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Ecosystem modeling of methane and carbon
dioxide fluxes for boreal forest sites

Christopher Potter, Jill Bubier, Patrick Crill, and Peter Lafleur

Abstract: Predicted daily fluxes from an ecosystem model for water, carbon dioxide, and methane were compared with
1994 and 1996 Boreal Ecosystem—Atmosphere Study (BOREAS) field measurements at sites dominated by old black
spruce Picea mariana(Mill.) BSP) (OBS) and boreal fen vegetation near Thompson, Man. Model settings for simulat-
ing daily changes in water table depth (WTD) for both sites were designed to match observed water levels, including
predictions for two microtopographic positions (hollow and hummock) within the fen study area. Water run-on to the
soil profile from neighboring microtopographic units was calibrated on the basis of daily snowmelt and rainfall inputs
to reproduce BOREAS site measurements for timing and magnitude of maximum daily WTD for the growing season.
Model predictions for daily evapotranspiration rates closely track measured fluxes for stand water loss in patterns con-
sistent with strong controls over latent heat fluxes by soil temperature during nongrowing season months and by vari-
ability in relative humidity and air temperature during the growing season. Predicted annual net primary production
(NPP) for the OBS site was 158 g C-hduring 1994 and 135 g CThduring 1996, with contributions of 75% from
overstory canopy production and 25% from ground cover production. Annual NPP for the wetter fen site was 250

g C-nt2 during 1994 and 270 g CThduring 1996. Predicted seasonal patterns for soil, @xes and net ecosystem
production of carbon both match daily average estimates at the two sites. Model results for methane flux, which also
closely match average measured flux levels of —0.5 mg-@H-day* for OBS and 2.8 mg ClinT?day* for fen sites,
suggest that spruce areas are net annual sinks of about —0.12-gr&Hvhereas fen areas generate net annual emis-
sions on the order of 0.3-0.85 g G2, depending mainly on seasonal WTD and microtopographic position. Fen
hollow areas are predicted to emit almost three times more methane during a given year than fen hummock areas. The
validated model is structured for extrapolation to regional simulations of interannual trace gas fluxes over the entire
North America boreal forest, with integration of satellite data to characterize properties of the land surface.

Résumé: Les flux quotidiens prédits par un modeéle écosystémique pour I'eau, le dioxyde de carbone et le méthane

ont été comparés aux mesures prises sur le terrain en 1994 et 1996 dans le cadre de 'étude de I'atmosphére et de
I'écosystéeme boréal (BOREAS) dans des sites dominés soit par un vieux peuplement d’épinettPineaemariana

(Mill.) BSP), soit par une végétation de fen boréal et situés prés de Thompson, au Manitoba. Les parameétres du mo-
dele utilisé pour simuler les variations quotidiennes de la profondeur de la nappe phréatique pour les deux sites ont été
ajustés pour correspondre aux niveaux d'eau observés, incluant les prévisions pour deux positions micro-topographiques
(dépressions et hummocks) dans la zone d’étude de trouvant dans le fen. L'arrivée d’eau dans le profil de sol en prove-
nance des unités micro-topographiques avoisinantes a été calibrée sur la base des apports quotidiens dus a la pluie ou a
la fonte de la neige, afin de reproduire les mesures prises sur le site de BOREAS concernant le moment et 'ampleur
de la profondeur quotidienne maximale de la nappe phréatique pendant la saison de croissance. Les prédictions du mo-
dele pour le taux quotidien d’évapotranspiration suivent de tres pres les flux mesurés de perte d’eau du peuplement
dont le comportement est consistant avec de forts contréles sur les flux de chaleur latente par la température du sol du-
rant les mois de dormance et par la variabilité de I'humidité relative et de la température de I'air pendant la saison de
croissance. Dans le site dominé par I'épinette noire, le modéle a prédit une production primaire nette annuelle de 158

g C-nT2 en 1994 et de 135 g Cthen 1996 qui provient dans des proportions de 75% du couvert de I'étage dominant

et de 25% de la végétation au sol. La production primaire nette annuelle dans le site plus humide de fen atteignait res-
pectivement 250 et 270 g C-fnen 1994 et 1996. Les patrons saisonniers prédits par le modéle pour les flux,de CO

dans le sol et la production nette de carbone par I'écosystéeme étaient comparables aux estimés de la moyenne journa-
liere dans les deux sites. Les résultats du modéle pour le flux de méthane, qui sont trés prés des niveaux moyens qui
ont été mesurés soit —0,5 mg GHIr2jour?® pour le site dominé par I'épinette et 2,8 mg Gk jour? pour le fen,

suggérent que les zones occupées par I'épinette noire sont des puits avec une valeur annuelle nette de ;012 g CH
tandis que les zones occupées par le fen générent des émissions annuelles nettes de l'ordre de 0,3 4,183 g CH
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qui varient surtout en fonction de la profondeur saisonniére de la nappe phréatique et de la position micro-
topographique. Selon les prédictions, les zones de dépression émettraient presque trois fois plus de méthane au cours
d'une année que les zones de hummock dans le fen. Le modele qui a été validé est structuré pour extrapoler a
I'échelle régionale les flux inter-annuels de gaz traces pour I'ensemble de la forét boréale en Amérique du Nord, avec
I'intégration de données satellitaires pour caractériser les propriétés de la surface du territoire.

i mafrost as it relates to thermal and water table controls on
Introduction carbon mineralization ratesiii plant community composi-
The Boreal Ecosystem—Atmosphere Study (BOREAS)t'On as it relates to labile carbon and nutrient sources, such

project has addressed several fundamental questions cof "0t exudates, and emission pathways for trace gases
hrough plant tissues;i) wetland microtopographic (i.e.,

cerning moisture and carbon (C) in the boreal forest biom ; .
(Hall et al. 1996). These questions include what are the prir ummocks and hollows) effects on the same variables listed

mary mechanisms controlling variability in water and carbon'" the_ first two observations above; and) (properties of .
fluxes within each of the major boreal ecosystem types, ang@nsition zones from (wetland to upland) as areas of rapid
what measured parameters are most important in terms &'anges in thermal and water table controls on biogeo-
scaling up the seasonal patterns of water and carbon cyclin emistry. S .
across diverse ecosystem types within the boreal forest re- !N thiS paper, we report on results from a daily simulation
gion? Measurement of net ecosystem exchange of carbon model that attempts to address most of these ecosystem con-

BOREAS sites may clarify issues concerning the proposeél"OI components on carbon cycling and trace gas {@hd
northern hemisphere boreal carbon sink. CO,) emissions in applications at two BOREAS study areas,

As is the case with carbon dioxide fluxes, wetland emis-0'd black spruceRicea mariana(Mill.) BSP) (OBS) forest

sions of methane (CHi are closely tied to thermal fluxes and fen. These sites are both potentially important sources of

and hydrologic cycles in boreal ecosystems. Consequentl}%’ethane flux in the boreal ecosystem (Moosavi and Cirill

methane has been a trace gas of special interest in t '997). The ecosystems differ significantly, however, in terms
BOREAS (BOREAS Science Team 1995; Bubier et a).Of vegetation composition and surface geomorphology. Through

199%; Sellers et al. 1995; Hall et al. 1996: Suyker et al comparisons of modeled and measured flux estimates for
' : Y y ' nwater, CQ, and CH, we can evaluate alternative methods

1996). Methane is a greenhouse gas with 4-35 times th d alaorith for d inina b | bi h
global warming potential of carbon dioxide on a molar basisd"d algorithms for determining boreal blome-atmosphere

i — hange. The main objectives of this modeling study were
(Houghton et al. 1992). Approximately 110 Tg ¢ Tg=  &XC! : :
102 g) is emitted from natural wetland sourcegworldwide,tO () evaluate the performance of the National Aeronautics
which is equivalent to 20% of the methane entering the at&"d Space Administration (NASA) — Carnegie-Ames—Stan-

mosphere each year (Cicerone and Oremland 1988; Fung ['d Approach (CASA) simulation model against water and
al. 1991). The global boreal forest could contribute nearly 1¢-aroon fluxes measured independently at BOREAS field

Tg CH, per year to the atmosphere (Bartlett and HarrissoiteS: (i) refine the concepts and algorithms upon which this
1993: Bachand et al. 1996). generalized scheme for soil trace gas emissions can be built,

and (ii) evaluate requirements to scale-up model results and
extrapolate interannual trace gas flux estimates over the en-
tire North America boreal forest region, relying on satellite
data to characterize properties of the land surface.

Fluxes of CQ and CH, have been measured previously at
a relatively small number of locations in the North America
boreal forest (Roulet et al. 1982Bartlett and Harriss 1993;
Bubier et al. 1998; Moosavi and Crill 1997). However, con-
struction of an accurate regional emission budget for any
biogenic trace gas fro_m a relatively limited Qata set Of,r_ne"?‘Model background description
surements carries a high degree of uncertainty. Variability in
emission rates from year to year and among ecosystem typesThe daily NASA-CASA model is an aggregated represen-
can be high, a fact that makes generalizations difficult tatation of major ecosystem carbon and nitrogen (N) transfor-
substantiate in the course of extrapolation of fluxes to a remations and trace gas fluxes (Potter 1997). It includes
gion. Use of a process-oriented simulation model that ininteractions of gas flux controls: nutrient substrate availabil-
cludes major gas flux controllers can facilitate interpretationity, soil moisture, temperature, texture, and microbial activ-
of gas flux estimates along regional transects of interest aniy. The model is designed to simulate daily and seasonal
assist in generation of regionwide model estimates of segatterns in net carbon fixation, nutrient allocation, litter fall,
sonal flux budgets, which may be verified using independentaind soil nutrient mineralization, and G@xchange, in addi-
site measurements. tion to CH, production, consumption, and emission. A com-
Previous studies of ecosystem carbon cycling and tracplete description of the previous model design is provided
gas biogeochemistry for the BOREAS region (e.g., Bonarby Potter and Klooster (1997) and Potter (1997).
1991; Bubier et al. 1995 199%; Frolking et al. 1996; For application in this study, several model components of
Moosavi and Crill 1997; Goulden et al. 1998) have demon-the daily NASA—-CASA version described by Potter (1997)
strated the importance of describing several ecosystem comemain unchanged. For example, the carbon—methane flux
ponents as part of simulation modeling for soil respirationmodule has been designed for seasonally inundated ecosys-
and methane fluxesi)(differentiation of effects of under- tems with three main subcomponents (Fig. 1):50il tem-
story and ground cover vegetation (such as the moss layer iperature and water table depth (WTD) predicted as a
spruce stands) on surface moisture, temperature, and net pifonction of moisture inputs and field capacity of poorly
duction estimates in boreal forestd;) (distribution of per- drained organic soils,if CH, production within the anoxic
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Fig. 1. Schematic representation of components in the methane emission model. The wetland soil profile (1) is layered with depth into
a surface ponded layer ()] a surface organic layer () a surface organic—mineral layer gMand a subsurface mineral layer {M

The production and decomposition component (Il) shows separate pools for carbon cycling among pools of leaf litter, root litter,
woody detritus, microbes, and soil organic matter. Microbial respiration rate is controlled by tempemtarel (litter quality ),

whereas coupled production of methane within the anoxic soil layers is a function of water table depth (WTD). Three pathways in the
component (lll) for gaseous methane emission are molecular diffusion, ebullition, and plant vascular transport.

I. Water Table Depth II. Production-> III. Emission Transport

(WTD) Decomposition->
Methanogenesis
NPP
M, * Ebullition ~ Tiller  Diffusion
________ Soil Surface
Y el T oo
Run-on P ! ! !
M
2 A Microbes : : :
Soil | Soil Organic
Layers Heat & f(Lit q) Matter f(WTD) f(Ecosystem) f(WTD)
M, Water f(Temp) f(Temp)
Flux
i C02 L TITTITRRTTS » CH4
f(WTD)

soil layer predicted as a function of WTD and ¢froduc-  saturation capacity) in moss, humus, and mineral soil layers
tion (from litter decomposition) under poorly drained condi- is used to calculate scalars that represents the effect of soll
tions, and i{i) CH, gaseous transport pathways (molecularmoisture on organic matter turnover and £#mission rates,
diffusion, ebullition, and plant vascular transport) for storedfollowing the litter decomposition algorithms developed by
soil methane predicted as a function of WTD, seasonal planDoran et al. (1990).

cover, and ecosystem type. The design of the model is ex- For the soil carbon cycling component (Fig. 2), our design
pressly for use with remotely sensed inputs of vegetatiofemains comparable with a somewhat simplified version of
cover, plant stand production, phenology, litter fall, and surthe CENTURY ecosystem model (Parton et al. 1992), which
face hydrology over broad spatial extents. Consumption o§imulates soil C cycling with a set of compartmental differ-
CH, in relatively well-drained soil profiles is simulated in- ence equations. First-order equations simulate heterotrophic
dependently in NASA-CASA using a modified version of respiration fluxes of C® and exchange of decomposing
Fick’s first law based on computations for diffusivity in ag- plant residue (metabolic and structural fractions) at the soil
gregated media (Potter et al. 1996), together with the dailgurface, together with surface soil organic matter (SOM)
soil water balance model. These algorithms are applicablgactions that presumably vary in age and chemical composi-
for estimation of oxidative methane consumption in betteriion. Active (microbial biomass and labile substrates), slow
drained topographic sites in the BOREAS study areas.  (chemically protected), and passive (physically protected)
Other key model features from the NASA-CASA version fractions of the SOM are represented. In the CASA model,
described by Potter (1997) include the monthly fraction ofas with many other ecosystem models, C and N cycling are
overstory net primary production (NPP), defined as net fixa<considered to be tightly coupled, with NPP considered a use-
tion of CO, by vegetation, is computed on the basis of light- ful model driver for nutrient transformation rates. The effect
use efficiency (Monteith 1972). New production of plant of temperature on microbially controlled litter and soil C
biomass is estimated as a product of intercepted photeand N mineralization fluxes was defined as an exponential
synthetically active radiation (IPAR) and a light utilization response using @;, (the multiplicative increase in soil bio-
efficiency term €, that is modified by temperature and logical activity for a 10°C rise in temperature), with a value
soil moisture. Freeze—thaw dynamics with soil depth operatef 1.5 for surface litter decomposition and a value of 2.0 for
according to the degree-day method of Jumikis (1966), asoil decomposition (Raich and Potter 1995; Potter 1997).
described by Bonan (1989). Conversion from mean tempera-ollowing measurements reported by Hogg et al. (1992), a
ture of air (T,) to temperature at the litter—soil surfacg)(  soil temperature level of 12°C was used to set the near-
follows empirical relationships reported by Yin and Arp optimum Q,ybased litter decomposition scalar for peatland
(1993). The computed fraction of water-filled pore spaceorganic matter. To estimate total G@luxes from soil, in-
(WFPS; defined as the ratio of volumetric water content tocluding root respiration sources, the algorithm derived by

© 2001 NRC Canada
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Fig. 2. Litter and soil C and N transformations in the model, which lead to substrates for trace gas production. Structure follows the
CENTURY model of Parton et al. (1992). Carbon pools are outlined in black and labeled with C/N ratios, C fluxes are solid arrows,
CO, production are stippled arrows; nitrogen pools are shaded; and N fluxes are shaded arrows. Levels of litter, microbe (MIC), and
soil organic (SLOW and OLD) pools are shown. Structural (S) and metabolic (M) pools are shown for leaf and root litter.
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Raich and Potter (1995) was applied for prediction of dailyWater balance equations

soil respiration. To estimate plant and soil water balance in the previous
The NASA-CASA model for BOREAS sites differs in a versions of the model, we used a formulation of the empiri-

number of ways from the SPAM model of Frolking et al. cal Priestly and Taylor (1972) evapotranspiration equation

(1996), which was developed for G@ux studies of spruce— developed by Campbell (1977) and Bonan (1989). However,

moss sites in BOREAS. For example, NASA-CASA hasplant physiological measurements during BOREAS show

dual, instead of a single, exponential decay pools for root litthat atmospheric desiccation can result from the forest’s

ter and humus decomposition, neither of which have beestrong biological control limiting surface evaporation (Hall

calibrated specifically using boreal site data. Unlike SPAM,et al. 1996).

NASA-CASA is designed with mechanisms for potential Hence, for this study, a more physiologically based daily

upward movement of the water table and horizontal inflowspotential evapotranspiration (PET) flux for the canopy is es-

of surface water depending on microtopography, both otimated using a Penman—Monteith algorithm derived accord-

which influence methane flux rates. There are other notabléng to the methods described by Woodward (1987) and

differences in the two models’ algorithms for moisture inter- Monteith and Unsworth (1990):

ception and evapotranspiration, soil freeze—thaw dynamics,

water retention mechanisms, litter fall timing, and litter [(Ret9+P{& - ¥ 1§

quality controls on SOM decomposition rates. [1] PET=

[s+y(r +r)/rd
Refinements for BOREAS ecosystem where R, is the daily net shortwave radiation flux to the
simulations canopy (W-Im), s is the rate of change of saturation vapor

pressure with temperature (mbar/°@)is the density of air
To more accurately represent ecosystem controls and saikg-nt3), C, is the specific heat of air (F°CY), (e(Ty) —©)

processes for boreal forest carbon cycles, several modificas the difference in water vapor pressure (mbar) between am-
tions are introduced in this study for the NASA—CASA soil bient air €) and air at saturatione{(T,)), vy is the psychro-
hydrology and nutrient cycling model described by Pottermetric constant (mbar/°C)r;t is the boundary layer
(1997). These changes include refinement of ecosystem waesistance (s-), andr;tis the stomatal resistance to water
ter balance equations, carbon and water relations of the liwapor (s-m%) in the canopy. Model settings for maximum
ing ground cover and humus, and soil temperature controlsonductance in the canopy conform to observed values for
on organic matter decomposition rates. boreal ecosystem sites, as reported by Saugier et al. (1997).

© 2001 NRC Canada



212 Can. J. For. Res. Vol. 31, 2001

Stomatal conductance is computed for up to five canopy layproductivity. Model algorithms depend upon surface air tem-
ers, depending on leaf area density. perature, solar insolation, precipitation inputs, and canopy
In addition, daily evaporation flux from the ground cover leaf area to compute snowpack water equivalent, snow ther-
(E40 surface, typically a living bryophyte (moss) layer with mal content, albedo, and ablation from snow melt and subli-
near continuous surface coverage, is estimated from a sinmation fluxes. Snow accumulation rates are dependent on
plified Penman version (Monteith and Unsworth 1990) ofestimated nighttime air temperatures. A heat summation
eq. 1, driven by radiation flux through the overstory canopy.function is used for estimation of snow thermal content to
The main difference between eq. 1 ag is that the term determine when the snowpack is isothermal. The RHESSys
for stomatal conductance to water vapor in the canopy is absnow model has been successfully tested at 10 snow teleme-
sent from thisE,; evaporation flux calculation. This is based try (SNOTEL) stations in the western United States
on the assumption that mosses, as nonvascular plants, lo§goughlan and Running 1997). Comparisons of simulation
water principally by evaporation. results to published snow depletion dates have shown that
Estimated evapotranspiration flux (ET) for the stand isthe snow model accurately predicts the relative ranking and
calculated by comparing daily canopy PET plEg to the magnitude of depletion for different combinations of forest
multilayer model estimate for daily soil moisture content. It COVer, elevation, and aspect.
is assumed that canopy PET demand can be satisfied after
the Ey daily evaporation flux from ground cover layers is al- Ground cover productivity
lowed to adequately dry down the surface moisture supply. The moss ground cover layer growing on the forest floor
The soil profile is treated as a series of three layergisM  has been identified as an important component of the boreal
the living moss (ground cover) surface,,Ns humified or-  carbon cycle (Oechel and van Cleve 1986; Johnson and
ganic matter under the moss surface layers, andisMhe  pamman 1993). In BOREAS black spruce stands, non-
mineral subsoil (Fig. 1). These layers can differ by ecosysyascular plants may account for at least 15-25% of the an-
tem type in terms of bulk density, moisture holding capacity,nyal C uptake (Hall et al. 1996), and the percentage may be
texture, and C-N storage. Where drainage is impeded, wat@ken higher in fen ecosystems. Therefore, to simulate sea-
can accumulate upwardly in a ponded layerpMbove the  sonal patterns in net primary production (NPP) for the moss
living moss surface. ground cover layer, we adapted the NASA—CASA model al-
Water balance in each of the organic and mineral soil laygorithm described by Potter and Klooster (1997) for ground
ers is modeled as the difference between net inputs of presover production estimates.
cipitation (PPT) and run-on of water from neighboring  pajly NPP,. is estimated as a product of cloud-corrected
microtopographic units (plus, in the case of lower soil lay-syrface solar irradianceSy, fractional intercepted photo-
ers, addition of volumetric percolation inputs), and outputssynthetically active radiation (FPAR) by the overstory can-
of ET, followed by drainage for each profile layer. The opy, and a maximum light use efficiency terey for moss,

amount of water run-on to the profile from neighboring modified by temperatureTj and moisture \(/,J) stress sca-
microtopographic units of equivalent area is calibrated usingars, as expressed in the following equation:

a multiplier variable [§) on the daily PPT and snowmelt in-
puts, which is adjusted to reproduce BOREAS site measure:
ments for seasonal dynamics of the water table, nameﬁz]
timing and magnitude of maximum daily WTD for the _ _
growing season. For fen areas, WTD in both hummock (a An estimated maximuns,. value of 0.06 g C-M3 PAR
mounded rise of organic matter and vegetation) and holloWor moss cover at BOREAS sites is derived from measure-
microtopographic units can be simulated with different set-ments of CQ exchange in a black spruce stand (Goulden
tings for theB multiplier variable. and Ciill 1997): TheT stress term is computed with refer-
In the absence of a rising WTD, all moisture inputs and€nce to a derivation of optimal air surface temperatures
outputs are assumed to progress from the surface layéfopd) fOr plant growth (Potter et al. 1993). Over the globe,
downward. Inputs from rainfall can recharge the organic and opt SEttings range from near 0°C in the Arctic to near 35°C
mineral soil layers to estimated field capacity (FC). For or-In low-latitude deserts. _ .
ganic layers, FC is estimated by the product of bulk density Our estimation of the moisture control function #fy is
and measured water-holding capacity of moss and humus &erived from water balance in the;Mrganic soil layer fol-
BOREAS sites (Price et al. 1995). Where drainage is unimlowing a parabolic physiological response similar to that
peded, excess water percolates through to lower layers afoposed by Frolking et al. (1996):
may eventually leave the system as runoff.

NPPy. = S(1 — FPARE,TW,,

[3] Wy = [-0.0006(FC - 50 + 1

Snowmelt table depth

Snow dynamics algorithms from the regional hydro-where the optimal moss water content for primary produc-
ecological simulation system (RHESSys) developed bytion, expressed as a percentage of FC, occurs at around 50%
Coughlan and Running (1997) have been added to thby volume water.
NASA-CASA model to improve predictions of snow accu- Moss litter contributions to decaying organic matter pools
mulation rate, and the timing and flow rates of spring snow-was set equal to the annual production estimate for the moss
melt at BOREAS sites. These snow algorithms wereground cover layer. Lacking better information, partitioning
developed to improve estimates of annual forest snow hyef ground cover litter biomass between decomposing leaf
drology for point and regional calculations of annual forestand root pools was set at a constant ratio of 60:40.
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Table 1. Estimated NASA-CASA parameter settings and sources for BOREAS simulations.

Model parameter Units NSA OBS NSA fen
Geographic

Latitude and longitude 55.88°N, 98.48°W 55.91°N, 98.42°W
Elevation m 259 211
Overstory vegetation

Leaf nitrogen content percent 0.7 (2, 3) 0.5*
Leaf lignin content percent 28.2 10.0*
Maximum stomatal conductance mrrt-s 1.0 (2,14) 5.0 (13)
Maximum C fixation efficiency g C-Mm3 0.25-0.4 (4) 0.4*
One-sided maximum LAl rhnT? 4.0 (8, 10) 2.0*
Specific leaf area f(g C)?! 0.027 (2, 13) 0.025 (13)
Litter C allocation %leaf:root:stem 15:25:60 (2) 55:35:10*
Rooting depth m 0.5 (1, 12) 0.5 (1)
Canopy albedo unitless 0.1 (6) 0.2 (6)
Ground cover

Cover type Mixed moss (11) Sphagnummoss
Nitrogen content percent 2.2 (11) 2.2 (11)
Ground cover thickness m 0.3 (2) 0.5*
Bulk density g-cre 0.03 (5, 11) 0.03*
Water-holding capacity g-gdry 2.0 (5)

Thickness of humus (including peat) m 3.0 (1) 2.0* (1)
Humus bulk density g-cm 0.1 (5) 0.1*
Water-holding capacity of humus glodry 3.5 (5)

Mineral soils

Bulk density g-cre 0.8 (7) 0.1*
Texture %sand:silt:clay 26:29:45 (7) 45:50:5*
Minimum water content % bed volume 22 (5)

Field capacity % bed volume 36 (5)

Total porosity % bed volume 45 (5)

Soil depth to permafrost m 0.5 (1, 12) 2.0 (1)
Total organic carbon g CTh 12 000 (9)

Note: Blanks are shown for parameters with no readily available values, in which case the default model value for
boreal ecosystems was used (Potter 1999). Sources are given in parentheses: (1) Zoltai et al. (1988); (2) Hunt and
Running (1992); (3) Trofymow et al. (1995); (4) Goetz and Prince (1996, 1998); (5) Frolking et al. (1996); (6) Betts
and Ball (1997); (7) Burke et al. 1997); (8) Chen et al. (1997); (9) Frolking (1997); (10) Gower et al. (1997); (11)
Harden et al. (1997); (12) Kimball et al. (1997); (13) Liu et al. (1997); (14) Saugier et al. (1997).

*Values are estimated based on the compilation of literature sources cited under this parameter category.

the spruce trees reach a height of approximately 10 m. The
ground cover is a mix of feather moss (e.@leurozium
Initialized state and driver variables used in the modelschreberi(Brid.) Mitt.) with lower level areas of sphagnum
were designed to reproduce, as closely as possible, ecosyseat bog (Harden et al. 1997). Observations at BOREAS
tem conditions during 1994-1996 at two BOREAS differentsites show that the root zone of conifers is thin (generally
sites, old black spruce (OBS) forest and fen, both locate&50 cm deep) and is contained entirely within the living and
within the Northern Study Area (NSA) near Thompson,decomposing moss—humus layer.
Man. At the NSA, soils are predominantly derived from Gla-  The NSA fen area nearest to where the tower is located is
cial Lake Agassiz sediments and consist of clays, organicsalled a “rich” fen (Bubier et al. 193§ with no permafrost
and some sandy deposits area (Veldhuis 1998; H. Veldhuigollapse features. Tamarackafix laricina (Du Roi) K.
unpublished data). The topography is generally flat withkoch) and bog birch Betula glandulosavlichx.) are com-
abundant wetland areas, such that drainage of much of th@on tree species found in the open graminoid fen along with
area is poor. Bog and fen ecosystems occur on most of theedges (e.gGarexspp.). The ground cover is predominantly
low-lying terrain where permafrost is absent. Permafrost ochrown mosses (e.gDrepanocladus Scorpidiumspp.), al-
curs a few feet below the surface in upland veneer bOgS. |ﬁhough Sphagnum moss (e_@phagnum fuscur('S(;himp_)
also occurs at a greater depth under thickly wooded slopeklinggr) dominates the collapsed “poor” fen and intermedi-
Literature sources from BOREAS were surveyed, and thete fen sites and on some hummocks in the rich fen. A col-
data values reported therein were compared for determinagpsed fen or palsa is commonly described as a topographic
tion of representative parameter settings for model initialdepression covered by vegetation where the ice has melted
conditions (Table 1). and the ground has collapsed (Zoltai et al. 1988). For the
Overstory vegetation at the NSA OBS site is about 70—-9(Qpurposes of this modeling comparison to measurements, we
years old. Leaf area coverage is relatively homogeneous anglill focus primarily on the poor-to-intermediate fen areas as

Model input data and initialization for sites
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ecosystems of median pH and productivity in the wide rangesites, and by TGB-3 (Bubier et al. 1995199%, 1998) at
of northern peatland types (Bubier et al. 1998). NSA fen sites.
Daily climate data sets used for model input have been
constructed for BOREAS—NSA sites using meteorologicalSoil temperature
measurement records compiled from the Saskatchewan Re-Predicted daily temperatures at 20 cm depth (below
search Council's automated meteorological station (Shewchugground cover surface) in the soil profile were compared to
1997) at Thompson, Man. Using the reported 15-min averdaily average estimates of soil temperatures measured at this
age values for 1994 and 1996, we performed a quality assusame depth by several field teams at the NSA-OBS site
ance check for data anomalies. Missing data were filled in(Fig. 3). Model temperatures closely track values measured
with observations from the previous 1- to 24-h period. Dailyby TGB-12 (and by TF-3 for areas of sphagnum moss cover)
input data for the model were generated from precipitatiorduring the summer growing season (June—September). Pre-
totals over a 24-h period and by averaging net radiation fluxdicted soil temperatures were generally warmer than ob-
measurements over daylight hours. Other meteorological inserved during the January—February winter period, although
put parameters were averaged over a 24-h period. model predictions closely reproduced measured values again
Net primary production (NPP) including moss cover andduring the remaining winter months.
belowground components of the ecosystem was estimated We note that relatively cool summer temperatures pre-
using parameter settings from Table 1 for the NASA-CASAdicted at 20 cm soil depth by the model do not represent the
NPP algorithm (Potter and Klooster 1997). Seasonal patterngotential decoupling of thermal and moisture fluxes ob-
of litter fall, plus initial states for forest floor litter pools and served where the forest ground cover is predominantly
sail C pools at the sites were also adopted from methods ddeather moss. This is in contrast to areas of sphagnum cover,
scribed by Potter (1997). The model was initialized for litterwhich tend to remain wetter over the summer months
and soil C and N pool sizes using mean monthly climate(Harden et al. 1997) and hence appear to better match the
drivers for a simulation run time of 100 years. No further heat flux calculations produced by our model (Fig. 3). Drier
“tuning” of internal model variables was necessary to initiatefeather moss areas at OBS sites occur in association with
the daily simulations for 1994 and 1996. For example, tim-closed forest canopies. Sphagnum moss, which covers about
ing of seasonal frost conditions reported to exist in the orthe same total area of forest floor as feather moss at the
ganic and mineral soils are allowed to develop in a manneNSA OBS site, is associated more commonly with scattered
consistent with the model’s seasonal freeze—thaw algorithmsireas of stunted black spruce (Goulden and Crill 1997).
We assumed that plant-mediated transport (by sedge) of soil Daily mean soil temperatures at two fen measurement lo-
gas dominated the methane emission pathways in the poeations are compared in Fig. 3. One location is the small fen
and intermediate fen ecosystems, which means that followarea associated with the OBS tower site and measured by
ing early season plant growth, the model’s oxidation, diffu-TGB-1 in 1994, while the other location is the larger peat-
sion, and ebullition processes are largely by-passed followingand area at the main tower NSA fen site measured by TGB-
production of CH deeper in the soil profile. With falling 3. Reported soil temperatures at the NSA fen site are notably
water table late in the summer, accelerated,@rhissions higher and more closely track mean surface air temperatures
may occur, mainly by ebullition pathways (Potter 1997). than those at the small OBS fen from about June onward.
Model settings required to reproduce the soil temperature
patterns measured at the NSA fen site, therefore, must repre-
Modeling results and interpretation sent soil thermal conditions nearer to the wet ground cover
surface than those used for model estimates at the small
Simulation model results were generated for diagnostic©OBS fen site.
comparison to field observations and flux measurements col-
lected during the 1994 BOREAS field campaign. Several reSnowmelt and water table
search teams collected data at the NSA OBS and NSA fen In terms of seasonal soil moisture and water table dynam-
sites. We note that, although the available references facs, timing of snowmelt and the pattern of spring thaw is
team field work are included below, they may not represent alocumented as an important factor controlling early season
final analysis of the BOREAS measurement data nor thetand water balance at BOREAS sites. Moss ground cover
teams’ complete scope of work on the BOREAS project. becomes active as early snowmelt occurs (Bubier et al.
The BOREAS experimental teams are categorized numert998), weeks before lower soil layers thaw to tree rooting
ically according to emphasis on trace gas biogeochemistrgepth. Depending on microtopographic position, the surface
(TGB) or tower flux (TF) methods. Time-series measure-of moss layers may then dry out rapidly as air temperatures
ments of soil temperature and GQ@lux were made by warm in the spring. Once the thaw period has ended, sum-
BOREAS TGB-12 (Winston et al. 1997) and by TF-3 and mer rainfall appears to penetrate readily through the moss
TGB-1 (Goulden and Crill 1997) at the NSA OBS site, andground cover and mineral sand layers until it reaches an un-
by TGB-3 (Bubier et al. 1998) and TF-10 (Lafleur et al. derlying semi-impermeable layer of permafrost, where it
1997) at NSA fen sites. Latent heat flux (LE) measurementsubsequently either accumulates upward with a rising water
were also reported for the NSA OBS stand by TF-3table, or runs off, depending on the local drainage and to-
(Goulden et al. 1997). Moisture dynamics in the groundpography.
cover and humus, together (in certain cases) with WTD and For comparisons to our predictions of snowmelt, measure-
methane flux measurements, were made by TF-10 (Price ements of changes in snowpack depth at the BOREAS NSA
al. 1995) and TGB-1 (Moosavi and Crill 1997) at NSA OBS in 1994 indicate that rapid snow loss was underway by
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Fig. 3. Top panels: Measured mean daily air temperatures (shaded line), predicted soil temperatures at 20 cm depth (black line), and
measurements at 20 cm depth by TGB-1 (OBS; shaded circle), TF-3 (OBS; solid triangle, feather moss; open triangle, sphagnum
moss), TGB-12 (OBS and OBS fen, open diamond), and TGB-3 (fen; solid square, hollow collapsed fen, collar 2) during 1994. Bot-
tom panels: Predicted ET (solid line, overstory; shaded line, moss ground cover) and ET measurements by TF-3 (OBS; open triangle)
and TF-10 (fen; cross). The midnight to midnight average of ET at the OBS site was computed for days during which no fewer than
44 half-hourly flux measurement data points (i.e., >90%) were recorded.
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Julian date 100 (mid-April) and continued for about the nexta microtopographic multiplier setting on daily PPT inputs of
30 days (Levine and Knox 1997). Similarly, our model re-3 = 3.2 or 4.5 (depending, respectively, on settings for hum-
sults predicted snowmelt beginning on Julian date 107 andhock or hollow location within the fen sites) to most closely
lasting for the following 31 days. A predicted total of reproduce observed patterns of WTD (Fig. 4). Model predic-
17.2 cm of water was added to the soil profile over this timetions for WTD compare favorably with peak daily measure-
period in the snowmelt model run for 1994. The model pre-ments of WTD made in the 1994 growing season (Lafleur et
dicts snowmelt beginning about 14 days later in 1996, thal. 1997) and throughout May—August 1996 (Bubier et al.
result of colder (—1°C on average) springtime temperature4998). Rapid rates of decline in WTD during July and Au-
compared with 1994, gust 1996 can be captured by this simple hydrologic model,
Results of modeling daily WTD at the NSA OBS site are but predictions are somewhat less consistent with measured
more difficult to validate than most other diagnostic vari- rates of decline in WTD during 1994. In addition, rapid in-
ables. Moosavi and Crill (1997) reported measurements tereases in simulated WTD following large precipitation
suggest that WTD was consistently around —25 cm (negativevents are not observed in field measurements for early July
values are for depths below the ground cover surface) during994 nor for mid-September 1996.
the 1994 growing season. Our model requires a microtopo-
graphic multiplier setting on daily PPT inputs Bf= 0.5 to  Evapotranspiration
closely reproduce this typical pattern of WTD at the OBS Field measurements during the BOREAS experiment sug-
site. With thisp setting, predicted mean WTD during the gest that, although moss and humus layers may remain par-
1994 summer growing season was between —18 and —36 ctially wet for most of the summer growing season, ground
for the entire year. This implies that water run-on accumu-cover probably does not exert the major limiting control over
lated in the OBS soil profile is derived from neighboring transpiration water losses and surface energy balance at the
stand areas covering about one half of an equivalent microforest stand level during seasonal warming periods. The ex-
topographic unit area in BOREAS spruce stands. ception may be in open sphagnum-dominated areas. Instead,
For the NSA fen sites, the soil hydrologic model requiresrelatively low soil temperatures and nutrient-poor soils lead
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Fig. 4. Top panels: Recorded daily precipitation at Thompson, Man., in 1994 and 1996. Bottom panels: Predicted water table depth (solid
line) for NSA fen site and measured depth by TF-10 (cross) and TGB-3 (solid square, hollow collapsed fen, spur 3) in 1994, and by
TGB-3 in 1996 (squares) for two microtopographic positions (solid line and solid square, hollow; shaded line and open square, hum-
mock). A measurement of zero represents WTD at the wetland surface, and negative values indicate a WTD below the wetland surface.
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to low seasonal photosynthetic rates in trees, which in turgrowing season months of June through September (com-
lead to measurements of slow evapotranspiration rates (i.gpared with a measured mean flux of 0.19 cm-dgywith
low Bowen ratio) at BOREAS tower sites (Hall et al. 1996). only 6 days reaching what could be considered unrealisti-
The same trend of low LE flux during midsummer has alsocally high ET rates of >0.5 cm-dayfor this stand (Goulden
been observed at BOREAS fen sites (Lafleur et al. 1997)et al. 1997). These 6 days represent the warmest and sunni-
Much of the available surface energy is dissipated as sensest conditions observed for the site during the 1994 growing
ble heat, which often leads to the development of a deegeason, with average daily temperatures near or above 20°C
(3000 m) and turbulent summer atmospheric boundary layemand relative humidity readings below 45%. During the cold
Hence, the boreal forest’'s strong biological control limiting months of October through May, presumably periods when
surface evaporation is a key diagnostic feature for simulaET fluxes from trees are minimal, predicted fgTwater
tion modeling of this ecosystem. The important model vari-losses from the ground cover layer (mean 0.06 cntlay
ables controlling resistance to LE fluxes should be soilclosely match measured ET rates for the OBS stand. Hence,
temperature in the spring and atmospheric relative humidityt appears that the model’'s ET flux estimates for the stand
and air temperature in the summer and fall (Hall et al. 1996are strongly controlled by soil temperature during early
Margolis and Ryan 1997). growing season months and by variability in relative humid-
Our model predictions for daily ET closely track mea- ity and air temperature during the middle to late growing
sured flux rates for stand water loss throughout the year &#€ason.
the OBS site (Fig. 3). We estimate the root mean square er- Rates of ET for fen sites have been reported as higher
ror (RMSE) for comparison between daily model predictionsthan forest ET rates at midday (Lafleur et al. 1997). This
and measured stand water fluxes to be 0.015 cm*dRye-  pattern is also reproduced by the model (Fig. 3) with mean
dicted ET from spruce trees begins to increase at about thaaily rates of predicted stand ET of 0.27 cm-dagpnd
time snowmelt has completed in May and soil temperaturd®.39 cm-day* for the NSA fen during the growing season
(at 20 cm depth) reach positive values (°C), a pattern alsmonths of 1994 and 1996, respectively. We hypothesize
seen in the measured ET fluxes at the OBS site. Mean dailfrom these model results that, during summer 1996 when
rates of predicted stand ET are 0.21 cm-dayuring the potential latent fluxes were higher than in 1994, inundated
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Fig. 5. Top panels: Predicted net ecosystem production (NEP) of carbon (solid line) and average daily NEP fluxes measured by TF-3
in 1994 (OBS; triangle) and by TGB-3 in 1996 (fen; solid square, hollow; open square, hummock). The midnight to midnight average
of NEP at the OBS site was computed for days during which no fewer than 44 half-houg\flGOmeasurement data points (i.e.,

>90%) were recorded. Bottom panels: Predicted net primary production (NPP) for the respective sites and years (solid line, overstory;
shaded line, moss ground cover).
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fen vegetation would suffer less water stress than sprucasymmetry in NSA OBS ecosystem production (Fig. 5). For

stands. fen simulations, we predict annual NPP during 1994 as
250 g C-m?year?! and during 1996 as 270 g C-fiyear?,

Net primary production and NEP with about 83% from overstory vegetation production and

Based on previous observations, major limiting factors tol /% from ground cover production.
primary production at the BOREAS study areas include the Predicted annual rates of total soil €@ux (R) and
relatively short growing season, low light interception by heterotrophic CQ flux (R.) are 317 g C-nf-year® and
tree canopies (due in part to high foliar clumping), and207 g C-m*year?, respectively, at the NSA OBS location
frozen soils late into the spring warming period. Typical an-during 1994 (Fig. 6). SoilR; fluxes include both hetero-
nual NPP for black spruce stands at the NSA has been estirophic R, fluxes and root respiration. Comparison of these
mated by Gower et al. (1997) at around 220 g C-year?,  soil respiration estimates with measured fluxes is compli-
and at 152 g C-nt by Frolking (1997) for 1994 simulations. cated by the high variability in static chamber measurements
Our model predicts comparable NPP for the NSA OBS siteat locations within the NSA OBS site, which differed in
at 158 g C-m-year® during 1994 and at 135 g C-year!  terms of soil temperature (Frolking et al. 1996). Neverthe-
during the 1996, with contributions of 75% from overstory less, model results generally match the range of measured
vegetation production and 25% from ground cover producfluxes for R. Both measured and modeled data sets show
tion. The springtime months during 1994 were somewhatess seasonal asymmetry than predicted NPP fluxes and typi-
warmer than those of 1996, which may account for the dif-cally higher flux rates (= 0.5 g C-Thday™) than NPP dur-
ference in annual NPP totals between the years. Overall, sebrg nongrowing season months (October—May). Predicted
sonal model results are consistent with observed productiofiuxes for R, during the coldest months appear to be lower
patterns at BOREAS study sites, including the prediction othan expected, although there are no measurements of soil
limited net carbon gain by trees until about the first week ofrespiration fluxes at the NSA OBS site in midwinter for
June, followed later by rapid decline of NPP around the enccomparative purposes. On an annual basis, we estimate from
of September, which is indicative of the observed seasondhe modeling results that heterotrophic £fux (R,) repre-
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Fig. 6. Top panels: Predicted soil respiration (solid line, heterotrophic; shaded line, total soil); bottom panels: Predicted methane fluxes
(solid line, emission 1994; shaded line, consumption 1994; broken line, emission 1996), with daily measured fluxes by TGB-1 (shaded
circle) for OBS-left; and OBS fen (right) in 1994, and by TGB-3 (NSA fen (right), solid square 1994 and shaded square 1996). Meth-

ane measurements by TGB-3 are an average of up to seven collars in the collapsed fen (CF) located just east of the main trail to the

fen tower hut (Bubier et al. 1995.

1994 OBS 1994 Fen
7 7
~ 6 — i
- < ° °
z z
S T 5
Sy N
gy o© g 4 - [ ]
&) Q (] (<}
2 ° o o 2
< 3 <3
o %o ° S 3 ° i
O @ o° © @] °
z 2 o ° 3 27 [ o
5] o o %} &®
! o, 1 /“""‘EJ%“‘%
th—-_'—\,_\_r?_\”an . Ao _,_,"“_,J.h.ﬂr\ : o n Ny
O1 31 61 91 121 151 181 211 241 271 301 331 361 0 31 61 91 121 1ot 181 211 241 271 301 331 361
Julian Date Julian Date
4.0 200 =]
3.0 4
~ 150 -
= 20 A -
2 ° %
kS ] k=]
o 1.0 o 100 -
= . g
g) 0.0 4 ?E,J
< 1.0 4 P = 307
jas) ° ° jas)
© 504 ° © 0
3.0 4
-4.0 -0 131 61 91 121 151 181 211 241 271 301 331 36l

1 31 61 91 121 151 181 211 241 271 301 331 361

Julian Date Julian Date

Table 2. Mean daily (growing season, June to September) and annual ecosystem fluxes for net carbon dioxide and methane simulated
at BOREAS sites.

Mean NEP (g C-nt-day’) Total NEP (g C-m>year’) Mean methane (mg-Thday') Total methane (mg-tyear?)

NSA site 1994 1996 1994 1996 1994 1996 1994 1996
OBS 0.35 0.30 -49.1 -25.8 -0.79 —-0.86 -120 -131
Fen 0.88 0.78 -10.7 -11.8 4.0 5.2 525 827, 329*

*The first value is for hollows, and the second is for hummocks.

sents about 66% of total sdR, fluxes at the NSA OBS dur- a small difference between two relatively large numbers
ing 1994. These same general seasonal patterns in mod@®PP andR,;).
and measured soil respiration fluxes are found for the NSA Qur seasonal model estimates of NEP are consistent with
fen sites (Fig. 6). tower measurements of average daily JlDxes at the NSA

Net ecosystem production (NEP) of carbon is estimated a®BS (Fig. 5). We estimate the RMSE for comparison be-
the difference between NPP af fluxes. Positive NEP in- tween daily model predictions and measured,@3change
dicates net fluxes of COfrom the atmosphere to the ecosys- flux to be 1.0 g C-m-day™. Both modeled (Table 2) and
tem, whereas negative NEP indicates net source fluxes aheasured (Goulden et al. 1997) totals for the year suggest a
CO, from the ecosystem to the air. Annual integration of small net source of ecosystem carbon (NEP between -25
daily NEP estimates may be used to characterize the ecosyand —50 g C-nt-year?) to the atmosphere. Negative NEP
tem in terms of its carbon sink potential. According to previ- estimates from the tower fluxes are reproduced closely by
ous modeling studies, interannual variability in NEP can bethe model for the nongrowing season period. Although pre-
substantial (up to £35%) in the boreal forest (Frolking dicted growing season fluxes for 1994 track the majority of
1997), a result that is partially the consequence of estimatingaily tower estimates for NEP, several high positive esti-
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mates are not duplicated by the model. By one way of explamodel used here includes this general emission mechanism,
nation, we note that it remains to be conclusively determine@pparent high methane outgassing during the late growing
whether such high tower estimates for daily NEP are an artiseason is a characteristic of these boreal fen sites during pe-
fact of nighttime measurement biases (low soil respiratiorriods when WTD is falling well below (>5 cm) the peat sur-
estimates) in the tower flux data. face. Modification of the model algorithm for CH

For the NSA fen sites, our model predicts annual NEP ofproduction rates at low WTD can be implemented to repre-
—10 and —11 g C-m-year* for 1994 and 1996, respectively. sent this CH emission feature of the BOREAS fen site. An-
Seasonal comparisons of measured and modeled fen NERher explanation for high measured £Emissions late in
are presented for 1996 (Fig. 5), in which it appears that théhe growing season could be increased turnover of root bio-
model predictions can closely track net carbon exchangeass in the fen vegetation, creating a pulse of labile carbon
rates for fen hollow sites as estimated by Bubier et alfor methanogenesis. Once again, alternation in the model al-
(1998). As was the case in the NSA OBS comparisons, sewgorithms for can be implemented to represent this process of
eral high positive NEP measurement estimates are not dupliapid root turnover.
cated by the model. This explains the lower annual NEP Nevertheless, as consistent with field measurements, pre-
predictions for NSA fen areas from the model used heredicted CH, fluxes suggest that on average the OBS site was
compared for example to recent carbon sink estimates by net sink of —0.8 mg ClinT?-day™ during growing season
Trumbore et al. (1999) of 31-180 g Chyear® NEP in  months, whereas the fen site generated net emissions of 3—

poor and intermediate fens at the BOREAS NSA. 150 mg CH-nT2-day™. For the OBS site, the model predicts
mean daily rates of CHemission and uptake, respectively,
Methane emission rates at 0.20 and —-0.85 mg Gjhr>day™ over the 1994 growing

season. This results in an annual predicted net sink of about

The principal controller that favors high methane emis- > 1
sions observed from BOREAS wetland sites is elevated wa=120 Mg CH-nm*year- for the spruce stand. The NSA fen

ter table (+10 cm), accompanied by relatively warm soilS/t€ IS a predicted annual source of between 300 and 850
temperatures and adequate carbon substrate for metharf@9 CHynT>year”, depending mainly on seasonal precipita-
genesis (Moosavi and Crill 1997). Microtopographic loca-t0n patterns, WTD, and microtopographic position. This an-
tion, defined as hummock versus hollow position within ahual emission flux is consistent with some previous
boreal fen, can strongly influence these environmental confStimates of annual fen Glémission rates in the boreal re-
trollers (Bubier et al. 1995). gion (Roulet et al. 1992, Vitt et al. 1990) but is lower than

Peaks in methane emissions predicted by the model coirfzf[hers (Moorg and Knowles 1990)' Fen hollow areas are pre-
cide with dates of high rainfall input and snowmelt, which d!cted to emit almost three times more methane during a
raise run-on and elevate WTD to levels of +5 cm and abové!Ve"n year than hummock areas, a pattern that maiches
(Fig. 6). In addition, seasonal patterns of soil C¢ission ~ CloSely to the measured difference in mean,Qhix rates
and uptake fluxes are influenced notably by accumulate eported by (Bublgr et al'. 1985 199%) for hOHOW and
soil heat content at both the OBS and Fen sites. For the OB ummock areas within their NSA tower fen site.
site, average WTD of below —15 cm throughout the pre-
dicted growing season leads to estimation of continuous upSensitivity tests
take of CH, by methanotrophic microbes, assumed to be Model predictions of relatively small annual NEP fluxes,
active in the surface soil layers during warm months, a, CH as measured for selected boreal ecosystems (Goulden et al.
uptake levels consistent with measured rates (Moosavi antl997; Trumbore et al. 1999), are subject to switching from
Crill 1997). The apparent seasonal timing of Cliptake is  negative (net ecosystem source) to positive (net ecosystem
also predicted accurately by the model. sink) if either of the predicted components of NEP, namely

As noted for the previous soil temperature comparisonsNPP or soil respiration fluxes, can be altered even slightly in
two BOREAS fen measurement locations for methane fluxesponsive to changes in internal model settings. Because
are compared in Fig. 6; one is the small fen associated withoreal forests occupy about 11% of the terrestrial surface,
the OBS tower site measured by TGB-1 in 1994, and theeven small errors in estimation of annual NEP at the forest
other is at the main tower NSA fen site measured by TGB-3stand level can add up to large extrapolated fluxes for atmo-
in both 1994 and 1996. These two fen areas are clearly difspheric carbon at the global level. Therefore, an important
ferent in their capacity to act as net methane sources. Thase of carbon cycle models is to investigate which ecosys-
smaller, colder fen associated with the OBS stand is probaem parameters can potentially cause large swings in annual
bly less productive than the fen tower sites and, thereforeNEP estimates, for instance from a ¢€®ource to a CQ
cycles less carbon in the soil during the growing season. sink.

Model predictions for daily and annual GHux (Table 2) We therefore carried out selected sensitivity tests of our
generally match measured flux levels for both 1994 andmnodel for the OBS site using 1994 daily climate drivers to
1996. One exception is that the model does not predict elesvaluate the influence of several model settings on predic-
vated methane fluxes into late August 1994, as measured ljons of annual NEP. These settings includg dllocation
Bubier et al. (1998), when both predicted and recorded constants for NPP carbon to wood biomass and woody detri-
WTD had declined to near or below the peat moss surface dtis inputs to decomposing litter carbon pools, which if de-
the NSA fen site. It has been observed in previous field studereased could lead to lower carbon sink potential for the
ies that higher CH fluxes in peatlands can accompany aforest stand;i{) accumulation rates of total NPP carbon in
falling water table (Windsor et al. 1992), and although thedecaying moss ground cover layer;)(precipitation run-on
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Fig. 7. BOREAS regional model results for NEP in two different climate years. Spatial resolution is 1°, using regional data drivers de-
scribed in Potter (1999) and Potter and Klooster (1998). Contour lines are labeled in units of gy€ant.
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rates for surface water accumulation in the forest soil proinitialization on model results is investigated in more detail
file, which would cause a change in WTD in the spruceby Potter et al. (2001).
stand and potentially alter moisture controls on soil organic We observed a more modest effect on the predicted net
matter decomposition rates; angt)(higher stand light utili- source flux of ecosystem carbon from a change in the sur-
zation efficiency for conversion of surface irradiance toface water accumulation in the forest soil profile. By reduc-
plant fixed carbon, either by altering the empiriegl,,term  ing the microtopographic multiplier setting on daily PPT
in the model NPP equation or by changing the assumethputs to a value of = 0, annual NEP was changed slightly
FPAR setting for the forest canopy. to -51 g C-rm?-year?, which suggests that the marginally
We found that, by decreasing fractional allocation rates ofdrier soil conditions weakly increase carbon turnover rates in
annual NPP carbon to wood biomass pools from the defaulihe litter and soil organic matter pools.
model setting of 60% to a revised value of 40%, which is By far the largest effect on predicted NEP was generated
consistent with the NSA OBS estimate of woody detritus al-by changing the model settings for light utilization efficiency
location fraction reported by Gower et al. (1997), a minorin the forest canopy. With a change in either the value of our
change in annual predicted NEP values was observed, with @odel &y, term to 0.4 or canopy FPAR to 0.9, values con-
small increase in the net source of ecosystem carbon fror@istent with high end of measured ranges reported in
—49 to —52 g C-nf-year! to the atmosphere. This suggests BOREAS spruce stands by Cihlar et al. (1997) and Goetz
that for short-term simulations of the forest carbon cycle orand Prince (1998), annual NEP was changed from a net
the order of a few years, improved estimates of allocatiorfource of C to the atmosphere to a net ecosystem sink of
coefficients for NPP carbon to woody detritus pools will not 2bout 22 g C-nf-year™. Hence, this sensitivity analysis sug-
greatly affect the prediction of stand carbon balance. Effect§ests that those stand characteristics most closely coupled

of wood accumulation rates on longer time scales could b&ith NPP inputs to the ecosystem carbon cycle will most
different though. strongly affect the prediction of net G@xchange over the

Predicted changes in annual forest NEP were more senst'Ort periods of several years.
tive to alterations in the accumulation rates of total ground
cover NPP in decaying moss ground cover layers. To be corg
sistent with the full range of results from Trumbore and
Harden (1997), we set detrital accumulation rates to 45% for The evaluation of simulation results at the site level is a
estimated annual C inputs of moss production, comparedecessary precursor to extrapolation of flux predictions
with the default model setting 30%. Under these conditionsacross larger areas. Subsequent approaches to scaling-up
the net source flux of ecosystem carbon decreased by abontodel results for trace gas flux estimates over the entire
30% to —34 g C-nif-year! NEP. These findings indicate the North America boreal forest region will rely heavily on inte-
relative sensitivity of the model NEP results to the proceduregration of satellite data to characterize properties of the land
used to initialize the below ground and surface pools of carsurface, such as FPAR. We have previously quantified poten-
bon. The potential influence of stand age characteristics antial errors in spatial data layers used as regional model in-

egional application results
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puts for BOREAS (Potter et al. 1999), as independent fromally on the order of 50%, which may be attributable to lim-
prediction errors that may result from model design or pro-ited model information on within-site microtopographic
cess algorithms (this study). Our analysis of land cover, hycharacteristics of the measured vegetation, ground cover,
drology, and soils maps generated as part of the BOREASNd soils.
project suggests that coverages for plant functional types, The NASA-CASA model is designed to use remotely
derived from a combination of Landsat Thematic Mappersensed ecosystem type and vegetation properties (FPAR and
(TM) and Advanced Very High Resolution Radiometerleaf area index) directly, together with gridded climate in-
(AVHRR) satellite images, provide the highest quality infor- puts, to drive simulations of soil trace gases and NEP over
mation to define ecosystem model parameters over the reseveral years (Potter and Klooster 1998) and under future
gion. climate change scenarios. It is clear from the site-level eval-

As first model application over the entire BOREAS re- uation of the model presented in this paper that certain inter-
gion, we have upscaled NASA-CASA predictions of NEPnal variables should be carefully assigned to boreal
for several years using the monthly AVHRR vegetation in-ecosystem types as the simulations are scaled-up to a re-
dex to estimate changes in FPAR at a 1° spatial resolutiorgional level. Specifically, ecosystem settings for average
Regional data drivers used here are essentially the same escrotopographic effect of water run-on and runoff can af-
those described in Potter (1999) and Potter and Kloosteflect estimates of WTD and net methane emissions. Within
(1998). In summary, complete AVHRR data sets for thefen sites, hollow and hummock areas should be treated dif-
1980s have been produced from National Oceanic and Atferently in terms of this microtopographic effect. Likewise,
mospheric Administration (NOAA) Global Area Coverage results of ET simulations suggest that the ecosystem setting
(GAC) level 1B data. For surface temperature and precipitafor maximum stomatal conductance makes a difference in
tion drivers, long-term (1931-1960) average values froncorrectly regulating overall stand water balance. Further in-
Leemans and Cramer (1990) were adjusted using monthly Iformation being developed by BOREAS investigators on the
climate anomalies for the period 1980-1988 (Dai and Fungproperties of moss and lichen ground covers will be useful
1993). Average monthly solar irradiance data was obtaineddditions to the spatial data base to support regional simula-
from Bishop and Rossow (1991) for the BOREAS region. tions of the boreal water and carbon cycles.

Comparison of two different climate years (Fig. 7) suggest
that, under wetter precipitation conditions, the model pre;Acknowledgments
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