometric mean daily !lux and environmental

factors did not di!lèr signilkantly l'rom those reported for arithmctic means (Sections

3.2.3 and 3.3.3). Furthermore. the variograms presented above and the agreement

with the tower !lux measurements indicate that the arithmetic mean provides a rcliable

estimate of !lux.

Table 4.4 Comparison of Annual CH:! Flux Calculated by Intcg,mt,illg,
Geometric and Arithmetic Mean Daily Flux

Chamber Flux Hubble Flux Total Flux
(g m'2 V(I) (g m'2 V(I) (g m·2,(I)

VeQetated Oucn Vcvetated Ouen Vwet:llcd Onen
Aritlmletie Mean 11.3 14.4 2.9 15.7 14.2 30.1
Geometrie Mean 10.3 12.2 2.4 12.5 12.7 24.7

% Difference' -9 -15 -18 -21 -II -18

1 (integrated daily arithmetic mean !lux - integrated daily geometric mean !lux) x 100
integrated daily arithmetic mean !lux

4.2.4 Possible Errors in Floating Chamber Measurcments

As described in the results (Section 3.2.1), the density ofCarex at the sclectcd

sites along the boardwalk may have been too low to detect enhancement of!lux by

these plants. Carex densities were generally only 1 to 3 plants within a chamber, and

the annual flux resembled that l'rom unvegetated sites. Enhanced flux through ('arex

has been round in other studies (e.g. Whiting and Chanton, 1992; Bubier et al.,
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1995a), and is suspected here because higher fluxes l'lere observed in the tower CH.1

flux data (P. Crill and N. Roulet, unpubl. data) when the wind l'las blowing from

densely vegctatcd arcas ofthc pond (Fig. 4.6). Furthermore, the tower data showed

marked diel variation (Fig. 4.7), with daytime enhancement of flux concurrent with

photosynthetic activity. Therefore, the reported annual flux trom ('al'ex sites (11.3 g

CH. mo2 y"1) and the areal-weighted flux (18.2 g CH. mo2 /) are likely underestimates.

Since most beaver ponds in the region appear to be largely unvegetated, this error is

not considered to affect the regional assessment of the importance of CH. emisisons

from beaver ponds. At worst, the regional budget may underestimate the role of

beaver ponds since the areal-weighted flux for beaver ponds used in the budget may be

too loI'.'.

Rates ofbubbling and CH. concentrations in bubbles l'lere high, yielding high

bubble fluxes from this pond. It is possible that small bubbles contributed to flux

measurements made with floating chambers (cf Yavilt et al., 1990). Large bubbles

that entered floating chambers l'lere easily detected in the time series of CH.

measurements (they l'lere detected in 5-10% of ail floating chamber fluxes), but

smaller bubbles may have entered chambers at a 1inear rate since charnber fluxes l'lere

negativcly (but poorly) correlated with atmospheric pressure (r ~ -0.26; Section 3.3.3).

The only l'lay in which atmospheric pressure should correlate negatively with floating

chamber measurements is ifbubble release is related to atmospheric pressure (or sorne

other co-dependent variable) and ifbubbles l'lere measured in chambers. Ifsmall

bubbles contributed to floating chamber flux measurements, then the total flux
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calculated by summing 110ating chamber and hubble l1uxes will be overcstimatcd sincc

small bubblcs are included in both mcasurements. Unfortunatcly. lhere is no way to

identify whl~ther this is the case, although it is unlikely since atmosphcric prcssurc was

not a significant predictor ofl1oating chamber l1ux using multiple rcgression analysis

(Section 3.2.3).

4.2.5 Winter CH. Emissions

Studies ofCH. emissions l'rom wetlands have traditionally assumed thal willter

fluxes are negligible due to low temperalures and cover by snow and ice. A lèw

studies have recently included measuremenls over a tlill annual cycle (Whalen and

Reeburgh, 1992; Dise et al., 1993). No measurements ofwinter CH. emissions were

made here, but seasonal changes in the CH. pool size indicate that CH. slored in

sediments in the fall is either released and/or oxidized before spring. In the spring, a

small sediment CH. pool was present, but when sampling was terminated, a large CH.

pool remained. Assuming no CH. is oxidized but CH. production ceases, winter CI-I.

emissions can be calculated as the difference between l'ail and spring storage (Table

4.5).

Table 4.5 Winter CH. Emissions Calculated as the Difference
between Fall and Spring Porewater CH. Storage

Open Water Sites (g mol) Vegetated Sites (g mol)
Fall Porewater CH. Storage 8.0 \0.8
Spring Porewater Storage 1.6 0.9
Winter Flux <Difference) 6.4 9.9
Total Annual Flux 36.5 24.1
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Including winter emissions results in new estimates of annuai flux. Estimated

wintcr cmissions comprise only 18% of total annual flux l'rom open water sites, but

comprise 41 % of the flux fi'om vegetated sites. Since low rates of CH4 production,

and particularly CH4 oxidation, may continue over the winter, these figures provide

only a rough estimate orthe winter flux ofCH4 fi'om the pond.

Weyhenmeyer (1992) estimated that winter net production comprised 23% of

the annual Cl-f4 flux l'rom a low boreal beaver pond, based on an increase in the

concentration of CH.. in surface waters below ice between November and February,

and assuming that production rates were constant and that CH4 oxidation and release

were negligible. No other information about winter emissions l'rom beaver ponds is

available, but the available evidence indicates that the winter flux may be significant.

4.3 Environmental Controis of CH4 Emissions

The flux of CH4 l'rom a bel.·,'er pond results l'rom production, consumption and

transport processes. Il is the contention here that the primary controls on CH4 flux are

those that affect the availability ofCl-f4 (i.e.production and oxidation), and the

secondary controls are those that affect the transport ofCH4 ITom the sediments to the

atmosphere. Primary factors such as temperature will control rates of production and

oxidation, and will therefore control the amount ofCH4 that is available for release.

The amount ofCH4 available and the amount actually emitted are not equal, however,

due to storage of CH4 in the sediments and differential rates ofoxidation as CH4 is

transported by different pathways (diffusion, bubbles, and plant-mediated transport).
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4.3.1 Primary Contrais on CH. ~vaililbili1y

The amount of Cil. available for rclease depends on the rates of CI 1.,

production and oxidation, and also on the size of the storage reservoir in Ihe

sediments. Since temperature directly controls rates of Cil. production and oxidalion,

flux patterns broadly followed trends in sediment temperature, with other ti,ctors

influencing emissions at specific times. At the beginning of the field season,

temperature, porewater CH. concentrations, and !luxes were ail low, therelbre

production ofCH. was probably low. As sediment temperature increased, the !lux

measured in floating chambers and porewater CH. concentrations increased. Sediment

temperature continued to increase after porewater concentrations reached saturation,

and rates of production exceeded the capacity for ditfusive loss of CH.; therelbre,

significant ebullition occurred (cf. Chanton and Dacey, 1991). By the end of the

sampling programme, near-surface sediment temperature was decreasing and

production may have dec1ined because both flux and storage were dec1ining.

CH. producers (methanogens) and CH. consumers (methanotrophs) respond

ditferently to temperature (Dunfield et al.. 1993). Ditfusing CH. is subject to

oxidation during transport, and emissions will be the result ofboth production and

oxidation processes. The relationship between diffusive C~ flux and sediment

temperature will therefore be complicated because two groups oforganisms arc

involved. Bubble flux should be more directly related to the production ofCH.

because the potential for oxidation is greatly reduced during bubble transport. Indeed,
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sediment temperature was a st ronger predictor ofbubble tlux (r2
= 0.45 to 0.64) than

the tlux measured in lloating chambers (r2
= 0 to O. Il) (Sections 3.2.3 and 3.3.3).

The relationship between sediment temperature and tloating chamber tlux was

strongest when temperature was increasing monotonically rather than decreasing. This

may also be duc to the diffèrent temperature responses of CH4producers and

consumers.

Photosynthetically active radiation may enhance CH4 11ux as indicated by the

positive rclationship between PAR and sediment temperature. Smoke l'rom forest fires

reduced PAR between J.d. 182 and 187, causing a decline in sediment temperature and

there was a corresponding decline in CH4flux. Plant transport of CH4may also be

enhanced by PAR. Increasing PAR may attenuate flux, however, because higher rates

of photosynthesis by aquatic plants and epiphytic algae increase the amount ofoxygen

available for use by CH4-consumers in the sediments (King, 1990). A significant but

weak negative relationship was found between PAR and open water chamber fluxes

(Section 3.2.3). This might be due to enhancement ofCH4oxidation fueled by O2

production at the sediment-water interface.

Other factors besides temperature will affect the availability of CH4 for

emission l'rom a beaver pond. Substrate characteristics such as pH, nutrients, and

organic matter content and quality likely affect rates ofCH4production and oxidation,

but these characteristics were not tested in the field. There were positive relationships

between both C~ production and consumption rates and organic matter content when

measured in the laboratory, but these relationships were generally weak. Production
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and consumption were also strongly correlated with each other (r = -0.84; where

consumption rates arc negative). Therefore, sites with higher organic Illatter contents

tend to both produce and consume more CH, because high organie content enhances

methanogenesis, and populations of rnethanotrophs are greatest where CIl., is

abundantly available (Svensson and Sundh, 1992; Sundh et al., 1995).

The degree ofanaerobism al50 atlècts the balance between CH, production and

oxidation. ln other types ofwetlands, where the water table is below the wetland

surface, a large aerobic zone is present, and oxidation can significantly reduce the Cil.

flux (e.g. Fechner and Hemond, 1992; Moore et al., 1994). Since the sediments in

beaver ponds are continuously saturated, anaerobic conditions dominate, and oxidation

is minimized compared to other wetlands. The strongest predictors ofCH. !lux l'rom

other wetlands are the position of the water table and temperature. In beaver ponds,

small changes in pond level do not affect anaerobism. Sediment temperature is

therefore the dominant factor controlling CH. availability.

4.3.2 Secondarv Controls on CH. Release: Diffusion

The rate ofCH. diffusion depends on the concentration gradient ofCil., and

the conductance (or resistance) of the system to its transport. Virtually ail of the

resistance to the water-air transfer ofCH. has be shown to occur in the liquid phase

(Denmead and Freney, 1992). Therefore, the rate-limiting step for release ofCH.

l'rom aquatic systems is the supply ofCH. to surface waters. Turbulent mixing of the

water column effectively transports CH.-rich water ITom deeper layers at rates grenter
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than difiiJsion alone could achieve. Because convective mixing of water is a function

of windshear, windspeed controls the transport ofCH. to the surface. Mean daily

windspeed was the strongest predictor ofCH, flux measured in Iloating chambers,

explaining up to 35% of the variance in flux (Section 3.2.3). Although atmospheric

mixing by winds is eliminated within the Iloating chambers, in the water under the

enclosure considerable wind-induced mixing continues due to momentum in the water

column. If the rate-limiting step for dilTusion of CH, is on the atmospheric side of the

water-air interface, then no rclationship between windspeed and flux would be

expected because windspeed inside the floating chambers is zero. Clearly, the

transport of CH, l'rom deeper layers to the surface controls the flux across the water

air interface.

One would expect higher Iluxes l'rom shallow sites because wind-induced

mixing penetrates water layers with higher CH. concentrations at these sites. Flux

may also decrease as the depth of water increases ifdilTusing CH. is oxidized in the

water column (Rudd and Taylor, 1980). However, water depth was not a significant

predictor ofchamber fluxes here. Most sites sampled by chambers (85%) were deeper

than 0.4 m. Since profiles ofCH. concentrations in the upper 40 cm ofthe water

column were similar between sites (see Fig. 3.25), intersite depth dilTerences should

not explain flux variability. Additionally, as explained below, open water oxidation is

likely negligible in this pond.
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4.3.3 SecondaryS-!mtrols oll_rJ:!1Rçlej!1'~~_n.\lbblel\

Rates ofCH~ production exceeded rates ofrelllovai by dilrusioll ami oxidatioll

since porewaters becallle supersaturated with respect to Cil.,. Ilubbles, cOllsisting of

CH~ and other gases (presumably N2, Ar and small amounts 01'0.,; ClllInton et al.,

1989) were formed in the sediments. Assuming that these bubbles maintaill

equilibrium with hydrostatic pressure, changes in pressure may cause sollle bubbles to

be released (Mallson and Likens, 1990). If the overlying pressure, which is exerted by

the atmosphere and the water column, decreases below the internai bubble pressure,

bubbles will be released into the water column, where they will rise to the surl1\ce and

burst upon contact with the atmosphere.

Atmospheric pressure controlled bubble flux once the primary control of

sediment temperature on production was considered. Atmospheric pressure was a

weak predictor ofbubble flux overall, explaining only 4% and 11% of variance in open

water and vegetated site mean claily flux, respectively. However, during the middle of

the season (J.d. 182-216) when sediment temperature was highest and least variable,

atmospheric pressure explained 26% (p<O.OS) and 61 % (p<O.OO 1) of the variance in

open water and vegetated site mean daily bubble flux, respectively.

Other investigators have found that pressure changes influence bubbling in

inundated wetlands. Weyhenmeyer (1992) found atmospheric pressure changes

explained 40% of the variance in bubble flux l'rom a low boreal beaver pond, and

Mallson and Likens (1990) reported a significant correlation between bubble flux and

atmospheric pressure at Mirror Lake, New Hampshire. Hydrostatic pressure caused
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ny tidal cycles nas nccn idcntilicd as tnc primary control ofbubbling in a fresnwater

subtidal welland (Cnanton ct al., 1989) and in coastal marine sediments (Martens and

Klump, 1980).

Water levcl was not a signilicant predictor of flux altoough the sudden drop in

water levcl caused by dam fàilure on June 22 (J.d. 174) was associated with an

increase in bubble Ilux. The maximum 24-oour coange in water level (-8.8 cm) is

equivalentto a decrease in atmospoeric pressure of 0.86 kPa. Based on the mid

season regression equation of atmospoeric pressure vs. open water bubble Ilux. this

change soould cause an increase in bubble flux of 109.5 mg CH.. m'2 d'I. The observed

changes were lower: toe 24-hour changes in mean bubble flux l'rom open water sites

ranged l'rom 8 to 101 mg CH, m'2 d'I in the 3 days following dam failure. Toe smaller

change in flux is likely due to toe lower sediment temperatures and less antecedent

CH, storage since toe dam failure occurred early in the season. The drop in water

level was also concurrent with an increase in sediment temperature and was

accompanied by a decrease in atmospoeric pressure; therefore it is difficult to

determine to what degree toe changes in temperature and pressure each affected Ilux.

Wind velocity was not related to bubble fluxes but on one extremely willdy day

(ld. 236), high Iluxes ofCH, were observed due to wind-driven turbulence in the

water column that likely disturbed the sediments and caused bubble release.
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4. J.4 Secondmyrontrols (~ILClJ;J~~lcns~;_Plalll..InlllSPlllJ

There was no evidence of plant-enhanced transport of CII., by most plant

species atthe beaver pond, but the chamber tlux measlll'ements were prone tothe

same problem as described earlier for ('",.~x sites. Certain species of aqllatic emergent

plants have been found to ventilate CH, trom the sediments to the almosphere,

although the meehanism involved probably ditlèrs between plant species (see Chanton

and Dacey, 1991). Although very tèw tloating chnmber mensurements were taken

ove, (11Jha (n=4), the leafareas enclosed were relntively large, and these tluxes were

much higher than adjacent open water lluxes. High CIl., tluxes lrOill 1)1J/ItI.'1'. have

been documented in other studies (Sebacher et al., 1985.). Plant enlmnced Cil.,

transport has also been shown for NYlllphl/~l/ .Ip. (Sebacher et nI., 1985), but was not

found here, probably because the plants were small and only 1 plant wns enclosed in

each chamber.

Plant-enhanced transport might explain the observed difTerences in bubble tlux

and CH, concentrations in bubbles between open water and vegetated sites. If

emergent macrophytes relieve the pressure of CH, in sediments, then less CH, will

accumulate and lower bubble emissions will result at vegetated sites. Furthermore, if

bubbles strip N2 l'rom the sf.diments, then areas with intense bubbling rates will rclease

bubbles with less N2 and relatively more CH,. Studies in other llooded wetlands have

iIIustrated these points. ln estuarine North Carolina sediments (Chanton et al., 1989),

and A1askan tundra wetlands (Martens et al., 1992), open water sites sustained higher

bubble fluxes and released bubbles with higher CH, concentrations than vegetated
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sites At high hubbling rates, more N2was stripped l'rom the sediments and this rate of

removal exceeded the rate of N2resupply by molecular difiùsion l'rom the atmosphere.

At sites vegetated by emergent macrophytcs, the bubble flux was lower because the

plants acted as conduits for CH. transport. less stripping of N2occured. and difiùsive

resupply maintained N2concentrations in bubbles. Bubbles l'rom vegetated sites

therelore contained more N2 and less CH. than open water sites.

Holtzapfel-Pshorn and Seiler (1986) iIIustrated how the emergence of

vegetation can shifi the dominant mode of CH. transport within a site trom ebullition

to ventilation by plants. CH. transport was predominantly by ebullition when the rice

plants were below the water surface, but afier emerging, the transport was primarily

through their stems. Plant transport reduced porewater CH. concentrations and

ebullition ceased.

The relationship between bubbling rate and the ratio ofN2:CH. in bubbles is

supported here. Although N2in bubbles was not measured, a positive re1ationship was

observed between bubbling rate and bubble CH. concentration (Fig. 4.8). Plant

transport may not be responsible for this relationship, however, since stripping of N2

by bubbles may occur universally. Moreover, the plant transport hypothesis is not

supported by CH. storage inventories in the pond. Storage of dissolved CH. was

similar at the three piezometer nests, and bubble storage (determined once) was similar

at a deep open water site and a shallow vegetated site. Bubble and dissolved storages

were not determined at the sarne site, but have been shown to be maintain equilibrium

(Chanton et al., 1989). Ifplant transport re1eases CH. in sediments, then both lower
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dissolved and huhhle storage should be evident at vegetated sites. Although plant

transport is suspeeted in this pond, fùrther investigation is required to determine the

importance of this mechanism. Il should be emphasized that since most beaver ponds

arc largcly unvegelated. the CH., flux through plants will be less important than the

flux transported by bubbles and dillùsion on a regional scale.

4.4 CUi Dynnmics in the Benver Pond

ln the previous section, the factors controlling CHi availability and release

were identified. These factors explain some ofthe flux variability, but do not explain

intersite flux diflèrences. [n this section, the processes ofCHi production, oxidation

and storage are addressed. The evidence for the relative importance ofeach is

examined, and quantified where possible. Differences in these processes appear to

control the differences in CHot flux from vegetated and open water areas of the pond.

4.4.1 Storage

Storage ofCHi in the sediments may conceal the relationships between

production, oxidation, and flux. Storage can delay the release ofCHi, but ifrelease

from storage is triggered (by extemal factors), very large emissions may result because

the sediment CHi reservoir is large. However, in mid-season (J.d. 170- 252), the

amount ofCHi stored remained relatively constant; 24-hour changes in porewater CHi

storage were rarely greater than 10%. The observed bubble flux comprised only a

small portion ofthe sediment CHot reservoir (4-6%), therefore even large bubble
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emissions resulted oniy in smail decreases in Ihe allll1lllltofCH.1 slored (Section 3.3.4).

Since storage was at steady-state. changes in Ilux should be directly rclated to changes

in CH4 production and oxidalion processes. Furthermore. there was no signitieanl

dillèrence in the mass of CH, stored between vegetated and open water areas of the

pond (Section 3.7). Therefore, dillèrences in the CH" Ilux bctween vegetated and

open water areas should also be related to dillèrences in the CH" produclion and

oxidation processes between sites.

4.4.2 CH" Production

CH" production had to be greater than oxidation because the beaver pond was

a net source of CH" to the atmosphere. This beaver pond was found to be a rclativC\y

large source of CH4 compared to other wetlands in the same region, probably because

conditions in the pond promoted CH4 production and minimized CHI oxidation.

Although absolute ill silll rates of production and oxidation were not determined, the

relative importance of each can be estimated.

As described above (Section 3.4.1), the ill silu oxidation-inhibition experiments

were used to estimate Cfu production rates, but these results may not be reliable

because of the small sample size and large standard error. Maximum rates of

production for the beaver pond may be estimated, however, as the midseason net flux

lTom open water sites. Open water sites sustained high bubble lluxes, and midseason

porewater storage was constant. Peeper CH" profiles, dissolved Oz profiles, and open

water productivity measurements indicate that the potential for CH" oxidation was low
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atthese sites (sec Section 4.4.3); therefore, production rates Iikcly equalled the !lux

l'rom these sites. Similarly, in productive unvegetated sediments at Cape Lookout

13ight, North Carolina, Crill and Martens (1983) determined that CH4 storage was

saturated and ebullition rates were equal to CH, production in the sediments. Rates of

CH, production l'rom these deep open water sites can, therefore, be estimated as the

midseason (J.d. 194 to 220) mean net !lux 01'452 ± 130 mg CH4 m'2 d-I.

The large and consistent difference in bubble !lux between open water and

vegetated sites, despite similar storage reservoirs, suggests that diftèrences in CH4

production and/or oxidation occur between these two types of sites. Differences were

found in the isotopic composition ofCH. in bubb1es between vegetated and open

water areas of the pond. Differences in carbon (C) and hydrogen (H) isotopes in

emitled CH. may result l'rom different processes (i.e. chemical pathways) by which

CH. is produced, and by oxidative processes. Fractionation ofboth C and H isotopes

occurs during methanogenesis, but the degree offractionation differs according to the

pathway involved (Whiticar et al., 1986; Burke et al., 1988; Happell et al., 1993).

Isotopic fractionation also occurs during oxidation, but is distinguishab1e l'rom the

fractionation caused by CH. production (Coleman et al., 1981). No fractionation

occurs during bubble transport itself (Martens et al., 1986; Chanton and Martens,

1988).

During acetate fermentation, in which CH. is derived from methyl groups, CH.

becomes enriched in \JC and depleted in D (deuterium). During CO2reduction, in

which hydrogen is used as the electron source, CH. becomes relatively depleted in \JC
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and enrichcd in D. During ri\', oxidation, however, melhanolrophs preferentially

consume the lighter isotopes ofboth C and H, and the remaining CI \., will be enrÎched

in I.'C and D. Plots of the relative abundance of the light vs. heavy isotopes in emittcd

or stored CH., can iIIustrate trends in the importance of these processes between

diflerent areas (sec Fig. 3.21).

The graph of the isotopic composition of CH., released in bubbles shows that

CH. emitted l'rom open water sites is isotopically heavier in H, but lighter in C,

compared to CH. emitted l'rom sites vegetated with emergent macrophytes. This

dilTerence is consistent with a difterence in CH. production pathway. At open waler

sites, the released CH. resembles that produced by CO! tèrmentation, white the CH, in

bubbles l'rom vegetated areas is produced more by acetate reduction. Therefore, the

dominant substrate used by methanogens diflers between sites. This dinerence may

account for the dilTerence in total emissions. In open water areas, CO! is produced

during decomposition oforganic matter, and is abundantly avaitable since the beaver

pond was determined to be a large source ofCO! to the atmosphere (N. Roulet,

unpubl. data). In vegetated areas, acetate is the main substrate for CH., production.

Acetate may also be available in smaller quantities than CO! due to competition l'rom

other methanogens and limited supply by plants (J. Chanton, personal communication).

Therefore CH. production rates may be lower in vegetated areas than open waler

areas.

The dilTerence in flux due to production is supported by two measurements of

I·C signatures in sediment samples l'rom open water and vegetated areas of the pond
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(s. Trumhore, unpuhl. data). Measurements are reported as ratios relative to 1950

oxalic ucid (ratio ~ 1; 51'C = 0 0/00) (S. Trumbore, personal communication). Negative

51'le values result whcre significant decay ofl'Ie hus occurred (ratio < 1; 51.le < 0 0/00),

but positive vulues of b 14C will only result when a more recent source of I.le is present

(ratio> 1; 514C > 00/00). This new source is bomb 14e, produced by weapons testing.

Since mosl bomb 14e was released in the 1960s, a 514C > 0 %0 value indicatcs that a

significunl amount of l'C in the sample has becn derived from carbon fixed from the

utmosphere by plants during the past 30 years.

Both measurements of 14e indicated that the carbon in beaver pond sediments

have been fixed since the 1960s. However, the sediments from a vegetated area of the

beavcr pond contained newer carbon (del 14e = 6.49 0/00) than sediments from an open

water area (del 14c = 7.37 %0). This result is consistent with the hypothesis that more

new carbon compounds produced by plants (e.g. acetate) support the populations of

methanogens at vegetated sites, and that older peat materials (containing eOz) supply

substrates for methanogenesis at open water sites.

Studies ofother ebullition-dominated systems found similar CH, production

dilTerences between vegetated and open water areas (Martens et al., 1986; Burke et

al., 1988; Chanton and Martens, 1988). Acetate reduction was found to be relatively

more important in summer months, suggesting that temperature or substrate

availability connected with plant activity may control the relative rates of the IWo

production pathways.
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This explanation for the observed bubble nux dillerenee dillers trom that

provided above (Section 4.3.4), in which it was explained that the lower bllbble nux in

vegetated areas may be due to ventilation ofCH, in sediments by plants. These two

explanations are not exclusive, however, and may act in combinat ion to produce the

observed nux. Since vegetative transport of CH, was not demonstrated, the relative

contributions of the two mechanisms remain unclear.

The isotopic evidence that production pathways dilTered also does not prccllldc

d difTerence in CH, oxidation rates between vegetated and non-vegetatcd sites.

Oxidation ofCH, may also occur, and rates may diftèr between areas of the pond.

However, the dominant fractionation eftèct appears to be caused by ditlèrences in the

CH, production pathways, and any isotopic effects ofoxidation are obscured by this

difTerence. If the difference in bubble CH, nux between vegetated and open water

sites were predominantly due to greater oxidation of CH, at vegetated sites, however,

the fitted line through the isotope data would have a positive slope (see Fig. 3.21).

4.4.3 CH,Oxidation

Evidence exists to indicate that sorne oxidation occurs in the beaver pond.

C~ consumers (methanotrophs) are obligate aerobes, and will be present in greatest

numbers at the anaerobic-aerobic interface where both CH, and O2 are present in

optimal quantities (King, 1990; Knowles, 1993). The availability ofsufficient CH, in

this beaver pond has been weil established (e.g. see sediment profiles, Section 3.5), but

the location of the anaerobic-aerobic interface is not known. Three lines ofevidence
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may be used to indicate the importance of CH" oxidation in the sediments and water

column: (1) low open water productivity indicates that liltle oxidation occurs in the

water column; (2) profiles of dissolved oxygen show that O2is available at the

sediment-water intertàce, but may be rapidly consumed by the competing processes of

CO2production and CH" oxidation; and (3) peeper profiles, incubations and

oxidation-inhibition experiments indicate that some CH" oxidation occurs, especially in

surlicial sediments at vegetated sites, but i" siNI rates are probably low.

Differences between benthic chamber fluxes and floating chamber fluxes

(Section 3.4.1) indicated that oxidation ofCH" in the water co1umn depletes the flux at

a mean rate of 43.5 mg CH. mo2 dol. While this provides indirect evidence for

oxidation, intersite variability and differences between benthic and floating chamber

measure'llent techniques (including disturbance of sediments during benthic samp1ing)

may account for the flux difference. Furthermore, open water productivity was low,

indicating that CH" oxidation in the water column is likely insignificant in the pond.

46 samples ofwater from 13 NSA beaver ponds were collected for chlorophyll

a analysis (R. Bourbonniere, unpubl. data). From June through August, ail values of

chlorophyll a (corrected for the biodegradation product phaeophytin) were low (range

<1 to 2 ~lg chlorophyll a LoI water). In late August and early September,

concentrations had increased to much higher levels (range 6-24 Ilg LO\ presumably

because macrophyte fragments in the waters contributed to the chlorophyll a content

(R. Bourbonniere, personal communication). The concentration ofchlorophyll a was

only tested once in the beaver pond examined in this study (Sept. 12), and the
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concentration was low (3.0 ~lg L"\ indicating that lillie open water photosynthesis

occurs in the pond. Since Iiltle O! is produced, CH.1 oxidation in the water column is

likely negligible.

Profiles of temperature indicate that the pond was not stratilied, but dissolved

oxygen concentrations decreased markedly with depth (Fig. 4.9) (R. BOlll'bonniere,

unpubl. data). The O! profile resembles the c1inograde profile found in productive

lakes (Wetzel, 1983), and indicates there is a large sink lor O! at depth. O! is most

depleted near the sediment-water interface, where bacterial decomposition of

sedimenting organic malter is greatest. The CO! flux l'rom this beaver pond is high

and is probably due to heterotrophic respiration in the sediments (N. Roulet, unpubl.

data). Since respiration also requires O2, oxygen availability will be limited by the

competing demands ofdecomposers and methanotrophs. CH4 oxidation may in tum

be limited by Oz availability.

Although dissolved Oz concentrations were low or below detectable limits in

bottom waters, the presence of sediment algal mats, even in thl' deepest areas of the

pond, indicates that Oz is produced at the sediment surface. Calculations of PAR

attenuation in the water column indicated that optimal photosynthetic activity for algac

(at 1% incident PAR; Wetzel, 1983) occurs at an average depth of 1.2 m. Since most

of the pond is shallower than 1.2 m, the majority of the pond sediments receive

sufficient Iight to sustain algal production throughout the season. However, the

amount ofO2 that is produced by epiphytic algae is probably small compared to that

transported trom the atmosphere by convective mixing, and it will also be consumed
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by competing processes of COl production and CHI oxidation. Even low

concentrations ofOlmay be sullicient for CH, oxidation (King. 1992), however, and

some CH., oxidation likely occurs although in si/II rates rcmain uncertain.

Protiles of sediment CH. conccntrations indicated that signilicant consumption

ofCH. occurs within the upper layers of the beaver pond sediments (cf. Yavilt et al.,

1992). CH. concentrations in surface layers were common\y 20% ofconcentrations in

deeper sediments, but CH. production potentials determined under anaerobic

conditions in the laboratory were similar with depth. Since the surlàce sediments are

equally capable of producing C~J., the reduction ofCH. concentrations near the

sediment-water interface is Iikely due to oxidation of CH., and not merely due to bulk

llow ofCH. l'rom the sediments. Consumption potentials were also greatest in surface

sediments, indicating that the greatest numbers of methanotrophs inhabit these layers

(cf Sundh et al., 1995).

The oxidation zone appeared to be extend deeper at shallow water sites than

deep water sites (Section 3.5). O2 concentrations were s\ightly higher in bottom

waters at shallow sites CR. Bourbonniere, unpubl. data), probably because atmospheric

0 1 can be effective1y transported by convection to shallow depths, and because Oz is

transported to the sediments by aquatic plants growing at shallow sites in the pond.

Incubation experiments yielded the highest potential oxidation rates l'rom a vegetated

lloating mat. Therefore, higher rates ofCH. consumption likely occur in shallow,

vegetated areas ofthe beaver pond.
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Other researchers (Yavill ct al., 1992) have used benthic chambers to measure

fluxes ofCil" across the sediment-water interface, and compared these with CH"

production rates m~asured in the laboratory to calculate oxidation rates. However,

incubation expcriments do not accurately simulate field conditions; instead they

indicate potcntial rates of CH" production (cf. Sundh et al., 1995). /11 si/II rates of

CH., oxidation are extremely difficult to obtain. Separation of production and

oxidation components of flux requires the use ofoxidation inhibitors, ait ofwhich may

have side effects. For example, picnolinic acid may be toxic to plants and

methanogcns (Bédard and Knowles, 1989; Epp and Chanton, 1993). Methyllluoride

(MF) was used here to inhibit populations of methanotrophs in benthic chambers

because it is reportedly non-toxic to plants and does not interfere with methanogenesis

at low MF concentrations (Oremland and Culbertson, 1992; Epp and Chanton, 1993).

Oxidation was calculated by difference between fluxes measured in benthic chambers

where MF was used, and fluxes measured without the inhibitor.

The results indicated that oxidation reduced the flux of CH" across the

sediment-water interface. The results are tenuous due to smalt sample sizes and large

standard deviations, but they indicate that CIL oxidation was occuring, at least at the

sites (depth < 1 m) where the sampling was performed. Quantitative interpretation of

the resu1ts is not possible because complete inhibition ofoxidation was probably not

achieved. Successful inhibition of methanotrophs with MF may have occurred within

the benthic chamber, but MF was Iikely restricted !Tom diffusing far into the sediments

because the fluxes were measured immediately after chamber and MF deployment.
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probably remained in the water within the benthic chamber. Because same portion of

the methanotrophs was probably not inhibited, a signilicant but unknown amount of

oxidation may still have occurred.

Production potentials determined in anaerobic incubations were similar to CIl..

production potentials determined in a wide range of peat samples Irom satllnlted

wetlands in the Hudson Bay lowlands (Moore et al., 1994). Oxidation potentials IrOill

the floating mat site were also similar or greater than the oxidation potentials Irom

these peats, but the open water sites displayed much lower consumption potentials.

especially in core 3 which was obtained trom a deep lvater, high nux, site.

Unfortunately, oxidation potentials are not directly comparable across stlldies since

they depend on the initial concentration of CH. available in the sediment slurry. These

results indicate, however, that since production rates were similar, the high nux of CH.•

from the beaver pond probably resulted l'rom low potentialto oxidize the produced

CH., especially in si/lt where oxidation is limited by anaerobic conditions.

4.5 Summary and Conclusions

The mean net !lux of CH. l'rom this beaver pond (320 mg m-zd- I and 155 mg

m-2 d-I, for open water and vegetated sites, respectivcly) was greater than the nux Irom

most other northem study area welland sites. Confidence in the measured flux is high

because large sample sizes were obtained, and because the net CH. flux is confirmcd

by independent measurements by a different method at the same site. A large

proportion of the total CH. flux was released by ebullition, and future studies in
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employed.

ft was initially hypothesized lhal the beaver pond wou Id sustain high CIl,

emissions because làctors in the pond maximize CIl, production and minimize

oxidalion. Indeed. high sediment temperatures promoted CH, production. and

inundation restricted oxidation. Oxidation of CH, occured at the sediment water

inlerlilce. but was limited by O~ availability. Oxidation in the water column was

determined to be negligible.

The diflèrences in CH, availability and transport between open water and

vegetated sites. and the làctors which controlled these processes. arc shown in Fig.

4.10. The diflùsive flux was similar at open water and vegetated sites. The factors

that controlled the dil1ùsive flux were sediment temperature (by controlling CH,

availability) and windspeed (by controlling transport). Bubble flux from open water

sites was twice that from vegetated sites, because CH, availability was greater in open

water areas. The dominant pathway for CH. production was CO~ fermentation at

open water sites. and acetate reduction at vegetated sites. The lower flux observed

from vegetated sites may have resulted from limited acelate availability, and greater

oxidation. In addition. plants may have enhanced CH, transport, thus reducing

porewater CH, concentrations, although porewater storage was similar between sites.

The role ofemergent plants in transporting CH. remains unclear, but since most

beaver ponds probably comprise open water, plant transport may be insignificant at a

regional scale.
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Ebullition of CI 101 was fhund to be a significanttransport mechanism,

comprising 20 and 52% of thc total tlux, depending on site. The amount of CI-!.j

available for ebullition was controlled by sediment temperature, and bubble relcase was

controllcd by atmospheric pressure. Large water level changes also aflècted bubble

transport. Hubble tlux was not related to the loss ofCl-!.j stored in the sediments,

probably because fluxes were smail relative to the stored reservoir of CI-!.j.

Most regional and global CI-!.j budgets have neglected beaver ponds. The

results l'rom this study, however, indicate that beaver ponds are disproportionately

high emitters ofCB.j. The budget presented above (Section 4.1.2) illustrates the large

elTect that beaver ponds play in determining the net regional flux of CB.j. With

increasing knowledge about the flux of CB.j and its variability l'rom beaver ponds, the

areal extent of ponds will be the greatest potential error in determining their

contribution to regional flux.
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AJmendix 1: Data Available through BORIS lBOREAS Information Syslems)

Data arc available, with special permission, l'rom BOREAS Information Systems
(BORIS). Contact: J. Newcomber, NASA Goddard Space Flight Center, Greenbelt, Md.,
U.S.A.

Sample
Data Particulars Size

Individual Fluxes, date, time, site characleristics 260
Chamber Flux Data (vel!etation and depth ofwater)

Dailv mean flux for 2 vel!etation categories 37-41
Surface Water Surtàce water CI-L, concentrations, date, time, 141

CH. Concentrations windspeed, concurrent chamber flux, site characterist ics
Individual fluxes for each site, site characteristics,

Bubble Flux Data volume ofbubbles, CH. concentration, time 771
accumulated
Dailv mean flux for 2 vegetation categories 51
Volume and concentration ofbubbles released by 2

Gross Bubble Storage prodding l'rom 2 sites
and Production Volume and concentration ofbubbles accumulated 2

since first prodding, and released bv further prodding
Dissolved CH. Porewater CH. concentrations l'rom 15 piezometers 286

Storage Mass of dissolved CH. stored in porewaters 64
Water Column Concentrations of CH, dissolved in the water column 21
CH.Promes proliles

Sediment-Water High resolution profiles of dissolved CH. 10
Interface CH. Profiles concentrations across the sediment-water interface profiles

Individual fluxes measured in benthic chambers, time 39
Sediment-Water and site characteristics (vegetation water depth)
Chamber Fluxes Oailv mean benthic chamber flux 12

Individual benthic chamber fluxes with MF inhibition 10
Oaily mean MF-inhibited benthic chamber flux 2
Individual sample CH. production potentials, dry 51
weight, organic matter content (1oss on ignition)

Sediment mean CH. production potential for each depth 17
Incubations Individual sample CH. consumption potentials, dry 34

weight, organic matter content (1oss on ignition)
mean CH, consumption potential for each depth 17

o13C and 00 of CH. in naturallv re1eased bubbles 30
C and H isotopes O'~C and 00 of CH. in prodded bubbles 2

oUC and 00 of CH. dissolved in porewater 12

oUC and 00 of CH. in the water column 2
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