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RESUME

La forét boréale, seconde aire biotique terrestre sur Terre, est actuellement considerée
comme un réservoir important de carbone pour I’atmosphére. Les modéles basés sur le
processus des écosytemes terrestres jouent un réle important dans I’écologie terrestre et
dans la gestion des ressources naturelles. Cette thése examine le développement, la
validation et [’application aux pratiques de gestion des foréts d’un tel modele.

Tout d’abord, le module récement développé d’échange du carbone TRIPLEX-Flux
(avec des intervalles de temps d’une demi heure) est utilisé pour simuler les échanges
de carbone des €cosystémes d’une forét au peuplement boréal et mixte de 75 ans dans
le nord est de I’Ontario, d’une forét avec un peuplement d’épinette noire de 110 ans
localisée dans le sud de Saskatchewan, et d’une forét avec un peuplement d’épinette
noire de 160 ans située au nord du Manibota au Canada. Les résultats des échanges
nets de I’écosystéme (ENE) simulés par TRIPLEX-Flux sur l'année 2004 sont
comparés a ceux mesurés par les “tours de mesures de covariance des turbulences” et
montrent une bonne correspondance générale entre les simulations du modele et les
observations de terrain. Le coefficient de détermination moyen (R?) est
approximativement de 0.77 pour le peuplement mixte boréal, et de 0.62 et 0.65 pour
les deux foréts d’€pinette noire situées au centre du Canada. Le modéle est capable
d’intégrer les variations diurnes de I’échange net de 1’écosystéme (ENE) de la période
de pousse (de mai a aoiit) de 2004 sur les trois sites. Le peuplement boréal mixte ainsi
que les peuplements d’épinette noire agissaient tous deux comme des réservoirs de
carbone pour I’atmosphere durant la période de pousse de 2004. Cependant le
peuplement boréal mixte montre une plus grande productivité de I’écosysteme, un plus
grand piégeage du carbone ainsi qu'un meilleur taux de carbone utilisé comparé aux
peuplements d’épinette noire.

L’analyse de la sensibilité a mis en évidence une différence de sensibilité entre le
matin et le milieu de journée, ainsi qu'entre une concentration habituelle et une
concentration doublée de CO,. De plus, la comparaison de différents algorithmes pour
calculer la conductance stomatale a montré que la production nette de I’écosystéme
(PNE) modelisée, utilisant une itération d'algorithme est conforme avec les résultats
utilisant des rapports Ci/Ca constants de 0.74 et de 0.81 respectivement pour les
concentrations courantes et doublées de CO,. Une variation des parametres et des
données variables de plus ou moins 10% a entrainé, respectivement pour les
concentrations courantes et doublées de CO,, une réponse du modéle inférieure ou
égale & 27.6% et a 27.4%. La plupart des paramétres sont plus sensibles en milieu de
journée que le matin excepté pour ceux en lien avec la température de 1’air, ce qui
suggere que la température a des effets considérables sur la sensibilité du modéle pour
ces parameétres/variables. L’effet de la température de I’air €tait plus important dans
une atmosphere dont la concentration de CO, était doublée. En revanche, la sensibilité
du modeéle au CO, qui diminuait lorsque la concentration de CO, était doublée.

Sachant que, les incertitudes de prédiction des modeles proviennent majoritairement
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des hétérogeneities spacio-temporelles au coeur des écosystémes terrestres, a la suite
du développement du modele et de I'analyse de sa sensibilité, sept sites forestiers a tour
de mesures de flux (comportant trois foréts a feuilles caduques, trois foréts tempérées a
feuillage persistant et une forét boréale a feuillage persistant) ont été selectionnés pour
faciliter la compréhension des variations mensuelles des parametres du modéle. La
méthode de Monte Carlo par Markov Chain (MCMC) & ét€ appliquée pour estimer les
parametres clefs de la sensibilité¢ dans le modeéle basé sur le processus de I'écosystéme,
TRIPLEX-Flux. Les quatre parametres clefs sélectionnés comportent: un taux
maximum de carboxylation photosynthétique a 25°C (Vmax), un taux du transport d’
un électron (Jmax) saturé en lumiére lors du cycle photosynthétique de réduction du
carbone , un coefficient de conductance stomatale (m), et un taux de référence de
respiration & 10°C (Rjo). Les mesures de covariance des flux turbulents du CO,
échangé ont ét¢ assimilées afin d’optimiser les parametres pour tous les mois de
’année 2006. Apres que I’optimisation et I’ajustement des paramétres ait été réalisée,
la prédiction de la production nette de I’écosysteme s’est ameliorée significativement
(d’environ 25%) en comparaison avec les mesures de flux de CO, réalisés sur les sept
sites d’écosystémes forestiers. Les résultats suggerent, dans le respect des parameétres
sélectionnés, qu’une variabilité plus importante se produit dans les foréts a feuilles
larges que dans les foréts d’arbres & aiguilles. De plus, les résultats montrent que
’approche par la fusion des données du modele incorporant la méthode MCMC peut
étre utilisée pour estimer les parametres basés sur les mesures de flux, et que des
parameétres saisonniers optimisés peuvent considérablement améliorer la précision d’un
modele d’écosysteme lors de la simulation de sa productivité nette et cela pour
différents écosysteémes forestiers situés a travers I’ Amerique du Nord.

Finalement, quelques uns de ces parametres et algorithmes testés ont été utilisés pour
mettre 4 jour I’ancienne version de TRIPLEX comportant des intervalles de temps
mensuels. En outre, le volume d'un peuplement et la quantité de carbone de la
biomasse au dessus du sol des foréts d’épinette noire au Québec sont simulés en
relation avec un peuplement des ages, cela a des fins de gestion forestiere. Ce modele a
¢été validé en utilisant a la fois une tour de mesure de flux et des données d’un
inventaire forestier. Les simulations se sont averrées réussies. Les corrélations entre les
données observées et les données simulées (R?) étaient de 0.94 0.93 et 0.71
respectivement pour le diamétre & 1.3m, la moyenne de la hauteur du peuplement et la
productivité nette de I’écosysteéme. En se basant sur les résultats a long terme de la
simulation, il est possible de déterminer 1’dge de maturité du carbone du peuplement
consideré comme prenant place a I’époque ou le peulement de la forét préléve le
maximum de carbone, avant que la récolte finale ne soit realisée. Aprés avoir comparé
I’4ge de maturité du volume des peuplements considérés (d’environ 65 ans) et I’Age de
maturité du carbone des peulpements considérés (d’environ 85ans), les résultats
suggérent que la récolte d’un méme peuplement & son dge de maturité de volume est
prématuré. Décaler la récolte d’environ vingt ans et permettre au peuplement considéré
d’atteindre I’dge auquel sa maturité du carbone prend place, ménera a la formation
d’un réservoir potentiellement important de carbone. Aussi, un nouveau diagramme de
la gestion de la densité du carbone du peuplement considéré, basé sur les résultats de la
simulation, a été développé pour démontrer quantitativement les relations entre les
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densités de peuplement, le volume de peuplement et la quantité de carbone de la
biomasse au dessus du sol a des stades de développement variés, dans le but d’établir
des régimes de gestion de la densité optimaux pour le rendement de volume et le
stockage du carbone.

Mots-Clefs: écosysteme forestier, flux de CO,, production nette de 1I’écosystéme, eddy
covariance, TRIPLEX-Flux module, validation d’un modele, Markov Chain Monte
Carlo, estimation des parametres, assimilation des données, maturité du carbone,
diagramme de gestion de la densité de peuplement



ABSTRACT

The boreal forest, Earth’s second largest terrestrial biome, is currently thought to be an
important net carbon sink for the atmosphere. Process-based terrestrial ecosystem
models play an important role in terrestrial ecology and natural resource management.
This thesis focuses on TRIPLEX model development, validation and application of the
model to carbon sequestration and budget as well as on forest management practices
impacts in Canadian boreal forest ecosystems.

Firstly, this newly developed carbon exchange module of TRIPLEX-Flux (with half-
hourly time step) is used to simulate the ecosystem carbon exchange of a 75-year-old
boreal mixedwood forest stand in northeast Ontario, a 110-year-old pure black spruce
stand in southern Saskatchewan, and a 160-year-old pure black spruce stand in
northern Manitoba, Canada. Results of net ecosystem exchange (NEE) simulated by
this model for 2004 are compared with those measured by eddy flux towers and
suggest good overall agreement between model simulation and observations. The mean
coefficient of determination (R?) is approximately 0.77 for the boreal mixedwood, 0.62
and 0.65 for the two old black spruce forests in central Canada. The model is able to
capture the diurnal variations of NEE for the 2004 growing season in these three sites.
Both the boreal mixedwood and old black spruce forests were acting as carbon sinks
for the atmosphere during the 2004 growing season. However, the boreal mixedwood
stand shows higher ecosystem productivity, carbon sequestration, and carbon use
efficiency than the old black spruce stands.

The sensitivity analysis of TRIPLEX-flux module demonstrated different sensitivities
between morning and noon, and from current to doubled atmospheric CO;
concentrations. Additionally, the comparison of different algorithms for calculating
stomatal conductance shows that the modeled NEP using the iteration algorithm is
consistent with the results using a constant C;/C, of 0.74 and 0.81, respectively for the
current and doubled CO, concentration. Varying parameter and input variable values
by £10% resulted in the model response to less than and equal to 27.6% and 27.4% for
morning and noon, respectively. Most parameters are more sensitive at noon than in
the morning except those that are correlated with air temperature suggesting that air
temperature has considerable effects on the model sensitivity to these
parameters/variables. The air temperature effect was greater under doubled than
current atmospheric CO, concentration. In contrast, the model sensitivity to CO,
decreased under doubled CO, concentration.

Since prediction uncertainties of models stems mainly from spatial and temporal
heterogeneities within terrestrial ecosystems, after the module development and
sensitivity analysis, seven forest flux tower sites (including three deciduous forests,
three evergreen temperate forests, and one evergreen boreal forest) were selected to
facilitate understanding of the monthly variation in model parameters. The Markov
Chain Monte Carlo (MCMC) method was applied to estimate sensitive key parameters
in this TRIPLEX-Flux process-based ecosystem module. The four key parameters
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selected include a maximum photosynthetic carboxylation rate of 25°C (V.x), an
electron transport (Jy.x) light-saturated rate within the photosynthetic carbon reduction
cycle of leaves, a coefficient of stomatal conductance (m), and a reference respiration
rate of 10°C (Rg). Eddy covariance CO, exchange measurements were assimilated to
optimize the parameters for each month in 2006. After parameter optimization and
adjustment took place, the prediction of net ecosystem production significantly
improved (by approximately 25%) compared to the CO, flux measurements taken at
these seven forest ecosystem sites. Results suggest that greater seasonal variability
occurs in broadleaf forests in respect to the selected parameters than in needleleaf
forests. Moreover, results show that the model-data fusion approach incorporating the
MCMC method can be used to estimate parameters based upon flux measurements,
and that optimized seasonal parameters can greatly improve ecosystem model accuracy
when simulating net ecosystem productivity for different forest ecosystems located
across North America.

Finally, some of these well-tested parameters and algorithms were used to update and
improve the old version of TRIPLEX1.0 that used monthly time steps. Furthermore,
stand volume and the aboveground biomass carbon quantity of black spruce (Picea
mariana) forests in Québec are simulated in relation to stand age for forest
management purpose. The model was validated using both a flux tower and forest
inventory data. Simulations proved successful. The correlations between observational
data and simulated data (R®) are 0.94, 0.93, and 0.71 for diameter at breast height
(DBH), mean stand height, and net ecosystem productivity (NEP), respectively. Based
on these long-term simulation results, it is possible to determine the age of forest stand
carbon maturity that is believed to take place at the time when a stand uptakes the
maximum amount of carbon before final harvesting occurs. After comparing the stand
volume maturity age (approximately 65 years old) with the stand carbon maturity age
(approximately 85 years old), results suggest that harvesting a stand at its volume
maturity age is premature for carbon. Postponing harvesting by approximately 20 years
and allowing the stand to reach the age at which carbon maturity takes place may lead
to the formation of a potentially large carbon sink. Also, based on the simulation
results, a novel carbon stand density management diagram (CSDMD) has been
developed to quantitatively demonstrate relationships between stand densities and
stand volume and aboveground biomass carbon quantity at wvarious stand
developmental stages in order to determine optimal density management regimes for
volume yield and carbon storage.

Keywords: forest ecosystem, CO, flux, net ecosystem production, eddy covariance,
TRIPLEX-Flux, model validation, Markov Chain Monte Carlo, parameter estimation,
data assimilation, carbon maturity, stand density management diagram
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CHAPTER I

GENERAL INTRODUCTION

1.1. BACKGROUND

Boreal forests form Earth’s second largest terrestrial biome and play a significant role
in the global carbon cycle, because boreal forests are currently thought to be important
net carbon sinks for the atmosphere (Tans et al., 1990; Ciais et al., 1995; Sellers et al.,
1997, Fan et al., 1998; Gower et al, 2001; Bond-Lamberty et al., 2004; Dunn et al.,
2007). Canadian boreal forests account for about 25% of the global boreal forest and

nearly 90% of the productive forest area in Canada.

Since the beginning of the Industrial Revolution, increasing human activities have
increased CO, concentration in the atmosphere and the temperature to increase (IPCC,
2001, 2007). The boreal forest ecosystem has long been recognized as an important
global carbon sink, however, the pattern and mechanism responsible for this carbon
sink is uncertain. Although some study areas of forest productivity are still poorly
represented, a review of the relevant literature (see Fig. 1.1) suggests that there is a
reasonable carbon budget of the boreal forest ecosystem at the global scale here.
Actually, because of the high degree of spatial heterogeneity in sinks and sources, as
well as the anthropogenic influence on the landscape, it is particularly difficult to

determine the role of the boreal forest in the global carbon cycle.

Temperature of the boreal forest varies from —45 °C to 35 °C (Bond-Lamberty et al,
2005), and annual mean precipitation is 900mm (Fisher and Bonkley, 2000). However,
unlike temperate forest ecosystems, the boreal forest is more sensitive to spring
warming and spring time freeze events (Hollinger et al, 1994; Goulden et al, 1996;
Hogg et al, 2002; Griffis et al, 2003; Tanja et al, 2003; Barr et al, 2004). Actually,

climate change could have a wider array of impacts on forests in North America,




including range shifts, soil properties, tree growth, disturbance regimes, and insect and

disease dynamics (Evans and Perschel, 2009).

0.003 0.006 0.01
(Rh) (Ra) (GPP)

Soil 471 PgC

Net carbon sink (Pg C / year)

Fig. 1.1. Carbon exchange between the global boreal forest ecosystems and
atmosphere, adapted from IPCC (2007), Prentice (2001) and Luyssaert et al. (2007).
Rh: Heterotrophic respiration; Ra: Autotropic respiration; GPP: Gross primary

production.



There is conflicting evidence as to whether Canadian boreal forest ecosystems are
currently a sink or a source for CO,. For example, the Carbon Budget Model of the
Canadian Forest Sector estimated that Canadian forests might currently be a small
source because of enhanced disturbances during the last three decades (Kurz and Apps
1999; Bond-Lamberty et al., 2007; Kurz et al., 2008). In contrast, BEPS-InTEC model
estimated that Canadian forests are a small C sink (Chen et al. 2000). Myneni et al.
(2001) combined remote sensing with provincial inventory data to demonstrate that
Canadian forests have been an average carbon sink of ~0.07 Gt/yr for the last two
decades. Unfortunately, previous attempts to quantitatively assess the effect of
changing environmental conditions on the net boreal forest carbon balance have not
taken into account competition between different vegetation types, forest management
practices (harvesting and thinning), land use change, and human activities on a large

scale.

1.2. MODEL OVERVIEW

There are three approaches used to assess the effects of changing environmental on
forest dynamics and carbon cycles (Botkin, 1993; Landsberg and Gower 1997,): (1)
our knowledge of the past, (2) present measurements, and (3) our ability to project into
the future. Our knowledge of the past and present measurements are potentially
important, but have been of limited use. Long-term monitoring of the forest has proven
difficult due to costs and the need for long-term commitment of individuals and
institutions. Because the response of temporal and spatial patterns of forest structure
and function to changing environment involves complicated biological and ecological
mechanisms, current experimental techniques are not directly applicable. In contrast,

models provide a means of formalizing a set of hypotheses.
To improve our understanding of terrestrial ecosystem responses to climate change,
models are applied widely to simulate the effects of climate change on production,

decomposition and carbon balance in boreal forests in recent years.

1.2.1. Model types:



So far, three types of models, empirical, mechanistic, and hybrid models are popular
for forest ecological and climate change studies (Peng et al, 2002; Kimmins, 2004).
Using forest measurements and observations, site dependent empirical models (e.g.,
forest growth and yield models) are widely applied for forest management purposes
because of their simplicity and feasibility. However, these models are only suitable for
predicting in the short-term and at the local scale, and lack flexibility to account for
forest damage evaluation of a sudden catastrophe (e.g., ice storm or fire) as well as

long-term environment changes (e.g. increasing temperature and CO, concentration).

Unlike empirical models, process models are generally developed after a certain
amount of knowledge has been accumulated using empirical models, and may describe
a key ecosystem process or simulate the dependence of growth on a number of
interacting processes, such as photosynthesis, respiration, decomposition, and nutrient
cycling. These models offer a framework for testing and generating alternative
hypotheses and have the potential to help us to accurately describe how these processes
will interact under given environmental change (Landsberg and Gower, 1997).
Consequently, their main contributions include the use of eco—physiological principles
in deriving model development and specification, and long—term forecasting
applicability within changing environments (Peng, 2000). Currently, the complex
process-based models, although with long-term forecasting capacity in changing
environment, are impossible to use to guide forest silviculture and management
planning, and they still are only used in forest ecological research as a result of the

need for lumped input parameters.

BEPS-InTEC (Liu et al, 1997; Chen et al. 1999, 2000), CLASS (Verseghy, 2000),
ECOSYS (Grant, 2001) and IBIS (Foley, 1996) are the principal process-based models
with hourly or daily time steps in use in the Fluxnet-Canada network. A critique of
each model follows. (1) The Boreal Ecosystem Productivity Simulator (BEPS), derived
from the FOREST-BGC model family, together with the Integrated Terrestrial
Ecosystem Carbon Cycle Model (InNTEC), is able to simulate net primary productivity

(NPP), net ecosystem productivity (NEP) and evapotranspiration at the regional scale.



This model requires as input leaf area index (LAI) and land-cover type from remote
sensing data plus some other environmental data (e.g., meteorological data and soil
data). However, this kind of BGC model only considers the impacts of vegetation
cover change on the climate, but ignores the impacts of climate change on vegetation
cover change. (2) The Canadian Land Surface Scheme (CLASS) was developed by the
Meteorological Service of Canada (MSC) to couple with the Canadian General Climate
Model (CGCM). At the stand level, this biophysical land surface parameterization
(LSP) scheme is designed to simulate the exchange of energy, water, and momentum
between the surface and the atmosphere using prescribed vegetation and soil
characteristics (Bartlett et al, 2003), but it neglects vegetation cover change (Foley,
1996; Wang et al, 2001; Arora 2003). Recently, like most similar models, new routines
have been integrated into CLASS to simulate carbon and nitrogen dynamics in forest
ecosystems (Wang et al, 2002). (3) ECOSYS is developed to simulate carbon, water,
nutrient, and energy cycles in the multiple canopy layers divided into sunlit and shade
leaf components and with a multilayered soil. Although prepared to elucidate the
impacts of climate, land use practices and soil management (e.g., fertilization, tillage,
irrigation, planting, harvesting, thinning) (Hanson 2004) and tested in U.S.A., Europe
and Canada (Grant 2001), this model is too complicated to apply to forest management
activities. (4) The Integrated Blosphere Simulator (IBIS) is an hourly Dynamic Global
Vegetation Model (DGVM) developed at Wisconsin university (Kucharik et al, 2000)
and has been adapted by CFS at regional and national scales. This model includes land
surface processes (energy, water, carbon and momentum balance), soil
biogeochemistry, vegetation dynamics (light, water and nutrients competition), and
vegetation phenology modules. But this model neglects leaf nitrogen content and it is

not suitable to simulate stand-level processes.

To evaluate climate change impacts on the forest ecosystem and its feedback, Canadian
forest resources managers need a hybrid model for forest management planning.
TRIPLEX (Peng et al, 2002) is a hybrid model to understand quantitatively the
consequences of forest management for stand characters, especially for sustainable

yield and carbon, nitrogen and water dynamics. This model has a monthly time step



and was developed from three well-established process models: 3-PG (tree growth
model) (Landsberg and Waring, 1997), TREEDYN3.0 (forest growth and yield model)
(Bossel, 1996), and CENTURY (soil biogeochemistry model) (Parton et al., 1993). It
is comprehensive, but it is not complicated, by concentrating on the major mechanistic
processes in the forest ecosystem in order to reduce some parameters. Also, this model
has been tested in central and eastern Canada using traditional forest inventories (e.g.,

height, DBH and volume) (Peng et al, 2002; Zhou et al, 2004).

1.2.2. Model application for management practices

1.2.2.1. Species composition:

Using chronosequence analyses in central Siberia (Roser et al, 2002) and central Canda
(Bond-Lamberty et al, 2005), the previous studies showed that the boreal mixedwood
forest sequestrated less carbon than single species forest. However, using species-
specific allometric models, Martin et al. (2005) indicated the net primary production
(NPP) in the mixedwood forest was two times greater than in the single species forest,
which contradicts with the previous two studies. Unfortunately, in these studies, the
detailed physiological process and the effects on carbon flux of meteorological
characteristics were not clear for the mixedwood forest, and most current carbon
models have only focused on pure stands. Therefore, there is an immediate need to

incorporate the mixedwood forest component into forest carbon dynamics models.

1.2.2.2. Thinning and harvesting

Forest management practices (such as thinning and harvesting) have had significant
influence on carbon conservation of forest ecosystems, through changes in species
composition, density and age structure (IPCC 1995, 1996). Currently, thinning and
harvesting are two dominant management practices used in forest ecosystems (Davis et
al. 2000). Intensive forest management practices based on short rotations and high
levels of biomass utilization (e.g. whole-tree harvesting (WTH)) may significantly
reduce forest site productivity, soil organic matter (SOM), and carbon budgets. Forest
thinning is considered as an effective way to accelerate tree growth, reduce mortality

and increase productivity and biomass production (Smith et al., 1997, Nabuurs et al.,



2008). On the other hand, there is a need to modify current management practices to
optimize forest growth and carbon (C) sequestration under a changing environment
conditions (Nuutinen et al., 2006; Garcia-Gonzalo et al., 2007). To move from
conceptual to practical application of forest carbon management, there remains an
urgent need to better understand how managerial activities regulate the cycling and
sequestration of carbon. In the absence of long-term field trials, a process-based hybrid
model (such as TRIPLEX) may provide an alternative means of examining the long-
term effects of management on carbon dynamics of future Canadian boreal
ecosystems. Consequently, this change requires that forest resource managers make

use of forest simulation models in order to make long-term decisions (Peng, 2000).

1.3. HYPOTHESIS

In this study, I will test three critical hypotheses using a modeling approach:

(1) Given spatial and temporal heterogeneities, some sensitive parameters should be
variable across different times and regions.

(2) The mixedwood boreal forest will sequestrate more carbon than single species
forests.

(3) Thinning and lengthening harvest rotations would be beneficial to adjust the

density and enhance the capacity of boreal forests for carbon sequestration.

1.4. GENERAL OBJECTIVES

The overall objective of this study is to simulate and analyze carbon dynamics and its
balance in Canadian boreal ecosystems by developing a new version of TRIPLEX-
Flux model. To reach this goal, I have undertaken the following main tasks.

TASK 1: To develop a new version of the TRIPLEX model.

So far, the big-leaf approach is utilized in the TRIPLEX model, which treats the whole
canopy as a single leaf to estimate carbon fluxes (e.g., Sellers et al. 1996, Bonan,
1996). Since this single big-leaf model does not account for differences in the radiation
absorbed by leaf classes (sunlit and shaded leaf), it will inevitably lead to estimation
bias of carbon fluxes (Wang and Leuning, 1998), a two-leaf model will be developed

to calculate gross primary productivity (GPP) in this study (Fig. 1.2).



In the old version of the TRIPLEX model, net primary productivity (NPP) is estimated
by a constant parameter to proportionally allocate the GPP (Peng et al. 2002). In this
study, maintenance respiration (Rm) and growth respiration (Rg) in different plant
components (leaf, stem and root) will be estimated respectively for model development

(Kimball et al, 1997; Chen et al, 1999).

* H20

Sunlit leaf

Shaded leaf

Fig. 1.2. Photosynthesis simulation of a two-leaf model.

TASK 2: To reduce modeling uncertainty of parameters estimation.



Since spatial and temporal heterogeneities within terrestrial ecosystems may lead to
prediction uncertainties in models, some sensitive key parameters will be estimated by

data assimilation techniques to reduce simulation uncertainties.

TASK 3: To understand the effects of species composition on carbon exchange.

In the context of boreal mixedwood forest management, an important issue for carbon
sequestration and cycling is whether management practices should encourage retention
of mixedwood stands or convert stands to hardwoods. To better understand the impacts
of forest management on boreal mixedwoods and their carbon sequestration, it is
necessary to use and develop process-based simulation models that can simulate
carbon exchange between forest ecosystems and the atmosphere for different forest
stands over time. Carbon fluxes will then be compared between a boreal mixedwood

stand and a single species stand.

TASK 4: To understand the effects of forest thinning and harvesting on carbon
sequestration.

A stand density management diagram (SDMD) will be developed to
quantitatively demonstrate relationships between stand densities and stand
volume and aboveground biomass at various stand developmental stages in
order to determine optimal density management regimes for volume yield and
for carbon storage. As well, through long-term simulation, an optimal
harvesting age will be determined to uptake maximum carbon before clear

cutting.

1.5. SPECIFIC OBJECTIVES AND THESIS ORGANISATION

This thesis is a combination of four manuscripts dealing with the TRIPLEX-Flux
model development, validation and application. Chapter Il will focus on TRIPLEX-
Flux model development. In Chapter 11l and IV, the TRIPLEX-Flux model will be

validated against observations from different forest ecosystems in Canada and North
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America. This model will be applied to forest management practices in Chapter V. The

relationship between these studies is showed in Fig. 1.3.

In Chapter II, the major objectives are: (1) to describe the new TRIPLEX-Flux model
structure and features and to test model simulations against flux tower measurements;
and (2) to examine and quantify the effects of modeling response to parameters, input
variables and algorithms of the intercellular CO, concentrations and stomatal
conductance calculations on ecosystem carbon flux. Analyses will have significant
implications for the evaluation of factors that relate to gross primary productivity
(GPP) as well as those that influence the outputs of a carbon flux model coupled with a

two-leaf photosynthetic model.

In Chapter III, the TRIPLEX-Flux model is used to address the following three
questions: (1) Are the diurnal patterns of half-hourly carbon flux in summer different
between old mixedwood (OMW) and old black spruce (OBS) forest stands? (2) Does
OMW sequester more carbon than OBS in the summer? Pursuant to this question, the
differences of carbon fluxes (including GEP, NPP, and NEE) between these two types
of forest ecosystems are explored for different months. Finally, (3) what is the

relationship  between NEE and the important meteorological drivers?
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In Chapter IV, the major objectives were (1) to test TRIPLEX-Flux model simulation
against flux tower measurements taken at sites containing different tree species within
Canada and the United States of America; (2) to estimate certain key parameters
sensitive to environmental factors by way of flux data assimilation; and (3) to
understand ecosystem productivity spatial heterogeneity by quantifying the parameters

for different forest ecosystems.

In Chapter V, TRIPLEX-Flux was specifically used to investigate the following three
questions: (1) is there a difference between the maturity age of a conventional forest
managed for volume and the optimum rotation age at which to attain the maximum
carbon storage capacity? (2) If different, how much more or less time is required to
reach maximum carbon sequestration? Finally, (3) what is the realtionship between
stand density and carbon storage with regards to various forest developmental stages?
If all three questions can be answered with confidence then maximum carbon storage
capacity should be able to be attained by thinning and harvesting in a rational and

sustainable manner.

Finally, in Chapter VI, the previous Chapters’ results and conclusions are integrated
and synthesized. Some restrictions, limitations and uncertainties of this thesis work are
summarized and discussed. The ongoing challenges and suggested directions for the

future research are presented and highlighted.

Funding for this study was provided by the Canada Research Chair Program, Fluxnet-
Canada, the Natural Science and Engineering Research Council (NSERC), the
Canadian Foundation for Climate and Atmospheric Science (CFCAS), and the
BIOCAP Foundation. We are grateful to all of the funding groups, and to the data
collection teams and data management provided by the Fluxnet-Canada and North

America Carbon Program Research Network.
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1.6. STUDY AREA

This study was carried out at ten forest flux sites that were selected from 36 primary
sites (Fig. 1.4) possessing complete data sets within the NACP Interim Synthesis: Site-
Level. Information concerning these ten forest sites is presented in Table 1.1. The
study area consists of three evergreen needleleaf temperate forests (ENT), three
deciduous broadleaf forests (DB), three evergreen needleleaf boreal forest (ENB) and
one mixedwood boreal forest spread out across Canada and the United States of
America from western to eastern coast. The dominant species includes black spruce,
aspen, Douglas-fir, Ponderosa Pine, Hemlock, red spruce and so on. The lines of
latitude are from 42.5 ° N to 55.9° N. These forest ecosystems are located within
different climatic regions with varied annual mean temperatures (AMT) ranging from —
3.2°C to 8.3°C and annual mean precipitation (AMP) ranging from 278mm to
1461mm. The age span of these forest ecosystems ranges from 60 to 160 years old and

falls within the category of middle and old aged forests, respectively.

Eddy covariance flux data, climate variables (temperature, relative humidity, and wind
speed), and radiation above the canopy were recorded at the flux tower sites. Gap-filled

and smoothed leaf area index (LAI) data products were accessed from the MODIS

website (http://accweb.nascom.nasa.gov/) for each site under the Site-Level Synthesis
of the NACP Project (Schwalm et al., in press), which contains the summary statistics
for each eight day period. Before NACP Project, LAI data were collected by other
Fluxnet — Canada groups (at the University of Toronto and Queen’s University) (Chen
et al, 1997; Thomas et al, 2006).
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2.1. RESUME

Cet article présente un modele basé sur les processus afin d’estimer la productivité
nette d’un écosystéme (PNE) ainsi qu'une analyse de la sensibilité de réponse du
modele lors de la simulation du flux de CO, sur des sites d’épinettes noires agées de
BOREAS. L’objectif de la recherche était d’étudier les effets des paramétres ainsi que
ceux des données entrantes sur la réponse du modéle. La validation du modéle,
utilisant des données de PNE a des intervalles de 30 minutes sur des tours et des
chambres de mesures, a montré que la PNE modelisée était en accord avec la PNE
mesurée (R>>0.65). L’analyse de la sensibilit¢ a mis en évidence différentes
sensibilités entre le matin et le milieu de journée, ainsi qu'entre une concentration
habituelle et une concentration doublée de CO,. De plus, la comparaison de différents
algorithmes pour calculer la conductance stomatale a montré que la modélisation de la
PNE, utilisant un algorithme itératif est conforme avec les résultats utilisant des
rapports Ci/Ca constants de 0.74 et de 0.81 respectivement pour les concentrations
courantes et doublées de CO,. Une variation des paramétres et des données entrantes
de plus ou moins 10% a entrainé une réponse du modele inférieure ou égale a 27.6% et
a 27.4% respectivement pour les concentrations courantes et doublées de CO,. La
plupart des parametres sont plus sensibles en milieu de journée qu’au matin excepté
pour ceux en lien avec Ja température de Iair, ce qui suggére que la température a des
effets considérables sur la sensibilité du modeéle pour ces paramétres/variables. L effet
de la température de I’air était plus important pour une atmosphére dont la
concentration de CQO, était doublée. Par contre, la sensibilit¢ du modéle au CO,
diminuait lorsque la concentration de CO, était doublée.
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2.2. ABSTRACT

This paper presents a process-based model for estimating net ecosystem productivity
(NEP) and the sensitivity analysis of model response by simulating CO, flux in old
black spruce site in the BOREAS project. The objective of the research was to examine
the effects of parameters and input variables on model responses. The validation using
30-minute interval data of NEP derived from tower and chamber measurements
showed that the modelled NEP had a good agreement with the measured NEP
(R>>0.65). The sensitivity analysis demonstrated different sensitivities between
morning and noonday, and from the current to doubled atmospheric CO, concentration.
Additionally, the comparison of different algorithms for calculating stomatal
conductance shows that the modeled NEP using the iteration algorithm is consistent
with the results using a constant C/C, of 0.74 and 0.81, respectively for the current and
doubled CO, concentration. Varying parameter and input variable values by +10%
resulted in the model response to less and equal than 27.6% and 27.4%, respectively.
Most parameters are more sensitive at noonday than in the morning except for those
that are correlated with air temperature suggesting that air temperature has
considerable effects on the model sensitivity to these parameters/variables. The air
temperature effect was greater under doubled than current atmospheric CO,
concentration. In contrast, the model sensitivity to CO, decreased under doubled CO,
concentration.

Keywords: CO, flux, ecological model, TRIPLEX-FLUX, photosynthetic model,
BOREAS
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2.3. INTRODUCTION
Photosynthesis models play a key role for simulating carbon flux and estimating net

ecosystem productivity (NEP) in studies of the terrestrial biosphere and CO, exchange
between vegetated land surface and the atmosphere (Sellers et al, 1997, Amthor et al.,
2001; Hanson et al, 2004; Grant et al. 2005). The models represent not only our
primary method for integrating small-scale, process level phenomena into a
comprehensive description of forest ecosystem structure and function but also a key
method for testing our hypotheses about the response of forest ecosystems to changing
environmental conditions. The CO, flux of an ecosystem is directly influenced by its
photosynthetic capacity and respiration, the former is commonly simulated using
mechanistic models and the latter is calculated using empirical functions to derive NEP.
Since the late 1970s, a number of mechanistic-based models have been developed and
used for simulating photosynthesis and respiration, and for providing a consistent
description of carbon exchange between plants and environment (Sellers et al. 1997).
For most models, the calculation of photosynthesis for individual leaves is theoretically
based on (1) the biochemical formulations presented by Farquhar et al. (1980), and (2)
the numerical solutions developed by Collatz et al. (1991). At the canopy level, the
approaches of scaling up from leaf to canopy using Farquhar’s model can be
categorized into two types: “big-leaf” and “two-leaf” models (Sellers et al. 1996). The
“two-leaf” treatment separates a canopy into sunlit and shaded portions (Kim and
Verma, 1991; Norman, 1993; de Pure and Farquhar 1997), and vertical integration

against radiation gradient (Bonan, 1995).

Following these pioneers’ works, many studies have successfully demonstrated the
application of process-based carbon exchange models by improving model structure
and parameterizing models for different ecosystems (Tiktak, 1995; Amthor et al.,
2001; Hanson et al, 2004; Grant et al. 2005). For example, BEPS-InTEC (Liu et al,
1997; Chen et al. 1999), CLASS (Verseghy, 2000), ECOSYS (Grant, 2001), C-
CLASSa (Wang et al, 2001), C-CLASSm (Arain et al, 2002), EALCO (Wang et al,
2002), and CTEM (Arora et al, 2003) are the principle process-based models used in
the Fluxnet-Canada Research Network (FCRN) for modeling NEP at hourly or daily
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time steps. However, these derivative and improved models usually require a large
number of parameters and input variables that in practice are difficult to obtain and
estimate for characterizing various forest stands and soil properties (Grant et al, 2005).
This complexity of model results is a difficulty for modelers to perceptively understand
model responses to such a large number of parameters and variables. Although many
mode] parameterizations responsible for the simulation biases were diagnosed and
corrected by the individual site, it is still unclear how to resolve the differences among
parameterizations for different sites and climate conditions. Additionally, different
algorithms for intermediate variables in a model usually affect model accuracy. For
example, there are various considerations and approaches to process the intercellular
CO, concentration (C;) for calculating instantaneous CO, exchange. This key variable
C; is derived in various ways: (1) using empirical constant ratio of C; to the
atmospheric CO, concentration (C,); (2) as a function of relative humidity, atmospheric
CO; concentration, and a species-specific constant (Kirschbaum, 1999) by eliminating
stomatal conductance; (3) using a nested numerical convergence technique to find an
optimized C;, which meets the canopy energy balance of CO, and water exchange for a
time point (Leuning, 1990; Collatz et al., 1991; Sellers et al., 1996; Baldocchi and
Meyers, 1998). These approaches can significantly affect the accuracy and efficiency
of a model. The effects of different algorithms on NEP estimation are of great concern

in mode] selection that influences both the accuracy and efficiency of the model.

Moreover, fluctuations in photosynthetic rate are highly correlated with the daily cycle
of radiation and temperature. These cyclic ups and downs of photosynthetic rate can be
well captured using process-based carbon flux models (Amthor et al., 2001; Grant et
al., 2005) and neural network approach by training for several daily cycles (Papale and
Valentini, 2003). However, the CO, flux is often underestimated during the day and
overestimated at night, even though the frequency of alternation and diurnal cycle are
simulated accurately. Amthor et al. (2001) compared nine process-based models for
evaluating model accuracy, and found those models covered a wide range of
complexity and approaches for simulating ecosystem processes. Modelled annual CO,

exchange was more variable between models within a year than between years for a
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given model. This means that differences between the models and their
parameterizations are more important to the prediction of CO, exchange than the
interannual climatic variability. Grant et al. (2005) tested six ecosystem models for
simulating the effects of air temperature and vapor pressure deficit (VPD) on carbon
balance. They suggested that the underestimation of net carbon gain was attributed to
an inadequate sensitivity of stomatal conductance to VPD and of eco-respiration to
temperature in some models. Their results imply the need and challenge to improve the
ability of CO, flux simulation models on NEP estimation by recognizing how the
structure and parameters of a model will influence model output and accuracy. Aber
(1997) and Hanson et al (2004) suggested that prior to the application of a given model
for the purpose of simulation and prediction, appropriate documentation of the model
structure, parameterization process, sensitivity analysis, and testing of model output

against independent observation must be conducted.

To improve the parameterization schemes in the development of ecosystem carbon flux
models, we performed a series of sensitivity analyses using the new canopy
photosynthetic model of TRIPLEX-FLUX, which is developed for simulating carbon
exchange in Canada’s boreal forest ecosystems. The major objective of this study was
to examine and quantify the effects of model responses to parameters, input variables,
and algorithms of the intercellular CO, concentration and stomatal conductance
calculations on ecosystem carbon flux. The analyses have significant implications on
the evaluation of factors that relate to GPP and influence the outputs of a carbon flux
mode] coupled with a two-leaf photosynthetic model. The results of this study suggest
sensitive indices for model parameters and variables, estimate possible variations in
mode] response resulted by changing parameters and variables, and present references
on model tests for simulating the carbon flux of black spruce in boreal forest

ecosystems.

2.4. MATERIALS AND METHODS
2.4.1. Model development and description
2.4.1.1. Model structure
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TRIPLEX-FLUX is designed to take advantage of the approach used in the two-leaf
mechanistic model to describe the irradiance and photosynthesis of the canopy, and to
simulate CO, flux of boreal forest ecosystems. The model consists of three parts: (1)
leaf photosynthesis: The instantaneous gross photosynthetic rate is derived based on
the biochemical model of Farquhar et al. (1980) and the semi-analytical approach of
Collatz et al. (1991), which simulates photosynthesis using the concept of co-limitation
by Rubisco (V) and electron transport (V;). (2) Canopy photosynthesis: total canopy
photosynthesis is simulated using de Pury and Farquhar’s algorithm in which a canopy
1s divided into sunlit and shaded portions. The model describes the dynamics of abiotic
variables, such as radiation, irradiation, and diffusion. (3) Ecosystem carbon flux: the
net ecosystem exchange (NEP) is modeled as the difference between photosynthetic
carbon uptake and respiratory carbon loss (including autotrophic and heterotrophic

respiration) that is calculated using Q), and a base temperature.

Fig. 2.1 illustrates the primary processes and output of the model, and control
mechanisms. All parameters and their default values, and variables and functions for
calculating them are listed in Table 2.1. The Acuopy i the sum of photosynthesis in the
shaded and sunlit portion of the crowns, depending on the outcome of V. and V;(see
Table 2.1). The A¢_suniir and A gnage are net CO, assimilation rates for sunlit and shaded

leaves in the canopy.

The model runs at 30 minutes time steps, and outputs carbon flux at different time

intervals.
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Fig. 2.1. The model structure of TRIPLEX-FLUX. Rectangles represent key pools or

state variables, and ovals represent simulation process. Solid lines represent carbon

flows and the fluxes between the forest ecosystem and external environment, and

dashed lines denote control and effects

of environmental variables. The A anopy

represents the sum of photosynthesis in the shaded and sunlit portion of the crowns,

depending on the outcome of V. and Vj(see Table 1). The A gyt and A¢ gade are net

CO, assimilation rates for sunlit and shaded leaves; the £, denotes the fraction of

sunlit leaf of the canopy.
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Table 2.1. Variables and parameters used in TRIPLEX-FLUX for simulating old black

spruce of boreal forest in Canada.

Symbol Unit Description Equation and Value Reference
A molm ?s  netCO, A =min(V,, V;) - Farquhar et al.
assimilation rate Rd (1980), Leuning
for big leaf A =g(C,-C)/1.6 (1990), Sellers et
al. (1996)
Acanopy molm s net CO, Acanopy = Asun Norman, (1982)
assimilation rate  LAlgn + Ashade
for canopy LA Ignade
Ashade molm?s™ netCO,
assimilation rate
for shaded leaf
Agun molm2s™ netCO,
assimilation rate
for sunlit leaf
r Pa CO;, r=192+*10"0, Collatzetal
compensation 1.75 (-29010 (1991) and
point without Sellers et al.
dark respiration (1992)
C, Pa CO; Input variable
concentration in
the atmosphere
G Pa intercellular CO,
concentration
f(N) - nitrogen f(N) =N/N,,= 0.8 Bonan (1995)
limitation term
f(T) - temperature f(T) = (1+exp((- Bonan (1995)

[imitation term

220,000
+710(T+273))/(Ryas
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s

&

Jmax

mmolm™?s”

molm ?s-

molm?s”

Pa

Pa

Pa

kg C m? day™

stomatal
conductance
initial stomatal
conductance

coefficient

electron

transport rate

light-saturated
rate of electron
transport in the
photosynthetic
carbon reduction
cycle in leaf
cells

function of

enzyme kinetics

Michaelis—
Menten
constants

for CO,
Michaelis—
Menten
constants for O,
biomass density
of each plant

component

(T+273))"

gs =g, ml00A r,
/Ca

57.34

7.43

J= Jona
PPFD/(PPFD + 2.1
Jinax)

Tae =29.1 +1.64
Vi

K=K, (1+0,/
Ko)

K, =30*2.1T

25)/10

K,=30000*12

25,10

0.4 for leaf
0.28 for sapwood

1.4 for root

Ball et al. (1988)

Cai and Dang
(2002)

Cai and Dang
(2002)

Farquhar and von
Caemmerer
(1982)
Waullschleger
(1993)

Collatz et al.
(1991) and
Sellers et al.
(1992)
Collatz et al.
(1991) and
Sellers et al.
(1992)
Collatz et al.
(1991)

Gower et al.
(1977)
Kimball et al.
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O,

PPFD

QIO

Rq

%

%

Pa

molm?s~

kg C m” day™

molm ?s-

kg C m? day™

kg C m” day™

m’® Pa mol™!

leaf nitrogen

content

maximum
nitrogen content.
oxygen
concentration in
the atmosphere,
photosynthetic
photon flux
density
temperature
sensitivity factor
autotrophic
respiration
carbon
allocation
fraction

leaf dark
respiration
ecosystem
respiration
growth
respiration
growth
respiration
coefficient
m‘olar gas

constant

1.2

1.5

21,000

Input variable

2.0

R, =Ry +R,

0.4 for root
0.6 for leaf and

sapwood

Ry =0.015V,,
Re = Ra + Rh
Ry =7, 7, GPP

0.25 for root, leaf

and sapwood

8.3143

(1997)

Steel et al. (1997)
Based on
Kimball et al.
(1997)

Bonan (1995)

Chen et al.
(1999)

Goulden et al.

(1997)

Running and

Coughlan (1988)

Collatz et al.

(1991)

Ryan (1991)

Ryan (1991)

Chen et al., 1999
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Ym

Vm25

%
kg C m™ day™

kg C m™ day™

°C

molm?2s"

2 -l

mol m ™ s

molm?s-

2.
molm ~s

relative humidity
heterotrophic
respiration
maintenance

respiration

maintenance
respiration

coefficient

air temperature
Rubisco-limited
gross
photosynthesis
rates
Light-limited
gross
photosynthesis
rates
maximum
carboxylation
rate

Vm at 25°C,
variable
depending on

vegetation type

Input variable

R,=1.5 QlO(T-lO)/IO

Rm =M Ym QlO(T-TO
Y10

0.002 at 20°C for
leaf

0.001 at 20°C for
stem

0.001 at 20°C for
root

Input variable
Ve=Vu (Ci- DG
-K)

Vj:J(Ci-
T)/(4.5C; + 10.5T)

Vm = Vm25 0.24 (T -
25) f(T) f(N)

45

Lloyd and Taylor
1994

Running and
Coughlan (1988),
Ryan (1991)
Kimball et al.
(1997)

Farquhar et al.

(1980)

Farquhar and von
Caemmerer

(1982)

Bonan (1995)

Depending on

Cai and Dang

(2002)

2.4.1.2. Leaf photosynthesis
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The instantaneous leaf gross photosynthesis was calculated using Farquhar’s model
(Farquhar et al., 1980 and 1982). The model simulation consists of two components:
Rubisco-limited gross photosynthetic rate (V) and light-limited (RuBP or electron
transportation limited) gross photosynthesis rate (V;), which are expressed for C; plants
as shown in Table 1. The minimum of the two are considered as the gross
photosynthetic rate of the leaf without considering the sink limitation to CO,
assimilation. The net CO, assimilation rate (A) is calculated by subtracting the leaf
dark respiration (Rd) from the above photosynthetic rate:

A =min(V,, V;)~Rd (1]

This can also be further expressed using stomatal conductance and the difference
of CO, concentration (Leuning, 1990):

A =g(C,-C)/1.6 (2]
Stomatal conductance can be derived in several different ways. We used the semi-
empirical g model developed by Ball et al. (1988):

gs =g, + 100mA r,/C, (3]
All symbols in Equation [1], [2], and [3] are described in Table 1.Because the
intercellular CO, concentration C; (Equations [1] and [2]) has a nonlinear response on
the assimilation rate A, full analytical solutions cannot be obtained for hourly
simulations. The iteration approach is used in this study to obtain C; and A using
Equation [1], [2], and [3] (Leuning, 1990; Collatz et al., 1991; Sellers et al., 1996;
Baldocchi and Meyers, 1998). To simplify the algorithm, we did not use the
conservation equation for water transfer through stomata. Stomatal conductance was
calculated using a simple regression equation (R’=0.7) developed by Cai and Dang
(2000) based on their experiments on black spruce:

g =574+ T43A r/C, [4]

2.4.1.3. Canopy photosynthesis
In this study, we coupled the one-layer and two-leaf model to scale up the
photosynthesis model from leaf to canopy, and assumed that sunlit leaves receive

direct PAR (PARy;) while shaded leaves receive diffusive PAR (PARgp) only.
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Assuming the mean leaf-sun angle to be 60° for a boreal forest canopy with spherical
leaf angle distribution, the PAR received by sunlit leaves includes PARy; and PARg,
while the PAR for shaded leaves is only PARgir. Norman (1982) proposed an approach
to calculate direct and diffusive radiations, which can be used to run the numerical
solution procedure (Leuning, 1990; Collatz et al., 1991; Sellers et al., 1996) for
obtaining the net assimilation rate of sunlit and shaded leaves (Aqn and Agnage). With
the separation of sunlit and shaded leaf groups, the total canopy photosynthesis
(Acanopy) 1s obtained as follows (Norman, 1981, 1993; de Pure and Farquhar, 1997):
Acanopy = Asun LALjun + Asnade LAILghage [5]

where LAL,, and LA, are the leaf area index for sun leaf and shade leaf,
respectively; the calculation for LAL,, and LAIg,.¢ is described by Pure and Farquhar
(1997)

2.4.1.4. Ecosystem carbon flux
Net Ecosystem Production (NEP) is estimated by subtracting ecosystem respiration
(Re) from GPP (Acanopy):

NEP = GPP — Re [6]
where R, = R, + R, + R;,. Growth respiration (R,) is calculated based on respiration
coefficients and GPP, and maintenance respiration (R;,) is calculated using the Qi
function multiplied by the biomass of each plant component. Both R, and R, are
calculated separately for leaf, sapwood, and root carbon allocation fractions:

R, =Z (r, r, GPP) [7]
Ry, =Z (M 7o Qo ™" (8]
where 7, 7,, 'm and M represent adjusting coefficients and the biomass for leaf, root,
and sapwood, respectively (see Table 1). The heterotrophic respiration (R)) is

calculated using an empirical function of temperature (Lloyd and Taylor, 1994)

2.4.2. Experimental data
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The tower flux data used for model testing and comparison were collected at
old black spruce (Picea mariana (Mill.) BSP) site in the Northern Study Area
(FLX-01 NSA-OBS) of BOREAS (Nickeson et al., 2002). The trees at the
upland site were average 160 years-old and 10 m tall in 1993 (see Table 2.2).
The site contained poorly drained silt and clay, and 10% fen within 500 m of
the tower (Chen et al., 1999). Further details about the sites and the
measurements can be found in Sellers et al. (1997). The data used as model
input include CO, concentration in the atmosphere, air temperature, relative
humidity, and photosynthetic photon flux density (PPFD). The 30-minute NEP

derived from tower and chamber measures was compared with model output

(NEP).

Table 2.2. Site characteristics and stand variables.

BOREAS-NOBS: Northern Study
Site Area, Old Black Spruce, Flux Tower,
Manitoba, Canada

Latitude 55.88° N
Longitude 98.48° W
Mean January air temperature (°C) -25.0
Mean July air temperature (°C) +15.7
Mean annual precipitation (mm) 536

Dominant species black spruce Picea mariana (Mill.)

Average stand age (years) 160
Average height (m) 10.0
Leaf area index (LAI) 4.0

2.5. RESULTS AND DISCUSSION
2.5.1. Mode] validation
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Model validation was performed using the NEP data measured in May, July, and
September of 1994-1997 at the old black spruce site of BOREAS. The simulated data
were compared with observed NEP measurements at 30-minute intervals for the month
of July from 1994 to 1997 (Fig. 2.2). The simulated NEP and measured NEP is the
one-to-one relationship (Fig. 2.3) with a R*>>0.65. The relatively good agreement
between observations and predictions suggests that the parameterization of the model
was consistent by contributing to realistic predictions. The patterns of NEP simulated
by the model (solid line as shown in Fig. 2.2) matches most observations (dots as
shown in Fig. 2.2). However, the TRIPLEX-FLUX model failed to simulate some
peaks and valleys of NEP. For example, biases occur particularly at 5", 7", 9™ 10™,
and 11" July 1994 (peaks) and 8" 13", 14® 21%, and 22" in July 1994 (valleys). The
difference between model simulation and observations can be attributed not only to the
uncertainties and errors of flux tower measurement (Grant et al, 2005; also see the

companion paper of Sun et al in this issue) but also to the model itself.
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Fig. 2.2. The contrast of hourly simulated NEP by the TRIPLEX-FLUX and observed
NEP from tower and chamber at old black spruce BOREAS site for July in 1994, 1995,
1996, and 1997. Solid dots denote measured NEP and solid line represents simulated
NEP. The discontinuances of dots and lines present the missing measurements of NEP

and associated climate variables.
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Fig. 2.3. Comparisons (with 1:1 line) of hourly simulated NEP vs hourly observed

NEP for May, July, and September in 1994, 1995, 1996, and 1997.

Because NEP is determined by both GPP and ecosystem respiration (Re), it is

necessary to verify the modeled GEP. Since the real GEP could not be measured for

that site, we compared modeled GEP with the GEE derived from observed NEE and

Re (Fig. 2.4). The confections of determination (R?) are higher than 0.67 for July in

each observation year (from 1994 to 1997). This implied that the model structure and

parameters are correctly set up for this site.
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Fig. 2.4. Comparisons of hourly simulated GEP vs hourly observed GEP for July in
1994, 1995, 1996, and 1997.

From a modeling point of view, the bias usually results from two possible causes: one
is that the inconsequential model structure cannot take into account short-term changes
in the environment, and another is that the variation in the environment is out of the
modelling limitation. To identify the reason for the bias in this study, we compared
variations of simulated NEP values for all time steps with similar environmental
conditions, such as the atmosp