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Diurnal and annual exchanges of mass and energy between
an aspen-hazelnut forest and the atmosphere: Testing the
mathematical model Ecosys with data from the BOREAS

experiment
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Abstract.

There is much uncertainty about the net carbon (C) exchange of boreal forest

ecosystems, although this exchange may be an important part of global C dynamics. To
resolve this uncertainty, net C exchange has been measured at several sites in the boreal
forest of Canada as part of the Boreal Ecosystem-Atmosphere Study (BOREAS). One of
these sites is the Southern Old Aspen site at which diurnal CO, and energy (radiation,
latent, and sensible heat) fluxes were measured during 1994 using eddy correlation
techniques at different positions within a mixed 70 year old aspen-hazelnut forest. These
measurements were used to test a complex ecosystem model “ecosys” in which mass and
energy exchanges between terrestrial ecosystems and the atmosphere are simulated hourly
under diverse conditions of soil, management, and climate. These simulations explained
between 70% and 80% of diurnal variation in ecosystem CO, and energy fluxes measured
during three 1 week intervals in late April, early June, and mid-July. Total annual CO,
fluxes indicated that during 1994, aspen was a net sink of 540 (modeled) versus 670
(measured) g C m~2 yr~!, while hazelnut plus soil were a net source of 472 (modeled)
versus 540 (measured) g C m~2 yr~ . The aspen-hazelnut forest at the BOREAS site was
therefore estimated to be a net sink of about 68 (modeled) versus 130 (measured) g C
m~? yr~! during 1994. Long-term simulations indicated that this sink may be larger during
cooler years and smaller during warmer years because C fixation in the model was less
sensitive to temperature than respiration. These simulations also indicated that the
magnitude of this sink declines with forest age because respiration increases with respect
to fixation as standing phytomass grows. Confidence in the predictive capabilities of
ecosystem models at decadal or centennial timescales is improved by well-constrained tests

of these models at hourly timescales.

1. Introduction

Boreal forests are currently thought to be an important sink
for atmospheric C [Keeling et al., 1996]. However, the warming
of these forests caused by rising CO, concentrations and tem-
peratures hypothesized in some global climate change studies
[e-g., Sellers et al., 1996] have caused concern that this sink may
be reduced, leading to increased C accumulation in the atmo-
sphere. The sensitivity of net C exchange to climate change is
determined by complex interactions between C fixation and
respiration, each of which is in turn determined by complex
responses to climate. Because net exchange is small in com-
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parison to fixation and respiration [Black et al., 1996], there is
a need for accurate calculation of the responses of fixation and
respiration to climate if reliable estimates of climate change
effects on net C exchange are to be made. This need is most
likely to be met by biophysically based ecosystem models that
accurately represent the basic processes by which climate af-
fects C fixation and respiration.

The sensitivity of net C exchange to hypothesized changes in
climate will be primarily determined by the effects of rising
CO, concentrations on mass and energy exchange between the
forest canopies and the atmosphere, and by the effects of rising
temperature on evapotranspiration and respiration by forest
canopies and soils. The effects of CO, on mass and energy
exchange arise from those on C fixation [Stitz, 1991] and sto-
matal conductance [Curtis, 1996]. The effect of CO, on C
fixation is caused by its effect on rubisco specificity for CO,
versus O, [Jordan and Ogren, 1984]. The magnitude of the CO,
effect on C fixation is influenced by temperature [Idso et al.,
1987] through the effect of temperature on rubisco kinetics
and on the solubility of CO, versus O,. It is also influenced by
irradiance [Allen et al., 1990], because CO, affects light and
dark reactions to differing degrees, and by nutrients [Kimball,
1993] through constraints that nutrient availability imposes
upon rubisco kinetics. The effect of CO, on stomatal conduc-
tance occurs because CO, affects C fixation comparatively less
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than it does CO,, concentration gradients across stomata [Ball,
1988]. Changes in conductance with CO, cause CO, effects on
C fixation to be influenced by plant water stress [Chaudhuri et
al., 1990; Rogers et al., 1986]. The biological basis for each of
these CO, effects on C fixation and stomatal conductance must
be represented in ecosystem models used to study climate
change effects on net C exchange.

Rising temperatures cause higher evapotranspiration by
causing greater vapor pressure gradients to develop between
the soil and plant surfaces and the atmosphere. Actual changes
in evapotranspiration under hypothesized changes in climate
will depend upon the extent to which higher evapotranspira-
tion due to higher temperature will be offset by lower transpi-
ration due to lower stomatal conductance under higher CO,.
Sustained increases in temperature will eventually lead to
lower soil and plant water status and hence lower stomatal
conductance and C fixation. Rising temperatures also cause
higher soil and plant respiration which if not offset by higher C
fixation will cause net losses of soil C [Jenkinson et al., 1991;
Kirschbaum, 1995; Parton et al., 1995]. The biological basis for
each of these effects of temperature on evapotranspiration and
respiration must be represented in ecosystem models used to
study climate change effects on net C exchange.

Ecosystem models used to estimate climate change impacts
on net C exchange should be based upon algorithms in which
complex interactions among temperature, irradiance, nutri-
ents, CO, and water on C, and water exchange are represented
using basic biophysical principles. These interactions are highly
dynamic and nonlinear, with pronounced temporal and spatial
variation at a subdaily (e.g., hourly) timescale and at a sub-
canopy (e.g., leaf) spatial scale. Some of the current efforts
[e.g., Bonan et al., 1997; Kimball et al., 1997; Frolking, 1997] to
model these interactions use temporally aggregated climate
data (irradiance, temperature, humidity, wind, and precipita-
tion), usually at a daily timescale, and spatially aggregated
vegetation, usually at a community scale, to calculate climatic
effects on C and water exchange. However, the complex and
nonlinear nature of climate interactions on C and water ex-
change may reduce confidence in the results of such aggrega-
tion. Results from these models cannot be tested directly
against fluxes of mass and energy measured at subdaily time-
scales but rather against indices of these fluxes that have been
aggregated to the same spatial and temporal scales as those at
which the model functions. These indices (e.g., daily net C
exchange) are the net results of several different interacting
processes (e.g., transient plant C fixation and plant plus soil
respiration), so model testing cannot be resolved to the process
level at which it is better constrained.

We propose an alternative approach to the modeling of net
C exchange in which the major processes of C transformation
are first simulated and tested at temporal and spatial scales of
the hour and the organ (e.g., leaf) or population (e.g., species).
Results from these tests are then aggregated to and tested at
temporal and spatial scales of the decade and the community
[Grant, 19963, b]. This approach benefits from the better con-
strained testing possible at higher temporal and spatial reso-
lution while enabling the examination of model behavior at the
lower temporal and spatial resolution at which ecosystem re-
sponse to climate change must be evaluated.

Mass and energy exchange between the boreal forests and
the atmosphere suitable for high-resolution model testing have
been measured at several sites in the Boreal Ecosystem-
Atmosphere Study (BOREAS) [Margolis and Ryan, 1997). Ex-
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Figure 1. Mass and energy exchanges between the atmo-
sphere and the complex soil and plant surfaces represented in
“ecosys.” Rn, net radiation; LE, latent heat; H, sensible heat;
C, carbon; N, nitrogen; P, phosphorus.

changes measured at the Southern Old Aspen site [Black et al.,
1996] were selected for initial model testing because measure-
ments were conducted at different spatial scales (organ, spe-
cies, community) which allowed concurrent model testing.
Measurements at other sites in BOREAS will be used for
model testing at a later date.

2. Model Development
2.1. Ecosystem-Atmosphere Energy Exchange

The accurate simulation of energy exchange between the
atmosphere and the terrestrial surfaces is a key requirement of
ecosystem models such as “ecosys,” because this exchange is
believed to affect the exchange and transport of energy in the
atmosphere and hence to affect climate. Ecosystem-atmo-
sphere energy exchange is strongly controlled by ecosystem
water and nutrient status, so that these controls must be accu-
rately represented in ecosystem models.

Energy exchange between the atmosphere and the terrestrial
surfaces is resolved hourly in ecosys into that between the
atmosphere and the canopy of each plant species, as described
by Grant et al. [1998, equations (1)—(15)] and elsewhere [Grant
and Baldocchi, 1992; Grant et al., 1993e, 1995¢] and that be-
tween the atmosphere and each of snow, residue, and soil
surfaces [Grant et al., 1998, equations (16)—(23)], Grant [1992],
Grant et al. [1995b] (Figure 1). Total energy exchange between
the atmosphere and the terrestrial surfaces is calculated as the
sum of the exchanges with each plant canopy and each snow,
residue, and soil surface.

Canopy energy exchange in ecosys is calculated from an
hourly two-stage convergence solution for the transfer of water
and heat through a multispecific, multilayered soil-root-canopy
system. The first stage of this solution requires convergence to
a canopy temperature at which the first-order closure of the
energy balance is achieved for the canopy of each plant species.
The energy balance requires first that the absorption, reflec-
tion and transmission of both shortwave and photosynthetically
active radiation be calculated for each leaf and stem surface in
a multilayered canopy. Radiation includes direct and diffuse
sources, defined by solar and sky angles as well as forward and
backscattering within the canopies. Leaf and stem surfaces are
defined by species, height, azimuth, inclination, exposure (sun-
lit versus shaded) and optical properties. Nonuniformity in the
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horizontal distribution of leaf surfaces within each canopy
layer (clumping) is represented by a species-specific intercep-
tion fraction between zero and 1 which describes the fractional
exposure of leaf and stem surfaces to direct and diffuse irra-
diance (versus self-shading). The fraction of photosynthetic
photon flux density absorbed by each canopy is used to parti-
tion the exchange of longwave radiation emitted by sky,
ground, and canopy surfaces, the net values of which are added
to total shortwave radiation absorbed by all leaf and stem
surfaces to calculate canopy net radiation.

The energy balance then requires solutions for latent and
sensible heat fluxes at the temperature of each canopy. If free
water is present on leaf or stem surfaces, latent heat flux is
calculated from evaporation determined by canopy-atmo-
sphere vapor density gradient and acrodynamic conductance.
If free water is not present, latent heat flux is calculated from
transpiration from leaf surfaces, which is also determined by
stomatal conductance. Sensible heat flux is calculated from
canopy-atmosphere temperature gradient and aerodynamic
conductance. Canopy heat storage is calculated from changes
in canopy temperature and from the masses and water con-
tents of leaves, twigs, and stems.

Aerodynamic conductance in encrgy balance solutions is
calculated from zero plane displacement and surface rough-
ness heights of each canopy derived from their heights and leaf
areas [Perrier, 1982]. Aerodynamic conductance of nondomi-
nant canopies is reduced according to the differences between
their heights and that of the dominant canopy, as proposed by
Choudhury and Monteith [1988]. Stomatal conductance is cal-
culated for each leaf surface of each canopy from leaf carbox-
ylation rate and from the CO, concentration gradient across its
stomates [Grant et al., 1998, equations (48)—(53)]. Leaf con-
ductances are aggregated to the canopy level for energy bal-
ance calculations [Grant et al., 1998, equations (13)-(15)]. Two
controlling mechanisms are postulated for stomatal conduc-
tance: (1) leaf carboxylation rate at nonlimiting water potential
as determined by ambient irradiance, temperature, and CO,,
and (2) canopy turgor potential at ambient total and osmotic
water potentials [Grant et al., 1998, equations (24) and (25)] as
determined by canopy water potential. The calculation of leaf
carboxylation rate and canopy turgor potential is described
below. A hypothesis that stomatal conductance is controlled by
root-derived signals [e.g., Gollan et al., 1986] is not yet included
in the model because of uncertainty in its parameterization.

2.2, Canopy Water Relations

The simulation of water status effects on energy exchange is
based on coupling the uptake of water from the soil through
the root to the canopy with the evaporation of water from the
canopy to the atmosphere. This coupling determines the water
status of the canopy and hence its conductance to water vapor.

The second stage of the hourly solution for heat and water
transfer therefore requires convergence to a water potential
for each canopy at which the difference between canopy tran-
spiration and root water uptake [Grant et al., 1998, equations
(32)—(37)] equals the difference between canopy water content
at its previous water potential and that at its current water
potential. Canopy water potential controls transpiration by
determining canopy turgor (calculated as the difference be-
tween canopy water and osmotic potentials) which affects sto-
matal conductance and thereby canopy temperature, vapor
pressure, and conductance to vapor transfer. Canopy water
potential controls root water uptake by determining canopy-
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soil water potential gradients, which are also determined by
soil-root and root-canopy hydraulic conductances in each
rooted soil layer. Soil-root conductance is calculated from root
length, given by a root growth submodel [Grant, 1993a, b,
1998a; Grant and Robertson, 1997], and from soil-root hydrau-
lic conductivity calculated according to Cowan [1965]. Root-
canopy conductance is calculated from radial and axial con-
ductances [Reid and Huck, 1990] of primary and secondary
roots, as described by Grant [1998a]. If the convergence crite-
rion for difference between canopy transpiration and uptake
versus change in canopy water content is not met, the energy
balance is solved again using an adjusted value for canopy
water potential. The convergence is then repeated using new
values for transpiration, uptake, and change in canopy water
content calculated from the adjusted water potential.

23. Canopy C Fixation

Because leaf C fixation rate partly determines leaf conduc-
tance to water vapor, the accurate simulation of leaf C fixation
is an important requirement of ecosystem models. Leaf C
fixation is determined by carboxylation, which is controlled by
irradiance, temperature, and leaf CO, concentration, and by
diffusion, which is controlled by the atmosphere-leaf CO, con-
centration gradient and leaf conductance. The coupling of
carboxylation and diffusion in ecosys allows the calculation of
a leaf C fixation rate, which is then aggregated to the canopy
level.

This coupling occurs after successful completion of the sec-
ond stage of the convergence solution for heat and water
transfer, when a convergence solution [Grant et al., 1998, equa-
tion (54)] is used to calculate gaseous CO, concentration and
its aqueous equivalent in the mesophyll of each leaf surface in
each canopy. These are the concentrations at which the diffu-
sion rate of gaseous CO, [Grant et al., 1998, equation (48)]
equals the carboxylation rate of aqueous CO, within each leaf
surface [Grant et al., 1998, equation (47)]. The diffusion rate is
calculated from the concentration gradient across the stomates
divided by the stomatal conductance [Grant et al., 1998, equa-
tions (49) and (50)] given from the convergence solution for
heat and water transfer described above. The carboxylation
rate is the minimum of that from dark and light reactions
[Grant et al., 1998, equations (38)-(46)] calculated according to
Farquhar et al. [1980]. These reactions are driven by the prod-
uct of the specific activities and areal concentrations of rubisco
or chlorophyll at each node. These concentrations are deter-
mined by the growth of each leaf as affected by environmental
conditions (CO,, radiation, temperature, water, nitrogen). The
photosynthetic photon flux density by which the light-limited
carboxylation rate is controlled is given by the absorption of
photosynthetically active radiation described above. The CO,
fixation rate of each leaf surface is added to arrive at a value
for gross CO, fixation by each branch of each canopy.

2.4. Canopy C Respiration

Plants both fix and respire C, so net C exchange between
plants and the atmosphere is the difference between the two. If
ecosystem models are used to calculate net C exchange and
hence ecosystem contributions to atmospheric CO, concentra-
tions, the accurate simulation of C respiration is essential.
Respiration has two components: maintenance respiration, re-
quired to maintain the biological integrity of the plant, and
growth respiration, required to form new plant material.

The hourly product of CO, fixation is added to a C storage
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pool for each branch of each canopy from which C is oxidized
hourly to meet maintenance and growth respiration require-
ments [Grant et al., 1998, equations (27) and (28)]. Low C
storage may cause C oxidation to be less than maintenance
respiration, in which case the difference is made up through
respiration of remobilizable C (considered to be equal to the
protein fraction) of leaf and twig C. Remobilization starts at
the lowest node at which leaves and twigs are present and
proceeds upward. Upon exhaustion of the remobilizable C in
each leaf or twig, the remaining C is dropped from the branch
and added to the soil surface. Environmental constraints such
as N, heat, or water stress which reduce C fixation with respect
to maintenance respiration will therefore accelerate the loss of
leaf and twig C from the plant. Net CO, fixation is calculated
for each branch as the difference between gross fixation and
the sum of maintenance, growth, and senescence respiration.

2.5. Nutrient Uptake

The simulation of nutrient status effects on energy exchange
is based on the coupling of nutrient (nitrogen N and phospho-
rus P) uptake from the soil through the root to the canopy with
nutrient assimilation in the root and canopy. This coupling
determines nutrient concentrations in the leaf which in turn
determine leaf carboxylation rates and hence leaf conductance.

Nutrient (N and P) uptake is calculated hourly for each plant
species by iteratively converging toward values for aqueous
concentrations at its root and mycorrhizal surfaces in each soil
layer at which radial transport by mass flow and diffusion from
the soil solution to the surfaces equals active uptake by the
surfaces [Grant and Robertson, 1997, equation (14)]. The aque-
ous concentrations of nutrients in each soil layer are controlled
by precipitation, adsorption, and ion-pairing reactions [Grant
and Heaney, 1997), solute transport [Grant and Heaney, 1997],
and microbial activity [Grant et al., 1993a, b]. Mass flow is
calculated from root water uptake described above, and diffu-
sion is calculated from root length densities given by the root
growth submodel [Grant, 1993a, b, 1998a; Grant and Robertson,
1997]. Root uptake is calculated from root surface area [ltoh
and Barber, 1983, given by the root growth submodel, and is
constrained by root oxygen uptake and nutrient storage [Grant,
1998a]).

2.6. Plant Growth

Growth respiration drives expansive growth of vegetative
and reproductive organs at different nodes of each shoot
branch through mobilization of storage C, N, and P according
to phenology-dependent partitioning coefficients and bio-
chemically based growth yields [Grant and Hesketh, 1992]. This
growth is used to calculate the lengths, areas, and volumes of
individual internodes, sheaths, and leaves [Grant, 1994a; Grant
and Hesketh, 1992] from which heights and areas of leaf and
stem surfaces are calculated for irradiance interception and
aerodynamic conductance algorithms described above. Growth
respiration also drives extension of primary and secondary root
axes and of mycorrhizal axes of each plant species in each soil
layer through mobilization of storage C, N, and P as described
by Grant [1993a). This growth is used to calculate lengths and
areas of root and mycorrhizal axes from which root uptake of
water [Grant et al., 1998] and nutrients [Grant and Robertson,
1997] is calculated. Transfers of storage C, N, and P among
different shoot branches and root axes are driven by concen-
tration gradients [Grant, 1998a] which arise from the proximity
of each plant part to the site of resource acquisition and from
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the resource consumption rate of each plant part. Storage N or
P concentration and turgor potential may constrain C oxida-
tion for growth in different parts of the shoot and root, causing
storage C to migrate toward zones of lower C concentration
where C oxidation is more rapid. Low storage N or P concen-
trations may also reduce leaf N and P concentrations, thereby
reducing leaf carboxylation rates and hence leaf conductance.
For perennial plant species, soluble C, N, and P are withdrawn
from storage pools in shoot branches into a long-term storage
pool in the crown during autumn, causing leaf senescence.
Soluble C, N, and P are remobilized from this pool to drive leaf
and twig growth the following spring. The timing of withdrawal
and remobilization is determined by duration of exposure to
cool temperatures (between 3° and 8°C) under shortening and
lengthening photoperiods, respectively.

2.7. Soil Microbial Activity

The aqueous concentrations at which nutrients are main-
tained in the soil and hence the rates at which they are taken
up by plants are strongly controlled by microbial activity in the
soil. This activity is coupled to the oxidation of soil C and the
reduction of O, and other electron acceptors and hence to the
exchange of C with the atmosphere. The accurate simulation of
soil microbial activity is therefore an important requirement of
ecosystem models.

Microbial activity in ecosys is represented as a parallel set of
substrate-microbe complexes [Grant et al., 1993a, b] which
include the rhizosphere [Grant, 1993c], plant residues and an-
imal manure [Grant and Rochette, 1994], and native organic
matter [Grant et al., 1993a, b]. Within each complex the activ-
ities of obligately aerobic, facultatively anaerobic, and obli-
gately anaerobic heterotrophs are simulated hourly at the tem-
peratures and water contents of plant surface residue and of a
spatially resolved soil profile [Grant, 1997; Grant and Rochette,
1994; Grant et al., 1997] given from the energy balance calcu-
lations described above. Aspen and hazelnut residues are par-
titioned into carbohydrate, protein, cellulose, and lignin frac-
tions according to Trofymow et al. [1995], each of which is of
differing vulnerability to hydrolysis by heterotrophic decom-
posers (Table 3). Soil organic matter is also partitioned into
fractions of differing vulnerability to hydrolysis. All heterotro-
phic populations conduct C oxidation to support growth and
maintenance processes, the total of which drives CO, emission
from the soil surface. This oxidation is coupled to the reduc-
tion of O, by all aerobic populations (including populations of
N, fixers), to the sequential reduction of NO3, NO3, and N,O
by heterotrophic denitrifiers [Grant et al., 1993c, d; Grant and
Pattey, 1999] and to the reduction of acetate by heterotrophic
methanogens [Grant, 1998b]. In addition, autotrophic nitrifiers
conduct NH; and NO; oxidation [Grant, 1994b] and N,O
evolution [Grant, 1995], and autotrophic methanotrophs con-
duct CH, oxidation [Grant, 1999].

The rates of all heterotrophic and autotrophic oxidations are
driven by changes in the free energies of reactants and prod-
ucts. All soluble and gaseous reactants and products undergo
convective-dispersive transport through the soil profile [Grant
et al., 1993c; Grant and Heaney, 1997].

3. Field Experiment
3.1. Site Description

The Southern Old Aspen site of BOREAS is located at
53.7°N 106.2°W (Prince Albert National Park, Saskatchewan,
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Table 1. Physical and Biological Properties of the Orthic Gray Luvisol at the Southern Old Aspen Site Reported by D.
Anderson (TE-01) and used in “Ecosys”
Depth, m

0.01 0.03 0.06 0.16 0.45 0.61 0.81 1.01 1.43 1.79 1.95
BD, Mg m~3 0.16 0.16 0.16 1.24 1.53 1.53 1.53 1.42 1.53 1.53 1.53
0_ g3mpa: m®m™3 0.40 0.40 0.40 0.149 0.211 0.196 0.175 0.194 0.177 0.245 0.257
0_) onpe, M° M3 0.20 0.20 020 0.6l 0130 0113 0106 0125 0089 0138  0.157
Sand, kg kg™! 0.0 0.0 0.0 610 484 576 514 486 484 550 364
Silt, kg kg™* 0.0 0.0 0.0 281 222 190 263 281 276 312 396
PH 6.7 6.7 6.8 6.4 6.5 6.6 8.2 8.3 8.4 8.5 8.9
CEC, cmol kg™! 110 110 67.0 8.2 19.1 150 11.6 11.4 8.3 11.7 13.3
Org. C, g kg_1 397 397 331 6.5 5.1 30 42 40 35 3.6 4.6
Org. N, mg kg™! 21246 21246 20596 483 491 351 289 280 257 249 195
Org. P, mg kg1 1741 1741 1379 216 237 324 494 454 505 529 511

Org, organic.

Canada) near the southern limit of the boreal forest on an
Orthic Gray Luvisol (Typic Haploboroll, Table 1) overlying a
glacial till. The overstory at this site is 70 year old aspen
(Populus tremuloides Michx.), 21.5 m high with a stem density
of 860 ha™'. The understory is dominated by hazelnut (Corylus
cornuta Marsh.), 2 m high with occasional wild rose (Rosa
woodsii Lindl.) and alder (Alnus crispa Pursh).

3.2. Canopy Mass and Energy Exchange

Fluxes were measured during 1994 using eddy correlation
with sonic anemometers mounted above the aspen overstory at
39 m (DAT-310, Kaijo-Denki, Tokyo) and above the hazelnut
understory at 4 m (model 1012R2A Solent, Gill Instruments,
Lymington, England) and with closed-path infrared gas ana-
lyzers (model 6262, LI-COR Inc., Lincoln, Nebraska). Instan-
taneous measurements of vertical wind speed and scalar quan-
tities at 20 Hz were used to calculate half-hourly average fluxes
with corrections for air density and sample cell pressure. Vapor
densities measured at 4 m were checked against those from an
open-path H,O analyzer (model K20 hygrometer, Campbell
Scientific, Logan, Utah). Net radiation was measured with net
radiometers mounted on the main flux tower at 33 m (model
S-1, Swissteco Instruments, Oberriet, Switzerland) and on a
65 m mobile tram at 4 m (models S-1 and S-14 miniature,
Swissteco Instruments).

Daytime CO, flux was measured during 1994 at the soil
surface with a soil respiration chamber (model 6000-09 LI-
COR) attached to PVC collars and a portable photosynthesis
system (model 6200 LI-COR). Meteorological data, including
global shortwave radiation, air temperature, wind speed, hu-
midity and precipitation, were recorded as 15 min averages
during 1994, 1995, and 1996 over the aspen canopy at the
Southern Old Aspen site, as described by Shewchuk [1996].
Yearly-averaged climate data are given in Table 2. Further
details about site measurements are reported by Blanken et al.
[1997] and Black et al. [1996].

Table 2. Yearly Averaged Climate Data Recorded at the
Southern Old Aspen Site During 1994, 1995, and 1996

1994 1995 1996
Maximum temperature, °C 6.16 4.83 3.73
Minimum temperature, °C —-2.96 -3.49 -5.01
Solar radiation, MI m~2d™! 11.03 11.45 11.10
Precipitation, mm d ™! 117 1.08 1.14

3.3. Leaf CO, Fixation

On August 24, 1994, selected leaves near the tops of the
aspen and hazelnut canopies were enclosed in the cuvette of a
portable gas exchange system (model MPH-1000, Campbell
Scientific, Logan, Utah) with an infrared gas analyzer (model
6262, LiCor Inc., Lincoln, Nebraska) and a dew point mirror
(model Dew-10, General Eastern, Woburn, Massachusetts)
which enabled precise control of CO,, temperature, irradiance,
and humidity at the leaf surface. The leaves were subjected to
incremental changes in either CO, concentration, air temper-
ature, or irradiance with all other environmental conditions
held constant. Response of CO, flux to CO, concentration was
measured at high irradiance (about 1000 wmol m~2 s™') and
high chamber humidity (70-80%). Response of CO, flux to
irradiance was measured after preconditioning to 1000 pmol
m~ 2 s~ ", Irradiance was then increased in steps of about 300
wmol m~2 s until saturation was evident and then decreased
in steps to zero. Response of CO, flux to temperature was
measured by increasing chamber temperature from 15° to 35°C
in steps of 2.5°C under saturating irradiance and constant dew
point temperature. This protocol was chosen to mimic the
covariation of leaf temperature and vapor pressure deficit that
occurs naturally on warm, dry days in this environment. Mea-
surements of CO, flux and stomatal conductance were taken
when steady state values were achieved (usually 30 min after
conditions were changed).

3.4. Ecosystem C Distribution

Allometric equations relating diameter measured at 1.4 m
above ground to biomass of stem, branch, and foliage, to sap-
wood volume, and to leaf area were developed by Gower et al.
[1997] for each tree within each of four 30 m X 30 m replicated
plots near the flux tower at the Southern Old Aspen site. Each
of these trees was taken to represent a number of other trees
of similar stature on an areal basis in order to scale all mea-
surements from the plot to the hectare. Understory vegetation
was removed from a 2 m X 2 m subplot randomly located in
each of the 30 m X 30 m main plots and stored at 3°C. Samples
of this vegetation were separated into ephemeral plant mate-
rial, and into new or old foliage and twigs from perennial
plants. Sample components were then dried and weighed.

Distances between adjacent rings were measured by Gower
et al. [1997] to the nearest pm (Dual Axis Optical Micrometer
and Spalding B5S Digital Position Display System, Gaertner
Scientific, Chicago, Illinois) in cores removed from each tree in
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Table 3. Biological Properties of Aspen, Hazelnut, and Soil Microbial Populations Used in Ecosys

Variable Value Units
Aspen and Hazelnut
Maximum carboxylation rate 50 pmol CO, g~* rubisco s™!
Maximum rubisco oxygenation rate 105 wmol O, g™ rubisco s!
Maximum electron transport rate 500 pmol e~ g~! chlorophyll s*
Quantum efficiency 0.5 pmol e” pmol quanta
M-M constant for carboxylation 12.5 uM CO,
M-M constant for oxygenation 500 pM O,
Fraction of leaf protein in rubisco 0.25 gCgic
Fraction of leaf protein in chlorophyll 0.05 gCg!lC
Maximum N:C ratio in leaf 0.15 gNg!'C
N:C ratio in twig and root 0.0375 gNg'icC
N:C ratio in stem 0.0025 gNg!'C
Maintenance respiration of plant 0.016 gCg ' Nh'at30°C
Growth yield of leaf and twig 0.64 gCg!C
Growth yield of stem 0.84 gCg'C
Growth yield of root 0.64 gCg'C
Interception fraction, aspen 0.65 m? m~2
Interception fraction, hazelnut 1.0 m? m 2
Sol
Decomposition of residue carbohydrate 1.0 gres. Cg ! micr. Ch™!
Decomposition of residue protein 1.0 gres. C g~ micr. Ch™!
Decomposition of residue cellulose 0.15 gres. C g ! micr. Ch™’
Decomposition of residue lignin 0.025 g res. C g~! micr. Ch™!
Decomposition of soil particulate matter 0.025 gres. Cg ' micr. Ch™!
Decomposition of soil humus 0.005 gres. C g~ micr. Ch™?
Microbial specific respiration rate 0.20

M-M const. for microbial C uptake
Maintenance respiration of labile microbe
Maintenance respiration of resistant microbe
Microbial growth yield on O,

Microbial growth yield on NO,

Microbial N, fixation yield on O,

g C g ! micr. Ch™! at 30°C
35 gCm?

0.010 gCg ! Nh' at 30°C
0.0015 gCg 'Nh'at30°C
0.60 gCg'C
0.25 gCg!lC
0.16 gNg'C

the sample plots. Annual increments in tree diameters calcu-
lated from these differences were used with the allometric
equations described above to estimate overstory growth. Lit-
terfall was collected each fall and spring from 1 X 1 m screens
in each plot and separated into leaf and nonleaf components.
The leaf component was further separated by species. This
work is described further by Gower et al. [1997].

Ten soil cores (10 cm diameter X 30 cm depth) were taken
by Steele et al. [1997] from each plot on April 28-30, 1994,
before soil thawing was complete. The soil was separated by
horizon, composited by plot, mixed, and sieved to pass through
a 1 cm mesh screen. As many fine roots as possible were
removed, after which the root-free soil was returned by horizon
into each hole and the forest floor was replaced on top. In June
1995 and 1996, five cores per plot were removed with a corer
(5 cm diameter X 30 cm depth), stored in plastic bags at 3°C,
and then elutriated (Gillison’s Variety Fabrication Inc., Ben-
zonia, Michigan). Roots recovered from the elutriation were
sorted and classified as herbaceous or woody, dried at 70°C,
and weighed. Fine root growth was calculated from changes in
fine root mass over time by Steele et al. [1997].

Allometric equations relating diameter measured at 1.4 m
above ground to aspen wood biomass were used to estimate
wood biomass of differently aged aspen stands (as measured
from '*C dating of subsurface ash layers) at several other sites
in Prince Albert National Park where the Southern Old Aspen
site is located.

4. Model Experiment
4.1.

The ecosystem model ecosys was initialized with data for the
physical properties of the Orthic Gray Luvisol at the Southern
Old Aspen site [Anderson, 1995, Table 1], and with parameters
for the biological properties of aspen and hazelnut (assumed to
be identical), and of soil microbial populations (Table 3). All
model parameters for C fixation and respiration by plant and
microbial populations were the same as those used in earlier
studies of C and energy exchange over agricultural crops
[Grant and Baldocchi, 1992; Grant et al., 1993¢, 1995¢, 1999¢]
and soils [Grant, 1994a, 1997; Grant and Rochette, 1994; Grant
et al., 1993a, b, ¢, d, 1995b, 1997]. Model parameters for plant
architecture and growth habit were those of a perennial decid-
uous tree. No alteration of model parameters from those used
in earlier studies was conducted for the aspen-hazelnut study
reported here.

The model was then run for 100 years under random yearly
sequences of hourly-averaged meteorological data recorded in
1994, 1995, and 1996. During the first year of the run, aspen
and hazelnut were seeded onto bare soil at 0.1 and 1.0 m ™2,
respectively. The aspen was provided with a small C reserve to
simulate regrowth from C stored in roots. At the beginning of
every tenth year of the model run, all hazelnut stems were
transferred from standing phytomass to surface residue, so new
stems regrew from the soil surface the following spring.

Model Initialization and Run
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4.2. Model Results

During the seventicth year of the model run, hourly mass
and energy exchange over aspen and hazelnut simulated with
1994 meteorological data were compared with results obtained
from the overstory and understory flux towers at the field site
during 1994. Simulated CO, and energy fluxes over the aspen
were calculated as the sum of those from the soil surface, the
surface residue, the hazelnut, and the aspen. Simulated CO,
and energy fluxes over the hazelnut were calculated as the sum
of those from the soil surface, the surface residue, and the
hazelnut. Three 1 week periods were selected for comparison.
The first was in early spring (April 24 to May 1) after snowmelt
and before leaf-out to observe model behavior when foliage
was not present. The second was in late spring (June 7-14)
during a transition from clear to cloudy weather to observe
model response to changing atmospheric conditions. The third
was in midsummer (July 15-22) when radiation and tempera-
ture were greatest to abserve model simulation of larger mass
and energy fluxes.

After completion of the model run, all state variables in the
model were initialized with the values they had held at the end
of August 23 of the year during which the mass and energy
exchange comparisons described above were made. The model
was then run for 24 hours during which incremental changes
were made in either atmospheric CO, concentration, air tem-
perature, or irradiance with all other environmental conditions
held constant at values used in the leaf CO, fixation study
described above. CO, fixation rates and stomatal conductances
simulated for an individual leaf surface in the upper part of
both the aspen and the hazelnut canopies were compared with
measured values.

Model results for annual net primary productivity (NPP),
net ecosystem exchange (NEE), and aboveground phytomass
growth of a 70 year old aspen-hazelnut forest under 1994
climate were then compared with estimates of NPP, NEE, and
growth derived from aggregated flux data and from tree ring
analysis during 1994. Model results for C accumulation in
different ecosystem components {e.g., leaves, roots, forest
floor) were also compared with data obtained from the field
site and from other related sites. Long-term model results for
C accumulation in aspen stems and branches were compared
with results of allometric studies of aspen growth in the same
ecological zone as that of the field site.

5. Results

5.1. Leaf CO, Fixation and Stomatal Conductance

The responses of CO, fixation and stomatal conductance by
selected leaf surfaces to increasing temperature, irradiance,
and CO, concentration simulated on August 24 of the seven-
tieth year of the model run are compared in Figure 2 with
responses measured at the Southern Old Aspen site on August
24, 1994. In the model these responses were greater for aspen
than for hazelnut because aspen leaves had lower specific leaf
arcas and hence higher areal N concentrations and thereby
rubisco densities. Leaf N concentrations simulated under the
soil and climatic conditions of the field site declined from
~0.09 g N g C™' in early spring to ~0.07 g N g C™! during late
summer, which is consistent with average values of 0.08 g N g
C ! reported from the Northern Old Aspen site by Dang et al.
[1997]. The responses of CO, fixation and stomatal conduc-
tance to increasing temperature in the model arise from com-
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plex interactions among several processes. These include
changing CO,/O, concentrations caused by declining gaseous
solubilities, changing carboxylation, oxygenation and electron
transport rates caused by more rapid reaction kinetics, and
declining turgor potentials caused by increasing vapor pressure
differences. These interactions caused simulated leaf CO, fix-
ation and stomatal conductance to increase with temperature
below 20°C, and to decrease with temperature above 20°C for
the conditions of irradiance, CO,, and vapor pressure under
which the field measurements were taken (Figures 2a, 2b). In
the model, increases at lower temperatures were attributed to
more rapid reaction kinetics, while declines at higher temper-
atures were attributed to lower CO,:0, ratios and to lower
turgor potentials. These lower potentials were calculated from
the convergence solution described above for equilibrating
soil-root-canopy water uptake with canopy-atmosphere vapor
diffusion under canopy-atmosphere vapor pressure gradients
that rose with temperature. Hogg and Hurdle [1997] reported
that stomatal conductance of aspen at the field site declined
when vapor pressure gradients exceeded 1 kPa, a value
reached at 18°C in this study. The simulated response of leaf
CO, fixation to increasing temperature was more pronounced
than that measured (Figure 2a) and that of stomatal conduc-
tance did not reproduce the higher values measured below
20°C (Figure 2b).

The responses of leaf CO, fixation and stomatal conduc-
tance to increasing irradiance in the model are determined by
the interaction between light and dark reactions on CO, fixa-
tion under ambient temperature, CO,, and vapor pressure.
The initial slope of the irradiance response curves of aspen and
hazelnut were the same (Figure 2c), suggesting that the com-
mon value of quantum efficiency used in the model (Table 3)
for irradiance-limited CO, fixation was accurate. The transi-
tion to irradiance-saturated CO, fixation occurred at higher
irradiance for aspen than for hazelnut, due in the model to
higher areal rubisco density and hence higher maximum dark
reaction rates in the aspen. Stomatal conductance rose with
CO, fixation under increasing irradiance (Figure 2d) as re-
quired in the model to maintain a constant CO, concentration
ratio across the stomates.

The responses of leaf CO, fixation and stomatal conduc-
tance to increasing CO, concentration in the model are deter-
mined by the Michaelis-Menten constants for carboxylation
and oxygenation (Table 3) and by the effects of CO, on the
compensation point and thereby on the carboxylation efficien-
cies of the light and dark reactions. Leaf CO, fixation rose
hyperbolically with CO, concentration under the irradiance,
temperature, and vapor pressure of the field study (Figure 2e),
forcing stomatal conductance to decline (Figure 2f) in order to
maintain a constant CO, concentration ratio across the sto-
mates in the model.

5.2. Canopy Mass and Energy Exchange

5.2.1. Early spring. During the April comparison period,
solar radiation and air temperature were rising (Figure 3a),
while vapor concentration and precipitation remained low (av-
erage daytime RH =~ 50%) (Figure 3b). Snowmelt was mostly
complete by DOY 100 (April 10) in the model and DOY 102
(April 12) in the field. In the absence of leaf surfaces, most
radiant energy received by the aspen-hazelnut forest during the
week was returned to the atmosphere as sensible heat over
both the aspen (Figure 4a) and the hazelnut (Figure 4b) (sim-
ulated versus measured sensible heat fluxes: over aspen, R? =
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Figure 3. (a) Radiation, air temperature, (b) vapor concentration and precipitation during the April com-

parison period.

0.78, b = 0.94 = 0.04; over hazelnut, R* = 0.63, b =
1.22 = 0.08). In the model, large upward sensible heat fluxes
were simulated from the recently dry forest litter layer. This
layer warmed to temperatures several degrees above those of
the air, and as much as 10°C above those of the soil surface
underneath, because of its exposure to solar radiation, its low
heat capacity, and its low thermal conductivity. Similarly large
temperature differences were measured at the field site at this
time of the year [Blanken et al., 1997]. Differences in net
radiation and sensible heat flux simulated over aspen and ha-
zelnut were due to interception of irradiance by aspen stem
surfaces (Figure 4a versus Figure 4b).

CO, fluxes during late April remained small (Figure 5) be-
cause soil respiration was constrained by low soil temperatures
under the forest litter layer and because plant respiration and
fixation were constrained by the absence of leaves. A respira-
tion flux of about 2 umol m~2 s~ ! from the hazelnut canopy in
the model was caused by remobilization of storage C before
leaf-out. Small downward fluxes simulated late in the compar-
ison period indicate the beginning of CO, fixation by emerging
leaves, although leaf emergence in the field did not begin until
a few days later.

5.2.2. Late spring. Air temperatures and vapor concen-
trations were higher during the second comparison period than
during the first (average daytime RH ~ 60%). During the last
two days of this period the weather became cloudy, cool (Fig-

ure 6a), and rainy (Figure 6b). Data for net radiation were
available only over the aspen for the first and last days of the
period but were close to simulated values (Figure 7a). At this
time, total canopy leaf area in the model was 6 m* m~2 about
evenly divided between aspen and hazelnut, while that in the
field was about 5 m?> m™2, of which hazelnut was slightly larger
than aspen. The recent completion of leaf-out caused net ra-
diation and, consequently, mass and energy exchange to be
much smaller over the hazelnut than over the aspen canopy
(Figure 7b), indicating preferential interception of irradiance
by the dominant aspen canopy. The ratio of net radiation
simulated over hazelnut versus aspen in the model was partly
affected by the interception fraction used for aspen (Table 3).
This ratio increased with solar angle from 0.20 in the morning
and evening to 0.25 at midday (Figure 7a versus Figure 7b)
which was close to one of 0.26 calculated for mid-June from
net radiation measurements at 4 versus 39 m [Chen et al.,
1997].

During this period, slightly more radiant energy was parti-
tioned into latent heat than into sensible heat over both the
aspen and the hazelnut canopies (Figure 7). In the model,
energy partitioning was controlled by canopy conductance ag-
gregated from leaf conductances which were determined by
leaf CO, fixation rates and turgor potentials. Leaf CO, fixation
rates were determined by irradiance and temperature at the
leaf surfaces (Figure 2), and leaf turgor potential potentials
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Figure 4. Energy fluxes simulated (lines) and measured (symbols) over (a) the aspen overstory and (b) the
hazelnut understory during the April comparison period.

were determined by transpiration fluxes controlled by soil and
atmospheric water status. Thus higher solar radiation and air
temperatures during DOY 161 and 162 versus other DOY
(Figure 6a) caused greater leaf CO, fixation (Figure 8), and
hence greater leaf conductance, leading to greater upward
latent heat fluxes (Figures 7a, 7b). Greater upward fluxes were
also measured during these two days, so that model fluxes
followed changes in diurnal trends of measured values during
the week (simulated versus measured latent heat fluxes: over
aspen, R? = 0.79, b = 1.19 * 0.05; over hazelnut, R? =
0.56, b = 0.68 * 0.05). Turgor potentials in the model
remained high during this period, so stomatal conductance was
little affected by soil and atmospheric water status. Cool rainy
weather during DOY 164 and 165 caused measured and sim-
ulated fluxes to remain small.

CO, fluxes simulated and measured over the aspen during
this period reached downward rates of 20-25 umol m~2 s~}
during the days, indicating active fixation by aspen plus hazel-
nut leaves, and upward rates of 5-10 pmol m~2 s~ ! during the
nights, indicating aspen plus hazelnut plus soil respiration (Fig-
ure 8). In the model, overstory CO, fluxes were the net results
of aggregated CO, fixation at leaf surfaces (responses to irra-
diance and temperature shown in Figure 2), of aggregated
branch respiration by both aspen and hazelnut canopies, and of

aggregated root and microbial respiration (Table 3) through
the soil profile. Downward fluxes simulated over the aspen
were close to those measured under lower irradiance and
cooler temperatures during DOY 159 and 160 but were greater
than those measured under higher irradiance and warmer tem-
peratures (Figure 6a) during DOY 161 and 162 because mea-
sured fluxes did not respond to improved weather on these
dates (simulated versus measured CO, fluxes: over aspen, R?
= 0.80, b = 1.23 * 0.05; over hazelnut, R?> = 0.24, b =
0.32 = 0.05). Wind speeds remained below 1 m s~ on DOY
159, 160, and 163, possibly causing some scatter in the mea-
sured values. Both measured and simulated downward CO,
fluxes were reduced by lower radiation and cooler tempera-
tures during the last two days of the comparison period. Fluxes
measured and simulated over the hazelnut varied from down-
ward rates of less than 5 wmol m™2 s~! during the days,
reduced by shading from the aspen overstory, to upward rates
of 5-10 pmol m~? s~* during the nights, indicating that hazel-
nut net CO, fixation was slightly less than soil plus
aboveground hazelnut respiration. Greater upward CO, fluxes
measured and simulated during the nights over aspen versus
hazelnut indicate aspen canopy respiration above 4 m.

5.2.3. Midsummer. There was one cool, cloudy day in the
middle of the midsummer comparison period (DOY 199),
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Figure 5. CO, fluxes simulated (lines) and measured (symbols) over the aspen overstory and the hazelnut
understory during the April comparison period.
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Figure 9. (a) Radiation, air temperature, (b) vapor concentration and precipitation during the July com-

parison period.

followed by warm, clear weather (Figure 9a) with stable vapor
concentration (average daytime RH = 55%) (Figure 9b). Total
canopy leaf area and its distribution between aspen and hazel-
nut was similar to that in late spring both in the model and at
the field site. The ratio of net radiation simulated over hazel-
nut versus aspen (Figure 10b versus Figure 10a) followed the
same diurnal range of 0.20-0.25 as that during late spring,
while the ratio measured at 4 versus 39 m declined from 0.26
to 0.23. Most radiant energy received by both the aspen and
the hazelnut canopies at this time was returned to the atmo-
sphere as latent heat, fluxes of which reached 400 W m™2
during the warm weather that followed rainfall on DOY 199
(Figure 10a). Sensible heat fluxes remained low, especially
over the hazelnut (Figure 10b). In the model, high radiation
and air temperatures following rainfall on DOY 199 (Figure
9a) caused rapid leaf CO, fixation (e.g., Figure 2), and hence
large leaf and canopy conductances. These conductances, com-
bined with relatively high canopy-atmosphere vapor pressure
differences generated by higher canopy temperatures and
moderate vapor concentrations (Figure 9b), caused most radi-
ant energy to be partitioned to latent heat flux later in the
comparison period (Figures 10a, 10b). Measured latent heat
fluxes were also large at this time (simulated versus measured
latent heat fluxes during the week: over aspen, R?> = 0.78,
b = 0.97 = 0.04; over hazelnut, R2 = 0.72, b = 0.99 *
0.05). Canopy turgor in the model remained high during this

period, so canopy conductances were little affected by soil and
atmospheric water status.

Diurnal trends in CO, fluxes measured and simulated during
this period (Figure 11) were similar to those during the late
spring (Figure 8), with smaller downward and upward rates
occurring under cool, cloudy weather on DOY 199 (Figure 9a)
and greater downward and upward rates under warm, clear
weather afterward. These fluxes are driven by the aggregated
responses of leaf CO, fixation to irradiance and temperature,
as shown in Figure 2. As during the late spring comparison
period (Figure 8), fluxes simulated under higher irradiance and
warmer temperatures (after DOY 200) were higher than those
measured, while those simulated under lower irradiance and
cooler temperatures (DOY 197, 200) were closer (simulated
versus measured CQ,, fluxes during the week: over aspen, R? =
0.74, b = 0.94 * 0.04; over hazelnut, R> = 0.04, b =
0.17 * 0.06). Wind speeds remained near or below 1 m s *
before DOY 200, possibly causing some scatter in the mea-
sured values. Fluxes measured and simulated over the hazelnut
varied from downward rates of less than 5 pumol m~2 s~!
during the days to upward rates of 10 mol m~2 s~* during the
nights, indicating that hazelnut net CO, fixation was less than
soil plus aboveground hazelnut respiration. More rapid up-
ward CO, fluxes simulated during midsummer versus late
spring were caused by the effects of higher temperatures on
growth and maintenance respiration of plant and microbial
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Figure 10. Energy fluxes simulated (lines) and measured (symbols) over (a) the aspen overstory and (b) the
hazelnut understory during the July comparison period.

populations. Fluxes simulated over hazelnut were about 2
pmol m~2 s~ more upward than those measured because soil
respiration in the model was greater than that measured during

this period (Figure 12).

5.3. Annual Carbon and Water Exchange

Annual C exchange accumulated from hourly values in the
model is compared with that estimated from measured C fluxes
according to Black et al. [1996] and from allometric techniques
according to Gower et al. [1997] (Table 4). Annual ecosystem
gross CO, fixation of 1132 g C m~2 in the model was 11%
greater than that estimated by Black et al. [1996]. Fixation by
aspen in the model was more than that estimated (811 versus
690 g C m™2), while fixation by hazelnut in the model was
similar to that estimated (321 versus 330 g C m~2). The par-
titioning of CO, fixation in the model was due to canopy
dominance effects on the interception of photosynthetic irra-
diance that caused higher irradiance intensities at leaf surfaces
and consequently higher rates of leaf CO, fixation (Figure 2)
by the taller aspen canopy (Figures 8 and 11).

Annual ecosystem respiration of 1064 g C m~2 in the model
was 20% greater than that estimated by Black et al. [1996]
(Table 4). Gross fixation and respiration estimated from ag-
gregated fluxes measured above the aspen canopy may have

been reduced by refixation of respired CO, within the canopy,
although the extent to which this occurred could not be eval-
uated. Respiration in the model was partitioned more to the
aboveground aspen (271 g C m~?) and less to the soil plus
aboveground hazelnut (793 g C m~2) than was the estimated
respiration (20 and 870 g C m™~?). Annual aboveground respi-
ration of aspen and hazelnut in the model is the sum of growth
and maintenance requirements for all leaves, twigs, branches,
stems, and reproductive biomass in each canopy. Aspen leaf
biomass in the model reached a maximum value of 100 g C
m™~2 during the year of study, which was close to the average
value of 90 g C m~2 measured at several sites in the field. This
biomass would require about 50 g C m~? for growth respira-
tion and at least 75 g C m~2yr~! for maintenance respiration
using published respiration coefficients. Aspen sapwood bio-
mass after 80 years of the model run was 7.9 kg C m~2, which
was the same as that measured at the site. Annual require-
ments for growth and maintenance respiration of this biomass
have been estimated by Lavigne and Ryan [1997] to be about
60 g C m~2 and 80 g C m™2 yr™!, respectively. Additional
requirements for growth and maintenance of twigs and tepro-
ductive biomass also contributed to the model total of 271 g C
m~?2 for aboveground aspen respiration (Table 4). A corre-



GRANT ET AL.: MODELING MASS AND ENERGY EXCHANGE

overstory

30 - .

27,7113

understory ~~ "~
-

l.’ .
20 /A ®as o - .
- - " [3 - (]

109 : : ‘ oI T oA
/e ’ [ ] cllh . a
.; -. %° a o nn I‘ ! luu;h 1 °
: &~ o F‘?ﬂ? a n FEo ° ° u‘ " % « ¥, & o, 149 O pef _ o | 9.°
O -kn oY, !-' _ 4 ‘IPD o o ...‘. :"" E} Dq?ﬁﬂfu.. . #—ﬂ{;ﬂ &, r. ?Qim% :.
" L,es /m ~ a? . AR %q S - 7 had aef o~ of a2 as -] [ o o
._/'ﬂ"q "P‘V \\ !—-—",_ 3 é’ﬂ "\ o /j\\ .'.g.;:l;/ \\'.
-1 0 I o 3 s n ] ;.u— -~ N\ =) o T

-20 F———1———1"—
196 197 198

CO, Flux (umol m?s™)

——
199

L LA RN R B AL
200 201 202 203

Day of Year

Figure 11. COQ, fluxes simulated (lines) and measured (symbols) over the aspen overstory and the hazelnut

understory during the July comparison period.

sponding total of 115 g C m~2 for aboveground hazelnut res-
piration, plus 525 g C m™2 soil respiration and 154 g C m~2
aspen plus hazelnut root respiration caused the soil plus ha-
zelnut to be a net source of 472 g C m~2 in the model. Soil plus
raot respiration followed a pronounced annual cycle in both
the model and at the field site (Figure 12), rising to almost 10
pmol m~2s™! by midyear and then declining. In the model the
annual respiration cycle was driven by changes in soil temper-
ature and water content and by changes in plant phenology
that determined changes in the partitioning of plant C to roots.
This cycle was about 30 days earlier than that measured at the
field site, although total annual values of modeled versus mea-
sured respiration were similar. The combination of the soil
plus hazelnut source of 472 g C m~2 with the aboveground
aspen sink of 540 g C m~2 gave a NEE in the model of 68 g C
m ™2, Aggregation of measured C fluxes indicated a larger soil
plus hazelnut source of 540 g C m~2 combined with a larger
aspen sink of 670 g C m~2 which gave an estimated NEE of
130 g C m ™2 [Black et al., 1996). Kimball et al. [1997] simulated
a NEE of 180 g C m™2 at this site during 1994 without explicitly
accounting for the hazelnut understory.

Aboveground senescence of aspen and hazelnut in the
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Figure 12. Soil CO, flux simulated (line) and measured
(symbols) near midday during 1994 at the Southern Old Aspen
site.

model included all biomass involved in the turnover of foliage,
plus associated twigs and reproductive material. This senes-
cence was greater than that measured from litter traps (216
versus 91 g C m~2 and 66 versus 32 g C m~2 from Table 4).
Root senescence of aspen and hazelnut in the model included
all biomass involved in the turnover of roots. This senescence
of 57 + 24 = 81 g C m™~2 (Table 4) was similar to that of 46 g
C m™2 estimated from root growth measured in growth cores
and a fine root turnover index of between 1.5 and 2 calculated
from minirhizotron measurements [Steele et al., 1997]. Annual
change in both aspen and hazelnut biomass in the model (112
and 41 g C m~2) was about two-thirds that calculated from tree
Tings.

A greater fraction of annual evapotranspiration by the as-
pen-hazelnut forest was attributed to the soil in the model than
in estimates from accumulated latent heat fluxes by Black et al.
[1996] (Table 5). The partitioning of annual transpiration be-
tween aspen and hazelnut was similar in both model and field
estimates. Partitioning in the model was determined by canopy
dominance effects on irradiance interception and aerodynamic
conductance. During the period of full leaf (June 15 to Sep-
tember 7), model versus field estimates of soil, hazelnut, and
aspen contributions to total evapotranspiration were 0.12 ver-
sus 0.05, 0.16 versus 0.17, and 0.72 versus 0.78, respectively,
indicating that most of the difference in the partitioning of
evapotranspiration occurred when leaf area was low. Modeled
and measured water use efficiencies of hazelnut (4.7 and 3.5 g
C fixed kg~ ! water transpired) were higher than those of aspen
(3.3 and 2.4 g kg™"), reflecting the lower irradiance to which
the hazelnut was exposed.

5.4. Long-Term Net Ecosystem Exchange

Net ecosystem exchange varies with climate and with forest
age. Annual values of NEE in the model (e.g., Table 4) were
influenced by antecedent C storage in the aspen, hazelnut, and
forest floor and by annual weather patterns through their dif-
ferent effects on C fixation and respiration. More definitive
estimates of annual NEE in this forest should therefore be
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Table 4. Annual Carbon Balance of a 70 Year Old Aspen-
Hazelnut Forest Simulated by Ecosys and Estimated by
Aggregating Short-Term Flux Measurements and by
Measuring Changes in C Storage

gCm™?
Estimated  Estimated
Simulated From From
by Ecosys Fluxes C Storage
Aspen
Gross fixation 811 690
Aboveground respiration 271 20
Aboveground senescence 216 912
Aboveground net exchange 540 670
Root respiration® 109
Root senescence 57
Root exudation 102
Change in biomass 112 173
Change in storage -56
Hazelnut
Gross fixation 321 330
Aboveground respiration 115
Aboveground senescence 66 32
Aboveground net exchange 206
Root respiration® 45
Root senescence 24
Root exudation 34
Change in biomass 41 66
Change in storage -4
Soil Plus Hazelnut
Soil respiration 525
Total respiration 793 870
Net exchange -472 —540
Ecosystem
Gross fixation 1132 1020
Total respitation 1064 890
Net Ecosystem Exchange
68 130

*Nonfoliar litter was distributed between aspen and hazelnut sources
in proportion to their foliar litter.

®Root respiration includes only C oxidized for root maintenance and
growth. C oxidized in the rhizosphere from root exudates and senesced
root material is included in soil respiration.

derived from values simulated over several years. Average
NEE simulated during years with warmer 1994 climate data
(Table 6) were lower and more variable (i.e., more dependent
upon antecedent C storage) than those during years with
cooler 1995 or 1996 climate data because plant C fixation was
raised by temperature comparatively less than were plant and
soil C respiration (Table 6). I. A. Nalder and R. W. Wein
(unpublished data, 1998) measured larger accumulations of
forest floor C in similarly aged aspen stands under cooler

Table 5. Annual Evapotranspiration of an Aspen-Hazelnut
Forest Simulated by Ecosys and Estimated by Aggregating
Short-Term Flux Measurements

Simulated, Estimated,
mm mm
Aspen 245 284
Hazelnut 68 95
Soil 122 22
Total 435 401
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versus warmer climates in the BOREAS study area. They sug-
gested that C accumulation was more influenced by climate
effects on forest floor decomposition than by those on plant
growth.

The average rate of C accumulation in aspen wood from
planting to 100 years of age in the model was 96 g Cm™2yr~2.
This rate is similar to a rate of 80 g C m~2 yr~! calculated at
productive sites in the aspen parkland of central Saskatchewan
derived from measurements of wood volume [Kirby ef al., 1957]
and bulk density [Campbell et al., 1985], and a rate of 98 g C
m 2 yr ! calculated from wood biomass of differently aged
aspen stands in Prince Albert National Park near the Southern
Old Aspen site (Figure 13). Carbon in the model also accu-
mulated in the forest floor and the mineral soil below. Part of
the accumulation in the forest floor appeared as surface resi-
due, values of which stabilized at about 1.8 kg C m™~2 after 40
years of the model run. Halliwell et al. [1995] reported accu-
mulations of surface detritus >5 mm diameter of about 1 kg C
m 2 using a line intersect method under mature aspen stands
in Saskatchewan. The simulated accumulation of C in the
wood and soil was sustained by an average N, fixation rate of
2.5 g Nm™2yr~! in the model which is within the range of 0.35
to 3.25 g N m~2 yr~! measured in soil of aspen stands by
Brouzes et al. [1969].

6. Discussion

Complex ecosystem models such as ecosys are intended to
function at levels of temporal and spatial resolution which
extend from the higher levels at which individual processes
(e.g., leaf C fixation, microbial C oxidation) occur to the lower
levels at which changes in ecosystem behavior (e.g., NPP,
NEE) occur. The sensitivity of individual processes in such
models to defined changes in boundary conditions can be
tested directly against experimental results at high temporal
(hours) and spatial (¢cm?) resolution (e.g., leaf C fixation in
Figure 2; microbial C oxidation [Grant and Rochette, 1994)).
Such tests are well constrained because test results arise from
a single process (€.g., leaf C fixation) with unique responses to
independently controlled changes in boundary conditions (e.g.,
irradiance, temperature, CO,). Testing at this level of resolu-
tion is of great importance in supporting model estimates of
changes in NEE caused by changes in atmospheric CO, and
temperature. The results of these tests may be used to support
tests in which the sensitivity of spatially aggregated processes
to uncontrolled changes in boundary conditions are tested
against experimental results at comparable temporal (hours)
and lower spatial (m?) resolution (e.g., Figures 4 to 11). Such

Table 6. Average Net Primary Productivity (NPP) and Net
Ecosystem Exchange (NEE) Simulated (+ Standard
Deviation of Interannual Variability) in a Mixed Aspen-
Hazelnut Forest Between 65 and 80 Years of Age During
Years With 1994, 1995, and 1996 Climate Data

Climate Data, g C m™2y™!

Soil
NPP Aspen NPP Hazel Respiration NEE
1994 46+ 24 174 = 17 514 + 57 105 = 84
1995 376 = 32 200 = 52 316 + 22 260 = 17
1996 352 + 28 170 = 30 362+ 12 161 £ 24
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tests are less well constrained than those conducted at higher
resolution because test data are the net product of several
interacting processes (e.g., leaf C fixation versus plant and
microbial respiration), each of which responds differently to
changes in boundary conditions. These tests are also less well
constrained because changes in individual boundary conditions
are correlated rather than independent (e.g., diurnal changes
in temperature follow those of irradiance). These tests are
therefore less able to discriminate among alternative model
hypotheses (e.g., the accuracy of alternative hypotheses for
sensitivity to irradiance versus temperature may not be distin-
guished). The results of these tests may in turn be used to
support tests in which the sensitivity of temporally aggregated
processes (e.g., NEE) to uncontrolled changes in boundary
conditions are tested against experimental results at compara-
ble spatial (m?) and lower temporal (years) resolution (e.g.,
Figures 12 and 13, Tables 4—6). Such tests are of greatest
ecological interest but are very poorly constrained because the
test data is of low precision and may be explained by a wide
range of alternative model hypotheses, not all of which may be
widely applicable. It is therefore imperative that such tests be
extensively supported by better constrained tests conducted at
higher levels of temporal and spatial resolution before ecosys-
tem models are used for predictive purposes. The need for
such tests has driven the development of more complex models
such as ecosys.

Diurnal changes in leaf C fixation simulated under diurnal
changes in irradiance, temperature, humidity and wind speed,
when aggregated to the canopy level and combined with ag-
gregated organ respiration, explained between 70 and 80% of
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diurnal variation in CO, exchange measured over the aspen
canopy (Figures 8 and 11). Diurnal changes in leaf fixation
drove those in leaf conductance which, when aggregated to the
canopy level and used in a first-order solution to the canopy
energy balance, explained between 70% and 80% of diurnal
variation in latent heat flux measured over the aspen canopy
(Figures 7 and 10). Except for a tendency to overestimate
downward CO, flux in late spring, there were no apparent
biases in the modeled fluxes (b values not significantly differ-
ent from 1). Without an independent estimate of scatter in the
measured fluxes, there is no objective method to establish the
extent of agreement between simulated and measured values.
However, evidence presented in Figures 6—11 suggests that the
aggregation techniques used in ecosys allow leaf-level behavior
(Figure 2) to be represented at the canopy level. Such repre-
sentation is important if canopy-level responses to changes in
atmospheric temperature and CO, concentration are to be
modeled accurately. Some improvement in model accuracy
might be achieved by extending the resolution of temperature,
humidity, and CO, concentration from the canopy to the leaf
as is currently done for irradiance, but such improvement may
be limited [Sinclair et al., 1976]. Furthermore, the coupling of
a spatially resolved canopy to the spatially resolved soil profile
in ecosys would entail a considerable computational cost.

Algorithms in ecosys for the partitioning, accumulation and
senescence of C, N, and P in different organs of each plant
species (leaves, twigs, reproductive material, branches, main
stems, primary, and secondary roots) allow diurnal changes in
canopy mass and energy exchange to be aggregated from
hourly to yearly and decadal timescales. The results from such
aggregation can be tested against changes in plant and soil C
measured over the same timescales (Tables 4-6, Figure 13).
Such long-term tests can identify systematic biases in short-
term model behavior that may require several years to become
apparent in a model run, thereby providing important feed-
back to model development. Although these tests are of great-
est relevance to the ecological questions being addressed by
the model (e.g., longterm changes in NEE), they are very
poorly constrained and have little scientific value except to
support model testing at higher temporal and spatial resolu-
tion.

Model results at yearly and decadal timescales suggest that
average NEE for a 50-80 year old aspen-hazelnut forest in the
BOREAS southern study area is 160 to 170 g C m™2 yr™!
(Table 6). This value may be larger for a younger forest in
which the forest floor is still developing and may be smaller for
an older forest in which NPP is declining. Because NEE is the
difference between two much larger C exchanges, fixation and
respiration (Table 4), comparatively small changes in either
may cause comparatively large changes in NEE. Changes in
fixation and respiration may cause NEE to become smaller
during warmer years and larger during cooler years (Table 6),
although changes in NEE will be affected by intra-annual
trends in temperature and precipitation [Frolking, 1997]. It is
therefore important that model estimates of changes in NEE
continue to be tested against experimental estimates made
over several years of contrasting weather. Such testing will
support model estimates of long-term changes in NEE caused
by changes in atmospheric CO, and temperature.

Acknowledgments. Ecosys was run on a SGI/CRAY Origin 2000
provided through the Multimedia Advanced Computational Infra-
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