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Abstract

The increased frequency of high atmospheric temperatiifpgredicted under current climate change scenarios may adversely
impact net ecosystem productivity £P) of temperate and boreal conifers. The ability to simulate @ energy exchange
under contrastind@;, and vapor pressure deficib) is therefore an important attribute in models used to predict climate change
impacts on conifeNEP. We tested six ecosystem models differing in their approach to the simulatiBpaofd D effects on
CO, and energy exchange against eddy covariance fluxes recorded under claragid® over a temperate Douglas fir stand
and a boreal jack pine stand. These stands changed from sinks to sources wh@t@verT, and D rose above 25C and
2.5kPa. The extent to which the models were able to simulate these changes depended on their ability to simulate (1) lower
stomatal conductanceg,j and hence earlier midday declines in g@fluxes under higheb, and (2) rising autotrophid,) and
heterotrophicR;) respiration under rising,. Most of the models in this study accurately simulated the net gain of C by conifers
under lowT, andD, but underestimated the net loss of C by conifers under RigimdD. This underestimation was attributed to
an inadequate sensitivity @f to D and ofR, andR), to temperature in some of the models. Differences in @@xes modelled at
hourly time scales were associated with large differences in annual gross and net primary productivities modelled at annual time
scales, indicating the importance of accurately modelling these fluxes. The ability to distinguish among alternative algorithms
for their accuracy in calculating G&and energy fluxes was often limited by uncertainty in the measurement of these fluxes

* Corresponding author. Tel.: +1 403 492 4413; fax: +1 403 492 1767.
E-mail address: robert.grant@ualberta.ca (R.F. Grant).

0304-3800/$ — see front matter © 2005 Published by Elsevier B.V.
doi:10.1016/j.ecolmodel.2005.01.060



218 R.F. Grant et al. / Ecological Modelling 188 (2005) 217-252

using eddy covariance, especially when low wind speeds and stable boundary layers reduced atmospheric turbulence. Furthe
progress in model testing will require that this uncertainty be more clearly established and reduced.
© 2005 Published by Elsevier B.V.
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1. Introduction
ture.Gao et al. (2002jound that transpiration in pines
High atmospheric temperature§,f have been  was several times more sensitivelddhan was that in
shown to impact adversely the net ecosystem pro- broadleaf trees, even thoughof pines declined less
ductivity (VEP) of temperate and boreal conifers. with water potential than that of broadleaf trees due
Morgenstern et al. (2004d&pund that highT, dur- to the structure and composition of their guard cells.
ing an El Niio event reducedVEP of a temperate  They attributed the sensitivity of transpiration in pines
coastal Douglas fir stand by raising ecosystem respira- to lower xylem hydraulic conductance caused by the

tion (Re) more than gross primary productivitPP). tracheid cells from which their xylem is constructed.
Griffis et al. (2003)found that boreal conifers expe- Lower xylem conductance was hypothesized to force
rienced a pronounced mid-season declin&/##P due larger soil-canopy water potential gradients and hence

to largerR, and reducedsPP. Grant et al. (2001a) lower canopy water potentialg ) that reduced gun-
showed that boreal black spruce changed from a sink der high transpiration demand. Pre-daggof conifers

to a source of C@as daily maximum/minimum tem-  has been found to be lower than that of deciduous
perature rose above 25/16. These impacts oNEP shrubs, due to incomplete overnight recharge of plant
occurred becausgPP did not rise, and may even have water caused by low xylem conductanéogce and
declined, under higheF,, while both autotrophic and  Barbour, 2001 Menuccini and Grace (1998¢ported
heterotrophic respirationRg and Ry,) rose exponen-  thatlow xylem conductance may limit primary produc-

tially with temperature. tivity in mature pine stands.

The sensitivity ofGPP to highTy in boreal conifers The ability to simulate the sensitivity of mass and
may be biochemical or stomatal in origidéthy et al. energy exchange tB; andD is an important attribute
(1997)found degradation of PSII photochemical effi- in land surface models used to predict climate change
ciency inPinus halapensis only at temperatures >3% impacts on boreal conifeWEP. This ability requires
which is well above those at whighPP becomes con-  the accurate modelling of atmospheric effectsgpn
strained. However stomatal conductang¢ ¢f boreal either from empirical functions of photosynthetically

conifers has been frequently observed to decline underactive radiation (PAR)T,, D, soil water potentialiys)
higher atmospheric vapor pressure defidis (Grelle (Amthor et al., 1994; Chen et al., 1999; Wullschleger
etal., 1999; Ohta et al., 2001; Saugier et al., )98t et al., 2003, and atmospheric C{concentrationCz)
can occur when temperatures exceed@5Declines ~ (Hunt et al., 1999; Kimball et al., 1997or from a

in g are apparent in the larger Bowen ratios measured Ball-Woodrow-Berry functionBall, 1988 of CO; fix-
over boreal conifers under higher temperatudes\(is ation, C; and D (Arain et al., 2002; Baldocchi and
et al., 1997. Lower g caused by higheb may also Wilson, 2001; King et al., 1997; Nikolov, 1997; Wang
constrain CQ uptake in conifers. These declines are and Jarvis, 1990; Wang et al., 2002aJo many land
likely to have a direct impact oGPP by constraining surface schemes, this latter function is not explicitly

CO, diffusion into leavesKloeppel et al. (2000jound coupled with soil water status, and so requires re-
that CQ fixation by coniferous needles varied nega- parameterization with changings (Reichstein et al.,
tively with D whenD > 1 kPa.Law et al. (2000afound 2002. Stomatal conductance can also be calculated di-
that NEP of ponderosa pine approached zero wiien  rectly from CG fixation and ratios of intercellular to at-
rose to 2—-4 kPa. mospheric CQ@ concentrations(;:C,) (Grant, 200},

The sensitivity of mass and energy exchang®to the conservation of which is the key assumption on
in conifers may be caused by their hydraulic struc- which the Ball-Woodrow-Berry function is based. This
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sensitivity is best modelled at hourly or sub-hourly time Hanson et al., 2004 Although these models were

steps, because diurnal effectdnbn NEP may not be developed for the common purpose of simulating

well represented in daily time step moddlay et al., terrestrial NEP, differences have emerged in key

20003. Calculation ok from C;:Cainthese modelsre-  algorithms and parameters for soil and climate effects

quires the simulation of C&Xixation, usually based on  on soil-plant—atmosphere mass and energy exchange.

Farquhar et al. (1980jhrough which effects of PAR,  The key algorithms and parameters for these effects in

T, andC, on g are mediated. the six models are described below with reference to
Temperature effects on boréékP also include di- numbered equations ippendix A

rect effects on C@fixation, Ry andRy. Those on CQ

fixation are commonly modelled with Arrhenius func-  2.1. Boreal ecosystem productivity simulator

tions, key parameters of which are activation energies (BEPS)

(typically 50-60 kJ mot! according tdrarquhar et al.,

1980, and inactivation energies to account for con- 2.1.1. Background

straints at low and high temperatures. These functions BEPS (iu et al., 1997; Chen et al., 199%vas

may be emulated by parabolic or quadratic functions developed at the Canadian Centre for Remote Sensing

with set temperature optima (e.dg.andsberg and (CCRS) and the University of Toronto for short-term

Waring, 1997. Temperature effects oR; are com- carbon cycle simulations, while the Integrated Ter-
monly represented by exponential functions wgtfy restrial Ecosystem Carbon Cycle Model (InTEC)
between 2.0 and 2.5, and thoseRnby Arrhenius or (Chen et al., 2000a)bused here for spin-up of soil

parabolic functions similar to those on @@xation. carbon, was developed for long-term carbon cycle

The different modelling hypotheses described above simulations. These models have been used with
have been subjected to only limited comparative test- remotely sensed estimates of leaf area index (LAI)
ing against measurements MEP under changing, and land cover, and with Soil Landscapes of Canada
andD in coniferous forests (e.gsmthor et al., 2001 (SLC), forest inventory and gridded meteorological
In this paper, we analyze the ability of six ecosystem data to make regional and national estimates of net
models to simulate mass and energy exchange duringprimary productivity (VPP), NEP, and net biome
high T; events in both temperate and boreal conifers in productivity (VBP) (Chen et al., 2003
terms of the hypotheses f@t, effects on which each
model is based. This analysis is intended to establish 2.1.2. CO; and energy exchange
the comparative merits of different modelling hypothe- Because BEPS was designed for efficient remote
sesfor high temperature stress and to seek consensus ogensing applications, the full coupling between carbon
further development of these hypotheses. The two testand nitrogen cycles used in INTEC was not included, so
sites selected for this analysis are in different climatic that seasonal soil nutrient dynamics were not simulated
zones (temperate Douglas fir — western hemlock and in this study. For this reason, a BEPS model version
boreal jack pine — black spruce), but both experience with a fixed maximum photosynthetic capacity (A.1.1)
high T events that are predicted to become more fre- (Leuning, 1990 was used here instead of a later ver-
quent under most climate change scenarios. The mod-sion requiring iterations between stomatal conductance
els in this intercomparison are those participating the and photosynthetic capacityguning etal., 1995 The
Fluxnet-Canada Research Network (FCRN), the pur- effects of canopy temperaturE.j and the average leaf-
pose of which is to clarify climate and management level nitrogen (N) content on rubisco-limited G@&x-

effects onWEP of Canadian forests. ation rate ¥;) (Farquhar et al., 198Qvere considered
(A.1.2, A.1.3). The effects of; (Humphreys et al.,
2. Model descriptions 2003, soil moisture ) (Bonan, 1991; Zierl, 2001

humidity (Dang et al., 199)f and global radiation on
The six models included inthe FCRN all functionat CO, and energy fluxes were modelled through their
time steps of 1 h or less, and so represent the higher endeffects ong| (A.2.1) based odarvis (1976)CO; fixa-
of the range of temporal resolution included in earlier tionrate by the canopyt) was estimated as the sum of
model intercomparisons (e.gAmthor et al., 2001, those by sunlit and shaded leaves modelled separately
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using methods o€hen et al. (1999)ith consideration

of canopy architecture (A.2.3Chen et al., 1997 The
total canopy was separated into overstory and under-
story (Liu et al., 2003. Downward longwave radiation
used in energy balance calculations was estimated with
an empirical equation. SensiblgYand latent.E) heat
fluxes were the sums of those from overstory, under-
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agement effects oNPP and NEP of diverse ecosys-

tems (e.gGrant, 2003; Grant et al., 2001b, 2003

2.2.2. Energy exchange

Energy exchanges between the atmosphere and ter-
restrial surfaces were resolved into those between the
atmosphere and the leaf and stem surfaces of each pop-

story and moss/soil surfaces modelled separately. The jjation within the plant community, and that between

Penman-Monteith equation was used to calculdie
from all three layers (A.6.1). Canopy conductangs (

the atmosphere and each of the surfaces (soil, plant

residue, and snow) of the ground bene&hant et al.,

was a weighted average of sunlit and shaded leaves forlggg_ Energy exchange at ground surfaces was cou-

the vegetation layers (A.2.3), while for the moss/soil

pled with soil heat and water transfers, including runoff

layer an empirical equation was used that depended ON(Manning), infiltration (Green-Ampt), macropore flow

moisture in the top soil layeSellers et al., 1996

2.1.3. Autotrophic respiration and changes in
phytomass

Ra was the sum of independently calculated values
for maintenance respiratiaty, and growth respiration
Ry (A.4.1).Rg was a fixed proportion of gross primary
productivity (A.4.5), an®, was divided into leaf, stem
and root components as functions of biomass and tem-
perature (A.4.3, A.4.4).

2.1.4. Heterotrophic respiration and changes in
SocC

R, was driven by decomposition of SOC (A.5.1)
from nine pools (passive, slow, soil microbe, surface
microbe, structural foliage litter, metabolic foliage lit-
ter, structural fine root litter, metabolic fine root litter,
woody material) (A.5.9, A.5.10)Rarton et al., 1993
in four layers (A.6.7). To model the effects of soil tem-
perature {s) and6 on decomposition of these pools
(A.5.11, A.5.12), we assumed that litter and surface
microbe pools were located in the first layer, while
the remaining pools were located in the second and
third layers. The sizes of these pools were obtained
through a spin-up process using INTEC based on the
mean climate and stand age after the model was cali-
brated against measured soil carbon.

2.2. Ecosys

2.2.1. Background

Ecosys (http://www.ecosys.rr.ualberta.¢aGrant,
2001 was developed at the University of Alberta as
a detailed, comprehensive model of terrestrial ecosys-
tems. It has been used to model climate and land man-

(Poiseuille) and micropore flow (Richards) (A.6.5).
Canopy energy exchange was calculated from
an hourly two-stage convergence solution for the

transfer of water and heat through a multi-layered

multi-population soil-root—canopy system. The first
stage of this solution required convergence to a value
of T¢ at which the first-order closure of the canopy
energy balance was achieved. During convergehge,
between the atmosphere and each plant population was
controlled by aerodynamic conductangg)(and gc
(A.6.1). Two controlling mechanisms were postulated

for gc:

(1) At the leaf level, a maximum leaf conductance
gimax Was calculated for each leaf surface (A.2.1)
that allowed a se€;:C, ratio for coniferous trees
of 0.75 to be maintained at carboxylation rates
calculated under ambient irradiancg, Cs and
full turgor. Carboxylation was the lesser of gO
and light-limited reaction rated=@rquhar et al.,
1980 (A.1.13) constrained by product inhibition
(Bowes, 1991; Stitt, 1991(A.1.3, A.1.9), so
that both carboxylation rates were fully coupled
to rates of product removal. These latter rates
were determined by phytomass biosynthesis rates
controlled by plant water and nutrient uptake
rates (A.6.6, A.3.1). Values ofjnax calculated
from C;:C, and leaf carboxylation rate were then
aggregated by surface area to maximum canopy
conductancegcmax for use in the energy balance
convergence scheme.

At the canopy levelg: was then reduced from
gemaxat full turgor through an exponential function
of canopy turgor potential; (A.2.2) determined
from total v and osmoticyr, water potentials

)


http://www.ecosys.rr.ualberta.ca/

R.F. Grant et al. / Ecological Modelling 188 (2005) 217-252

221

generated during convergence for transpiration and henceR, with respect toRy, therefore hastened

versus water uptake (described in Seczo.3.

2.2.3. Water uptake

After convergence fofl;, the difference between
canopy transpirationE; from the energy balance
(A.6.1) and total water uptake; from all rooted lay-

litterfall.

2.2.6. Heterotrophic respiration and changes in
SocC

Dissolved organic C (DOC) concentrations drove
temperature-dependent (A.5.R), by heterotrophic

ers in the soil (A.6.6) was tested against the difference microbial populations (A.5.1), including obligately
between canopy water content from the previous hour aerobic, facultatively anaerobic, obligately anaerobic,
and that from the current hour. The difference between and diazotrophic heterotrophic decomposers. These

the two was minimized by adjusting. used in the next
convergence cycle. Hydraulic resistance&/tan each
soil layer were calculated from Poiseuille’s law using
root radial and axial resistivities derived Bypussan et

decomposers were associated with each SOC pool,
including plant litter (from litterfall in A.4.8), animal
manure, particulate organic matter and huntsaft,
2003. Ry by each population was constrained by

al. (1998)with root lengths and surface areas from a rates of electron acceptor §ONOs~, NO2~, N2O,
root system submodel driven by shoot-root C transfers organic C) uptake (A.5.3). All microbial populations

and root C respirationGrant, 1998a

2.24. CO; fixation
After convergence foff; and ¢, carboxylation

underwent maintenance respirati®g (A.5.4, A.5.5)
and decompositionky, in excess ofRy, was used as
growth respiratiorRy (A.5.6) which drove microbial
growth (Grant, 2003 (A.5.7). Active microbial

rates at each leaf surface were adjusted from thosebiomass resulting from growth drove temperature-

calculated under fully; to those under ambienfy

dependent (A.5.2) decomposition of each SOC pool

(A.1.4). This adjustment was required by the decrease (A.5.8), which was partitioned into components of

from gemax (A.2.1) togc at ambientyt (A.2.2) during

differing vulnerability to hydrolysis (A.5.9, A.5.10).

convergence. The adjustment was achieved throughDecomposition produced DOC which then drade

a convergence solution faf; at which the diffusion
rate of gaseous CGObetweenC, and C; through g
equalled the carboxylation rate of aqueous,@Dthe
agueous equivalent @f; (described in 2.2.2) (A.1.13).
This convergence arrived at a low@rthan that at full
Y SO thatC;:C4 declined under water stress. The £0
fixation rate of each leaf surface at convergenigg (
was added to arrive at a value for gross canopy. CO
fixation (V. = GPP).

2.2.5. Autotrophic respiration and changes in
phytomass

CO, fixation products were added to a nonstruc-
tural C pool G which was the first-order substrate
for Ry (A.4.1, A.4.2).R, was first used to meet re-
quirements foRy, (A.4.3, A.4.4), then any excess was
expended aRy (A.4.5) to drive biosynthesis accord-
ing to organ-specific growth yields (A.4.6). &, was
less thanky, the shortfall was made up through res-
piration of remobilizable protein C withdrawn from
leaf C (A.4.7), driving the loss of associated struc-
tural C as litterfall (A.4.8). Environmental constraints

2.3. Canadian land surface scheme (CLASS)

2.3.1. Background
CLASS (Verseghy, 200pwas developed by the

Meteorological Service of Canada (MSC) for cou-
pling with the Canadian General Circulation Model
(CGCM) in regional climate—ecosystem interactions.
CLASS has participated in the international Project
for Intercomparison of Land-Surface Parameterization
Schemes (PILPS).

2.3.2. CO; and energy exchange

Versions of the CLASS biospheric component (C-
CLASS) are being developed at McMaster University
(C-CLASSmM) @Arain et al., 2002; Kothavala et al.,
submitted and the University of Alberta (C-CLASSa)
(Wang et al., 2001, 2002a,b; Zhang et al., 20@bth
versions shared a common approach to the modelling
of V| and g;. Sunlit leaf area was calculated from
light extinction {Vang and Leuning, 199&ccounting
for mean foliage projection and canopy clumping

such as nutrient, heat or water stress that reduged C following Chen et al. (1997)Shaded leaf area was
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considered to be that which was not sunlit (A.2W).
(A.1.1-A.1.13) Farquhar et al., 1980and g (Ball,

R.F. Grant et al. / Ecological Modelling 188 (2005) 217-252

non-structural N pools ()N were redistributed be-
tween shoot and root according to their concentration

1988 were separately calculated for sunlit and shaded gradients. Iy was supplied by root N uptake (A.3.1)
leaves, and then multiplied by sunlit and shaded leaf constrained by soil mineral N concentration (A.3.2)

areas to obtain whole canopy values (A.2.3).

C-CLASSa and C-CLASSm differed in how this
basic model of} andg was coupled with ecosystem
C, N and water cycles.

2.4. C-CLASSa

The biospheric component of C-CLASSa consisted
of three modules: (1) a water transfer module with
calculation schemes fgg and root conductance, (2)
a plant C and N module to simulatg, R5, N uptake,
growth, and litterfall, and (3) a soil C and N module to
simulate litter and organic matter decomposition and
Rhp.

2.4.1. Energy exchange and water uptake

The canopy energy balanceefseghy et al., 1993
was solved concurrently with the canopy water bal-
ance Wang et al., 2002h by calculatingl’c, gc andyr¢

and plant N concentration (A.3.4). Further descrip-
tions of plant C and N processes in C-CLASSa can be
found inWang et al. (2001andZhang et al. (2004)

2.4.3. Heterotrophic respiration and changes in
SocC

Plant litter and soil organic matter (SOM) were sep-
arated into one surface litter layer and the three soil
layers used in CLASS (A.6.7). Litterfall from foliage
and stem (A.4.8) contributed to the surface litter pool
and litterfall from plant roots (A.4.8) and root exuda-
tion contributed to the soil litter pools. Litter and SOM
pools were each further divided into three C and N
fractions with differing resistance to decomposition,
calculated as a first-order function of each pool (A.5.8)
with fraction-specific rate coefficients (A.5.9, A.5.10).
Also represented in each layer were microbial C and N
pools, the latter of which exchanged N with a mineral
N pool according to microbial C:N ratios. Mineral N

within a nested convergence scheme. In this scheme,pools were also the source of root N uptake (A.3.2). The
plant transpiration from a first order closure of the decomposition of all litter and SOM pools depended on
canopy energy balance (A.6.1) was equilibrated with 75 (A.5.11),v%s (A.5.12) and dissolved organic C:N ra-
root water uptake along a soil-root—canapgradient tio (A.5.8). The fraction of decomposed litter or SOC
(A.6.6). T; and v were used in the plant module to incorporated into microbial biomass was set from pool-
determine temperature and water impacts on plant C specific yield efficiencies, and the remainder was allo-
and N cycling.V; (A.1.13) used to calculatg: (A.2.1) cated toRp, (A.5.1). Wet deposition and leaching of N
was reduced by (A.1.4) and shoot non-structural N were also modelled. Details of soil C and N cycling
to C ratio (A.1.3). processes were presentedffang et al. (2002a)
2.4.2. Autotrophic respiration and changes in 2.5. C-CLASSm
phytomass

V) supplied G (non-structural C) which was the
substrate forR; (A.4.1), some of which sustained
Rm calculated from structural N (A.4.3) and @0

The biospheric component of C-CLASSm consisted
of two modules: (1) a plant C module to simulgteand
photosynthesis, which was sensitive to foliar N status
temperature function (A.4.4R, in excess oR;, was and (2) a carbon budgeting module which allocated C
allocated toRg (A.4.5) which drove growth of struc-  sequestered to three live vegetation pools, calculated
tural C according to organ-specific yield coefficients Rj, litter and organic matter decomposition aRyd
(A.4.6). Leaf structural C drove LAI through a value
for specific leaf area. IRy was less tharRy, the
shortfall was remobilized from structural C (A.4.7),
driving litterfall (A.4.8). Additional litterfall caused

2.5.1. CO; and energy exchange
In C-CLASSm, g; for water vapor, calculated as
1.56 times of that for CQ was sensitive to soil water

by plant aging was simulated with first order kinetics.
Direct loss of G occurred as root exudation, assumed
to be proportional to root £concentration. ¢ and

availability (throughfy, in A.1.4),V; (A.1.13) (Farquhar
et al., 1980, C; and D (A.2.3). The maximumV,
(Vemay) that droveV; through the canopy was scaled
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from the leaf values by assuming an exponential de- 2.6.2. CO; and energy exchange

crease inVgmax from the top of the canopy to the bot- Ecosystem processes of various land cover types
tom. This decrease used an extinction coefficient of were simulated by five main modules including
optimized foliar N distributionky and irradianceky radiation, energy, water, carbon, and nitrogen. The
(A.1.3). W, gc, Ci, andD were solved iteratively until  radiation module used multi-canopy layer ray-tracing
energy balance closure was achieved using a set crite-algorithms based on a gap probability approathrig
rion for change il with each iteration. et al.,, 2002% Multi-wavelength and separation of
direct versus diffuse components for solar radiation
2.5.2. Autotrophic respiration and changes in were recognized in the modéiMang et al., 2002d
phytomass Energy exchange and water uptake were simulated

R4 was the sum of independently calculated values by solving coupled canopy energy and water balance
for Rm andRy (A.4.1). Leaf, sapwood, fine and coarse equations (A.6.1, A.6.6), in whictf; and v were
root Ry were functions of LAI, sapwood volume, and  prognostic variables/fang et al., 2002b
root biomass respectively (A.4.3). Coefficientsforeach T, and D affected CQ and energy exchange
C pool were calculated fromR,,, measured byRryan et directly and indirectly through several coupled physi-
al. (1997) Leaf, sapwood and ro@®, used different ological processes and feedbacKkgdirectly affected
Q10 temperature functions (A.4.485 was assumed to Vi through V; and V; (Al1.2, A.1.8). Temperature
be 15% ofV; after deducting® (A.4.5). A prescribed  indirectly affectedg throughV; (A.2.1), and thereby
function based on thermal time was used to allocate affected canopy energy partitioning betwdéandLE
growth to new leaves. The remainiig, after deduct- (A.6.1). Values ofg| also controlled’;, which in turn
ing Rm, Rg, and leaf mass increment, was allocated to affectedV; (A.1.5). Relative humidity (RH) affected
stem and root pools by fixed allocation ratios (A.4.6). g (Ball, 198§ (A2.1) which directly controlled both

Ci andE. (A.6.1), so that RH affected Cand energy
2.5.3. Heterotrophic respiration and changes in exchange. The interconnected processes by which
SocC temperature and humidity affected g@nd energy

Ry was calculated from first-order functions of sur- exchange were solved through nested iterations for
face litter C and a single SOC pool in the top two soil energy balance closure agg
layers of CLASS (A.5.1). Litterfall from above-ground
plant components contributed to the surface litter pool 2.6.3. Autotrophic respiration and changes in
and litterfall from plant roots contributed to the soil lit-  phytomass

ter pools. Sensitivity oRy, to Ts was given by ad1g Ra was the sum of independently calculated values
coefficient usingls in the upper 10 cmQrewitt et al.,  for Rm andRg (A.4.1).Rm was calculated from plant N
2002 (A.5.2). Sensitivity ofRy, to 6 was not consid- (A.4.3) using organ-specific temperature sensitivities
ered for litter, and that for SOC followeBunnelletal.  (A.4.4).Rgwas calculated as a fraction Bf in excess

(1977)and (A.5.3). A prescribed rate of litter C trans- 0f Rm (A.4.5), and drove phytomass growth (A.4.6).
formation into soil C was used to calculate soil C pool Litterfall was driven by plant phenological advance
increment (A.5.8 and A.5.10). Other non-gaseous C (A.4.8).

transfers between different pools were ignored in the

version of C-CLASSm used in this study. 2.6.4. Heterotrophic respiration and changes in
SocC
observations (EALCO) to soil litter pools (A.4.8). Litter and SOC pools were
each divided into three C and N fractions with differing
2.6.1. Background resistance to decomposition, calculated as a first-order

EALCO was developed at the Canadian Centre for function of each pool (A.5.8) with fraction-specific rate
Remote Sensing to study ecosystem—climate interac- coefficients (A.5.9, A.5.10). Also represented in each
tions by assimilating Earth Observation datasets (both layer were microbial C and N pools, the latter of which
in situ and satellite). exchanged N with a mineral N pool according to mi-



224 R.F. Grant et al. / Ecological Modelling 188 (2005) 217-252

crobial C:N ratios. Mineral N pools were the source of 2.7.4. Heterotrophic respiration and changes in

root N uptake (A.3.2). The decomposition of all litter SOC

and SOC pools depended dg(A.5.11),vs (A.5.12) Leaf litterfall was generated from leaf turnover
and microbial C:N ratio (A.5.8). The fraction of decom- driven by a prescribed leaf life span (A.4.8), and by
posed litter or SOC incorporated into other less active drought and cold stress. Stem and root litterfall were
SOC pools was set from pool-specific yield efficien- generated by specified turnover times (A.4.8). This lit-
cies, and the remainder was allocateft¢A.5.1). Ad- terfall contributed to the soil litter pool which along
ditional N transformations included atmospheric depo- with SOC generatesl, from first-order respiration co-
sition, fertilizer addition, and leaching. Details of soil efficients (A.5.1) and from soil temperatures and water
C and N cycling processes were presented/ang et contents (A.5.2, A.5.3R}, drove decomposition of lit-

al. (2001, 2002a) ter and SOC (A.5.8).
2.7. Canadian terrestrial ecosystem model . .
(CTEM) 3. Modelling experiment
2.7.1. Background 3.1. Experimental sites

The Canadian Terrestrial Ecosystem Model )
(CTEM) is coupled to the Canadian Land Surface 3.1.1. Campbell river _
Scheme (CLASSMerseghy, 200pto simulate energy, The Campbell River (CR) site (482N; 125 20W;
water, and C@fluxes. CTEM is being developed as an 300m el_evatlon) in 2000 was a 53-year-old Douglas-fl_r
operational terrestrial ecosystem model for use in the forest with a sparse understory on a deep humo-ferric

Canadian Centre for Climate Modelling and Analysis podzol. This site is in the drier seasonal rainforest
(CCCma) coupled general circulation model. zone found in low and middle elevations of eastern

and central Vancouver Island, and is part of the coastal
temperate rainforest of the Pacific north-west. Site
2.7.2. €Oz and energy exchange and soil data are given ifiable 1 Urea was applied
CO; fixation was based oRarquhar et al. (1980) 14 this forest at @g N m2 in 1994. Eddy covariance
and Collatz et al. (1991, 19920A.1.1-A.1.13), and  (achniques used to measure mass and energy fluxes
was designed to use both the big- and the two-leaf \ere gescribed iMumphreys et al. (2003Bap filling

(sunlit and shaded) scaling techniques (A.2.4). The (echniques to replace rejected eddy-covariance CO
results presented here were obtained using the big-gxes were described iMorgenstern et al. (2004a)

leaf approach. Canopy stomatal conductance was cal-gqj| water contents through the rooting zone were

culated from CQ fixation andD using theLeuning measured continuously by automated time domain
(1995)formulation (A.2.3).GPP (A.1), R, (A.4) and reflectometry (TDR) probes.

Rn (A.5) sub-modules were described in detail by

Arora (2003) 3.1.2. Southern Old Jack Pine

The Southern Old Jack Pine (SOJP) site in 2000 was
2.7.3. Autotrophic respiration and changes in a 71-year-old jack pine forest on an excessively drained
phytomass Eutrocrept overlying a glacial till south of Narrow

R4 was the sum of independently calculated val- Hills Provincial Park, Saskatchewan, Canada (58.9
ues forRm andRg (A.4.1). T; and Ts from CLASS 104.7W) near the southern limit of the boreal forest.
were used to estimat®y, from organ-specific coef-  Site and soil data are givenTiable 2 Eddy covariance
ficients applied to leaf, stem and root (A.4.3, A.4.4). techniques used to measure mass and energy exchange
Rg was 0.3 ofV in excess ofRy (A.4.5). Net CQ were described ieriffis et al. (2003) Gap filling tech-
fixation, after deducting, (A.4.1) from V¢ (A.1.13), nigues to replace rejected eddy-covariance @axes
was dynamically allocated between leaves, stem, andwere described iBarr et al. (2002)Soil water contents
roots based on root water, canopy light, and leaf through the rooting zone were measured continuously
phenology. by automated TDR probes.
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Table 1
Site and soil characteristics of the Campbell River site

Site characteristics

Latitude N4952.137
Longitude W12520.120
Elevation 300m
Mean annual precipitation 1461 mmly
Mean annual temperature 8a"
Dominant vegetation 53-year-old Douglas-fitséudotsuga menziesii) with 17% red cedarTuja
plicata Donn) and 3% western hemlocKsuga heterophylla (Raf.) Sarg.)
Understory vegetation Sparse, mainly consisting of various mosses, ferns and herbaceous/woody
species such as salal, dull oregon grape, vanilla-leaf deerfoot
Mean basal area (1998) 7#ma ! (overstory)
Fertilization DgNm2asureain 1994
Horizon L-H Ap/Ae Bf; Bf,/Bf. C
Soil characteristics
Depth to bottom (m) a 0.2 03 04 05 06 0.7 0.8 0.9
Bulk density (Mg n3) 0.1 0.90 118 157 150 142 142 158 158
Field capacity (Mm~3) 0.241 0203 Q203 0203 Q203 0203 0203 0203
Wilting point (m® m—3) 0.117 Q068 Q068 Q068 Q068 Q068 Q068 Q068
Ksat (mmt1) 36 94 121 133 97 121 107 107
Sand (gkg?) - 692 809 880 898 838 883 875 878
Silt (gkg™1) - 227 169 105 93 157 97 98 91
Clay (gkg™) - 81 23 15 9 6 20 26 31
Coarse fragments (fim~3) 0 0.267 Q0267 Q353 Q35 0353 Q356 Q356 Q0356
pH 5.2 545 545 592 592 592 50 6.87 595
Organic C (gkg?) 81 621 285 175 17.0 186 100 103 89
Total N (gMg1) 1620 640 640 560 560 560 250 200 250
Exch. P (gMg?1) 16 15 15 11 11 11 17 20 20

a Keser and St. Pierre, 1973. Soils of Vancouver Island: A compendium. B.C. For Serv. Res. Note 56-Hart soil.

3.2. Model runs respectively), and using statistics (coefficients of de-
termination and root mean squares of difference) from
Each model was provided with hourly (CR regressions of measured on modelled fluxes (allowing
1999-2000) or half-hourly (SOJP 1994-2000) me- differences between modelled and measured fluxes
teorological data (shortwave radiation, longwave to be expressed in terms of measured values). Model-
radiation (C-CLASS and CTEM), air temperature, rel- specific protocols are described in more detail below.
ative humidity, wind speed and precipitation), and with
the site and soil properties ifables 1 and 2Model- 3.2.1. BEPS
specific protocols were followed for initialization and The stand agesTébles 1 and Pwere used to spin
spin up, although all models were run for atleast 1 year up the soil carbon pool with INTEC. Soil water content
at CR (1999) or 6 years at SOJP (1994-1999) under at the beginning of the modeling period was derived
site conditions before comparison with measured from spin-up model runs using BEPS for 3 years at
values to reduce sensitivity of model output to model SOJP and for 7 years at CR. In the spin-up, the initial
initialization. Model performance was evaluated using 6 was assumed to be 75% of field capacity as defined
parameters (intercepts, slopes) from regressions ofin Tables 1 and 2To reduce the impacts of errors in
modelled on measured fluxes (allowing overestimates estimating diurnal heat storage changes in vegetation
or underestimates of measured values to be inferredand soil, the temperatures of the overstory, understory
from intercepts >0 or <0 and from slopes >1 or <1, and soil/moss surface and their associated sensible
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Table 2
Site and soil characteristics of the Southern Old Jack Pine site

Site characteristics

Latitude 53°54.976N
Longitude 10441.504W
Elevation 579m
Mean annual precipitation 390-405mm
Mean annual temperature 6
Dominant vegetation 71-year-old Jack PinBinus banksiana
Understory vegetation Reindeer lichen
Mean basal area (1994) 17ma (overstory)
Horizon LFH Ae AB Bm C1 Cc2 Ck Ck
Soil characteristics
Depth to bottom (m) m4 006 010 038 089 117 169 23
Bulk density (Mg nT3) 0.24 123 145 148 152 160 160 160
Field capacity (Mim—3) 0.050 Q044 0029 Q016 Q015 Q017 Q016
Wilting point (m® m—3) 0.027 Q026 Q016 Q011 Q009 Q010 Q010
Ksat (mmh?) 128 124 124 166 173 173 173
Sand (gkg?) - 943 934 939 963 975 975 976
Silt (gkg™t) - 29 39 33 19 10 8 10
Clay (gkg1) - 28 27 28 18 15 17 14
Coarse fragments (fm—3) 0 0 0 0 0 0 0 0
pH 4.7 53 55 58 58 59 6.1 6.2
CEC (cmof* kg™1) 501 46 40 22 21 16 13 16
Organic C (gkg?) 2507 9.95 643 130 023 017 017 017
Total N (gMg™1) 4827 430 290 130 120 60 80 70
Total P (gMg?) 473 150 200 200 190 120 140 190

2 Anderson, D. 1998. BOREAS TE-01 Soils Data over the SSA Tower Sites in Raster Format, Available ohlipe/atjvw-eosdis.ornl.goy/
from the ORNL Distributed Active Archive Center, Oak Ridge National Laboratory, Oak Ridge, TN, USA].

heat fluxes were calculated at 1 min intervals. LAl and data. The rooting zones were considered to be the soil
clumping index were set to 6.0 and 0.65 at CR, and to layers described ifiables 1 and 2the upper of which
2.4 and 0.7 at SOJP, respectively. The understory LAl were subdivided to increase spatial resolution. Two ad-
was setto 0.5 and 0.8 at CR and SOJP, respectively. ditional soil layers with properties the same as those of
the lowest rooted layer and thicknesses of 1-2 m were
3.2.2. Ecosys modelled below the rooting zones. The lower boundary
Ecosys was initialized at seeding on soil with the ~Was setso that the water content in the lowest soil layer
properties given irfables 1 and 2and with above- ~ Was maintained at field capacity. These additional lay-
and be|ow_ground residue Corresponding to that left erswere intended to enable water fluxes modelled in the
after logging.Ecosys was then run for 54 (CR) or 71 rooting zone to be largely independent of assumptions
(SOJP) years under repeated 8-year sequences of meteabout the lower boundarfcosys used no additional
orological data from each site before comparison with Site data beyond those Tables 1 and 2
measurements. Uread @ N m~2) was added to the sur-
face litter layer 6 years before comparison with mea- 3.2.3. C-CLASSa
surements at CR. Plant parameters used in these runs C-CLASSa was initialized at seeding on soil with
were those for cool temperate (CR) and boreal (SOJP) the properties given ifiables 1 and 2and with above-
conifer functional types which differed only in their and below-ground residue corresponding to that left
temperature sensitivities (A.1.2, A.3.3, A.4.2, A.5.11). after logging. C-CLASSa was then run for 54 (CR) or
Model parameters iacosys are considered to be gen- 70 (SOJP) years under repeated sequences of meteo-
eralin application, and so were not fitted to site-specific rological data from each site before comparison with
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measurements. Plant parameters used in these runsoot distribution was initialized with 50% in the top
were those for temperate (CR) and boreal (SOJP) 0.35m and the remainder in the lower 1.15 m. This dis-
coniferous functional types which differed only in their  tribution could change during model runs if differences
temperature functions (A.1.2, A.3.3, A.4.2, A5.11). inroot growth rates were simulated among soil layers.
Model parameters in C-CLASSa are considered to be The model was run at each site for 2 years with mete-
general in application, and so were not fitted to site- orological data from 2000 and results from the second
specific data. Rooting depths were set to 0.9 m at CR year were compared with measurements. During model
(Table ) and 2.3 m at SOJH&ble 9. Root distribution runs, simulated LAl was constrained by the maximum
was fixed in the model runs because environmental con- observed LAI. No water table was included in these
ditions simulated in the third soil layer could not accu- model runs and no gradient in soil matric potential was
rately represent those in the root zone due to the coarseassumed across the lower soil boundary.

spatial resolution in the model (A.6.7)s and6 of the

lower soil boundary (depth = 4.1 m) were held constant 3.2.6. CTEM

during the model run. The effects of coarse fragments At CR, CTEM was initialized with pool sizes de-
(Table 7 on soil water retention were simulated at CR. fived from site observations and run for 2 years with
The N deposition rate was setto &5.0~7 kg N per kg weather data for 1999 and 2000 with LAI prescribed

precipitation water and the biological fixation rate was between 6.0 and 6.9. Model output from the latter year
setto 2.8« 10-2kg N per kg microbial C per secondin ~ Was used in the intercomparison. At SOJP, CTEM was
the surface layer. Fertilizer N 0@y N m2) was added initialized by running for 400 years with weather data
to the 10 cm soil |ayer 6 years before Comparison with from 1997 to 2000 until all live and dead carbon pOO'S

measurements at CR as indicatedable 2 had stabilized, after which above-ground biomass was
removed to simulate logging. CTEM was then run for
324 C-CLASSm another 65 years under repeated sequences of SOJP

Initial C pools (sapwood, coarse and fine root, litter Weather data and a prescribed LAl of 2.0. Output from
and soil) and soil physical and chemical properties the last year of this run (corresponding to 2000) was
were assigned from site specific measurements givenused in the intercomparison.
in Tables 1 and Zccording to prescribed soil layer The rooting depths at both sites were not prescribed
depths (A.6.7). The active root zone was assumed to bein CTEM; rather the model calculated the 99% rooting
the second soil layer in which newly grown roots were depth and fraction of roots in each soil layer using sim-
allocated to the fine root fraction (A.4.3). Coarse root Ulated or specified root biomasses based on a variable
temperatures were set Tq of the top soil layer while ~ rooting depth parameterization describednora and
fine root temperatures were setftoof the second soil ~ Boer (2003) Soil physical properties at both sites were
layer. Rooting depths were set to 0.8 m at CR and 0.6 estimated fronTables 1 and ,2inc|uding fractions of
m at SOJP. The default CLASS root density function Sand and clay for the three soil layers used in CLASS.
(an exponential decrease with depth in A.6.6) was
used to set root distribution in the three soil layers. 4 gesults
Observed’s andd were used to initialize the modelled
soil layers at both CR and SOJP. Model simulations 4.7. Diurnal energy and CO; exchange under
were run for 1 year at CR and 6 years at SOJP using changing temperature-measurement
observed half-hourly weather data for 2000. Model
spin-up was not performed because observed data4.1.1. Campbell river

were used for initialization. Minimum and maximum The passage of a warm front during late June 2000
LAIs prescribed to the model were 6.0 and 6.9 at CR, provided an opportunity to test model responsesto tran-
and 2.0 and 2.0 at SOJP. sient warming at CR. Maximum/minimum daily tem-
peratures rose from 17/10 to 28/1@ under clear skies
3.2.5. EALCO between 21 and 26 June 2000 (DOY 173-178) and then

EALCO wasinitialized with soiland plantpool sizes  declined sharply under cloudy skies after 28 June (DOY
estimated from site observatiorgaples 1 and 2 Fine 180) (Fig. 1a). During this period9 measured by au-
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Fig. 1. (a) Radiation and temperature, (b) vapor pressure deficit (
and precipitation, (c) energy fluxes, and (d) £fuxes (positive
fluxes downwards) recorded or gap-filled at Campbell River during
21-30 June 2000 (DOY 173-182). Downward fluxes were assigned
positive values, and upward fluxes negative values.

tomated TDR probes from 0.0 to 0.6 m depth declined
from 0.23t0 0.21 Am~—3, close to field capacity for the
soil at CR {Table ). Daily D rose during warming from

1 kPato almost 3 kPa and then declined during cooling
(Fig. 1b). DaytimeLE measured by eddy covariance
rose from 150 W m? before warming  ~ 1 kPa) to
200WnT?2 at the onset of warming on DOY 176
(D ~1.75kPa), but then declined to <200 W fwith
further warming on DOY 177-179D(~ 2.75kPa),
and remained stable during cooling on DOY 181-182
(D~ 0.5kPa) Fig. 1c). Peak CQ influxes declined
from 20 to 15wmol m—2s~1 during warming on DOY
176-180 and then rose to >gtnolm—2s~1 during
subsequent cooling on DOY 18Fi@. 1d). Midafter-
noon declines in C@influxes began earlier and were
more rapid under highep (DOY 177-180) than un-
der lower (DOY 175, 182). Peak GCeffluxes rose

from 6 to >12umol m—2s~1 during warming on DOY
176-180, although wind speeds caused many of the
measured nighttime effluxes to be rejected and replaced
by gap-filled values.

4.1.2. Southern Old Jack Pine

A warm front during mid-July 2000 provided an op-
portunity to test model responses to transient warming
at SOJP. Maximum/minimum daily temperatures rose
from 20/13°C during 6—11 July 2000 (DOY 188-193)
to 30/18°C on 14 July 2000 (DOY 196) and returned
to 22/13°C on 15 July 2000 (DOY 197)Fig. 2a).
During this period,0 measured by automated TDR
probes from 0.0 to 0.6 m depth varied between 0.08
and 0.10 Mm~—2, well above the very low field capac-
ity for the soil at SOJPTable 3. Daily D rose from
<1 to 3kPa during warming until DOY 196 and then
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Fig. 2. (a) Radiation and temperature, (b) vapor pressure déicit (
and precipitation, (c) energy fluxes, and (d) £fluxes (positive
fluxes downwards) recorded or gap-filled at Southern Old Jack Pine
during 6—15 July 2000 (DOY 188-197). Downward fluxes were as-
signed positive values, and upward fluxes negative values.
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returned to <1 kPa during DOY 19Fi@. 2b). Daytime
LE measured by eddy covariance reached 200 m
under intermediate radiation ari2lduring DOY 189
and 190, but did not rise further under higher radiation
andD during DOY 194 through 196+jg. 2c). Both in-
fluxes and effluxes of C&measured at SOJFig. 2d)
were~1/2 those measured at CRi¢. 1d). Peak CQ
influxes declined from 10 to Bmol m—2s~1 and mid-
day declines in C@influxes began earlier as warming
progressed during DOY 194-196i¢. 2d). Most night-
time CQ effluxes measured during this period were

rejected due to low wind speeds, and were replaced by

effluxes calculated from gap-filling methods.

4.2. Diurnal energy exchange under changing
temperature-modelling

4.2.1. BEPS

LE effluxes modelled at CR rose above 200 Wm
whenD rose from 1.0 kPa (DOY 173)to 1.75 kPa (DOY
176) but rose little with further rises i from 1.75 kPa
(DOY 177) to 3.0kPa (DOY 180)Hig. 3a), indicating
that effects o on LE (A.6.1) were offset by those on
g1 (A.2.1).LE effluxes were larger than those measured
andH effluxes were smaller, especially under higher
(DOY 179-180), suggesting th&t effects ong| were
underestimated by the empirical equation developed
at CR Humphreys et al., 2003A.2.1). LE effluxes
modelled at SOJP remained <200 W#when VPD
rose above 1.5kPa (DOY 194-196jd. 4a) so thatH
effluxes were not underestimated, indicating a strong
constraint byD on g in the empirical equation de-
veloped for boreal forest@ng et al., 1997(A.2.1).
Modelled LE effluxes were smaller than those mea-
sured under highdp, indicating some errors in calcu-
lating f(vs) in A.2.1 for this very sandy soilTable 2.

4.2.2. Ecosys

Soils at CR and especially SOJP had low organic C
and high C:N ratiosTables 1 and Pthat constrained
N uptake (A.3.2), causing low leaf non-structural N:C
ratios that limitedV, (A.1.3, A.1.9), causing low
gimax (A.2.1) and hence IowLE versusH (A.6.1)
(Figs. 3b and 4p The onset of higher temperature and
D during DOY 176-178 at CR and DOY 193-194 at
SOJP raisedE effluxes to >200 W m? (A.6.1), forc-
ing lower ¢ to maintain root water uptake and canopy
hydration (A.6.6). Values ofi¢ in ecosys were more
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Fig. 3. Latent(LE) and sensible (H) heat fluxes measured by eddy co-
variance (symbols) and modelled (lines) by (a) BEPSe¢{byys, (c)
C-CLASSa, (d) C-CLASSm, (JALCO and (f)CTEM at Camp-

bell River during 21-30 June 2000 (DOY 173-182). Downward
fluxes were assigned positive values, and upward fluxes negative
values (i.e. reverse order BHLCO andCTEM).
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Fig. 4. Latent (LE) and sensible (H) heat fluxes measured by eddy co-
variance (symbols) and modelled (lines) by (a) BEPSe¢€byys, (c)
C-CLASSa, (d) C-CLASSm, (BALCO and (f)lCTEM at Southern

Old Jack Pine during 6-15 July 2000 (DOY 188-197). Downward
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sensitive to root water uptake in conifers than in other
plant functional types because of the larger value for
root axial resistivity used to calculate root axial resis-
tances2,. Larges2, delayed rehydration and hence re-
covery of ¢ and LE when D declined during later
afternoons and evenings. With further warming during
DOY 179-180 at CR and DOY 195-196 at SOJP, lower
¢ forced loweryt that reduceg. (A.2.2) and hence
reduced canopgE to <200 W n1? (A.6.1). Values of

0 and hence)s were sensitive to soil drying at CR be-
cause a large fraction of soil was excluded from water
retention and transfer by coarse fragmeniab{e J),
and at SOJP because of extremely low water holding
capacity [able 2. The combined result of these al-
gorithms was a small increase I'E with the onset

of warming and then decreases with further warming,
consistent with measured fluxes at both sites.

4.2.3. C-CLASSa

High soil C:N ratios Tables 1 and Pcaused low N
uptake (A.3.2) and hence low leaf structural and non-
structural N:C ratios that constrain®d(A.1.3, A.1.9),
g (A.2.1) and hencd.E versusH (A.6.1). Modelled
LE remained <200 W m? at CR, below that measured
whenD < 1.5kPa (DOY 173-176, 181-182), but close
to that measured wheb >1.5kPa (DOY 177-180)
(Fig. 3c). ModelledLE at SOJP rose to 200 WTA
whenD rose to 1.5kPa (DOY 194)F(g. 4c), but fur-
ther rises in modelledE whenD >1.5kPa at CR and
SOJP were constrained by the effect of RHypfi.2.1)
and thereby o (A.6.1). Model underestimates bt
at SOJP on DOY 189 and 193 following rainfall events
(Fig. 4c) were likely caused bx calculated for canopy
and soil surface evaporation (A.6.2—A.6.4).

4.2.4. C-CLASSm

Low V| caused lowg; which in turn caused large
H versusLE to be modelled by C-CLASSm at CR
(Fig. 3d) and SOJPFKig. 4d). Midday LE effluxes
reached 150 W m? during cool days (DOY 172-173)
when lowD (<1.5kPa) caused highegr (A.2.1) and
hence g (A.2.3). Midday LE reached 200W r?
when D rose above 1.5kPa (DOY 176), although
further increases iiLE when D>2.0kPa were con-
strained by the effect dd ong (A.2.1). LowD caused

fluxes were assigned positive values, and upward fluxes negative IOW vVapor concentration gradients and hence Idv

values (i.e.reverse order BLCO andCTEM).

to be modelled during DOY 181-182 (A.6.1).F
effluxes modelled at SOJP reached 300 Wrwhen
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D rose to 2.5 kPa during warming on DOY 193-195,
and then declined slightly whep rose further to
3kPa on DOY 196. Rises i.LE modelled during
warming at both sites were larger than those measured,
indicating that the constraint &f on g; may have been
underestimated, especially at SOJP where a larger
value of Dg was used (A.2.1).

4.2.5. EALCO

ModelledLE effluxes were close to those measured
at CR whenD<1.5kPa, although they were larger
when D>1.5kPa on DOY 177-180F{g. 3e). This
overestimation may indicate that RH effectsepim the
model (A.2.1) were underestimated. Some of this over-
estimation ofLE may be attributed to the large value
for the slope parameter used to calculgtgA.2.1).
Overestimation ol.E under highD was not apparent
at SOJP where risinh loweredLE effluxes modelled
on DOY 194-196Fig. 4e).

4.2.6. CTEM

ModelledLE rose withD until D reached 1.5 kPa on
DOY 176, after which further rises were constrained
by effects ofD on gc (A.2.3) (Fig. ¥). HoweverLE
effluxes modelled under highér on DOY 177-180
remained larger than those measured, indicating that
the modelled effect oD on g; (A.2.3) at CR may
have been underestimatddt effluxes modelled un-
der highD at CR maintained maximum diurnal values
of 150 W nT2 through early afternoon and evening,
in contrast to measured effluxes which reached max-
imum values by late morning and then declined after
midday. These largetE effluxes caused brieff in-
fluxes to be modelled near dusk that were not apparent
in the measurementsE effluxes modelled at SOJP de-
clined more rapidly after midday than did those at CR
(Fig. 4f), although CTEM used a common value for
Do at both sites (A.2.3). Some instability in modelled
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Fig. 5. CQ exchange measured by eddy covariance (symbols) and
modelled (lines) by (a) BEPS, (lrosys, (c) C-CLASSa, (d) C-
CLASSm, and (e) EALCO at Campbell River during 21-30 June

energy balances was found to be caused by the aero-ooo0 (Doy 173-182). Downward fluxes were assigned positive val-

dynamic resistance formulation in CLASS from which
the energy exchange algorithms in CTEM were taken.

4.3. Diurnal CO; exchange under changing
temperature-modelling

4.3.1. BEPS
Contrasting effects df. on V¢ (A.1.2, A.1.8) versus
those off; and7sonR, (A.4.3, A.4.4) andk, (A.5.11)

ues, and upward fluxes negative values.

enabled BEPS to model declining influxes and rising
effluxes of CQ during warming at CR (DOY 177-180)
(Fig. 5a) and SOJP (DOY 194-196¥i¢. 6a). Earlier
midday declines in C&influxes were clearly modelled
at SOJP wheré¢ constraints org| were larger (A.2.2),
but not at CR wherer was more favorable. Nighttime
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CLASSm, and (e) EALCO at Southern Old Jack Pine during 6-15
July 2000 (DOY 188-197). Downward fluxes were assigned positive
values, and upward fluxes negative values.

CO, effluxes inthe model were smaller than those mea-
sured or gap-filled during warming at CRi¢. 3a) and
SOJP Fig. 7a), due to comparatively low rate coeffi-
cients for roofRy, (A.4.3) and for soil C decomposition
(A.5.9).
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4.3.2. Ecosys

CO; fluxes modelled at SOJP were reduced to less
than one-half those at CRFig. &b versusFig. o)
by slower soil mineralization (A.4.2) and root uptake
(A.3.3) from colder soils. Cefluxes modelled at SOJP
were also reduced by lower LAI (2.2 at SOJP ver-
sus 8.5 at CR) caused by reduced leaf growth from
lower leaf N concentrations and more frequent wa-
ter stress on soil with a lower water holding capac-
ity (Table 2versusTable ). V, and above-ground
Ra were both driven byl (A.1.2, A.4.2), and rose
sharply with the onset of warming. Below-grouRg
and Ry, driven by Ts (A.4.2, A.5.2) which was less
sensitive thanT. to short-term warming, rose less
sharply. With further temperature rises, the effect of
warming onV, was overridden by the combined ef-
fects (A.1.13) of stomatal (A.2.2) and non-stomatal
(A.1.4) constraints imposed by declining. (A.6.6).
Constrained/; and risingR; + Ry caused earlier mid-
day declines in C@influxes during warming on DOY
177-179 at CRKig. %) and DOY 194-196 at SOJP
(Fig. €b). Daytime CQ influxes returned to higher
values with no midday declines wheft constraints
on V; were alleviated by loweP during cooling on
DOY 181-182 at CR and DOY 197 at SOJP. Rises
in Ry+ Ry caused nighttime CPeffluxes to exceed
10pmolm~2s~1 during warming at CRRig. 5b) al-
though CQ effluxes rose less with warming at SOJP
(Fig. 6b).

4.3.3. C-CLASSa

Contrasting effects of; on V; (A.1.2, A.1.8) ver-
sus those off; and Ts on Ry (A.4.3, A.4.4) andRy,
(A.5.11) enabled C-CLASSa to simulate smaller day-
time influxes and larger nighttime effluxes of g@ur-
ing warm days (DOY 177-179) than during cool days
(DOY 173-175, 181-182) at CFig. 5c). Large CQ
influxes of~20umolm—2s-1 measured at CR under
low radiation, temperature aelduring DOY 175 and
182 were underestimated, causing lowigfA.2.1) and
henceLE (Fig. %) in the model. Lower soil C and
N contents Table 2 and lowerTs modelled at SOJP
versus CR caused slower N mineralization (A.5.11)
and uptake (A.3.3). This caused greater N limitation
to Vy andV; (A.1.3, A.1.9), so that C@influxes and
effluxes modelled at SOJP were smaller than those at
CR (Fig. 6c versus 5c¢). Both influxes and effluxes mod-
elled at SOJP were larger than those measured or es-
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timated by gap-filling Fig. 6¢c). CO influxes mod- and 182 at CR, and on DOY 189, 190 and 197 at
elled at SOJP did not rise during warming on DOY SOJP.

194-196 because of the lower optimum temperature

for plant and soil processes used at this site (A.1.2). 4.3.5. EALCO

However earlier midafternoon declines in giafluxes Peak CQ influxes modelled at CR declined from
measured under higher temperature @nhavere not 20pmolm=2s-1 under lower temperature anf
clearly simulated at either sité-igs. 5¢ and 6§ in- (DOY 175, 181-182) to 1pmol m—2 s~ L under higher

dicating that the RH term used to calculgtgA.2.1) temperature and (DOY 177-180) Fig. 5¢) when
may not be sensitive enough m at higher temper-  lower RH raisedE; (A.6.1), thereby reducingy.
atures. This indication was corroborated by the ten- (A.6.4), C;, and hencé/; (A.1.4). CG influxes were
dency of modelled.E influxes to rise under highep further reduced under high@i, by largerR; (A.4.4)

(Figs. 3c and 4c andRp (A.5.11). However CQ effluxes in the model
rose less with warming than did those estimated from
4.34. C-CLASSm eddy covariance measurements at CR, suggesting that

COy influxes simulated at both CR and SOJP temperature effects oRy, and/orR, may be under-
were larger during cool days (DOY 173-174, 182 at estimated. Both influxes and effluxes of €@od-
CR, DOY 189-191, 197 at SOJP) than during warm elled at SOJP were frequently smaller than those
days (DOY 176-180 at CR, DOY 194-196 at SOJP) measured or gap-filledr{g. 6e), causing a correspond-
(Figs. 5d and 6d CO;, influxes were very sensitive  ing underestimation oLE (Fig. 4e) in spite of the
to D. Earlier midday declines in these influxes were large slope used to calculage (A.2.1). The smaller
simulated on warm days which was consistent with effluxes may be partly attributed to the small rate con-
measurements, but also on some cool days which wasstant used foRy, from SOC (A.5.1) when SOC was
not consistent with measurements (e.g. DOY 182 at small (Table 3. Midafternoon declines in C&nfluxes
CR, DOY 197 at SOJP). These declines could have at CR and SOJP whdh> 2.5 kPa were modelled from
been caused by low when used in the functiofiy e effects onV; (A.1.4) and fromD effects ong
(A.1.4) to calculateg; (A.2.1). HoweverLE effluxes (A.2.2).
appeared to be less sensitive fothan were CQ
influxes Figs. 3d and 4f This function would re- 4.3.6. CTEM
quire soil-specific parameterization, especially for the Diurnal R; andRp, were not simulated by CTEM so
very sandy soils underlying most boreal forests (e.g. that short-term weather effects on modelledGlOxes

Table 2. could not be evaluated.
Higher T, and Ts increased bottR, (A.4.4) and
especially Ry (A.5.2), causing nighttime CfO ef- 4.4. Daily net ecosystem productivity under

fluxes to rise at both sites. The larger effluxes sim- changing temperature-measurement

ulated by C-CLASSm in comparison to those by

the other models may be attributed to its larger rate  Higher Ty caused declines in afternoon €@nh-
constant (A.5.1) and temperature sensitivity (A.5.2) fluxes and rises in nighttime GOeffluxes at both
for Ry, of SOC. Rates of net COexchange simu- CR (Fig. 1d) and SOJP Kig. 2d). These changes
lated in C-CLASSm at SOJF-ig. 6d) were lower in CO, fluxes caused changes in daiWeP at both
than those at CRHFig. 5d), although key photo- sites during the major warming events in the sum-
synthetic parameters, includingimaxo), were the mer of 2000 Figs. 7 and 8 CR changed from
same at both sites (A.1.1). These lower rates were a sink of 25gCnt2d~1 under lower 7T, (DOY
attributed to the lower LAl prescribed for SOJP 170-175, DOY 180-195, DOY 205-215) to a source
(2-2.6nf m~2) versus CR (6-6.9 AmM~2)usedtocal-  of 2-5gCnmr2d~1 under higherTy (DOY 177-180,
culate canopymax (A.1.1), Jmax (A.1.6), and leaf DOY 200-204, DOY 216-219)Hg. 7). Similarly,
Rm (A.4.3). As did most other models, C-CLASSm SOJP changed from a small sink oflogC nm2d-1
underestimated large GGnfluxes measured under under lowerT, (DOY 170-178, DOY 183-193, DOY
low radiation, temperature and on DOY 175, 181 198-203) to a source of 3g C nT2d~1 under higher
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Fig. 7. (a) Hourly air temperature and (b) daily net ecosystem pro- Fig. 8. (a) Hourly air temperature and (b) daily net ecosystem pro-
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4.5. Daily net ecosystem productivity under
Ta (DOY 179-182, DOY 194-197, DOY 208-211)  changing temperature-modelling

(Fig. 8). Allmodels captured the direction of change in

daily NEP during warming, although the magnitude of 45.7. BEPS

change varied among models as indicated from regres-  BEPS accurately modelled sinks under lowgmat
sions of modelled versus measurf€HP during these both CR Fig. 7) and SOJPFRig. 8. However BEPS
periods Table 3. modelled smaller sources under highigrthan were

Table 3
Statistics from regressions of simulated on measubgd,(and measured on simulatek?( RMSD), daily net ecosystem productivity/£P)
during major warming events in summer 2000 at (a) Campbell River (CR) and (b) Southern Old Jack Pine (SOJP)

BEPS Ecosys C-CLASSa C-CLASSmM EALCO CTEM
(& CR
NEP (n=50)
b2 0.52 1.04 0.47 0.75 0.61 0.52
a(gm2d1) 1.72 1.63 0.70 0.24 1.84 0.38
R? 0.73 0.87 0.62 0.55 0.75 0.42
RMSD (gnT2d-1) 1.36 0.95 1.60 1.74 1.30 1.98
(b) SOJP
NEP (n=50)
b 0.76 0.68 0.68 1.20 0.57 0.47
a(gm-2d-1) 1.30 1.41 0.88 0.13 0.40 0.68
R? 0.52 0.43 0.42 0.36 0.46 0.12
RMSD (gnt2d1) 0.74 0.81 0.81 0.86 0.79 1.01

a y=q+bX from regression of simulaterion measured, R? and RMSD = coefficient of determination and root mean square for difference
from regression of measuré&ton simulatedx.
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measured at both sites (e.g. DOY 177-180 and DOY than estimated from measurements during other warm-
216-219 at CR) because earlier midday declines in ing events (e.g. DOY 216-219Fig. 7, b<1,a>0in
CO, influxes under higheb were not simulated and  Table &). Low CQ effluxes modelled by EALCO at
CO;, effluxes were slightly smaller than those mea- SOJP were offset by low COnfluxes Fig. 6e) so that
sured Figs. 5a and 6aConsequently the magnitude of changes from sinks to sources modelled during warm-
change between sink and source was only partially cap-ing events (e.g. DOY 194-196 and DOY 208-211 in
tured with a bias towards sinks€ 1,a>0 in Table 3. Fig. 8 were smaller than those measured, but were not
greatly biased{<1,a— 0 in Table D).

4.5.2. Ecosys
Larger modelled versus measured £dfluxes 4.5.6. CTEM
(Figs. 5b and 6pcausedecosys to give larger sinks CTEM underestimated sources during warming

and smaller sources than measured at both site® ( events before DOY 200 at CRFig. 7) and SOJP
in Table 3 and b). However earlier midday declinesin (Fig. 8) but underestimated sinks afterwards at both

COy influxes modelled under highérallowedecosys sites. Smaller changes wilh in modelled versus mea-

to capture the full extent of changeMEP with warm- suredNEP reduced agreement with measured values

ing at CR Fig. 7, b — 1in Table 3), but only partially (lower slope b), coefficient of determinatiork?), and

at SOJPKig. 8 b<1linTable d). higher root mean squares for differences (RMSD) than
other models inTable 3. Lower variability of mod-

4.5.3. C-CLASSa elled versus measur@&&EP could have been caused by

C-CLASSa accurately modelled sinks under lower simulatingR, andRy, at a daily time step so that diur-
Ty, but gave smaller sources than were measured undemal variation in CQ effluxes was not modelled. Also,
higher T, at CR Fig. 7) and SOJPKig. 8 (>0 in CTEM used generalized, and not site-specific, values
Table 3 and b). The magnitude of changeMaP with for Q10 of bothR, (A.4.4) andRy, (A.5.2).
warming was thereby underestimatée(l in Table 3
and b), even though CCeffluxes were not underesti-  4.6. Annual energy and CO; fluxes
mated, because earlier midday declines in@fuxes

under higheD were not modelledRigs. 5¢c and 6c Comparison with annual energy and £@uxes
(Table 4 provided a general test of model response to
4.54. C-CLASSm diverse environmental signals at an annual time scale,
C-CLASSmM gave large declines in midday £i@- extending the previous, more constrained test of model

fluxes under higheD (Figs. 5d and 6j due to the response to warming at a seasonal time sdablé 3.
sensitivity ofV, toD (A.2.1, A.1.13). C-CLASSm also = Measurements of annuR), were closely simulated by
gave large rises in Ceffluxes during warming dueto  all models ¢ — 0,b — 1in Table 4 because measured
the sensitivity ofRp, to 75 in A.5.2. These sensitivities  shortwave radiation was provided as a model input.
enabled accurate estimation of sources during warmer Measurements dfE andH used in model testing were
periods at both CR (DOY 177-180 and DOY 216—219 not corrected for incomplete closure of the energy bal-
in Fig. 7, b — 1lin Table &) and SOJP (DOY 179-182 ance (yearly average of 0.88 at CR and 0.85 at SOJP).
and DOY 194-197ifrig. 8), but also overestimation of ~ Slopes from regressions of modelled on measiireak

late summer sources at SOJP (DOY 208-21Hiin §; CR indicated comparable performances by all models
b>1inTable d). These sensitivities FEP to warm- (b — 1) except C-CLASSa, wherkE was underesti-
ing in the model caused bias to be low at both sites mated f=0.52 inTable 4) as seen ifig. 3c. RMSD
(a— 0inTable 3 and b). between measured and modellddindicated that the
models could not explain30 W m~2 of the measured
4.5.5. EALCO fluxes, with no significant differences among models.

Low CO; effluxes modelled by EALCO at both sites  Most models exceptcosys and C-CLASSm underes-
(Figs. 5e and 6from low rate constant fak,, of SOC in timated LE at SOJP £<0.8 in Table 4€) as seen in
A.5.1) caused CR in the model to remain a sink during Fig. 4. Values ofR? and RMSD forLE at SOJP were
warming on DOY 177-180, and to be a smaller source comparable to those at CR for all models except BEPS
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Table 4
Statistics from regressions of simulated on measurgdl, (and measured on simulatekf( RMSD), hourly averaged net radiation (Rn), latent
heat (LE), sensible heat (H) and net £€xchange (C@) during 2000 at (a) Campbell River (CR) and (b) Southern Old Jack Pine (SOJP)

BEPS Ecosys C-CLASSa C-CLASSm EALCO CTEM
(@ CR
Rn (=8776)
b2 0.95 102 090 097 095 101
a(Wm2) —20 5 12 2 1 -9
R? 0.95 095 098 098 094 096
RMSD (W m2) 41 41 24 24 43 35
LE (n=3571)
b 1.16 105 052 091 102 098
a(Wm3) 12 12 6 12 9 11
R? 0.65 062 056 057 058 053
RMSD (W m2) 29 30 32 32 31 33
H (n=3738)
b 1.07 120 108 108 100 108
a(Wm2) —20 —66 -76 —60 -51 -39
R? 0.85 087 089 085 080 080
RMSD (W nm2) 50 46 44 50 58 57
CO, (n=3740)
b 0.89 104 076 085 083
a (wmolm—2s71) 0.8 0.6 0.4 0.7 08
R? 0.84 Q79 081 079 084
RMSD (wmolm—2s1) 34 38 35 38 34
(b) SOJIP
Rn (2=7838)
b 0.95 098 091 100 093 094
a(Wm2) -33 11 2 2 -8 0
R? 0.84 096 099 100 094 099
RMSD (W m2) 64 31 15 7 40 18
LE (n=4476)
b 0.47 085 068 103 063 075
a(Wm2) —14 -6 -6 -6 -9 -7
R? 0.32 068 063 065 062 051
RMSD (W m2) 40 27 29 29 30 34
H (n=4532)
b 1.08 107 086 094 080 080
a(Wm2) 29 -17 -20 —11 -9 —-13
R? 0.62 Q79 079 079 066 075
RMSD (W m2) 70 52 52 52 66 56
CO; (n=4361)
b 0.77 Q79 091 102 056
a (umolm—2s1) 0.2 01 03 02 02
R? 0.63 061 061 064 058
RMSD (uwmolm2s71) 18 18 18 18 19

a y=q+bX from regression of simulated on measured, R? = coefficient of determination from regression}obn X, RMSD =root mean
square for error from regression of measuresh simulatedx.
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and CTEM which experienced occasional convergence a year) andRy + Ry corresponded to that for summer

problems at SOJH{g. 4a and f). Regression statistics
for LE at both sites were adversely affected by large
LE effluxes measured but not modelled during some
afternoons (e.g. DOY 174, 177 and 179%gy. 3and
DOY 233 and 239 irFig. 4). Slopes from regressions
of modelled on measuréddat both CR and SOJP were
slightly larger than those abE, indicating that energy
dissipation was partitioned somewhat moré#tthan

to LE in the models than in the eddy covariance mea-
surements.

daily NEP (Table 3 and annual C@fluxes (Table 4.
Lower GPP and Ry + Ry from C-CLASSa, EALCO
and CTEM at CR were close to those calculated by
Morgenstern et al. (2004djom gap-filled eddy co-
variance data using a threshold friction velocitj,j of
0.3m s L foracceptance of fluxes, and no correction for
incomplete energy balance closum@lle 5. Higher
GPP andR+ Ry, from BEPS ecosys and C-CLASSm
were closer to that estimated Worgenstern et al.
(2004a)with a 12% correction for incomplete energy

Slopes from regressions of modelled on measured balance closure. Tot&, among the models varied with

CO;, fluxes at CR were similab(> 0.8) for all models
except C-CLASSa, the slope of which was smaller
(Table 4) as was the that for summer daiNEP
(Table &). Slopes at SOJP were largest for C-CLASSa
and C-CLASSm#— 1), lower for BEPS andcosys
(b~ 0.8), and lowest for EALCOK< 0.6) (Table 4;
also seé-ig. 6e). These slopes followed the same order
as those for summer dailyEP, except for C-CLASSa
(Table ®). Model theory would suggest that if the
interdependence between and g, were correctly
parameterized (A.2.1), theh values for regressions
of modelled on measured GCiluxes should have
been similar to those fdtE. However C-CLASSa and
EALCO modelled larger and smallér respectively
for CO, than forLE at both sites, indicating that their
parameters in A.2.1 may need to be reviewed. The
largem used in EALCO to calculate; (A.2.1) likely
compensated for low, (Figs. 5e and GeTable %)

in modelingLE (Figs. 3e and 4e Values of RMSD
between measured and modelled.Gloxes indicated
that the models could not explair3.5pmol m—2s~1

of the measured fluxes at CR and..8umolm2s1

of those at SOJP, with no significant differences among
models. Regression statistics for £@uxes at both

GPP (through A.4.5) sothatPP (=GPP — Ry) fromall
models was close to the range of 370064 nT2y—1
(above-ground) and 770-89 C nT 2y~ (total) esti-
mated byKeyes and Grier (1981pr two 40-year-old
Douglas fir stands in nearby Washington State, USA.
The allocation of NPP between growth (A.4.5,
A.4.6) and litterfall (A.4.7, A.4.8) at CR varied more
widely among the models than ditPP itself, reflecting
greater uncertainty in modelling processes of growth,
allocation and senescence than in modelling those of
C fixation and respiration. BEPS and C-CLASSa al-
located most ofVPP to litterfall leaving little for net
growth, whereagcosys, C-CLASSm and EALCO al-
located about one-half dfPP to litterfall, leaving a
similar amount for net growth. Bole growth rates of
similarly aged Douglas fir stands measured in the study
areawere 12 fha 1yl or250-30gCnm2y1 in-
dicating thatA wood C in BEPS and EALCO were
likely too low and too high respectivel®;, among the
models varied wittVPP (through litterfall effects oy,
in A.5.1 or on decomposition in A.5.10), so théEP
(=NPP — Ry,) from all models except C-CLASSa were
within 90 g C n2 of NEP estimated from eddy covari-
ance data. This value was estimatedvyrgenstern et

sites were adversely affected by large effluxes mea- al. (2004a)to be the systematic bias in annuétpP

sured but not modelled during some nights (e.g. DOY
173,176 and 177 iRig. 5(effluxes >2Qumol m2s1
not plotted) and DOY 188 and 189 ixg. 6).

4.7. Annual ecosystem C balances

Although CQ fluxes measured and estimated from

eddy covariance were simulated with comparable accu-

racy by most of the model3éble 4, yearly aggregates
of modelled fluxes differed marked|y#ble ). Model
ranking for annualGPP (=% V; wheret =time steps in

due to methods of data analysis used to calculate eddy
covariance fluxes. In some models, underestimation of
daily NEP during July and AugustHigs. 7 and 8was
offset by overestimation during May and June, indi-
cating the importance of testing for seasonal trends in
CO, exchange.

GPP from C-CLASSa and C-CLASSm at SOJP
were markedly larger than that estimated from gap-
filled eddy covariance fluxegéble %), even though
slopes from the regression of modelled on measured
fluxes for these models were close to Talfle b).
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Table 5
Annual C balances estimated from site measurements and modelled at (a) Campbell River (CR) and (b) Southern Old Jack Pine (SOJP) durin

2000

Estimate@ BEPS Ecosys C-CLASSa C-CLASSmM EALCO CTEM (gC rTTZ)
(gcm?) (gCcm?) (gcm?) (gcm?) (gcm?) (@Cm?)
(& CR
GPP 2120 2474 2590 2076 2504 2000 2151
Ra
Above 837 1586 641 1121 659
Below 680 276 473 426 436
Total 1517 1862 1114 1547 1095 1348
NPP
Above 420 460 546
Below 425 268 360
Total 957 728 962 957 906 803
Litterfall
Above 437 193 217 158 122
Below 362 65 548 206 368
Exudation 122 184
Total 799 383 949 364 490
Rn 567 348 725 608 519 483
Ra+Rn 1730 2084 2210 1839 2155 1614 1831
A wood C 94 353 214 378 417
A soil C 24 42 33
NEP 390 390 380 237 349 388 320
LAl late June 8
(b) SOJP
GPP 557 765 792 1028 1207 660 758
Ra
Above 281 293 337 423 298
Below 188 142 229 244 134
Total 469 435 566 667 432 493
NPP
Above 177 203 108
Below 119 154 121
Total 296 357 462 540 229 265
Litter
Above 148 141 143 105 67
Below 103 81 258 107 119
Exudation n/a 69 135 n/a n/a nja
Total 252 291 536 212 186
Rn 177 271 378 455 146 166
Ra+Rp 646 706 944 1122 578 659
A wood C 39 60 92 206 42
A soil C 64 0 74
NEP 66 118 86 84 85 82 99
LAl late June 2

& CR fromMorgenstern et al. (2004a30JP fronGriffis et al. (2003)usingu};, = 0.3m s 1 and no correction for energy balance closure.
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GPP from BEPS,ecosys, EALCO and CTEM were of 2000. During these period8,remained above the
closer to estimated values although slopes from the field capacities of the soils at both sites, so that changes
regression of modelled on measured fluxes for thesein net CQ exchange were attributed to atmospheric
models were less than Tgbles 3b and 4b The low rather than soil water status. The ability of the models
GPP modelled by EALCO at SOJP was consistent with in this study to simulate the magnitude of this change
low modelled versus measured €@uxes {ig. 6e, therefore depended upon their ability to simulate:

Table 4) and dailyNEP (Table 3), and may be at-
tributed to lowVinaxin A.1.1.R5 among the models at
SOJP varied wittGPP as did those at CR. ThuéPP
from C-CLASSa and C-CLASSm greatly exceeded a
NPP of 226 g C nT2 measured byGower et al. (1997)
and Steele et al. (1997at SOJP in 1994 which was
climatically similar to 2000.

All models except C-CLASSm allocated ma&eP
to litterfall (A.4.7, A.4.8) at SOJP, leaving little for
net growth. Wood growth rates in all models ex-
cept C-CLASSm were consistent with ones of 57 and
59gCnr2y I measured at SOJP in 1993 and 1994 by
Gower et al. (1997)As at CR,R,, among the models
varied with NPP so thatNEP from all models were
within 30gCn12 of that estimated from gap-filled
eddy covariance fluxes, except that from BEPS which
was higher because of comparatively I8w(Fig. 6a).

In a mature, undisturbed foregt,soil C (including
DOC) is likely to be small in comparison to litterfall,
and should equal total litterfallR, — A DIC (dissolved
inorganic C) — (DOC + DIC) lost by runoff and leach-
ing. Because onlycosys accounted for DOC (A.5.1)
and DIC, these terms were omitted frdrable 5 For
the other modelsA soil C should have equalled total
litterfall — Rn. However in some models total litterfall
—Rn was larger (BEPS and C-CLASSa) or smaller (C-
CLASSm) than likely values foA soil C at both sites,
indicating thatRy had not equilibrated with litterfall
during model spin up. Such equilibration needs to be
achieved before future model testsiyf

5. Discussion

5.1. Modelled CO; and energy exchange under
contrasting temperature and vapor pressure deficit

Changes from cool to warf, (>25°C) and low to
high D (>2 kPa) caused both the temperate Douglas fir
stand at CRKig. 7) and the boreal jack pine stand at
SOJP Fig. 8 to change from a daily sink to a daily
source of CQ on several occasions during the summer

f'ow 143 |

(1) the effects ofD on g (A.2.1) and thereby of¥,
(A.1.13). Allthe models in this study simulated the
effects ofD on g, either directly througltD or in-
directly throughy ¢ (ecosys). However onlyecosys
and C-CLASSm explicitly modelled the effects
of g on V|, so that these two models more fully
reproduced the magnitude of the sink—source tran-
sitions measured during warming everitgs. 5-8
b— 1 in Table 4. Both these models were able
to simulate the steep declines in diurnal water
use efficiency (WUE) measured under risibgat
both sites Fig. 9a and b) — C-CLASSm perhaps
too much so. These declines indicated that com-
parative effects of on V| andLE were accurately
modelled under changinf. Models that relied
only on functions ofys to constraing, or of ¢

16+

T 124
104

WUE (g C kg

WUE (g C kg H,0™)
'S
e

194
Day of Year

Fig. 9. Water use effeciency (WUE), calculated from Q@fluxes
divided byLE effluxes, measured by eddy covariance (symbols) and
modelled (lines) during two days with lower (left) and higher (right)
vapor pressure deficl at (a) Campbell River and (b) Southern Old
Jack Pine during summer 2000.
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Fig. 10. Net CQ exchange vs. air temperature modelled (a—e) and measured by eddy covariance (f) at Campbell River during 2000. Downward
fluxes were assigned positive values, and upward fluxes negative values.
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(C-CLASSa, EALCO) om (CTEM) to constrain

V) (A.1.4) generally did not simulate the depress-
ing effect of highD on midafternoon C@influxes.
These models also simulated the steep declines in
diurnal WUE, but these were sometimes less than
measured (e.g. C-CLASSalkiig. %9a and b). These
functions likely need to be made more sensitive to
D in conifers because of their low axial hydraulic
conductivity (A.6.6). Models that used empirical
formulations ofg) (BEPS) underestimated diurnal
declines in WUE if these formulations were not
sensitive enough t@d (Fig. 9a), but simulated
these declines better if they werd-ig. ).
Explicit modelling of the effects of; on V| should

be considered in future model development.

the effects of soil and air temperatures &n
(A1.2, A1.8),Rs (A.4.2, A.4.4) andR, (A.5.2,
A5.11). Peak C@ influxes were measured

307 (a) BEPS

and modelled around 15-18 at CR Fig. 10
and SOJP Kig. 11). CO, influxes modelled
by BEPS appeared to rise too rapidly at lower
temperatures, most notably at CRid. 10a), in
spite of the adequat@ip term in Al.2. Models
that used Arrhenius functions in Al.2cpsys,
C-CLASSa, EALCO) simulated rises in GO
influxes with temperature that were more gradual
at CR fig. 1,c,e), and perhaps too gradual at
SOJP Fig. 11b,c,e). Sharp declines in peak €0
influxes modelled and measured above°C8
were attributed taD effects ong|, most notably
the declines in C-CLASSmHgs. 10d and 11d

in which D effects were the most pronounced
(Figs. 5d and 6d The temperature sensitivity of
Ra+ Ry derived from nighttime eddy covariance
measurements was greater than that in most of the
models.Morgenstern et al. (2004aerived aQ10

(b) ecosys

30

10 25

(c) C-CLASSa

5 0 5

2 -1
CO, Flux (umol m*s™)

0 5 10 25 30

Temperature (C)
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(a) BEPS

15,

241

(b) ecosys

30 20 .10 10 20 30

15+
®1(c) C-CLASSa

104

(CQ, Flux (mmol m?s™)

330 20 30

(d) C-CLASSm

30 20 -10

1(e) EALCO

30 20 10 0 30

(f) measured

30 20 -10 10 20 30

30 20 .10

Temperature (°C)

Fig. 11. Net CQ exchange vs. air temperature modelled (a—e) and measured by eddy covariance (f) at Southern Old Jack Pine during 2000.
Downward fluxes were assigned positive values, and upward fluxes negative values.

and DOC production, in turn driving more rapid

Rn (A.5.1) (Figs. 10b and 11 Among first-order

models ofRy, the larger rise oR}, with soil tem-
perature in C-CLASSmHigs. 5d, 6d, 10d, 110d

was driven by largeo for R, (A.5.2), and in
C-CLASSa Figs. 5c¢, 6¢, 10c, 13dy an Arrhe-

nius function with an offset for cold-temperature

of 5.1 withTsat 5 cmwhen* >0.3mslatCRin
2000.Griffis et al. (20034erived aQ1g of 3.6 with
Ts at 2cm when/* >0.35ms ! at SOJP in 2000.
These large values of apparghiyo may partly be
attributed to the larger variation dfy versusTs
that drove above-groum®y. However these values
suggest that underestimation of risesRp+ Ry,

with temperature by some models (e.g. EALCO
in Figs. 5e and 6emay have been caused by low
Q10 for Rm (A.4.4) and in some caséy, (A.5.2).
This underestimation was apparent in the smaller
rises of CQ effluxes with temperature modelled
by EALCO at CR Fig. 10e) and SOJPHig. 11e).
The larger rise ok, with Ts in ecosys (Fig. 5b)

5.2.

adaptation that allowe®;, to rise more rapidly

at lower temperatures (A.5.2). Appropriate, and
in some cases greater, sensitivity &f and Ry

to temperature needs to be considered in future
model development.

Limitations of eddy covariance measurements

was attributed to higher-order effects of more in evaluating model performances

rapid R, (A.5.1) driving more rapid growth of
active microbial biomassi{z in A.5.7 fromRg in
A.5.6), driving more rapid decomposition (A.5.8)

The confidence with which inferences can be drawn
from the comparison of modelled and measured fluxes
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(Figs. 3—8 Tables 3 and Yidepends upon uncertainty The random error is commonly assumed to be less
in the measured fluxes. This uncertainty may be than 20% {Vesely and Hart, 1985and because of
attributed to two causes: its random nature it makes only a minor contribution

(1) Eddy covariance measurements are most accurateto uncertainty of annual totals of NERMorgenstem

. . . etal., 20045 The systematic error was evaluated by in-
under turbulent, well-mixed conditions, but likely . . .
. tercomparisons between two independent eddy covari-
underestimate C&and energy fluxes under the sta- . ) )
. ance systems at four FCRN sites with eddy covariance
ble boundary layers that frequently develop during oo . )
o ~ systems, calibration procedures and equipment main-
nighttimes. Fluxes recorded under stable condi- T
. ; 1 tenance standards very similar to those at CR and SOJP
tions (defined here ag;, < 0.3 ms™~) were there- .
. . (Morgenstern et al., 20044or all four sites, turbulent
fore excluded from comparison with modelled I . .
fluxes ofH, LE and CQ agreed to within 5%. Since this
fluxes (Table 4. These fluxes were replaced by . o .
. . . : . is a systematic difference between measurements, this
estimates based on relationships with key drivers . .
i . * uncertainty would also be present in the annual sum.
(solar radiation, soil temperature) wheh > uj,

to derive daily Table 3 and yearly Table 3 fluxes In other studies, uncertainties from lack of turbulence
(seeBarr et al., 2002or details). Because replace- and incomplete energy recovery, combined with those

ment was reauired more freauently during nights from gas sampling and measurement, contributed to
q q y g nights, standard errors of 38 Wn# for LE measured by eddy
tests of modelled C@effluxes versus temperature . -
were less constrained than were those oh@® covariance over grasslan@iWine et al., 200p and _the
fluxes greater of 15-20% or 30 W? for that over decidu-
' . ous forests\Wilson and Baldocchi, 20Q0These values
(2) Incomplete recovery by eddy covariance of ab- .
. o were comparable to root mean squares for differences
sorbed radiant energRf — G) as dissipated heat
(LE + H) has been proposed Byvine et al. (2000) (RMSD) between modelled and measurddat both
T ' CR (29-33Wn12) and SOJP (27-40 Wms). Com-
to correspond with incomplete measurement of . . : .
. parisons with eddy covariance fluxes at an annual time
CO; fluxes. Recoveries of 0.88 at CR and 0.85 at S
- scale were thus unable to distinguish among the ac-
SOJP indicated thdtE and CQ fluxes may have . . .
curacies with which mass and energy exchange were
been 13% and 17% larger than those measured. Al- _. . A
simulated by the different models in this study. How-
though the need to replace g®uxes measured . P, o .
. ever these comparisons did indicate that variation with
under lowu* is generally accepted, the need to . .
correct CQ fluxes for incomplete recovery of heat weather inLE and CQ fluxes was underestimated by
energy is not. Therefore this correction was not ap- >20% (<0.8) by C-CLASSa at CR, and by BEPS,
1Ergy IS not. rrect B™ Cc-cLASSa LE only), EALCO and CTEM at SOJP.
plied to the hourly fluxes or their daily and annual :
) The comparison of annudlEP calculated by the
totals used for model testingdbles 3—% Regres- X
X models and estimated from measuremeiiable 5
sions of modelled on measured fluxes should there- . L
. must be evaluated with respect to uncertainty in annual
fore have given slope# (n Table 4 of greater than : f h .
one, and certainly not of much less than one NEP'estlmated rom measurements. These estimates
' ' required that C@fluxes recorded wher* < ujj, be re-
When comparing eddy covariance measurements to placed by fluxes estimated from relationships derived
other estimates of NEP on half-hourly to annual scales, under more turbulent conditions. G@ffluxes were
it is important to take into account three different more frequently replaced than were £Dfluxes with
sources of uncertainty: (1) the random error of the values that were frequently larger than those recorded,
flux measurements that is due to the statistical nature so that apparemt, + R, rose with values selected for
of the turbulent transport process, (2) the systematic uj,. Morgenstern et al. (20044pund that raising,
error of the flux measurement that is due to differences from 0.2 to 0.3 ms? lowered annuaNEP estimated
in instrument gains, systematic biases due to signal at CR by 90 g C m?. Griffis et al. (2003)found that
attenuation, etc., and (3) systematic differences in the applying auj;, of 0.35ms?* reducedVEP estimated
gap filling algorithm that is applied to derive annual at SOJP by 8g C n2. On the other hand, correcting
totals of NEP from an incomplete record of half-hourly  forincomplete energy recovery would have raiseCO
EC measurements. influxes more than C@effluxes because influxes were
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usually larger. This correction would have raised es- other modelsLaw et al. (2000b)parameterized the
timatedNEP by 30 g C n2 from that reported at CR  multi-layer biosphere-atmosphere gas exchange mod-
(Morgenstern et al., 200%and by 12 g C m? from els CANPOND Baldocchi and Meyers, 19%&nd
that at SOJPGriffis et al., 2003. The uncertainty of ~ SPA Williams et al., 1995 from seasonal measures
annual NEP was estimated to be about 25% at a nearbyof soil respiration, temperature and water content,
FCRN deciduous site, depending on the distribution LAl and maximum leaf C@ fixation rates Vymax and

of gaps over the year and the treatment of energy bal- Jinayx) at a semiarid, temperate ponderosa piPis
ance closureGriffis et al., 2003. Differences between  ponderosa) site. CANPOND reproduced 30 and 2%
modelled and estimated annw&P would have to be  of variation in daily NEP measured by eddy covari-
larger than differences caused by assumptions in theance during 2 years, while SPA reproduced 49 and
estimated values before model divergence from mea- 28%. The models in this study reproduced 42-87%
surements could be inferred. of variation in daily NEP measured by eddy co-
variance at CR Table &; Fig. 7), and 12-52% of
that at SOJP Table 3; Fig. 8), indicating ongo-
ing progress in reconciling modelled with measured
NEP.

The competence of the ecosystem models in this  These results indicate that the performances
study to simulate C@and energy fluxes was compa- of comprehensive, generally applicable ecosystem
rable with that of more specialized models that have models can approach those of specialized, site-specific
been adapted to similar site conditions. The mass andmodels. These results also indicate that 20% or more
energy exchange modelK&llomaki and Wang (1999,  of variance in CQ and energy fluxes measured by
2000)used site-specific parameterizations of soil ther- eddy covariance remain unexplained by models, even
mal properties, soil respiration, soil surface resistance those with detailed mass and energy transfer schemes.
to evaporation, plant hydraulic resistance, photosyn- This variance is likely caused by minute-scale mi-
thetic capacity ¥imax andJmax from prescribed foliar crometeorological phenomena which create scatter in
N), and ofg and its responses to environment. When the measured fluxes not associated with the half-hourly
parameterized at a boreal Scots piRenfs sylvetris to hourly changes in the boundary conditions that
L.) site, this model reproduced 72%+£ 1.06) and 61%  drive modelled fluxes. It may also be explained by
(b=0.51) of variation in half-hourly measurements the random error of the flux measurements due to the
of daytime and nighttime C®fluxes respectively, statistical nature of the turbulent transport process,
and 76% p=1.08) of those in vapor fluxes, during commonly assumed to be less than 20%egely
19 summer days with low and highd. Arneth et al. and Hart, 198%h This unexplained variance limits the
(1998)developed a biophysical model of G@xation extent to which eddy covariance data can be used to
and respiration with parameterBifax, /max and soil discriminate among alternative model hypotheses.
respiration) derived from eddy covariance and surface
COy fluxes. When parameterized at a temperate
radiata pine Rinus radiata L.) plantation, this model
reproduced 53% HK=0.77) and 59% K=0.84) of
variation in hourly CQ fixation and respiration
respectively measured during 14 days over 2 growing ~ The Fluxnet-Canada Research Network is funded
seasons. These performances were equalled or exbPy the Natural Sciences and Engineering Research
ceeded by most of the models in this study, which were Council of Canada (NSERC), the Canadian Founda-
parameterized independently of site measurements,tion for Climate and Atmospheric Sciences (CFCAS),

5.3. Comparison with other modelling of eddy
covariance measurements

Acknowledgements

at CR (Table 4) and SOJPTable %), during entire
years with large variation iD and some variation
ino.

The competence of the models in this study to
simulate dailyNEP also compared well with that of

and the Biological Implications of COPolicy in
Canada (BIOCAP). Computational facilities for
ecosys were provided by the Multimedia Advanced
Computational Initiative (MACI) at the Universities
of Alberta and Calgary.



Appendix A

Key algorithms used in the models (N/A =not applicable or available)

BEPS

€cosys

C-CLASSa

C-CLASSm

EALCO

CTEM

A.1 CO, fixation
A.1.1 maximum
rubisco-limited CQ
fixation rateVimax

A.1.2 temperature effect on
rubisco-limited CQ
fixation rateVy

A.1.3 nitrogen effect ofvy

A.1.4 water effect orvy

A.1.5 CQ, effect onVy
A.1.6 maximum electron
transport ratdmax

A.1.7 irradiance effect on
electron transport rate
J

A.1.8 temperature effect on
J
A.1.9 nitrogen effect od

60pmolm—2s1 at 25°C for
all forest types

2.325-7/10

0.75 for coniferous forests 1.0
for broadleaf forests

Through effect ogc in A.2.2

30x 2125110 g
Jmax=29.1+ 1.64x Vemax

Jmax!.
T+2.LImax

As for Vimaxin A.1.2

As for Vimaxin A.1.3

40pmol g1 activated rubiscos! 90umol m~2 leafareas?

at 25°C for all C3 plants

Arrhenius function of canopy
temperature:
Ea=57.5kJmot ™ with low
and high temperature
inactivation and offset of
+4.5°C at SOJP and +31C
atCR

Rubisco concentrationfeaf
structural N:C) rubisco
activation s{leaf
non-structural N:C)

e y), b=3,

YT=vYc—Vn

Km=12.5uM
360mol g chlorophyll s at
25°C for all C3 plants

(QI+Jmax— ((QI +Jmax)? — 4at,
OQlmax)®%)/2a,

0=0.45pmol pmol~1,
«=0.75

As forVimaxin A.1.2

Chlorophyll

concentration #leaf
structural N:C), chlorophyll
activation 5{leaf
non-structural N:C)

at24°C (SOJP) or at 27C
(CR) when leaf structural
N>70gkg! structural C

Arrhenius function of canopy
temperature:
Ea=57.5kImot? with low
and high temperature
inactivation and optimum of
24.0°C at SOJP and +27C
atCR

f (leaf structural N:C), mod-
ified by f (leaf non-structural
N:C)

(expluw (¥ — Yo)/(10RTe)*C,
Yo=-80m,

Juw =0.018 kg mot 2,
R=8.314Jmof1K~1
Km=12.5uM

180pmol m~2 leafareas?!

at 24°C (SOJP) or at 27C
(CR) and leaf structural
N>70gkg! structural C
(Q1+Jmax— ((QI + Jmax)? — 4,
Olmax)®5)/2a,

0=0.45umol umol—1,

a=0.8

As forVimaxin A.1.2

As for Vimaxin A.1.3

49umolm-2 leafareasl~
at 25°C and top of canopy
(Vrmax(o) for sunlit leaves:
1—exp(—(k L
Ve max(D)ie p;SN(fy;kb) )
for shaded leaves:
Vemaxo) ] 2B
717“’)15;(&:]%)” kn =foliar
nitrogen content decay
coefficient (0.14%, = beam
radiation extinction
coefficientL = LAl
( Tieaf—Tmin ) ( TmaX*TIeaf)
Topt—Tmin Tmax—Topt /’
Tmin=—2°C, Topt=35°C,
Tmax=50°C

N/A

) 3(0s—bmin)
min (1, Tmax—Omin ) *
6s=root zon&d,
Omin = minimumé (0.05),
Omax= porosity

2.7x Vrmax

(I +Jmax— ((QI + Jmax)? — 4,
Olmax)®5)/2a,

©=0.20p.mol umol~1,

a=0.7

As forVymaxin A.1.2

As forVimaxin A.1.3

30pmolm-2leafareas?! at
25°C and leaf C:N=20

Arrhenius:
Ea=57.5kJmot. Optimum
temperature set at 2@

Vimax —2 (C:N-20) range
10-45

(COS@yc/¥max) +1.0)/2.0,
Ymax=—350m

Km=12.5uM
50mol m—2 leafareas?! at
25°C

J={0I+Jmax— [(Q1+Jmax)2
— 4a, Qlimax|O-3}2;
0=0.45pmolumol~1=0.8

As forVimaxin A.1.2

Jmax— 5 (C:N-20) range
20-120

60pmol CO, m~2 leaf area
slat25°C

f25(010)
{[1 + exp{0.3(Tc — Tup)}]
[1 + exp(0.3(Tiow — Tc)}]}
f25(Q10) = Q10*HTe=25),
Tiow is —=5°C, Typ is 34°C

N/A

10— (10— p)*, n=
2, pO)=

) 064
max [O, min (1, gt
field ~wilt

)]

N/A
N/A

o(1-m)I,
0=0.4Qumolwmol~1,
@ = scattering coefficient

As forVimaxin A.1.2

As for Vimaxin A.1.3

e

ZST-LIZ (S00Z) 881 8uijjapoy (vo1301037 / IV 12 Jupi) 'Y



Appendix A (Continued)

BEPS ecosys C-CLASSa C-CLASSm EALCO CTEM
A.1.10 water effect od N/A As for Vimaxin A.1.4 As forVimaxin A.1.4 As forVimaxin A.1.4 As forVimaxin A.1.4
* * " * ¥ .
A.1.11 quantum efficiency (Ci— I Y(4.5C;+108")  (C;—I")(A5C;+10.57%)  (C; — M)I(4.5C; +10.97) % (Ci— I)(4.5C; +10.57%)
i
A.1.12 light-limited CQ fixation rateV;  Je Je Je Je Je

A.1.13 leaf CQ fixation rateV;

A.2 stomatal conductance
A.2.1 leaf conductancg

A.2.2 water effect org;

A.2.3 canopy conductange

A.2.4 |eaf spatial resolution

A.3 nitrogen
A.3.1 maximum N uptake

A.3.2 soil N effect on N uptake

min(Vr,V)) - Rg: Ry =dark
respiration

g1 =1,
7= rninADADYWAR),
()= 1

1-0.0016(25-7)2 '
AD)=1/(1+2.2D) (CR),
AD)=(0.161-0.068)
(1+0.355D)/(0.161-0.068
(1+0.355D)) (SOIPY(¥) =

4
Z fWiwi,  wi=
i=1
_ Rilvi

24

D kil
fraction in layeri f(R) =
__1000  R+Rmin
1000+ Ry~ R °
30
if y <—100kPa f(yi) =
1+

; 0.75

—i—100
(7{00 ) . else
f(¥1) = 1,y =soil water
potential (kPa)

w; is the root

8l,sunlit Alsunlit * 8l,shaded
Al shaded

Sunlit and shaded fractionsSpecies, branch, layer, node,Sunlit and shaded fractions
depending on solar zenith

depending on solar zenith
angle

N/A

N/A

Iterative solution forC; such  min(Vy,V;)

that: min(r,V;) =g
(Ca—Ci)

gimax=Vi/(Ca— Cj)

Rpin =

11 = Timin + ("imax —
Fimin)e VT, n =

gl’l fromA21, rmin =
gl:nlaxfrom A2l yr=
Ye—VYx, b=5

Z gl Al A is the area of
leaf surface with spatial
resolution defined below

azimuth, inclination, sunlit

&imin +mViH/Ca,

gImin =0.0001ms1, m=6,

H=RH

Through water effect ofiry,
VjinAl4

8l,sunlit Alsunlit + 81, shaded
Alshaded

vs. shaded depending on solangle

zenith angle, clumping

1.4 10 69 NH,* or NOg~

m~2 root area 51 at
25NH,* °C

Km=0.35g NH;* or NO3~
m73 water

1.4x 10~ gNm 2 root area

s~1at 24°C (SOJP) or at
27°C (CR)
Km=0.35gNn13 water

Iterative solution of:
min(V+,V;) Ry = gc

(Ca— Cj), Rg=dark
respiration

&imin +mwVIH{(Ci — T')
(1+DIDo)},

gimin =0.01molm2s-1,
m=3,fy froméasin A.1.4,
Do =2kPa (CR), 4kPa
(SOJP)

Through¢ onVy, V; in A.1.4
and ong in A.2.1

8l,sunlit Alsunlit + 81, shaded
Al shaded

Sunlit and shaded fractions
depending on solar zenith
angle

N

<

A

N/A

min(V.V))

gimin +mV;HICa,
gImin =0.0001ms1, m=9,
H=RH

Through water effect ofiry,
viinAl.4

8l,sunlit Alsunlit * 8l,shaded
Al shaded

Multilayer with explicit
crown shape and stand

BLV2 — (Vi + V) + ViV, =0,
BoAZ — Ag(V+Vs) + VVs=0,
B1 andp, =curvature
coefficients >0.9 and <0.99,
V=smoothed average &
andVj, A =smoothed average
of V and the capacity to
export or utilize
photosynthesis product¥d)

N/A

Through water effect ofiry,
VjinAl4

gemin+mAnpl{(Ci — I')
(1+DIDg)},
gemin=0.01moln2s~1,

A, =A — leaf respiration,
p=surface pressure (Pa)
m=6,Dg=2kPa

Big leaf, or sunlit and shaded
fractions depending on solar

distribution, sunlit vs. shaded zenith angle

1.4% 10" gNm~2 root area N/A

slat2s°C

Km=0.35g N n3 water

N/A

ZSTLIZ (S00T) 881 Sui]jopoj] (1301097 / [V 12 JuviD) Wy
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Appendix A (Continued)
BEPS ecosys C-CLASSa C-CLASSm EALCO CTEM
A.3.3 soil temperature effect on N uptake ~ N/A Arrhenius function of root Arrhenius function of root ~ N/A Arrhenius: N/A
temperature: temperature: Ea=57.5kJmot?
Ea=57.5kImotL withlow  Ea=57.5kmof with low
and high temperature and high temperature
inactivation and offset of inactivation and optimum of
+4.5°C at SOJP and +3{C 24.0°C at SOJP and 27T at
atCR CR
A.3.4 plant N effect on N uptake N/A N4t or NO3~ uptake 5 f (root non-structural C:N) N/A f(root N concentration) N/A
(root non-structural C:N:P)
A.3.5 plant N/C
Leaves N/A 0.05 max. (conifers), varies 0.0625 max., varies with N/A 0.047 varies with leaf C:N ~ N/A
with leaf non-structural shoot non-structural N:C ratio assimilation
C:N:P ratio
Twigs N/A 0.02 0.0167 N/A 0.016 varies with sapwood N/A
C:N assimilation
Roots N/A 0.02 0.02 N/A 0.024 varies with root C:N  N/A
assimilation
Wood N/A 0.0025 0.00135 N/A 0.002 N/A

A.4 autotrophic respiration
A.4.1 total autotrophic respiratioRa

A.4.2 temperature effect o

A.4.3 maintenance respiratidtin

A.4.4 temperature effect aty

A.4.5 growth respiratioRy
A.4.6 growth yields N/A
Leaves

Non-foliar

Roots
Wood

Rgi + Rmi, Rg = growth
respiration,

Rm = maintenance
respiration; = leaf, wood or
root

Through effects o®m, V¢

Leaf:

1.16x 10 "gcglcs?t
stem:2.31x 108gCc gt
Cs1, root:
1.74x108gcglcstat
25°C

2.37-25/10

0.2Ve

1
409gCg Ry
40gCgR;*

40gCgR;*
40gCgR;*

Ra Cn f(T) f(Cn

Nu), Rd =

417x 10 8s L at25°C,
C,, =non-structural C,
N, =non-structural N

Ra Cy f(T) f(Cu

Np), Rd =

417x 10 8s 1 at24°C
(SOJP) or at 27C (CR),
C, =non-structural C,
N, =non-structural N

Rgi + Rmi, Rg =growth
respiration,

Rm = maintenance
respiration; =leaf, wood or
root

Arrhenius function of canopy Arrhenius function of canopy Through effects oRm, Ve

or root temperature:
Ea=57.5kJmot? with low
and high temperature
inactivation and an offset of
+4.5°C at SOJP and +3C
atCR
3.2x10%gCgNtslat
25°C

010=2.25, based on canopy Q19=2.0, based on canopy 0019 jeat=2.0,010,wood= 1.7,

or root temperature
max(0,Ra — Rm)
269CgR;*
32gCgR?

32gCgR;’
40gCcgRy?

or root temperature:
Ea=57.5kJmot ! with low
and high temperature
inactivation and optimum of
24.0°C at SOJP and 27C at

CR

23x10%gCcgNtslat Leaf:

25°C 15x103gCm2areas?
sapwood:

23x109%gCglcs?
coarse root:
43x10%cglcs?
fine root:

1.14x 10 7gCglcslat

25°C

root temperature 010,r00t= 1.9, based on
canopy or soil temperature

max(0,Ra — Rm) 0.15 (V¢ — Rm)

244gCgR*

244gCoR*

244gCgR*

Transformed from dead
sapwood

Rgi + Rmi, Rg = growth
respiration,

Rm =maintenance
respiration; = leaf, wood or
root

Rgi + Rmi, Rg = growth
respiration,

Rm =maintenance
respiration; = leaf, wood or
root

Through effects o®m, V¢ Through effects o®m, Vc

2.06x 10 6gCgNtslat
25°C

Leaf: 0.015V; (C3) 0.025V}
(C4), wood:

1.37x 10 8gCcglcs xify,
root:
453x108gCcglcsixif

at 25°C,

Ifw,r = max(0.05,min(exp¢0.2835
Cw;r),1.0))

Q10 leaf=2-1,Q10,wo0d= 1.3, Q10=3.22-0.046'
Q10,r00t= 1.9, based on
canopy or soil temperature
0.24 (Vo — Rm) max(0, 0.30 V¢ — Rm))
0.57 of C used for leaf growth

(=0.57/0.432?7)

0.57 of C used for sapwood

growth

0.57 of C used for root growth

Sapwood

senescence-sapwood litterfall

ate
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Appendix A (Continued)

BEPS ecosys C-CLASSa C-CLASSm EALCO CTEM
A.4.7 senescence respiratifp N/A max(0Rm — Ra) max(ORm — Ra) N/A
A.4.8 litterfall N/A Rs (1—Fs)/Fs, Fs=fraction Rs (1-Fs)/Fs+phenology- sum of Phenology-driven turnover  Turnover for leaf from

A.5 Heterotrophic respiration
A.5.1 total heterotrophic respiratidty D¢ (1—¢),
D¢ =decomposition in A.5.8,
£=0.4-0.7, depending on C

pools
A.5.2 temperature effect oky, £308.56(1/35+46.0321/T+46.32)
A.5.3 water effect oRp, Through the effect on

decomposition (A.5.12)

A.5.4 maintenance respiratidty N/A
A.5.5 effect of temperature afm N/A
A.5.6 growth respiratioRg N/A
A.5.7 growth yield N/A
A.5.8 decompositiom z KqiCif(T)f (9%) e

is the rate constant

A.5.9 decomposition rate constants for sd.67 x 1077571 (surface
poolsKys microbe), 3.62« 10~ 7
(1 - Felay and sid s (soil
microbe), 7.08< 10951
(slow), 1.43x 101051
(passive)

of leaf, twig or root C that is
remobilizable

R} MalCal/(Kr +
[CaD) f(Ts), f(C:N:

P), R, =3125x

105g CgmictC~ts1lat
25°C, M5 = active microbial
Cg m’z,
[Cal=[DOC]gm~3,
Kr=36gCm3

Arrhenius function of soil
temperature:
Ea=57.5kImot* with low
and high temperature
inactivation and an offset of
+4.5°C at SOJP and +3C
atCR

R'thz/Qéjz Qo, =

O, uptake Qéz =

O, demand

3.33x 10-%gCg micr.
N-lslat25°C
010=2.25
max(0Rp — Rm)

1.5gvag Flg_1 (aerobic)
Kg Ma Col(Co +Kc) f(Ts),
Kq4 =rate constant,
Ma = active microbial C,
Co=S0OC,Kc=SOC at 1/2
Demax
5.21x 106gCgmyts?
(POC),
1.04x10%gcgmytst
(humus) at 25C

driven turnoverFs = fraction
of leaf, twig or root C that is
remobilizable

Dc (1-¢),

D¢ =decomposition in A.5.8,
£=0.5(CH0),0.3
(cellulose), 0.2 (lignin), 0.4
(active SOC), 0.2 (slow
SOC), 0.2 (humus)

Through effect orD¢ in
A5.11

Through effect orD¢ in
A5.12

N/A

N/A
N/A
N/A

Ky Co fiTs) fvrs) ACo:No),
Kq =rate constantCo = SOC,
No=SON

1.16x 1077 571 (active)
3.47x 109571 (slow),
9.28x 101251 (humus) at
24°C (SOJP) or at 27C
(CR)

biomasses prescribed
turnover rates for leaf, wood
and root

/

Riitter + Rsoil: Rsoil = Ry

CsfiTs) fl0s), Ry =

6.24x 108gcglcs?

at 25°C, Cs=SO0C,

Riitter = Rjye, C1 (T5) f(6s),
I,mer =

960x 108gCcglcs?

at 25°C, C =litter C,

Ts=temperature of top soil

layer (0-10cm)

010=4.0

{6/(0.%9pc —6)} x {0.59¢/
(0.995 +6)}, Rsoil ONly),
Orc =field capacity,

6s =saturation

N/A

N/A
N/A
N/A

Kq4C), Kq =rate constant,
C) =total litter C, calculated
for litter C to SOC only

N/A

based on accumulated
temperature

D¢ (1-¢),

D¢ =decomposition in A.5.8,
£=0.5(CH0), 0.3
(cellulose), 0.2 (lignin), 0.4
(active SOC), 0.2 (slow
SOC), 0.2 (humus)

Through effect ol in
A5.11

Through effect orD¢ in
A5.12

N/A

N/A
N/A
N/A

Ky Co AAT) f¥) fan),
Kq4 =rate constaniCo = SOC,
an = C:N ratio

1.16x 10~ 7 s~ (active)
3.47x 1079571 (slow),
9.28x 101251 (humus) at
25°C

specified life span of 2.5 year,
and from cold and drought
stress. Turnover for stem of
50 year and root of 7.6 year.

Riitter + Rsoil, Rsoil = R,
Cs fiTs) fl0s), Ry =
195x 108gcglcs?t
at 25°C, Cs=SO0C,
?iner = Rjjer C1 ATs) f165),
litter —
70x108gcglcs?tat
25°C, C) =litter C

/
soil

Q10=exp(2.04 (17s/Topt)),
Topt=36.9°C

max(0,min(1,(1- {log(|¥)
= 10g(|¥/lmn) }{10g(1¥mx)
=log(|¥lmn) 1)),

||y =100 MPa

[¥|mn =0.06 MPa

N/A

N/A
N/A
N/A

0.43Rjitter 0.43Rspjl

N/A
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Appendix A (Continued)

BEPS

eCoSsys

C-CLASSa

C-CLASSm

EALCO CTEM

A.5.10 decomposition rate constants for litt.52x 10~ x e(~3L) s=1

2.08x 104gCgMytst

2.56x 106571 (CH,0), N/A

2.56x 10-%s71 (CH,0), N/A

144

ter poolsKg (leaf structural), (protein, CHO), 3.67x 10~ 7 s~ (cellulose), 9.67x 10~ 7571 (cellulose),
7.40x 1077571 (leaf 3.125x 10°gCgMz st 1.16x 107571 (lignin), at 1.16x 10~ 751 (lignin), at
metabolic), (cellulose), 24°C (SOJP) or at 27C 25°C
197x10 7 xel3)s 1 521x108gcmzlst  (CR)
(leaf structural), (lignin), at 25°C
1.14x 1076571 (leaf
metabolic),
1.41x 1077 x g3 g1
(woody),L = lignin content

A.5.11 temperature effect on 308.56(1/35+46.0321/T+46.32) ArrheniusEa=57.5kImotl ArrheniusEa=57.5kImotl (019=4.0 Arrhenius:
decomposition with low and high with low and high Ea=57.5kJmotl. optimum
temperature inactivation and temperature inactivation and T=35°C

an offset of +4.5C at SOJP  optimum of 24.0°C at SOJP
and +3.0°C at CR and 27CatCR

A.5.12 water effect on decomposition coarse scﬂktﬁ( e%) - Ke = (expluw (¥c — ¥o)/(10RT))30: —0.097xlog(y/100) + 0.552
2 KL+ [Ma/61/K)), Ko=  0=—0.33m;
503(4%) - 75gCMgL, K = w =0.018kgmot™2,

0472 medium to fine soil g 4 cpr-3 R=8.314Jmot 1K1

2
o 6
563 (g) —4.64(g) _
0710

Penman-Monteith equation (ec(r) — ea)/(rc + ra),
with sunlit and shaded leaf es=canopy vapor
conductance concentration (g m3),

A.6 evapotranspiration
A.6.1 canopy transpiratioBc (es(re) — €a)/(rc + ra),
es = saturated vapor

concentration (g md),

(es(Tc) —ea)/(rc + ra),
es = saturated vapor
concentration (g md),

(es(re) — €a)/(rc + ra),
es = saturated vapor es = saturated vapor
concentration (gm3), concentration (g md),
ea =atmospheric vapor ea =atmospheric vapor ea =atmospheric vapor ea=Vvapor concentration at  ea =atmospheric vapor
concentration (g m3), concentration (g md), concentration (gmd), leaf surface (g m3), concentration (g md),
ra=aerodynamic resistance ra=aerodynamic resistance ra=aerodynamic resistance rc = 0.64 g;l ra=aerodynamic resistance
(sml), e =064gt (sml), e =064g? (sm 1), rc=064g"t (sml), e =064gt
Penman-Monteith equation(es(rg) — ¢a)/ra (es(re) — €a)/ra (es(rc) — €a)/ra
with zero resistance
Combined with soil

(es(re) —e1)/7e,

A.6.2 canopy interception (es(re) — €a)/ra

A.6.3 litter evaporation ei{r;) — ea)/(ra+ rp),

e|(77) = vapor concentration at

litter surface (g r3),

rp =aerodynamic resistance

of plant canopy (s m1)
Penman-Monteith equation(es(rs) — ea)/(ra+rb +11),  (es(rs) — €a)/ra, es(rs) =SOil ~ Zero when stable, otherwise (es(rg) — ¢a)/(ra + rac), =zero when stable, otherwise

with soil resistance es(rs) = SOl surface vapor surface vapor concentration calculated fromD at ground  es(rs) = soil surface vapor calculated fromD at ground

Incorporated into soil surface Treated as ground surface
evaporation

Incorporated into soil surface
evaporation

A.6.4 soil surface evaporation

concentration (g m3), (@m=3) surface and free convection concentration (g m3), surface and free convection
) =diffusive resistance of equation rac=canopy modifieda equation
litter (s m1)

A.6.5. soil water flow Richards Richards or Green-Ampt, Richards Richards Richards Richards

Poiseuille, Manning
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Appendix A (Continued)

CTEM
Based on root fraction

EALCO
(e — ¥s)/(2s + $2r +

C-CLASSm

Based on root fraction

C-CLASSa

€cosys

BEPS

Zi{(Ye — ¥s)/(£2s + 1)},

equilibrated withEc,

(e — ¥s)/(2s + $2r +
X\ 2a¢)}, equilibrated with

Ec from A.6.1,vr¢

i (Tw;)wi
(Ri/ Vi) Zi(Ri / Vi), whereT

A.6.6 root water uptake

6(43.O>< soil depth/max. root depth)

canopy water

potential (M) s

9(43.0>< soil depth/max. root depth) Qax)}, Ve

in each of 3 soil layers

soil layer

in each of 3 soil layers

canopy ¢ = canopy water potential
(m), for each soil layer:

is the total transpiratiorR; is
root fraction in layer; andy;
is water potential in layer

soil

hydraulic resistance (&),

water potential (m)§2s

water potential (MPa), for
each soil layerys

soil water potential (m),

VYs=

=soil

root radial hydraulic
resistance (31), 2ax

2r=

soil hydraulic resistance

soil hydraulic resistance  (s™1), £2r

(MPahntl), 2

2s=

water potential (MPa),

2s

root

root hydraulic

resistance (s1)

axial hydraulic resistance

)

root radial

hydraulic resistance
(MPahntl), 2,

R.E. Grant et al. / Ecological Modelling 188 (2005) 217-252 249

root axial

hydraulic resistance

(MPahntl)
4 layers: 0.10, 0.15, 0.35, andUser-selected layer numbers 3 layers: 0.10, 0.25 and

3 layers: 0.10, 0.25 and 3 layers: 0.10, 0.25 and 3.75m
1.15m

3 layers: 0.10,0.25 and 3.75m

A.6.7 soil profile resolution

3.75m

(15 max.) and depths, with

im

surface layer typically 0.01m
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