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PREFACE 

This dissertation is comprised of six chapters (four main papers) that present and 

discuss the effects and implications of forest management on carbon dynamics in the 

boreal forest under climate change. Ali four papers involved in the di ssertation are 

my original contributions to my Ph.D. study in Environmental Science at Université 

du Québec à Montréal. 

Chapters 1 and VI are the general introduction and general conclusion , respectively. 

Chapters II to V are correspondingly based on the fo ll owing four publications: 

1. Wang, W., Peng, C., Zhang, S .Y. , Zhou , X. , Larocque, G.R., Kneeshaw, D.D. & 

Lei , X. (20 Il) Development of TRIPLEX-Management mode! for simulating 

the response of forest growth to pre-commercial th inn i ng. Ecological 

Modelling, 222,2249-2261 . 

2. Wang, W., Peng, C. , Kneeshaw, D.D., Larocque, G.R. , Lei , X ., Zhu, Q. , Tong, Q. 

& Song, X. (2011) Modeling the effects of various forest management 

regimes on carbon dynamics in jack pine stands under future climate., 

Canadian Journal of Forest Research, (Accepted after revision) 

3. Wang, W. , Peng, C., Kneeshaw, D.D. , Larocque, G .R., Song, X. & Zhou, X. (20 12) 

Quantifying the effects of climate change and harvesting on carbon dynamics 

of boreal aspen and jack pi ne forests using the TRIPLEX-Management mode!. 

Forest Eco/ogy and Management, 281 . 152-162 

4. Wang, W., Lei , X., Ma, Z. , Kneeshaw, D.D. & Peng, C. (20 Il) Positive 

relationship between aboveground carbon stocks and structural diversity in 

spruce-dominated forest stands in New Brunswick, Canada. Forest Science, 

57, 506-515. 

I developed ali hypotheses w ith my Ph.D. supervisor, Dr. Changhui Peng. I designed 

the new forest management sub-model under the framework of TRIPLEX and 



VIII 

programmed the mode! code with C++. After the mode! development, l conducted the 

mode! validation and data analysis as weil as published five peer-reviewed journal 

papers (first author) and the dissertation . Dr. Daniel Kneeshaw and Dr. Guy Larocque 

constantly advised and discussed with me about my Ph.D. project, and commented on 

early versions of the manuscripts and this dissertation. Dr. Xiangdong Lei discussed 

and commented on the initial versions of the manuscripts for Chapter II, Chapter III , 

and Chapter V. Dr. Xiaolu Zhou helped to explain the mode! code and discussed the 

programming problems. Dr. Qiuan Zhu compiled the climate data used in Chapter Il 

and III. Dr. S. Y. Zhang and Dr. Queju Tong provided the forest thinning data used in 

Chapters 11 and Ill. Dr. Xinzhang Song discussed and commented on early versions 

of the manuscripts in Chapters Ill and lV. Ali coauthors contributed comments and 

suggestions, greatly improving the quality of the papers. 
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RÉSUMÉ 

Les changements climatiques et ses effets potentiels sur les systèmes 
environnementaux renforcent la nécess ité de stratégies de gestion forest ière qui 
augmentent l'adaptabilité et la capacité de séq uestration du carbone (C) forest ier. Un 
modèle qui évalue avec précision les changements dans la productivité des forêts et 
des stocks de C en réponse aux changements climatiques et la gestion des forêts va 
nous permettre d'évaluer l'impact des changements globaux sur les forêts . 

L'objectif de cette thèse était d'améliorer la compréhension de la façon dont les forêts 
existantes séquestrent une plus grande quantité de C à cause des changements 
climatiques mondiaux au moyen de stratég ies d'aménagement forestier. Tout d'abord, 
un module de gestion des forêts incluant un modèle (TRIPLEX) basé sur les 
processus a été développé pour quantifier les effets des pratiques d'aménagement 
forestier (coupes d'éclaircie et coupes à blanc) su r la croissance des forêts, le 
rendement du bois et la séquestration du C en réponse à des conditions climatiques 
pour les forêts de pin gris (Pinus banksiana Lamb.). Ce modèle récemment mis au 
point (TRIPLEX-Management) a ensuite été utili sé pour étudi er les moyens 
d'accroître la séquestration du C dans les forêts de pin gris en utili sant la gestion des 
forêts exploitées par l'industrie forestière pour la production de bois à long terme. 
Pour accroître la crédibilité et l'app licabilité du modèle, il a été validé par ·rapport à 
des sources de données multiples (mesures de eddy covariance, de stocks de C et de 
données de croissance d'arbres) et, par la suite, a été utili sé dans la projection des 
effets potentiels des changements climatiques et des coupes à blanc su r la dynamique 
du C de la forêt boréale (Populus tremuloides Michx.) et des fo rêts de pin gris. 
Finalement, les relations entre la divers ité structurelle et les stocks de C dans les 
forêts dominées par l'épinette ont été examinées par analyse de corrélation, de 
régression linéaire multiple et de corrélation partielle. 

Dans le développement du modèle, la validation de ce dernier a montré que le 
« TRIPLEX-Management » a été généralement capable de simuler la réponse de 
croissance aux éc laircies pré-commerciales des peuplements de pins gris . Dans 
l'analyse des scénarios de gestion forestière, les résultats des simulat ions ont montré 
que les rotations courtes ( 1 0-20 ans par exemple) pourraient améli orer l'absorption du 
C et diminuer le risque des changements climatiques sur les forêts de pin gris. Les 
effets positifs des forêts éclaircies sur la production de bois ont été éliminés par le 
réchauffement climatique. En outre, un éventuel changement climatique sur la limite 
sud de la forêt boréale en Amérique du Nord pourrait améliorer le taux de 
séquestration du C s'il n'y avait pas d'épisodes de sécheresse sévère. Dans les forêts 
dominées par l'épinette, l'analyse statistique pour 411 placettes-échanti llons 
permanentes a confirmé que la diversité structurelle du peuplement a eu un effet 
positif significatif sur les stocks de C hors sol, même si la relation était faible dans 
l'ensemble (les coefficients de corrélation de Spearman sont généralement de l'ordre 
de 0,31 9-0,600, P<O,O 1 ). 
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En résumé, cette thèse présente une tentative d'améliorer notre compréhension du rôle 
de la gestion des forêts dans l'atténuation et dans l'adaptation des forêts aux 
changements climatiques. En conséquence, le raccourcissement de l' âge de rotation 
peut être nécessa ire pour les forêts de trembles et de pins gris dans le but d'augmenter 
la séquestration du C pour une échelle donnée temporelle, et diminuer le ri sque des 
impacts des changements climatiques. Le maintien de la complexité de la 
composition et de la structure peut aider les forêts à s'adapter aux futures conditions 
environnementales et à absorber les perturbations (par exemple, les insectes, les 
maladies, les incendies, ou les sécheresses). Cette thèse a des implications pratiques 
pour l'utilisation de stratég ies d'aménagement forestier pour atténuer les effets des 
changements climatiques futurs. 

Mots-clés: distribution des diamètres, gestion des forêts, gestion du carbone, 
hy pothèse de la complémentarité de niches, indice del Shannon-Wiener, analyse de 
scénarios, durée de la rotation 



ABSTRACT 

Climate change and its potential effects on environmental systems bolster the need 
for forest management strategies that increase forest carbon (C) seq uestration 
capacity. A model th at accurately evalua tes changes in forest productivity and C 
stocks in response to cl imate change and forest management wi Il permit us to assess 
the impact of global changes on forests . 

The aim of this dissertation was to improve our understanding of how existing forests 
sequester a greater amount of C by means of forest management practices. Firstly, a 
novel forest management module within the framework of a process-based madel 
(TRIPLEX) was developed tci quantify the effects of forest management practices 
(thinning and harvesting) on forest growth , timber yield , and C sequestration in 
response to climatic conditions for jack pine (Pinus banksiana Lamb.) forests. This 
newly developed model (called TRIPLEX-Management) was then used to investigate 
how to increase C sequestration within jack pine forests under climate change using 
forest management that are also exploited by the forestry to produce wood products. 
To increase the madel credibility and applicability , the madel was validated against 
multiple data sources (eddy covariance data, C stocks, and forest growth data) and, 
subsequently, was used for the projection of potential effects of climate change and 
clearcuts on C dynamics of boreal trembling aspen (Populus tremuloides Michx.) and 
jack pine forests. Finally, the relationships between the structural diversity and C 
stocks in spruce-dominated stands were investigated using correlation analysis, 
multiple linear regressions and partial correlation analysis. 

Madel validations showed that the TRIPLEX-Management madel was generally 
capable of simulating C dynamics and ecosystem responses to forest management and 
climatic conditions for aspen and jack pine forests. In the forest management scenario 
analysis, simulation results showed that shortening rotation length (for example, 10-
20 years) could enhance C uptake and decrease the potential risk of climate change 
on jack pine forests . The positive effects of forest thinning on wood production were 
enhanced with modest warming, but eliminated with warmer climate. Moreover, 
potential climate change may enhance the C sequestration rate if there were no severe 
natural disturbances. In spruce-dominated forests , statistical analysis confirmed that 
stand structural diversity had a significant positive effect on aboveground C stocks 
even though the relationship was weak overall (Spearman's rank correlation 
coefficients are generally in the range of 0.319-0.600, P<O.O 1 ). 

Altogether, this dissertation presents an attempt to improve our understanding of 
forest management role in forest mitigation to climate change. As a result, shortening 
rotation age may be necessary for aspen and jack pine forests in order to increase C 
sequestration for a given temporal scale and decrease the risk of climate change 
impacts. Maintaining complexity of composition and structure can help forests to 
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adapt to future environmental conditions. This dissertation has practical implications 
in terms ofusing forest management strategies to mitigate potential climate change. 

Keywords: clearcut logging, diameter distribution , forest management, niche 
complementarity hypothesis, Shannon-Wiener index, carbon management, soi 1 

organic carbon, rotation length , scenario analysis 



CHAPTER l 

GENERAL INTRODUCTION 

1.1 Background 

1.1.1 Climate change and the boreal forest 

Future global warming is largely constrained by emissions of carbon (C) dioxide 

(C02) due to fossil fuel burning and land use changes (Al len et al. , 2009, Matthews el 

al. , 2009). The amp litude of temperature increase is largely dependent on 

anthropogenic em issions of C02 and on C sequestration by the oceans and the land 

biosphere (Friedlingstei n et al. , 200 1; IPCC, 2007). The world ' s forests have strong 

controls on the global C cycle (the exchange ofC between the biosphere, hydrosphere, 

geosphere, hydrosphere, and atmosphere of the Earth) and influence the hydrologica l 

cycle and energy budgets between the atmosphere and terrestrial ecosystems (Bonan , 

2008, Chapin et al., 2008). 

The boreal forest, the second largest biome in the world , contains 33% of the Earth's 

forest cover. Boreal forests are vulnerable to global warming, and have an important 

role in C storage and subsequently , are identified as an important "tipping point" for 

the Earth ' s climate system (Lenton et al., 2008). The climate forcing of boreal forests 

is highly uncertain . Low surface a lbedo may warm global c limate (Bonan , 2008) , but 

snow-covered boreal forest with high surface albedo during long winters may offset 

this warming effect (Chapin el al. , 2008). The coo ling effects (moderate C storage 

and weak evaporative coo ling) might be large enough to result in an overa ll cooling 

effect of boreal forests on global warming. The boreal forest stores 272 Pg C in trees 

and in the soi! (to 1 m depth) and is sensitive to climate (Pan el al. , 20 li), although its 

C uptake ability is low (Bonan, 2008). 
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The forest is under large pressure from global climate change. Under climate change, 

more frequent droughts, fires , and insect outbreaks may lead to regional reductions in 

forest productivity (Ciais et al. , 2005 , Zhao and Running, 201 0) and even large-scale 

boreal forest die-off (Peng et al. , 20 1 1, Kurz et al. , 2008). As a result, regional 

droughts may lead to reductions of the forest C sink (e.g., Ma et al. , 2012, Michaelian 

et al. , 20 1 1 ). Research in Canada has shown th at droughts may be having caused the 

reduction of 7.89±3.22 Mt year- 1 in the C biomass of Canadian boreal forests since 

1963 (Ma et al. , 20 12). With future 'global warming and drying, more frequent fi res 

have been identified as a potential in most boreal forests (Bond-Lamberty el al. , 2007, 

Harden et al., 2000). A modeling study conducted by Amiro et al. (2009) estimated 

that the emissions of greenhouse gases from Canadian wildfires would increase from 

162 Tg y( 1 of C02 equivalent to 3 12 Tg y( 1 of C02 equivalent under future climate 

change. Insect outbreaks have also recently become more severe, resulting in large C 

!osses from forests due to tree morta! ity (Hicke et al., 20 12). 1 n western Canada, a 

massive outbreak of mountain pine beetle (Dendroctonus ponderosae Hopkins, 

Coleoptera: Curculionidae, Scolytinae) has killed millions of trees weakened by 

droughts across 130, 00 km2 of forest in multiple years (Kurz et al. , 2008), and 

possibly moved eastwards. In eastern Canada, spruce budworm (Choristoneura 

jumiferana Clem.) -caused mortality was estimated to decrease ecosystem C stocks 

by 2-10% by the end of simulations (2024) (Dymond et al. , 201 0) . 

Elevated atmospheric C02, rising temperature, and elevated nitrogen (N) deposition 

may enhance forest C sequestration if other growth factors such as water are not 

limiting (Hyvonen et al., 2007, Luo el al., 2006, Boisvenue and Running, 2006, Reay 

et al., 2008, Huang et al. , 2007). Elevated atmospheric C02 could enhance 

photosyntheti c C0 2 fi xation (Huang et al., 2007), even if recent stud ies reported that 

the effects of co2 fertilization on forest productivity might still be constrained by 

1 imited N availabil ity and/or water 1 imitation (Pefiuelas et al., 20 ll , Si lv a et al. , 201 0, 

Reich et al. , 2006, Norby et al. , 20 1 0). Furthermore, modest warming will enhance 
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forest productivity due to a longer growing season and increased metabolic rates in 

boreal forests (Myneni et al., 1997, Nemani et al., 2003) . Future increases in N 

deposition could also increase N availability, thus enhancing forest growth in N

limited forest ecosystems (Hyvonen et al. , 2007, Reay et al. , 2008). ln addition, the 

interactions of these stabilizing factors are likely to increase the availability of soi ! 

moisture, decrease fire frequency, and enhance forest growth and biomass (Lenton et 

al. , 2008). 

1.1.2 The roles of sustainable forest management under climate change 

Climate change has resulted in potentially dangerous impacts on global boreal forests 

(Section 1.1.1 ). With the common con cern surrounding the impacts of cl imate change 

on forests , there has been much debate on the role of forest management on 

adaptation and mitigation to climate change. The Kyoto Protocol to the United 

Nations Framework Convention on Climate Change (UNFCCC) provides an 

opportunity for some countries to claim for large C sinks from land use, land use 

change, and forestry (LULUCF), and use the C sinks to offset their fossil fuel 

emissions. Under Article 3.4 of the Protocol, the forestry community proposed two 

ways for existing forests to face the challenge of changing climate (Millar et al., 2007, 

Seidl et al. , 2007): ( 1) mitigation strategies th at use forest ecosystem to reduce overall 

greenhouse gas (GHG) emission via enhancing forest C sequestration and reducing 

fossil fuel burning; and (2) adaptation strategies that help forest ecosystems 

accommodate new climate conditions. 

1.1. 2.1 Mitigation strategies 

It has been proposed that forest management can be used in climate change mitigation 

strategies by (i) increasing C sequestration (stored both on-site and in long-! ived 

wood products) (e.g., Thornley and Cannell , 2000, Seidl et al., 2007, Lasch et al. , 

2005); and by (ii) substituting fossi l fuels with bioenergy from wood residues (e.g., 

Malmsheimer et al. , 2008, Hudiburg et al., 20 Il ). 
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Forest management can play a key role in climate change mitigation. Much effort has 

been invested in evaluating how to increase C sequestration (stored both on-sites and 

off-sites) (Seid l et al., 2007, Thornley and Cannell , 2000, Hudiburg et al. , 20 11 ), 

even if wood product C pools are not accounted for in the guide lines of the first 

commitment period under the Kyoto Protocol. Common sense dictates that any 

reasonable assessment of the role of the forests in global, national , or regional C 

cycles should include the consideration of C stored in forest products (Hennigar et al. , 

2008), given that harvested wood products contai n large amounts of C (Malmsheimer 

et al. , 2008, Chen el al., 2008, Apps et al., 1999). Based on the approach of !ife cycle 

analysis, the tradeoffs of various harvested wood products in global change 

mitigation need to be ana lysed (McKechnie et al. 20 Il ). 

Previous studies have demonstrated that unmanaged forests , such as old-growth 

forests , stored greater amounts of C in trees and in the soi! (Pregitzer and Euskirchen, 

2004), and that they are sti ll continuing to capture C (Luyssaert et al. , 2008). ln order 

to increase C sequestration, therefore, prolonging rotation length has been 

recommended as a useful way to increase C sequestration on-sites ( e.g., Nu nery and 

Keeton , 2010, Peng et al. , 2002, Kaipainen et al. , 2004, Liski et al., 200 1). Longer 

rotation lengths (> 90 years) in European boreal forests have been suggested to 

benefit C sequestration (Lisk i el al. , 2001 , Kaipainen et al. , 2004). On the contrary, 

shortening rotation ages and replanting with robust genotypes has been proposed as 

management options for adaptation to climate change in Canada (Johnston et al., 

2009). Forest thinning has been suggested as a silvicultural intervention to enhance 

diameter growth and individual stem vo lume growth for residual trees due to 

relatively high resource availability (e.g. , Tong et al., 2005, Simard et al. , 2004, Lei 

et al. , 2007). On the contrary, research in Finland suggests that unthinned stands may 

produce higher merchantable volume than thinned stands (Makinen and lsomaki , 

2004a, Makinen and lsomaki , 2004b ). Therefore, many uncertainties rem am 

concern ing the effects of forest management on C sequestration. 
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Substitution of fossil fuel with bioenergy from forests has been recognized as a 

strategy to reduce C02 emissions from burning fossil fuel (Gustavsson et al., 1995). 

Forest regeneration on the harvest site can help to achieve zero emissions in a given 

temporal scale (McKechnie et al. 20 Il , Ter-Mikaelian et al. 20 Il). The potential of 

bioenergy production to offset co2 emissions is counteracted by fossil fuel emission 

from the relative activities (e.g. , forest harvest and biomass transportation) (Law and 

Harmon, 20 Il). There are also large uncertainties in impacts of biofuel removal on 

forest nutrient dynamics and growth. 

1.1.2.2 Adaptation strategies 

Adaptation strategies include resistance options, resilience options, and response 

options (Millar et al., 2007). Practices designed to increase resistance (e.g. , fuel 

breaks and intensive removal of invasive species) are likely to improve the defences 

of forests against the impacts of rapid environmental changes (Millar et al., 2007). 

The forest response option is more likely to help forests to quickly accommodate or 

respond to environmental changes (Millar et al. , 2007). lmproving forest resilience is 

the most commonly suggested adaptive option in current debates, but more focus 

needs to be put on improving the abi lity of forests to return to pre-existing conditions 

after disturbance (Millar et al. , 2007). A number of recent studies on forest adaptation 

have focused on maintaining a high diversity of species composition and structure to 

maintain a high productivity (Johnston et al., 2009, D'Amato et al., 20 Il , 

Malmsheimer et al. , 2008, Evans and Perschel , 2009). As such, forests might be able 

to adapt to future environmental conditions and to absorb disturbances ( e.g. , insects, 

disease, tires, or droughts). 

1.2 Modeling forest management activities 
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Forest resource managers are facing challenges such as assessing the vulnerability of 

forests to cl imate change, evalua ting forest response to natural disturbance ( e.g. , 

droughts) , and quantifying the effects of various forest management strategies on net 

C sequestration under climate change. A new approach is to make use of forest 

simulation models in order to make decisions that satisfy long-term strategies for 

adaptation and mitigation to climate change (Peng, 2000). 

The models used in simulating forest development can be classified into empirical 

growth and yield models and process-based models (also called physiological models 

that can simulate key ecosystem processes regarding C, N , and water cycling) . 

Traditional growth and yield models used in f01·estry are generally based on statistical 

relationships. However, these models only work well as management tools for 

forecasting stand growth when environments do not change or change minimally . 

Thus such models are not suitable for long-term prediction of forest development 

under changing climate conditions. ln comparison, process-based models are able to 

simulate key ecosystem processes related to C, N, and water cycles under a changing 

condition of climate. Therefore, process-based models have great potential in 

investigating impacts offorest management activities and climate change on forest C 

dynamics (Johnsen et al., 2001 , Makela et al. , 2000, Landsberg, 2003 , Pretzsch et al. , 

2008). However, the use of most such models has been limited by the absence of 

flexible forest management practices . 

1.2.1 Modeling forest thinning 

Forest thinning has been suggested as a cast-effecti ve and sustainable strategy to 

enhance diameter growth and indiv idual stem volume growth for remaining trees due 

to the relatively high resource availability and the decreased risk of wildfire (Huggett 

et al. , 2008). As one of the most important silvicultural practices, thinning has been 

appl ied to hundreds of thousands stands ac ross the world each year (Masek et al. , 

20 ll ). However, thinning would not necessarily increase the overall forest C stock, as 
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the C of the increased growth of remaining trees might be less than the removed C of 

the thinned trees (e.g. , Tong et al. , 2005 , Lei et al. , 2007). Thus, it is important to 

quantify the effects of forest thinning on C dynamics for given forest conditions 

under a changing c!imate. This can be done by developing a thinning sub-model to 

evaluate how forest thinning operations affect stand development. 

Within the context of c!imate change, two methods have been proposed for 

simulating stand structure for forest management consideration (Table 1.1 ): (i) 

incorporating empirical diameter distributions into process-based models (e.g. , Lasch 

et al., 2005 , Bellassen et al. , 2010); and (ii) a cohort approach (ali trees of a given 

species established in a given year are assumed to be identical) . Much effort has 

focused on quantifying stand structure by incorporating typical diameter distribution 

mode! for management purposes. For example, Lasch et al. (2005) analyzed 

management effects on forest functions at a regional level in Germany, using a 

process-based mode! , 4C, that has a Weibull diameter distribution incorporated in the 

forest thinning algorithms. ln addition, a forest management syb-model has been 

developed within a dynamic global vegetation mode! , ORCHrDEE (Krinner et al., 

2005), where forest thinning is simulated based on an initial distribution calculated 

from a truncated expqnential law function and an allocation function to trees in each 

diameter class (Bel lassen et al. , 201 0). 

Alternatively, the cohort method has also been investigated in simulating the effects 

of forest management on forest functions under climate change. lncorporated in a 

cohort approach, the Finnfor mode! (Kellomaki and Vaisanen, 1997) was used to 

analyze the effects of thinning regimes on C sequestration (Garcia-Gonzalo et al. , 

2007, Routa et al. , 2011 , Ge et al., 2011). The EFIMOD mode! also uses the cohort 

approach to simulate different types of thinning (Chertov et al. , 2009, Palosuo et al. , 

2008, Komarov et al. , 2003). 
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Table 1.1 Forest management algorithms from a se lection of the most common ly 
used process-based models, listed approximate ly in order of progressive increase in 
mec han istic de tai 1. 

Forest Description Mo del Reference 
management 
algorithms 
Forest thinning 
Biomass No explicit concept of Biome-BGC Petritsch et al., 
reduction stand structure . 1 t is 2007 

difficu lt to implement 
pre-commerc ial thinning 
or commercial thinning. 

Empirical I ncorporate traditional 4C Lasch et al. , 2005 
diameter diameter distribution ORCHIDEE - Bell assen et al. , 
distribution function. This does not FM 20 10 

affect the mechanical 
representation of 
ecological processes. 

Cohort Ali trees of a given Finn For Garcia-Gonzalo et 
species estab lished in a al. , 2007 ; Ge et al. , 
given year are assumed to 20 I l ; Routa et al. , 
be identical. Stand 201 1 
structure can be estimated EF IMOD 
by using stand age and Komarov et al. , 
diameter class. 2003 ; Palosuo et 

al.,2008;Chertov 
et al., 2009 

H arvesting e.g. 
Clearcuts Import tree carbon in Ecosys Grant el al. , 20 1 0 

each component to ORICHEED- Bell assen et al. , 
corresponding litter FM 2010 
carbon and soi ! carbon 

ools 

1.2.2 Modeling forest harvesting 

Clearcuts, a common harvesting method m the boreal forest, remove almost ali 

commercially sized trees (i.e. those trees greater than 9cm DBH [diameter at breast 

height]) . This results in considerable amount of forest C loss not only by direct 
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transfer of forest C to harvested wood C, but also by respiration !osses if rates of 

heterotrophic respiration (litrer and so i! organic C decomposition) exceed net primary 

productivity (NPP) in the years following a clearcut. Many studies have found that 

negative net ecosystem productivity (NEP) may last for severa! years to decades in 

the early stages of stand deve lopment after clearcuts (e .g. , Humphreys et al. , 2006, 

Zha et al. , 2009, Kolari et al. , 2004, Law et al., 200 1, Janisch and Harmon, 2002). 

The implications of harvest-related forest C loss highlight the importance of including 

harvest ing in forest simulation to achieve a better understanding of reg ional and 

global C cycling (Liu et al. , 2011). 

Clearcuts may occur at a prescribed rotation age or a prescribed threshold such as 

stand vo lume. Using a clearcut sub-model , it can be easily simulate in process-based 

models. When clearcuts occur, the merchantable portion of the trees is removed from 

the forests , while harvest residues are transferred to various dead organic C pools 

(e.g. , woody debris and forest tloor) (e.g. , Bellassen et al. , 20 10, Jiang el al., 2002, 

Peng et al. , 2002, Shan in et al. , 20 Il). ln some cases, a fraction of harvest residuals is 

left as slash piles, either burned or left to decay (Grant et al., 20 10, Jiang et al. , 2002, 

Peng et al., 2002). After a clearcut, stand reestabli shment has to be prescribed. ln 

mode ling, the reestablishment commonly has to meet a set default value of number of 

trees or initial biomass in each tree component. 

In summary, process-based models can be used to investigate on how future climate 

change may affect forest C cycling across landscapes and forest types. With forest 

management sub-models, such as thinning and clearcut sub-models, the process

based models may provide insights into how current management practices can affect 

forest C dynamics. 

1.3 General questions and hypotheses 
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There are two major weaknesses in the study of the role of forest management on C 

sequestration under future climate change. First, modeling forest thinning using the 

process-based models is highly uncertain due to the inaccurately prediction of stand 

structure . Second, there is no relatively strict madel validation against multiple data 

sources (e.g. , thinning experiment data, eddy covariance data, and C stocks). 

To better understand the role of forest management on climate change mitigation, it is 

necessary to answer the following question: 

How should forests be managed to 1mprove C sequestration to mitigate 

climate change? 

ln this thesis, 1 hypothesize th at ( 1) climate change may enhance forest growth and C 

sequestration in the boreal forest, especially for pioneer tree species; (2) certain forest 

management strategies could favour C sequestration both on-site and off-site as weil 

as decrease the potential climate change induced risk; (3) maintaining the complexity 

of species composition and structure cou Id enhance forest C stocks. 

1.4 Specifie objectives and thesis structure 

This dissertation is a combination of four manuscripts related to the investigation of 

the effects of forest management practices on forest C sequestration facing the 

challenge of changing climate. The main body of the thesis consists of two phases of 

research (Figure. 1.1.): 

1) Quantifying the effects of forest management and climate change on forest 

C sequestration on-site and off-site using a process-based madel (Chapters 

Il , III , and TV); 

2) lnvestigating the relationships between structural diversity and C stocks 

using statistical methods (Chapter V). 

The specifie objectives were as follows: 
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1) Chapter II: Oevel op a novel thinning sub-model to quantify the effects of 

pre-commercial thinning on forest growth, timber yield , and C sequestration 111 

response to climatic conditions for jack pine (Pinus banksiana Lamb.) stands. 

2) Chapter III: Investigate how to manage jack pine forests to increasing forest 

C sequestration when producing harvested woods for industrial purposes us ing the 

newly developed mode! (TRIPLEX-Management) in Chapter Il. 

Chapter 1: 
Introduction to climate 

change and forest 
management 

Ecological Modeling Mitigation 

Chapter Il: 
Development and 

validation of 
TRIPLEX-Management 

1 
Chapter III: Impacts of 
thinning and clearcut 

on forest and harvested 
wood C stock 

1 

Chapter IV: Simulation 
of forest productivity 
and C stocks under 
management and 
climate change 

Chapter YI: General 
conclusions, model 

limitations, and future 
work 

Figure 1.1 The structure of dissertation. 

Statistical analysis 

Chapter V: Analysis of 
the relationship of 
forest structural 

diversity and 
aboveground C stock 
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3) Chapter IV: Validate the TRIPLEX-Management mode! against multiple 

sources of measurement data; test whether the mode! is able to simulate the impacts 

of a drought between 200 1 and 2003 on net eco system productivity of as pen (Populus 

tremuloides Michx.) and jack pine forests under a continental boreal climate; and 

predict the potential effects of future cl imate change and clearcut practices on net 

ecosystem productivity and total ecosystem C stock. 

4) Chapter V: Investigate the relationship between structural diversity and C 

stocks m spruce-dominated sta.nds and discusses potential management 

implementations of increasing C storage by enhancing stand structural diversity in 

such forests . 

Note: This dissertation was written m the form of a collection of published or 

submitted peer-reviewed journal papers. Therefore, there is a little overlap in the texts 

between the General Introduction , General Conclusion and the main body of the 

Chapters. 



,-----------------------------------------------

CHAPTER Il 

DEVELOPMENT OF TRIPLEX-MANAGEMENT MODEL FOR 

SIMULA TING THE RESPONSE OF FOREST GROWTH TO PRE

COMMERCIAL THINNING 

Weifeng Wang, Changhui Peng, S. Y. Zhang, Xiao lu, Zhou, Guy R Larocque, 

Dan iel O. Kneeshaw, Xiangdong Lei 

Article published in 20 Il in Eco logical Modelling, 222, 2249-2261 
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2.1 Résumé 

TRIPLEX 1.0, un modèle basé sur les processus et conçu pour prédire la croissance 
des forêts ainsi que la dynamique du carbone (C) et de l'azote (N), a été modifié et 
amélioré pour simuler la productivité des forêts due aux éclaircies précommerciales. 
Un modèle basé sur la distribution « Weibu ll » à trois paramètres a été intégré pour 
simu ler des éc lai rcies précommerciales au sein du modèle nouvellement développé 
« TRIPLEX-Management ». L'intensité de l'éclaircie précommerciale est la 
composante du modèle qui permet à l' utilisateur de simu ler des traitements 
d' éclaircies en appliquant la surface terrière, la densité du peuplement et le vo lume. 
La mortalité naturelle a diminué suite aux éc laircies précommerciales due à une 
augmentation dans l'espace pour les tiges résiduelles. Le modèle prédit éga lement une 
augmentation des stocks de litière su ite aux éclaircies précommerciales. Le modèle 
'TRIPLEX-Management' a été testé sur des données d'observation pour des 
peuplements de pin gris (Pinus banksiana Lamb.) soumis aux éclaircies 
précommmerciales dans le nord-ouest de l'Ontario, Canada. Les coefficients de 
détermination (R2

) entre les variables prédites et observées, y compris la densité du 
peuplement, la moyenne du DHP (diamètre à hauteur de poitrine), la moyenne 
quadratique du DHP, le volume total et le volume marchand ainsi que la biomasse 
souterraine, aérienne et totale variaient de 0.50 à. 0.88 (n = 20, P <0,00 1 ) , à 
l'exception de la hauteur moyenne des arbres (R2 = 0.25, n = 20, P <0,05). 
Globalement, l'indice Willmott de l'accord entre les variables prédites et observées 
variait de 0.97 à 1.00. Les résultats montrent que le modèle « TRIPLEX
Management » est généralement capable de simuler la réponse de la croissance face 
aux éclaircies précommerciales dans des peuplements de pin gris. 

Mots-clés : biomasse, distribution des diamètres, gestion forestière , production de 
bois 
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2.2 Abstract 

In order to simulate forest growth response to pre-commercial thinning (PCT), 
TRIPLEX 1.0-a process-based mode! designed to predict forest growth as weil as 
carbon (C) and nitrogen (N) dynamics-was modified and improved to also simulate 
managed forest ecosystem thinning practices. A three-parameter Weibull distribution 
mode! was integrated to simulate thinning treatments within the newly developed 
TRIPLEX-Management mode!. The thinning intensity component within the madel 
allows users to simulate thinning treatments by applying basal area, stand density and 
volume to quantify thinning intensity. Natural mortality decreased following thinning 
due to an increase in growing space for residual stems. Predicted litterfall pools also 
increased after thinning events took place. The TRIPLEX-Management mode! was 
tested against published observational data for Jack Pine (Pinus banksiana Lamb.) 
stands subjected to PCT in northwestern Ontario, Canada. The coefficients of 
determination (R2

) between the predicted and observed variables including stand 
density, mean DBH (diameter at breast height), the quadratic mean DBH, total 
volume and merchantable volume as weil as belowground, aboveground, and total 
biomass ranged from 0.50 to 0.88 (n=20, P<O.OO 1) with the exception of mean tree 
height (R2=0.25 , n=20, P<O.OS). Overall , the Willmott index of agreement between 
predicted and observed variables ranged from 0.97 to 1.00. Results show that the 
TRIPLEX-Management mode! is generally capable of simulating growth response to 
PCT for Jack Pine stands. 

Keywords: biomass, diameter distribution, forest management, timber yield 
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2.3 Introduction 

Forest management practices can influence the carbon (C) balance of forests 

(Thornley and Cannell , 2000, Jandl et al., 2007, Brown et al. , 1996), and forest 

thinning practices are considered an effective way in which to accelerate tree growth, 

reduce mortality, and increase both productivity and overall timber yield (Smith et al. , 

1997a, Nabuurs et al. , 2008). The Kyoto Protocol offered countries the option to 

include forest managerial activities within their participation in order to enhance sink 

potential into their Kyoto accounting during the first commitment period (2008-2012) 

(UNFCCC, 1997). Be that as it may, there is also a need to modif'y current managerial 

practices to optimize forest growth and C sequestration under conditions of climate 

change (Nuutinen et al. , 2006, Garcia-GonzaloPeltola et al. , 2007a) . A new provision 

requires forest resource managers to make use of forest simulation models in order to 

be ab le to make decisions that satisfy long-term strategy (Peng, 2000). Henceforth, 

forest models must be able to simulate key ecosystem processes regarding C, nitrogen 

(N) , and water cycling (Johnsen et al. , 2001 , Makela et al., 2000, Landsberg, 2003) 

and the effects of forest management practices ( e.g. , th inning) on forest growth and 

yield as weil as C and N cycling. Therefore, it is essential to develop a process-based 

model with the capacity to incorporate forest management within its scope of 

functiona li ty to support decision making strategies. 

Regression models based on statistical relationships are the traditional growth and 

yield models used in forestry . However, empirical models work weil as management 

tools for forecasting stand growth when environments only expenence 

inconsequential change. In contrast to empirical models, process-based models can be 

used as important forest management tools to explore growth and yield of fo rest 

stands to predict the effects of di sturbances when environmental conditions change 

considerably (Landsberg, 2003, Peng et al. , 2002, Johnsen et al. , 2001 , Makela et al. , 

2000). Since they are based on the representation of forest ecosystem processes such 
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as photosynthesis, respiration, soi! organic matter decomposition , and N cyc ling, they 

can contribute in the prediction of long-term impacts due to c limate change. Severa! 

process-based models such as 3-PG (Landsberg and Waring, 1997, Landsberg et al. , 

2001 ), 4C (Lasch et al. , 2005), EFIMOD (Komarov et al. , 2003), Finn For (Kellomaki 

and Vaisanen , 1997, Matala et al. , 2003), ForeSAFE (Wallman et al. , 2005), 

PROMOD (Sands et al. , 2000), TREEDYN3 (Bosse! , 1996), and TRIPLEX (Peng et 

al., 2002) are ab le to predict forest growth and yie ld . FOREST-BGC or BIOME-BGC 

(Runn ing and Gower, 1991 , Running and Hunt, 1993b), which were developed to 

simulate C and N balances, were a lso later modified to predict forest growth and 

dynamics (Koro l et al., 1996, Petritsch et al. , 2007, Tatarinov and C iencia la, 2006) . 

Conceptually speaking, the goal of ali these models is to provide forest yield 

estimates in the context of a changing environment. 

T n general , most eco system models assume full y stocked even-aged forests and are 

not designed to simulate forest management practices and impacts (Petritsch et a l. , 

2007) . lndeed, only a handful of studies have reported measures on how to take into 

consideration forest management practices using process-based models (Matala et al. , 

2003, Tatarinov and Cienciala, 2006, Petritsch et al. , 2007, Miehle et al., 2009, 

Battaglia et al. , 2004) while predicting the effects of climate change on forest 

functions such as C sequestration and timber yie ld (Lasch et al. , 2005, Garcia

GonzaloPeltola et al., 2007b, Cienciala and Tatarinov, 2006). These model s, 

unfortunately, have neither been widely nor weil validated by way of comparing 

mode! predictions against independent field data sets. ln addition , the potential effects 

ofthinning on growth behavior and C and N cycling have not been weil presented. 

For this study, a forest management sub-model was added into TRIPLEX 1.0 (Peng et 

al. , 2002) to incorporate thinning practices within the process-based mode!. The goal 

was to adapt TRIPLEX 1.0 to be proficient in quantifying forest growth , timber y ield, 

biomass, and C sequestration within managed forest systems. The objectives of this 

study were to develop a new thinning submodel (TRIPLEX-Management) to quantify 
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the effects of pre-commercial thinning (PCT) on forest growth, timber yield, biomass, 

and C sequestration in response to climatic conditions, utilizing Jack Pine (Pinus 

banksiana Lamb.) stands in northwestern Ontario, Canada, to test mode! performance. 

This study hypothesized that 1) PCT may change overall diameter distribution, and 2) 

incorporating Weibull diameter distributions into TRIPLEXI.O will enable the newly 

developed TRIPLEX-Management mode! to capture the response of forest growth to 

PCT practices. 

2.4 Methods 

2.4.1 Model development 

TRIPLEX 1.0 is a process-based mode! that integrates three well-established models 

into one: 3-PG (Landsberg and Waring, 1997), TREEDYN3.0 (Bosse! , 1996), and 

CENTURY4.0 (Parton et al. , 1993). The madel can simulate key C and N cycling 

processes such as C allocation and N mineralization by utilizing monthly mean 

temperatures, precipitation, and relative humidity from a given forest stand (Peng et 

al. , 2002). This hybrid approach combines physical , biological , and biogeochemical 

processes that control the dynamics of C, N, and water. A unique feature of 

TRIPLEX 1.0 is its ability to predict growth and yield of a forest stand based on 

ecological mechanisms and C balances (Zhou et al., 2005). TRIPLEX 1.0 includes the 

following six submodels: 

1) Photosynthetically active radiation (PAR) (Bassel , 1996). PAR is calculated as a 

function of the solar constant, radiation fraction , solar height, and atmospheric 

absorption . Forest production and C and N dynamics are primarily driven by solar 

radiation. 

2) Gross pnmary production (GPP) (Landsberg and Waring, 1997). GPP is 

calculated as a function of the monthly mean air temperature, stand age, soil water 
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content, N limitation (JN, dimensionless), and the percentage of frost days during a 

period of a single month as weil as the leaf area index. 

3) Net primary productivity (NPP) (Landsberg and Waring, 1997). NPP is the 

difference between autotrophic respiration and GPP . This is a modification from past 

usage where it acted as a constant of the ratio ( C".,., ,dimensionless) of NPP to GPP 

(Peng et al., 2002). Autotrophic growth (GR, t ha-1
) and maintenance respiration 

(MR, t ha- 1
) were treated separately and governed by the C factor, air temperature 

(Tu, °C), and component C pools such as wood (W" ,t ha- 1
) , branches (WH,.,t ha- 1

) , 

foliage (Wr , t ha- 1
) , coarse roots (W",., t ha- 1

) , and fine roots (Wfi·' t ha-1
) , following 

the recent release of the TRIPLEX-Flux version (Zhou et al. , 2008): 

MR = ( 0.02(W1 +Wfi )+O.O t(Wn,. +~,. +W,., ) )x Q10 

GR =(0.35-{~ }cPP-MR) 

NPP=GPP-MR-GR 

( 1) 

(2) 

(3) 

(4) 

The N pool plays a substantial rote as an output of the soit submodel and an input for 

the forest production submodel. In relation to TRIPLEX, C limitation is a function of 

available N ( Nl/1,1 , t ha- 1
) , potential NPP (NPPPo'' t ha- 1

) , and the C:N response ratio 

(Be,,· , dimensionless) of photosynthetic products that is calculated as: 

~" . =min(l.O Navi·Be:N J 1 11 
' NPP 

pot 

(5) 

where NPPP"' = GPPP"' · C NPP . GPPP"' (t ha-
1
) IS the maximum GPP without N 

limitation. 
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4) Forest growth and y ield submodel (FYG) (Bosse! , 1996). The primary variables 

in FYG are the increment of tree diameter and height, calculated using a function of 

the stem wood biomass increment developed by Bosse! ( 1996). 

5) Soi! C and N (SCN) (Parton et al. , 1993). SCN is based on the CENTURY soi! 

decomposition submodel (Parton et al. , 1993) since it provides realistic estimates of 

both C and N mineralization rates for Canadian boreal forest ecosystems (Peng et al. , 

1998). Soi! C decomposition rates for each pool are calculated as functions of 

maximum decomposition rates, soi! moisture effects, and soi! temperature. 

6) Soi! water submodel (SW) (Parton et al. , 1993). SW is a simplified water budget 

module that calculates monthly water loss through transpiration and evaporation as 

weil as through soi! and snow water content following the soi! water module within 

CENTURY (Parton et al. , 1993). 

A more detailed description of the features , structure, mathematical algorithms, 

sensitivity anal y sis, and development strategy of TRIPLEX 1.0 have been previously 

reported by Peng et al. (2002) and Liu et al. (2002) . 

2. 4.1.1 lncorporating dia me ter distribution into TRIPLEX ]. 0 

Diameter distribution, an i~portant factor of stand structure, was incorporated into 

TRIPLEX 1.0. The three-parameter Weibull distribution mode! was . used for this 

study to characterize diameter distribution for a given stand since it is flexible and 

y ields probabilities with ease and without the need for numerical integration (Cao, 

2004) . Certain studies have indicated that the Weibull function adequately fits 

diameter distribution for both unmanaged and managed fo rest ecosystems under a 

var iety ofthi nn ing regimes (Zarnoch et al., 1982, Cao, 2004, Alvarez Gonzalez et al. , 

2002, Nord-Larsen and Cao, 2006). The probabili ty distribution function of the three

parameter Weibull di stribution mode! is described as: 

---- -------------------------------------- ------------------------------- - ----------
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(6) 

where a, b, and c are the location , scale, and shape parameters, respectively , of the 

Weibull distribution, and 0 is the DBH. The location parameter, such as the name 

implies, places the start location of the distribution along the abscissa. It stretches out 

the distribution wh ile increasing the · value of the scale parameter and holding the 

shape parameter constant. The shape parameter contrai s the behavior of the 

distribution. 

The maximum likelihood method was used (R Development Core Team , 2009) to fit 

Eq . (6) for the DBH distribution of each plot, including stands that were thinned. 

When the initial estimate of a was negative, it was set to one-half of the minimum 

diameter in the plot after which the other two parameters were reestimated. At this 

point, the general form of a linear regression mode! was used to relate the Weibull 

function parameters to mean DBH ( D , cm), age (A , years) , mean height ( H , m), 

and stand density ( SD , trees ha- 1
) , which were then predicted by TRIPLEX 1.0: 

(7) 

where y is the estimate of a specifie Weibull parameter (a , b, and c), and ()0 to ()4 are 

the regression mode! parameters. Stepwise linear regression analysis (R Development 

Core Team, 2009) was applied to identify a set of candidate functional forms based 

on a 0.05 significance leve!. 

2. 4.1. 2 Forest thinning considerations 

Si nee the original version of TRIPLEX 1.0 did not include a forest management sub

model , forest thinning was modeled by the inclusion of thinning time (Age r, years) 

and thinning intensity (Ir, %) in the newl y deve loped TRIPLEX-Management mode!. 

Diameter distributions were estimated before the thinning treatment took place in 

arder to quantify basic stand characteristics of the post thinni ng stand for future 
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simulations. The thinning methods "thinning from above" and "thinning from below" 

were designed to madel forest thinning practices. The following variables were 

considered: 

1) Thinning intensity in relation to stand density Usn, %) was fixed as an input to 

the madel by users or modelers. The lower (La, cm) and upper (Ua, cm) bounds of 

the DBH class for the residual stand was determined by Eqs. (8) and (9) while the 

lower (L , cm) and upper (U, cm) bounds of the DBH class for a given stand were 

determined by the formu la SD · f(D) > 1 , which represents at least one tree in a given 

DBH class. The mean DBH and the quadratic mean DBH ( D", cm) of the residual 

stands were then obtained by means of calculating the mathematical expectations of 

D and D2 based on the diameter distribution function f(D) by way of Eqs. ( 1 0) and 

(Il) . The definite integrais solution was a numerical approximation by which the area 

beneath the Weibull probability density function was determined by summing 

numerous inscribed rectangles. For madel application, this study used Ua = U for 

"thinning from below" and La= L for "thinning from above." 

1 = 1 = NRemored (8) 
T sn N 

Bf!fon:' 

D = E(D) =fu" D · f(D)dD ( 1 0) 
'~ 

D~ = E(D 2
) = f'" D2 ·f(D)dD (Il) 

• 

where NRe'"'"a' and N hcfur" are the number of residual trees and the number of trees, 

respective ly, before thinning treatment takes place . Tree height ( H, m) for each 

DBH class was estimated by the height-diameter equation (Eq. ( 12)) for boreal Jack 



23 

Pine forests developed by Zhang et al. (2002). Mean height was then calculated 

following Eq . ( 13). 

H = 1.3 + 23.9313 x (1- e-008 12
/) )

171 49 ( 12) 

- Ill H = "Hf(D)dD 
/" 

( 13) 

2) Thinning intensity in relation to basal area (18a, %) determines the ratio of the 

basal area to be removed ( BRemo ved, m2 ha- 1
) to the basal area be fore thinning treatment 

1 = 1 _ BRe111ovcd 
T fla - B 

Reforc 

( 14) 

The lower and upper bounds of residual stands were then computed according to Eq. 

( 15) and Eq. ( 16). They were used to calculate mean DBH, mean height, and the 

mean quadratic DBH ofthe residual stands through Eq. (10-13). 

( 15) 

B =B _::_SD "D1 D dD '" fu 
Re111o\'ed HejiJre 

4 
/" j ( ) ( 16) 

3) Thinning intensity in relation to volume (lv, %) is another alternative way in 

which to describe thinning intensity. This variable represents the relative volume 

removal ( VRellloved, m3 ha- 1 
). Volume before thinning ( VRefr~re, m3 ha- 1

) was calculated 

from stand density, tree form ( rp ) (Eq. (20)) , and tree height for a given DBH and 

the Weibull function ( f(D)) as follows: 

1 = 1 = VReow Fed 
7' v 

vliej ore 

7[ Ill 2 
V &fl,,.e =-SD HrpD f(D)dD 4 L 

V - V - 7r SDf
0

." H D 2 j(D)dD 
Removed - Before 

4 
l (/J 
" 

( 17) 

( 18) 

(19) 
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H 
rp = 0.52-0.002 ·(--90) 

D 
(20) 

For PCT treatments, the most important step was to obtain the lower boundary 

(thinning threshold) and upper boundary (U0 = U) of the residual stands for all three 

calculation approaches . 

2. 4.1. 3 Modifications made to the original mode! source code 

Certain variables were recalculated for purposes of simulation. This was necessary 

due to the model mechanism advancement to the next time step when forest thinning 

occurs. Other model variables or processes that were identifted as phenomenon in 

which full understanding remains incomplete such as tree mortality and increased 

litterfall due to thinning slash cannot be auto-updated. Certain necessary changes 

were consequently made to these related processes. 

Modification in the FYG submodel 

Tree mortality is separated into mortality with and without competition tn 

TRIPLEXl.O (Peng et al., 2002). Both mortality scenarios are simply set as constant 

values. Given that PCT removes the majority of unhealthy trees and increases the 

vigor of residual stems, the mortality without competition scenario has been 

empirically reduced after thinning in the TRIPLEX-Management version . 

Total stand volume ( Vr , m3 ha- 1
) was estimated as a function of mean DBH, mean 

height, stand density, and tree form by Eq. (21) in the original TRIPLEX l.O model. A 

tendency to always underestimate tree volume for young stands seems to aftlict 

TRIPLEX 1.0 (Peng et al. , 2002). In the current vers ion, stand volume is the sum of 

all tree vo lume for all DBH classes (Eq. (22)) . Merchantable vo lume ( ~-' , m3 ha-1
) 

was calculated as the sum of individual trees for al i trees greater than 9 cm in DBH 

(Eq. (23)) . 



7[ - 2 -v = SD x -rpD H 
4 

7[ f(! 1 

~· =-SD HrpD-j(D)dD 
4 /, 

VM = 7[ snfu H rpD 2 f(D)dD 
4 9 

Modification in the SCN submodel 
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(21) 

(22) 

(23) 

PCT is generally carried out only in even-aged forests that are approximately 15 years 

old. In many such forest stands, trees that are selected for removal are often too small 

for heavy machinery usage. The soil environment, therefore, is hardly affected by this 

type of thinning operation. Severa! studies have reported that prescribed thinning has 

a negligible effect on soil respiration (Vesala et al. , 2005 , Campbell et al., 2009). lt 

was consequently · assumed in the current study that thinning treatments have little 

effect on soil processes such as soil respiration. Nevertheless, it is assumed that 

thinning slash is always left on-site to enrich the soil. Litterfall pools in the SCN 

submodel were therefore increased by means ofthinning intensity. 

To quantify the biomass of residual stands and the slash that has entered into soil , 

biomass equations were used to estimate the change rate before and after thinning 

treatments occurred. The Jack Pine biomass equations used in this study were 

reported by Lambert et al. (2005) for aboveground biomass (Eq. (24) and Li et al. 

(2003) for belowground biomass (Eq. (25)) . 

RB= 0.222 · AB 

(24) 

(25) 

where Biomassj is the dry biomass compartment i of a living tree (kg) in which i 

represents wood, bark, branches, and fo liage; ~ 1 to ~3 are the parameters of the 

biomass equation (Table 2.1 ); and RB and AB are root and aboveground biomass, 



26 

respectively, obtained by adding their corresponding compartments. Biomass change 

rates UH.i' %) for each biomass component i of a stand were estimated as the ratio of 

the summed biomass in each DBH class for the before thinning and after thinning 

stand (Eq. (26)) . Therefore, the increments of the litterfall pools ( Mitter, , kg) were 

calculated by the product of the original stand c pools before thinning ( w /h:fi!I'C ,I' kg 

ha- 1
) and the change rates after thinning (Eq. (27)) . Furthermore, the residual stand C 

pools were obtained by way of the differences in stand C pools before increases in 

thinning and litterfall took place (Eq. (28)) . Ali calculations in relation to root 

biomass (e.g. , root litterfall) are based on Eq . (25). 

f'" BiomassJ(D)dD 
1 =1-~~~~------------

H,I I[l 
L BiomassJ(D)dD 

Table 2.1 Biomass equation parameters of Jack pine (from Lambet1 et al. , 2005) 

Component /31 /32 /33 
Wood 0.0199 1.6883 1.2456 

Bark 0.0141 1.5994 0.5979 

Branches 0.0185 3.0584 -0.9816 

Foliage 0.0325 1.7879 

2.4.2 Sites 

(26) 

(27) 

(28) 

PCT may have a positive effect on individual tree volume growth for Jack Pine stands 

(e.g., Bella and DeFranceschi , 1974, Groot et al. , 1984), which in itself may lead to a 

shorter rotational time period (Morris et al. , 1994). Published Jack Pine forest PCT 

data (Tong et al. , 2005) in northwestern Ontario was used in th is study to validate the 

modified mode!. Beginning in the 1980s or even earlier, PCT treatments were applied 

a single ti me to selected stands by way of the practice of low thinning using brush 
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saws. Dominant Jack Pine stands were measured in 2003 (Table 2.2) where the total 

volume and merchantable volume were estimated by Tong et al. (2005). A total of 10 

sites containing both PCT and control stands represented the different groups of 

thinning intensity and thinning age. The site index was from 18 m to 20 rn (the 

dominant height after a 50 year period of growth). At each site, 1 0 plots comprising 

ofü.OI ha each were established, five ofwhich were control stands and five ofwhich 

were PCT stands . These sites were naturally regenerated or seeded throughout a 

period from 1967 to 1977. The thinning summing the volumes of each segment 

between two cross sections as reported by ti me (Ager, year) ranged from five to 15 

years, and the thinning intensity in relation to stand density ranged from 21% to 68% 

oftree removal (Table 2.2) . 

Monthly air temperature, precipitation, and relative humidity were obtained from the 

IPCC 20th Century experiment applying the third version of the Canadian Centre for 

Climate Modelling and Analysis (CCCma) Coupled Global Climate Mode! 

(CGCM3.1) for the years 1850-2000 (http://www.cccma.ec.gc.ca). The average value 

of four corresponding grids for northwestern Ontario was used in this study. 

2.4.3 Simulation experiments 

2. 4.3.1 Parameterization and initialization 

The TRIPLEX 1.0 mode! operates with the following sets of input data and 

parameters (Table 2 .3): 

1) An ecophysiological parameter fil e that characterizes the necessary eco

parameters. 

2) A stand in itialization file including spec ies, regenerated year, latitude, site class, 

initial soit C, stocking, thinning time, and thinning intensity. 

3) A form that describes species parameters such as wood C density, maximum 

height, etc. 



Table 2.3 Parameters used in the mode! simulations. 

Parameter Description Treatment 
Control 

Photosynthetically active radiation 
Absorb Atmospheric absorptio n factor 0. 15 
Cloud Ti me faction of cloud days 0.4 
PAR factor Sloar radiation fraction 0.47 
Gross primary productivity 
BICond Canopy boundary layer conductance 0.2 

(mlm-2 s- 1
) 

MaxCond Max canopy conductance (m lm-2 s- 1
) 0.02 

StomCond Stomata conductance (ml m-
2 s-1

) 0.006 
ExtCoef Radiation extinction coefficient 0.5 
TaMin Min temperature for growth (0C) 5 
TaMax Max temperature for growth (0 C) 30 
Topt Optimum temperature for growth 15 

(OC) 
N factor N factor for tree growth 0 .2 
Na EffectofagetoGPP 3 
SI a Specifi e leaf area (m2kg-1

) 6 
Net primary productivity 
GarnaF Leaves turnover per year 0.01 
GarnaR Fine roots turnover per year 0.21 
Bc:N C:N response ratio 24.5 
CNPP A constant ratio ofNPP/GPP 0.39 
Soif C and N 

Lignin-N ratio Lnr 
Ls Lignin for leaf, fine root, coa~·se root, 

branch, and wood 
0.215 , 0.2 15 , 0.255 , 
0.235 , 0 .255 

Soi/ water 
A 1, A2, A3 Soil water depth of layer 1 ,2, and 3 (cm) 
A WL 1, 2,and 3 Relative root density for layer 1 ,2, and 3 
KF Fraction ofH20 flow to stream 
KD Fraction of H20 flow to deep storage 
KX Fraction of deep storage water to stream 
A Water Max soil water (mm) 
Growth am/ yield 

15, 15, 15 
0.5 ,0.3,02 
0.5 
0 .5 
0 .3 
250 
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Note 
PCT 

a 
a 
b 

c 

c 
c 
c 
a 
h 
d 

e 
f 
d 

(J 
0 

· h 

b 

e 
e 

e 
e 
g 
g 
g 
g 

MiuNorm Normalmortality 0.006 0 .005 This study 
MiuCrowd Competition mo1tality 0.02 g 
Species parameter 
CSP Wood C density (tC m-3) 0.22 
CD Crown to stem diameter ratio 25 a 
AlphaC Canopy quantum efficiency 0.05 a 
MaxHeight Max height (m) 25 This study 
AgeMax Max stand age (year) 150 This study 
a Bassel ( 1996); 6 Ryan et al. ( 1997); c Coops et al. (200 1 ); d Kim bali et al. ( 1997); e the values are 
given by CENTURY (Parton et al., 1993); r Landsberg and Waring (1997); g Zhou et al. (2005);" 
Steele et al. ( 1997); ' Liu and Greaver. (2009), j Newcomer et al. (2000); 11 Peng et al. (2002) 
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4) A climate data file exhibiting monthly temperature, precipitation, and relative 

humidity. 

The TRIPLEX 1.0 mode! has been parameterized for pure Jack Pine stands (Peng et 

al. , 2002) in Ontario as weil as Jack Pine, Black Spruce (Picea mariana (Mill.) BSP), 

and Trembling Aspen (Populus tremuloides Michx) mixed stands in central Canada 

and northeastern Ontario (Zhou et al. , 2004). Tt has also been parameterized for 

subtropical forest regions in southeastern China (Zhang et al., 2008) and boreal and 

temperate forest ecosystems in northeastern China (Peng et al. , 2009). Tt is 

noteworthy that none of the previous studies mentioned considered the potential 

impacts ofthinning on forest growth and yield. 

2.4.3.2 Simulation runs 

The scheme of the simulation runs is provided in Figure. 2.1. First of ali , simulations 

began at the point of yearly regeneration for each stand. Next, if thinning occurs, the 

diameter distribution mode! parameters were estimated from the last month of the 

year before thinning. Residual stand characteristics (mean DBH, mean height, and 

stand density) were calculated and reentered as an input for the next time step in 

relation to the thinning intensity defined by the user. The biomass of leaf, wood, 

branch, and fine and coarse roots was reduced along with the change rates obtained 

from the biomass equations and the diameter distribution mode!. The mode! 

continued to simulate forest growth, C, and N dynamics for the residual stand until 

simulations concluded. Lastly, variables of interest such as DBH, volume, and 

biomass were output. 
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Initialization 

DOM 

PCT 

DOM ,,./ Output / 

Figure 2.1 Flow diagram of a simulation run. DOM refers diameter distribution madel. 

2.4.3.3 Madel evaluation 

The one-sample Kolmogorov-Smirnov (K-S) test was used to evaluate the 

performance of the diameter distri bution model. The statistical value of the K-S test 

within a plot is the largest absolute difference between the hypothesized distribution 

and the observed distribution from that plot. The smaller the statistical value the 

better the fit. The mean absolute error (MAE%, Eq. (29)) and the root mean square 

error (RMSE%, Eq. (30)) were used to evaluate the differences in the predicted and 

observed data. 

"" " IP-01 MAE% = 100 L.. i= l 
1 1 

nO 
(29) 
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[ ]
~5 

- Il p -0 2 

RMSE%=too(or 1 Ii=lc~ ,) (30) 

where P is the predicted value and 0 is the observed value; 0 and P are the mean of 

the observed and predicted values, respective! y; n is the number of observations . 

Three criteria were calculated to evaluate the performance of the TRIPLEX

Management mode!. A linear regression between the observed and predicted values 

was used to evaluate mode! performance. The hypothesis is that the regression passes 

through the origin and has a si ope of unity ( 45 °). MAE% and RMSE% were a Iso used 

to evaluate prediction errors of the TRIPLEX-Management mode!. The Willmott 

index of agreement (d) (Willmott, 1982) is an indicator of mode! performance. It 

carries a value from 0 to 1.0, and is expressed as: 

(31) 

where the index of 1.0 indicates perfect agreement (Willmott, 1982). 

2.4.3.4 Sensitivity analysis 

Sensitivity analysis was carried out in order to investigate the effects of the newly 

introduced diameter distribution parameters and input variables for the PCT regime 

on forest C dynamics in the TRIPLEX-Management mode!. Sensitivity scenarios 

involved applying a 10% increase or decrease in Wei bull distribution parameters (a, b, 

and c) , mortality without competition in residual stands, and thinning intensity. 

Moreover, a two year advance or extension in thinning time was also considered 

within the sensitivity scenarios. The mode! was run repeatedly under these scenarios, 

after w hich the results were compared to previous runs. 
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2.5 Results 

2.5.1 Diameter distribution comparison 

Table 2.4 provides the parameter prediction equation systems of Weibull diameter 

distribution within the TRIPLEX-Management madel. The sca le parameter had the 

highest R2 (0.83) value and the lowest MAE% (9.0%) and RMS E% ( 13.2%) values 

among the three Weibull parameters while the location parameter and the shape 

parameter had low R2 values and high MAE% and RMS E% values (Table 2.4). The 

mean and standard variations of the K-S test goodness of fit for the entire data set 

were 0.19 and 0.09, indicating that the diameter di stribution madel performs weil 

overall. 

Table 2.4 Estimated coefficients and the ir statistics of Eq. (7) using stepwise linear regression analysis 

(R Development Core Team, 2009) for Jack pi ne stands. 

Slope coefficient Madel stati sti cs 
y 

Intercept D H A SD R2 RMS E 

a -1 .149 0.471 -0.045 0.354 1.364 

b 1.62 1 0.586 0.050 0.825 1.527 

c 1.269 0.259 -0 .023 0.192 1.030 

Note: y is the dependent variable in y= f ( D,H , A, SD) = 80 + B, D + 82 H + B3A + 84 ln(SD) 

Eq. (7) ; a, b, and c are the estimated location, scale and shape parameters of the three-parameter 

Wei bull di stribution, respectively; D = mean di ameter at breast height ; H = mean tree height; A= 

stand age; SD = stand density ; RMSE = root mean square error. 

Figure 2. 2 shows that the simulated diameter di stribution carried out by TRIPLEX

Management derived from stand characteristics agreed we il with observed Jack Pine 

stand diameter distributions. PCT altered stand diameter distribution. The location 

parameter of the Weibull distribution within the PCT stands was larger than in the 

control stands (Figure 2.2 C and F) given that the PCT treatments removed lower 

diameter class trees. Furthermore, diameter distributions within the PCT stands were 

wider than in the contro l stands (F igure 2.2 C and F), and diameter distributions in the 
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PCT stands were more negat ive ly skewed than in the contro l stands (Figure 2 .2 C and 

F). 
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Figure 2.2 Compari son of simulated and observed di ameter di tributions in the unmanag d (control) 

and managed (PCT) Jack pi ne stands with different stand age (site 1, 36 years old; site 5, 26 years old) 

in northwestern Ontario, Canada. Solid and dash curves represent mode! simu lated DBH di stribution 

for control and PCT, respect ively . The hollow and grey histograms represent the observed di ameter 
distribution for control and PCT stands, respecti vely. 



---------------------------- ----

35 

2.5.2 Stand characteristic comparison 

Scatter plot results of the comparisons made between the simulated and observed data 

in relation to stand characteristics are provided in Figure 2.3 and Table 2.5. 8oth the 

predicted and observed data were close to the 1: 1 line (Figure 2.3), although a general 

trend in underestimation occurred (Table 2.5) . The coefficient of determination ( R2
) 

for ali stand characteristics ranged from 0.57 to 0.88 except for mean height (R2=0 .25) 

(Tab le 2.5 ), and the MAE% ranged from 7.3% to 16.0% for ali stand variables . The 

RMSE% for ali forest stand variables ranged from 9.4% to 20.8%. The Willmott 

index of agreement between the observed and s imulated basic stand variables ranged 

from 0.97 to 1.00. Statistica l ana lysis (Table 2.5) confirmed that TRIPLEX

Management predicted stand variables reasonably weil . 

Comparison results for the most essential direct measurements in forest inventory 

such as stand density, mean DBH , and the quadratic mean DBH showed good 

agreement overall (Figure 2.3 A, B, and C). Regression of the predicted versus 

observed stand density resulted in a high R2 of 0.88 with a slope of 0.90 and an 

intercept of234 tree ha-' (n=20, P<O.OO 1). The MAE%, RMSE%, and Willmott index 

were 11.0%, 16.6%, and 0.99, respectively. Mode! performance in relation to mean 

DBH and the quadratic mean DBH was similar to mode! performance of stand 

density (Table 2.5). 
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Figure 2.3 Comparisons of s imulated and observed (A) stand density (trees ha- 1
) , (B) diameter at 

breast height (DBH) (cm), (C) quadric mean diameter (cm), (D) mean tree height (rn), (E) total stand 

volume (m3ha-1
), and (F) merchantab le vo lume (DBH>9cm) (m3 ha-1

) for overall 20 jack pi ne stands. 

So lid diamonds represent control plots, and hollow diamonds represent PCT plots. Solid diagonal 1s 
the 1: 1 tine . 
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Table 2.5 TRIPLEX-Management mode! performance 

Variable Regress ion analysis MAE% RMSE% d' 
R" si ope intercept 

Stand density (trees ha-1
) 0.88 0.90 234.47 11.0 16.6 0.99 

Mean DBH (cm) 0 .81 ··· 0.73 2.5 1 7.3 9.4 1.00 
Quadratic mean DBH (cm) 0 .82 ... 0.74 2.35 7.3 9.6 1.00 
Mean height (m) 0.25 ' 0.48 5.19 12. 1 15.8 0.99 
Total volume (m3 ha- 1

) 0.59 ... 0.42 78.14 12.3 17.0 0.99 
Merchantable volume (m3 ha- 1

) o.5i** 0.57 50.24 16 .0 20.8 0.99 
Belowground biomass (t ha- 1

) 0 .54*** 0.55 4.65 2 1.7 25. 1 0.98 
Aboveground biomass (t ha- 1

) 0.50 ... 0.45 22.73 26.8 3 1.8 0.97 
Total biomass (t ha- 1

) 0.51 ... 0.47 27.37 25.9 30.5 0.97 

... Significant at probability level s of 0.001 , Significant at probability leve ls of0.05; a Willmott index; 

MAE% is the mean absolute error; and RMSE% is the root mean square error. 

ln general, predicted and observed mean tree height was close to the 1:1 li ne (Figure 

2.3 D). Regression of the computed versus observed mean tree height resulted in a 

low R2 of 0.25 with a slope of 0.48 and an intercept of 5.19 rn (n=20, P<0.05). The 

MAE%, RMSE%, and Willmott index were 12.1 %, 15.8%, and 0.99, respectively . Tt 

is likely that such a law R2 resulted from a wide range of H/0 (30-285) in the natural 

forests under investigation and a relatively narrow mean height (8.1-14.3 rn). 

Overall agreements for total volume (Figure 2.3E) and merchantable volume (Figure 

2. 3 F) were also generally acceptable. Regression of the computed versus observed 

total volume resulted in a relatively low R2 of 0.59 with a slope of 0.42 and an 

intercept of 78.14 m3 ha· 1 (n=20, P<O.OO 1 ). The MAE%, RMSE%, and Willmott 

index were 12.3%, 17.0%, and 0.99, respectively. Regression performance for the 

merchantable volume was similar. Such a low R2 is partly attributable to the limited 

field data available such as an overall narrow age range from 26 to 36 years as weil as 

the general tree volume calculation formula (Eqs. (24) and (25)) used for ali tree 

species. Considerable prediction errors (relative error>25%) in relation to total 

volume and merchantable volume predictions were found for the PCT stands of site 6 

(SD=2220 trees ha· 1
, age = 34 years, see Table 2.2) where observed total volume 
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(235.3 m3 ha- 1
) and merchantable volume (213 .3 m3 ha- 1

) were much higher 

compared to the PCT stands of site 2 (Vr =176.7 m3 ha- 1
, VH =161 .0 m3 ha- 1

, see 

Table 2.2) , exhibiting si mi !ar stands age (36 years) but lower stand density ( 1720 

trees ha- 1
). They were even higher than those provided in site class 1 of the normal 

yield table developed for four primary northern Ontario tree species in the 1970s 

(Plonski, 1974 ). Similar prediction errors (relative error>20%) were found in the 

control stands of site 6. These results indicate that the mode! underestimated tree 

production for stands located within site classes that exhibited reasonably good 

conditions. 

2.5.3 Stand biomass comparison 

A comparison of biomass simulations for the distribution (above and belowground) of 

dry matter within the mode! relative to biomass equation estimates is provided in 

Figure 2.4. ln general , predicted and observed biomass data pairs were close to the 

1:1 line, although the madel underestimated biomass production (Figure 2.4). 

Regression of predicted versus observed total biomass resulted in a relatively low R2 

of 0.51 with a slope of 0.47 and an intercept of 27.37 t ha- 1 (n=20, P<O.OOI , Table 

2.5). The MAE%, RMSE%, and Willmott index were 25.9%, 30.5%, and 0.97, 

respectively (Table 2.5). Regressions for above and belowground biomass were 

similar. TRIPLEX-Management captured the growth response to PCT treatment 

while a systematic negative bias was detected in the biomass simulation, especially 

for sites in which reasonably good conditions existed (e.g. , site 6, see Table 2.3). 

Similar results were obtained for volume estimates. However, this study recognizes 

that it is possible that a bias can be produced when applying this type of national 

scale biomass equation (Lambert et al. , 2005) to a given local scale forest stand. 

Nevertheless, statistical analys is (Table 2.5) confirmed that TRIPLEX-Management 

still produces an overall acceptable agreement to biomass estimates generated from 

national biomass equations. 
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Figure 2.4 Comparisons of simulated and observed (A) belowground biomass (t ha-1
) , (B) 

aboveground biomass (t ha-1
) , and (C) total biomass (t ha- 1

) for overall 20 Jack pine stands. Solid 

diamonds represent control plots, and hollow diamonds represent PCT plots. Sol id diagonal is the 1: 1 

li ne. 
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2.5.4 Sensitivity to PCT treatment 

A positive relationship was found in relation to changes in thinning intensity. For 

example, a 1 0% increase in Ir resulted in increases from 0.1% to 7.1% and from 0.1% 

to 7.5% for mean DBH and mean height, respectively (Table 2.6). No significant 

positive or negative relationships were found for total volume and merchantable 

volume to thinning intensity Similarly, no significant relationships were found 

between variables under consideration with a two year advance or extension of 

thinning age and mortality adaptation for residual stands. 

The three parameters of the Weibull diameter distributions had remarkably affected 

basic stand characteristics and total biomass, but had no significant affect on soit C 

for this madel (Table 2.6). An apparent positive response of total volume and 

merchantable volume was fou nd for location parameter (a) and scale parameter (b ), 

especially concerning the latter. A 10% increase in the scale parameter resulted in an 

increase from 27.8% to 31.5% and from 33.6 to 49.6% for total volume and 

merchantable volume, respectively (Table 2.6), suggesting that the accurate 

estimation of scale parameters of the Weibull diameter distribution is critical in 

predicting total volume and merchantable volume. However, the shape parameter 

may not follow regular patterns for ali related variables. 
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2.6 Discussion 

2.6.1 Thinning routines 

This study revealed the applicability of the mode! with regard to forest thinning 

simulations. TRIPLEX-Management provides multiple ways in which to quantify 

thinning intensity (e.g ., lsD, 180, and],) applying thinning methods such as "thinning 

from below" and "thinning from above" to calculate effects of thinning on forest 

growth, timber yield , biomass, and C and N dynamics. The consideration of forest 

management within biogeochemical-mechanistic modeling is important since it 

extends the app li cabil ity of the mode! from unmanaged to managed forests (Petritsch 

et al. , 2007) . Moreover, forest models should provide the information required for 

ecosystem management, forest certification , and sustainable management (Landsberg, 

2003) . The mode! is capable of simulating key variab les related to thinning such as 

mean DBH , mean height, total stand vo lume, merchantable volume, biomass, C pools, 

etc. Management practices in terms ofthinning in the 4C mode! are defined primarily 

by the intensity of thinning (e .g. , basal area) and the size distribution of trees that 

were removed (Lasch et al., 2005). Thinning in the FinnFor mode! is first based on a 

reduction in basal area and then a conversion to stand density (Garcia-Gonza loPeltola 

et al. , 2007b). In addition, severa! adapted BGC versions (Tatarinov and Cienciala, 

2006, Petritsch et al., 2007) .rely on a reduction of biomass before converting stem C 

to volume growth per hectare using conversion factors. This study, however, simply 

tested the thinning intensity algorithm in relation to stand density and "thinning from 

below." Other algorithms used to calculate thinning intensity (J8a, and l v) and 

"thinning from above" must therefore be further tested through a greater number of 

measurements in relation to both different species and different si tes in the future . 

2.6.2 Diameter distribution and PCT 

The TRIPLEX-Management mode! is able to predict timber yield (DBH>9cm) and 

implement managerial practices through the incorporation of empirical Weibull 

diameter distributions . Moreover, results from this study suggest that Weibull 
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distributions can fit we il in relation to stand structure for both unthinned and thinned 

stands, even if stand diameter distribution is considerably altered by PCT. 

Most process-based models such as TRIPLEX 1.0 do not include stand structure 

components. Although the 4C madel has been developed as a physiology-based gap 

madel applying a cohort approach , empirical Weibull distributions are also used 

within the 4C mode! for pole-sized stands by means of a stochastic approach related 

to thinning (Lasch et al. , 2005). Cohort approaches are also used within the FinnFor 

model (Kellomaki and Vaisanen, 1997) . The difference is the diameter distribution 

model is directly employed to quantify diameter distributions for thinned stands in the 

modified TRIPLEX-Management madel. The madel therefore does not predict 

diameter distributions in the five years after thinning occurs. The empirical Weibull 

diameter distribution model also underestimated the number of stems in the lower 

range of the diameter classes for certain PCT Jack Pine stands like site 1 (Figure 

2.3E). This was likely the result of the empirical diameter distribution model 's 

inability to seize the benefit of more growth space that resulted from the thinning 

treatment. 

2.6.3 Forest growth, yield, and PCT 

TRIPLEX-Management captures mechanisms that accelerate tree growth, reduce 

mortality, and increase both productivity and timber production by way of adding 

litterfall pools and empirically decreasing residual stand mortality. Overall R2 

between the simulated and observed thinning effects were 0.69 (n=60, P<O.OO 1) with 

a slope of 0.76 and an intercept of 0.07 (Figure 2. 5). Severa! studies pertaining to 

PCT in relation to Jack Pine stands have indicated that PCT has a considerable and 

positive effect on both DBH growth and individual stem volume growth (Tong et al. , 

2005, Zhang et al., 2006, Morris et al., 1994, Tong and Zhang, 2005). Similar results 

were found in most preceding experimental studies that investigated other tree species 

(Lei et al., 2007, Makinen and Isomaki , 2004). A thinning simulation study 
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conducted by Petritsch et al. (2007) also indicated that thinning enhances C allocation 

rates to stems and increases growth efftciency as a result of higher N use efftciency. 

This is according to the Monte-Carlo simulations used. Overall , the TRIPLEX

Management mode! is capable of simulating thinning management practices by 

incorporating a diameter distribution mode!. 

~ = -~ 
eJl 

= co: 
-= I;,J 

= 

+ Stand density 
8 MeanDB H 
A Quadratic mean diameter 
X Mean Heigh t 
>K Stand volume 
e Merchantable Volume • 

50% -

.9 -1 % -50% -!: 
= E 

00 

-50% 

Observation change(%) 

• 

50% lü % 

Figure 2.5 Scatter plot comparisons between the effects of PCT (=[PCT-Control] /Contro l) on bas ic 

stand characteristi cs such as stand density (trees ha. 1
), mean d iameter at breast he ight (DBH) (cm), the 

quadrati c mean di ameter (cm), mean tree height (rn), stand volume (m3 ha- 1
), and merchantable volume 

(DBH>9cm) (m
3 

ha-
1
) for 10 sites located within northwestern Ontario in 2003. The sol id di agonal 

representational li ne is the 1: 1 li ne. 
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Sensitivity analysis for thinning regimes (thinning time and thinning intensity) used 

in this study agrees with previous thinning experimental studies where trees generally 

grew larger in stands in which heavy intensity thinning treatments were applied 

(Simard et al., 2004, Lei et al., 2007, Makinen and lsomaki , 2004b) . However, results 

from this study indicate that PCT may not necessarily lead to high stand leve! total 

yield, especially in relation to heavy thinning treatments. Results of thi s study are 

supported by Gobie and Bowling ( 1993), Tong et al. (2005) , and Lei et al. (2007). 

2.6.4 Potential application and future work 

The TRIPLEX-Management madel developed for this study provides a realistic tool 

ta predict forest growth, timber yield, biomass production, and C and N dynamics. 

Assuming that forest management can be accurately quantift ed by means of forest 

inventory data, wide application will require continued research on three fronts. 

First, stand leve! forest simulation studies must include a broader range of forest 

types and thinning prescriptions, and must be carried out for longer timeframes. The 

data set used in this study was limited to a relatively small range in stand age (26-36 

years). Moreover, it possessed a single PCT treatment and was comprised of a single 

stand type within the boundaries of a single region. One of the primat-y goals in 

developing the TRIPLEX 1.0 madel was to scale up from stand to regional scales 

(Peng et al., 2002). Regional application certa inly depends on the composition of 

forest type, a broader age range, and diverse management strateg ies such as PCT, 

commercial thinning, harvesting, and N fertilization. 

Second, it is critical to understand diameter distributions after forest management 

treatments take place for different tree species. Wood product value cou ld be 

estimated based on size-dependent stem volume. For example, stand leve! product 

values were estimated using a combination of diameter distributions and individual 

tree product values (Newton and Amponsah, 2005). Forecasts for the stand leve! stem 
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volume and merchantable volume or product value require a means to predict future 

diameter distributions (Liu et al. , 2009) and how diameter di stribution is altered by 

forest management ( e.g. , thinning) decisions during forest development. 

Third, forest thinning effects on soil C and N also require examination since so il C 

plays an important role in the global C cycle, especially in high latitude regions (Lai , 

2005). Validation of the soil C pool was not possible in this study due to the lack of 

soi! data available. Logistically speaking, PCT treatments may only result in a 

negligible disturbance on soil since heavy machinery is hardly used in this type of 

silvicultural treatment. Understanding changing processes in soil C and N dynamics 

under forest management practices, especially in relation to forest thinning, will 

prove important for mode! development and application. 

2. 7 Conclusions 

TRIPLEX-Management, a new management submodel , was developed to simulate 

forest growth response to PCT treatments by way of incorporating diameter 

distribution into the TRIPLEX 1.0 mode!. The implementation of forest thinning 

algorithms as reported by this study represents an important step towards improving 

the applicability of this process-based mode! for forest managers and industrial 

planning initiatives. Results demonstrate that the TRIPLEX-Management mode! is 

capable in capturing the growth response to PCT for Jack Pine stands in northwestern 

Ontario, although the mode! has a systemic negative bias to stands that exhibit 

reasonably good site conditions. It still allows for the analysis of not only impacts of 

forest management strategies on forest growth, timber y ield, biomass, and C 

sequestration but also how potential climate change can affect forest management for 

a given forest ecosystem. Overall , the TRIPLEX-Management mode! is a realistic and 

flexible tool in which to investi gate the potential effects of management strategies on 

forest growth and yield, biomass production, and C dynamics. 
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3.1 Résumé 
Les changements climatiques et ses effets potentiels sur les écosystèmes justifient le besoin 

d ' implanter des stratégies d' aménagement qui augmentent la séquestration de carbone (C). Le 

modèle basé sur les processus TRIPLEX-Management a été utilisé pour déterminer comment 

augmenter la séquestration de C dans des forêts aménagées de pin gris (Pinus banksiana 
Lamb.). Les simulations ont inclus un scénario de climat constant et 2 scénarios de 

changement climatique générés à partir du modèle Coupled global climate Mode! (CGCM 

3.1 ). Un total de 36 scénarios d'aménagement forestier (témoin sans aucun 
aménagement forestier, cinq régimes de longueurs différentes de rotation avant 
récolte, et des combinaisons de six régimes d'éclaircie et de cinq longueurs de 
rotation) ont été simulés sous chacun des scénarios de climat pour neuf sites 
caractérisés par des niveaux de densités relatives de 0.3 à 0.7. Une augmentation 
significative dans la séquestration de C a été obtenue sous les scénarios de 
changement climatique comparés aux scénarios témoins avec limat constant 
((p<O.OO l , n=30780, Test HSD de Tu key). La productivité moyenne nette de 
l' écosystème a varié avec la longueur de rotation (p<O.OO l, n=2565 , ANOVA), mais 
n' a pas été affecté par l' éclaircie précommerciale (p>0.94, n=2565 , ANOVA). Le 
réchauffement climatique peut engendrer des effets positifs limités de l' éclaircie sur 
la séquestration de C. Une diminution de la longueur de rotation de 70-80 années à 50 
années peut accentuer la productivité nette de 1' écosystème, augmenter la production 
de bois et diminuer le risque des impacts des changements climatiques sur les forêts 
de pin gris. 

Mots-clés: gestion durable des forêts , âge de rotation , gestion du carbone, carbone 
organique du sol 
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3.2 Abstract 

Climate change and its potential effects on ecosystems justify the need to implement 

forest management strategies that increase carbon (C) sequestration. A process-based 

model , TRIPLEX-Management, was used to investigate how to increase C 

sequestration within managed jack pi ne (Pi nus banksiana Lamb.) forests. The 

simulations included a constant climate scenario and two climate change scenarios 

generated from the Coup led Global Climate Model (CGCM 3.1 ). A total of 36 forest 

management scenarios (a control where no forest management occurred , five varied 

rotation length harvesting only regimes, and combinations of six thinning regimes 

and five rotation lengths) were simulated under each climate scenario for nine sites 

characterized by stocking levels from 0.3 to 0.7. A significant increase in C 

sequestration was generated under the climate change scenarios compared to those 

under constant climate (p<O.OO 1, n= 30780, Tukey's HSD). Mean annual net 

ecosystem productivity (NEP) varied with rotation length (p<O.OO 1, n=2565 , 

ANOVA) but was not changed by pre-commercial thinning (p>0.94, n=2565 , 

ANOVA). Climate warming might enhance limited positive effects of forest thinning 

on C sequestration. Shortening rotation length from 70-80 years to 50 years might 

enhance NEP, increase wood production , and decrease the risk of climate change 

impacts on jack pi ne forests. 

Keywords: sustainable forest management, rotation age, carbon management, soit 

organic carbon, stem-only tree harvesting 
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3.3 Introduction 

The influence of forest management practices on forest carbon (C) cycling is now 

widely accepted (Brown et al. 1996; Liu et al. 201 1 ). Within the context of global 

climate change, this recognition has sparked the development and evolution of forest 

management strategies as a means of mitigating global climate change (Malmsheimer 

et al. 2008; D'A mato et al. 201 1; Law and Harmon 201 1 ). Two general approaches 

have been proposed to mi ti gate climate change relative to existing forests: ( 1) 

increase in C stock on-site or in harvested wood products (e.g. , Seidl et al. 2007; 

Chen et al. 2008) and (2) substitute fossil fuels with bioenergy (e.g., Malmsheimer et 

al. 2008 ; Hudiburg et al. 20 Il). Nonetheless, traditional silvicultural research has 

focused primarily on timber production, thus leaving a knowledge gap in current 

efforts to develop sustainable forest management strategies that will increase C stocks 

on-site as weil as in harvested wood C under conditions of a changing climate. 

Forest management is an anthropogenic disturbance that has a great potential to affect 

the C cycle (Liu et al. 2011). For example, forest thinning can be used early in stand 

development to enhance individual-tree diameter and volume growth, but not 

necessarily increases the overall C stock. Tt is thus equivocal as to whether thinning 

increases the overall C stock as increased growth is offset by tree removal ( e.g ., Tong 

et al. 2005 ; Lei et al. 2007). Stand-replacing harvests would also lead to C lasses 

directly or indirectly through the conversion of C stored in living trees to C stored in 

harvested wood as weil as through the decomposition of logging debris, litterfall , and 

sail organic C (Amiro et al. 201 0; Grant et al. 201 0; Liu et al. 20 Il). Many studies 

have thus suggested that increasing rotation lengths could enhance C sequestration 

(Liski et al. 2001 ). However, a recent modeling study conducted by Wang et 

al. (201 2b) projected growth decline in old boreal forests due to water limitations, 

indicating that prolonging rotation length may not increase C sequestration in boreal 

forests. Tt is thus unclear as to whether forest management could lead to increased 
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capture of C in forest ecosystems over a long ti me period . In particular, the effects of 

treatment combinations remain to be examined in more depth . 

As one of the a1ms of sustainable forest management is to respond to future 

environmental changes (Spittlehouse and Stewart 2003 ; Millar et al. 2007) , the use of 

forest simulation models has become an important step in the decision making 

process for managed forests in a changing environment (Peng 2000) . Process-based 

models are particularly usefut' in forest research and management under changing 

climate conditions (Makelii et al. 2000; Pretzsch et al. 2008) , since such models can 

be used to analyze the potential response of forests to forest management practices 

and environmental change (e.g. , Garcia-Gonzalo et al. 2007; Wang et al. 2011) . 

The objective of this study is to investigate if it is possible to increase C sequestration 

in forests that are harvested by the forest industry to produce wood products (timber) 

under changing climatic conditions. We hypothesized that future climate change can 

potentially increase on-site C sequestration and forest management practices could 

increase C sequestration over a given temporal scale under conditions of a changing 

climate when C stored in harvested wood is accounted for. 

3.4 Methods 

3.4.1 Study sites and data collection 

Jack pine (Pinus banksiana Lamb.) is the most widely distributed pine species and a 

major commercial softwood species in North America. A thinning experiment for 

jack pine stands conducted in northwestern Ontario (Tong et al. 2005) was used to 

validate the madel by Wang et al. (2011) and as the simulation basis ofthis study. In 

the 1970s, pre-commercial thinning, using brush saws, was applied to ten selected 

natura lly regenerated or seeded jack pine stands. In total , ten 0.01 ha plots were 
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established on each site, five ofwhich were control stands and five ofwhich were 

stands treated by thinning. These plots were measured once in 2003 (Table 1 ). Ni ne 

sites were included in this study altogether, representing the different stocking levels 

in the range of 0.3-0. 7. The thinning ti me is within the range of 11-15 years, and the 

thinning intensity in terms of stand density is in the range of 23-68% of tree removal. 

More detailed site descriptions and model validation information can be obtained in 

the reports publ ished by Tong et al (2005) and Wang et al. (20 1 1 ). 

(Table 1) 

Sandy soit with good soit drainage is the typical soit condition corresponding to pure 

jack pine forests with high productivity (site index 18-20 rn) in northwestern Ontario 

(OMNR 1997). Soil data in the study area were collected from the National Soit 

Database (NSDB) made available by the Canadian Sail Information System (CanSIS) 

(Siltanen et al. 1997). Soit organic C ranges from 12 to 40 t ha- 1 in pure jack pine 

stands of n01thwestern Ontario (Siltanen et al. 1997). The mean annual temperature is 

2.1 oc and the mean annual precipitation is 776.7 mm (the 30-year mean during 

1981-2010 at the Sioux Lookout weather station, 50.1 ° N, 91.9° W, Environment 

Canada). Climate data including monthly mean, maximum, and minimum 

temperatures, as weil as monthly precipitation from 1938 to 2010 were downloaded 

from National Climate Data and Information Archive 

(http://climate.weatheroffice.gc.ca, the Sioux Lookout weather station). The 

minimum temperature was assumed to be equal to dew point to estimate re lative 

humidity (Running et al. 1987). 
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3.4.2 The model 

This study used a process-based mode! , TRIPLEX-Management, originally designed 

by Peng et al. (2002b ). lt integrates functions of three well-established models, 3-PG 

(Landsberg and Waring 1997), TREEDYN3.0 (Bosse! 1996), and CENTURY 4.0 

(Parton et al. 1993) to simulate forest growth, and C and nitrogen (N) cycling at a 

stand leve!. To predict the effects of thinning treatments on forest growth, timber 

yield, and C sequestration, a version of TRIPLEX-Management has recently been 

developed by Wang et al. (20 Il ).The TRIPLEX-Management version has dutifully 

inherited the structure and representations of the original TRIPLEX mode! (Figure 

3.1 ). 

Climate driving forces include monthly mean temperature, monthly precipitation and 

monthly mean relative humidity. In the mode! , gross primary productivity (GPP) is 

estimated based on absorbed photosynthetically active radiation , leaf area index and a 

conversion constant with modifiers constrained by forest age, air temperature, soil 

water, nitrogen and frost duration within a month (Landsberg and Waring 1997). 

Maintenance respiration is calculated based on a Q10 function multiplied by the C 

content of each plant component (foliage, roots, and wood). Growth respiration is 

assumed to be one fifth of the remaining amount of photosynthesis production. Net 

primary productivity (NPP) is allocated to stems, branches, foliage, and coarse and 

fine roots based on allocation parameters . Soil organic C decomposition is generally 

based on the CENTURY soil decomposition submodel (Parton et al. 1993). Net 

ecosystem productivity (NEP) is the difference between GPP and total ecosystem 

respiration. Water balance is quantified on the difference of precipitation and water 

loss through evaportranspiration and drainage. Canopy transp iration is estimated 

using the Penman-Monteith equation. Water is drained if the soil water holding 

capacity ofbottom layer in rooting zoon is exceeded. 
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Figure 3.1 The structure of the TRIPLEX mode! (from Wang et a l. , 20 12) . Rectangles and ova ls 
represent key pools or state variab les and core simulation pro cess, respectively. Dashed li nes represent 
controls, and so l id !ines represent flows ofC (C), nitrogen (N), water, and the fluxes between the forest 
ecosystem and external environment. Two arrow cyc les refer to feedbacks. GPP represents gross 
primary productivity ; MR and GR represent maintenance respiration and growth respiration, 
respectively; NPP represents net primary productivity; ET represents evapotransp iration . 
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Table 3.2 Values of key species-specifi c parameters used 111 si mulations of the TRIPLEX

Management madel. 

Parameter Description 

Gross primary productivity 
BICond Canopy boundary layer 

cond uctance (ml m·" s" 1
) 

MaxCond Max canopy conductance (ml m-: s· 
1) 

StomCond Stomata conductance (ml m-2 s-1
) 

ExtCoef 

TaMin 
Ta Max 
Topt 

Nitrogen factor 

Na 

Radiation exti nction coefficient 

Min temperature coq for growth 
Max temperature (0 q for growth 
Optimum temperature (oq for 
growth 
Nitrogen factor for tree growth 

Effect of age to GPP 

Sla Specifie leafarea (m2 kg- 1 ofC) 
Net primary productivity 
GamaF Leaves turnover per year 
GamaR Fine roots turnover per year 
Growth a/Ul yield 
MiuNorm 
MiuCrowd 
Soif C and N 
Lnr 
Ls 

Soi/ water 
Al , A2, A3 

S IF, S:?.F, 
S3F 
SJW, S2W, 
S3W 

and 

and 

Species parameter 
CSP 

Normal morta li ty (yearl y) 
Competition mortality (yearly) 

Lignin-nitrogen ratio 
Lignin for leaf, fine root, coarse 
root, branch, and wood 

Sa il water depth of layer 1 ,2, and 3 
(cm) 
Field capacity of layer 1, 2, and 3 
(m3 m"3

) 

Wilting point of layer 1, 2, and 3 
(m3 m-3) 

Wood C density (Mg m"3
) 

Value 

0.2 

0.02 

0.006 

0.5 

0 
30 
15 

0.2 

3 

6 

0. 19 
1.55 

0.012 
0.02 

0.26 
0.215 , 
0.255 , 
0.255 

4, 6, 28 

0.215 , 
0.235, 

0.21 ' 0 .06, 0.05 

0.07, 0.04, 0.03 

0.22 

Reference 

Landsberg and 
Waring(l997) 
Landsberg and 
Wari ng ( 1997) 
Landsberg and 
Waring ( 1997) 
Landsberg and 
Waring ( 1997) 
Data • 
Peng et a l. (2002b) 
Kimball et al. ( 1997) 

Set as 20% for 
growth 
Landsberg and 
Waring ( 1997) 
Kimball et a l. ( 1997) 

Gower et al ( 1997) t 
Steele et al. ( 1997)t 

Assumption 
Assumpti on 

Parton et al. ( 1993) 
Parton et al. ( 1993) 

Data 
. 

Data 
. 

Data 
. 

ewcomer et 
(2000) 

al. 

CD Crown to stem diameter ratio 20 Bassel ( 1996) 
Al phaC Canopy quantum effici ency 0.05 Landsberg and 

Waring ( 1997) 
MaxHeight Max height (m) 20 Assumption 
AgeMax Max stand age (year) 150 Assumption 

* Esti mated based on the old jack pi ne site (Fluxnet-Canada) in Saskatchewan, Canada. 
t Estimated based on results (0.08·0.36 year- 1

) of Gower et al ( 1997). 
t Estimated based on results ( 1.4-3.3 year" 1 

) of Steele et al. ( 1997). 



57 

Forest thinning is driven by the time of thinning, thinning type (thinning from below 

and from above), and thinning intensity (Wang et al. 2011). A diameter distribution 

mode! was incorporated to quantify thinning intensity for a given thinning type 

(Wang et al. 2011). In the mode! , forest thinning slash is integrated to the 

corresponding litter pools. The forest thinning submodel was validated against a 

thinning experiment for jack pine forests in northwestern Ontario (Wang et al. 20 Il). 

A more detailed description of the mathematical algorithms and sensitivity analyses 

of the mode! have been previously reported in Peng et al. (2002b) and Wang et al. 

(2011) . 

Severa! papers (e.g. , Peng et al. 2002b; Wang et al. 2012; Zhou et al. 2005) have 

reported on the validation of TRIPLEX and its performance in relation to jack pi ne . 

The set of species-specific parameters used in this study (see Table 3.2) were mostly 

left unchanged. A more detailed description of the mathematical algorithms and 

sensitivity analyses of the mode! have been previously reported in Peng et al. (2002b) 

and Wang et al. (20 1 1 ). 

3.4.3 Harvest considerations and regeneration inputs in simulations 

The implementation of harvesting scenarios included harvest type and rotation age. 

Two different harvesting methods that include stem-only tree harvesting ( 100% stem 

removal with branches and foliage left in situ) and who le tree harvesting ( 100% stem 

removal with branches and foliage removed from the harvest block) were 

implemented. Logging slash was estimated at 20% (Grant et al. 201 0). A fter 

harvesting, total C stored in harvested wood (Cmvc) was calculated as: 

c - c VM (1) 
HWC - s1em v 

r 

where Cstem is the stem C; V M and Vr represent merchantable volume (diameter at 

breast height, DBH>9cm) and total volume, respectively. 
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Since TRIPLEX-Management does not include a tree regeneration sub-model , a 

uniform tree species and an initial stand density of 18,000 stems per ha (from a 

possible range between 10,000 and 50,000 stems per ha, Gobie and Bowling 1993) 

were assumed for fully stocked stands in arder to simulate regeneration. Initial stand 

density for each specifie site depended on-site classes and estimated stocking levels 

in the madel. No forest management or climate change impacts on forest regeneration 

were considered in the madel. 

3.4.4 Simulation experiments 

3.4.4.1 Climate change scenarios 

Three climatic scenarios were generated for the period between 20 Il and 2099, i.e. , 

one constant climate scenario where no change in climatic conditions took place and 

two future climate change scenarios (A2 and B 1) predicted via the Coup led Global 

Climate Mode! (CGCM3.1 ), a General Circulation Mode! (GCM), under the auspice 

of the lntergovernmental Panel on Climate Change (TPCC) Special Report on 

Emissions Scenarios (SRES) A2 and B 1 C dioxide emission scenarios. The constant 

climate scenario was compiled using a repeating cycle of the real sequence of 20-yr 

data (temperature, precipitation, and relative humidity) of the period 1991-201 O. The 

TPCC SRES A2 emissions scenario assumes economie growth in a heterogeneous 

world, resulting in the highest temperature increases (2.0-5.4°C) by 2100 compared 

to 1990 (!PCC 2001) whereas the IPCC SERS B 1 emissions scenario assumes lower 

levels of fossil fuel consumption in a globalized world , leading to lower temperature 

increases ( 1.1-2. 9°C) by 21 00 (IPCC 200 1 ). 

Monthly mean temperature i projected to increase by 2.5-6.7°C and 2.0-4.7°C for 

A2 and B 1 climate scenarios, respectively (Figure 3.2). The greatest temperature 

increases are projected to occur during winter. C02 concentrations were taken as a 

global mean of the available IPCC SERS A2 and B 1 emission scenarios. Monthly 

precipitation in northwestern Ontario under both A2 and B 1 scenarios is projected to 
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increase by 45% and 40%, respective ly, by the end of the 21 st century (Figure 3.2). 

However, slight decreases during growing seasons were also predicted . 
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Figure 3.2 Applied scenarios of climate change from 2080-2099 (20-year monthly mean) relative to 

historical cli mate from 1981-2000: historical monthly mean temperature and shifts of mean monthly 

temperature under two climate change scenarios (top) and historical monthly precipitation and 

precipitation under two cl imate change scenarios (bottom). 
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Climate 
scenarios (3) 

CGCM3. 1 A2 
CGCM3.1 BI 
Constant (20-year repeated measurements) 

No thinning 
(1) 

No 
harvesting (1) 

Control scenario 

Thinning 
regimes (6) 

Harvesting 
regimes (5) 

L Tl 0, light thinning at 1 0-year old 
MT 10, medium thinning at 1 0-year o1d 
HT 1 0, heavy thinning at 1 0-year old 
LT 15, light thinning at 15-year old 
MT15, medium thinning at 15-year old 
HT15 , heavy thinning at 15-year old 

Rotation 1ength: 
H40, stem-only harvesting at 40-year old 
H50, stem-only harvesting at 50-year old 
H60, stem-only harvesting at 60-year old 
H70, stem-only harvesting at 70-year old 
H80, stem-only harvesting at 80-year old 

Figure 3.3 Schematic app li ed scenarios illustrating climate change and forest management regimes 

(thinning and harvest ing) . A si mulation was assembl ed by one element from each step. Light, medium, 

and heavy thinning represent.20%, 40%, and 60%, respectively, tree removal relative to stand density. 

3.4.4.2 Fores/ management scenarios 

Procedures fo r forest management regimes 111 this study include pre-commercial 

thinning (thinning time and thinning intensity) and stem-only tree harvesting (rotation 

length) (F igure 3.3). Pre-commercial thinning in high density and young (e ight to 15 

years old) jack pine stands can be a cast-effective way to accelerate individual tree 

gro.wth (e.g. , DBH growth and stem wood production), reduce mortality, and shorten 

rotation length (e.g., Gobie and Bowling 1993 ; Tong el al., 2005). Six thinning 

regimes were developed based on a combination of three thinning intensities (light: 

20% stem removal, medium: 40% stem removal , and heavy: 60% stem removal) and 

two thinning times (1 0 and 15 years after stand regeneration). 

Rotation lengths of 70 to 80 years have been recommended for dense jack pme 

fo rests in not1hwestern Ontario (Gobie and Bowling 1993). Five optional rotation 

ages of 40, 50, 60, 70, and 80 years were combined with diffe rent thinning regimes 

given thatjack pine reacts we il to pre-commercial thinning, which can reduce rotation 
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age (Gobie and Bowling 1993). No alternative options for harvesting, logging, and 

regeneration methods were considered in this study. Thus, for the grouping of the 

stem-only harvesting method ( 1 00% stem removal , branches and needles left in situ), 

the tree-length logging method (trees eut at the stump ), and seed regeneration were 

simulated in this study as recommended by the Ontario Ministry ofNatural Resources 

(OMNR 1997). 

lt was assumed that clearcuts was conducted in 2004 and trees started to regenerate in 

2005. A full silvicultural system simulation for the scenario period (2005-2099) was 

grouped by choosing one element from each step shown in the forest management 

procedure listed above (Figure 3.3). A total of 36 forest management scenarios 

(including the control scenario where no management occurs) were simulated under 

three climate change scenarios, representing a matrix of 108 scenarios per site. 

3.4.5 lndicators and statistical analysis 

NEP and the C stocks from the different pools (soi! organic C, litter C, belowground 

and aboveground C, and harvested wood C) were key simulation outputs from the 

nine different sites. NEP was assigned as mean values throughout the scenario 

simulation period (from 2005 to 2099). Harvested wood C (after harvesting 

treatments) was simply accumulated and ready for transferring to wood product 

sector. The values for ecosystem C pools were tabulated for comparisons in the last 

year simulated (2099). Management regimes under the same rotation length were 

considered as a same management group. 

Climate change and management regimes effects on C uptake and C stocks in each C 

pool (soil organic C, living belowground C, living aboveground C, litter C, harvested 

wood C) were examined using two-way analysis of variance (ANOVA). Combined 

effects of the varied forest management regimes and climate change scenarios were 

also tested. For ali ANOVA tests, residuals were tested for homoscedasticity and data 
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transformed as necessary. ln cases where transformation could not achieve normality, 

a non-parametric ANOVA was used. Differences in target variables among the 

different silvicultural treatments were examined using post hoc Tukey ' s tests . Ali 

statistical analyses were conducted with a significance leve! of 0.05 , using the R 

programming language (R Development Core Team, 2009) . 

3.5 Results 

3.5.1 Effects of climate change on C sequestration 

Simulated annual NEP under the A2 climate scenario was the greatest among the 

three climate scenarios (A2, B 1, and constant climate) at the beginning of stand 

development (e.g. , Figure 3.4 A, B, and C) for ali 36 management scenarios. 

However, the mode! predicted old forests (>80 years) to function as moderate C 

sources in the control sites (no management) under the A2 climate scenario at the end 

of the twenty-first century (Figure 3.4 A). Each C pool in the simulated study sites 

generally increased throughout the simulation period if annual NEP was positive 

(Figure 3.4 0). 

Mean annual NEP throughout the scenario simulation period (2005-2099) for ali 36 

management scenarios (incl~ding the control scenario) was significantly affected by 

climate (p<0.001 , n=30780, ANOYA, Table 3.3). The lowest levet of mean annual 

NEP occurred under the constant climate scenario . Mean annual NEP under the 

constant climate scenario was considerably lower than those under the A2 and B 1 

climate scenarios (p<O.OOI , n=30780, Tukey' s HSD, Figure 3.5 A). However, no 

significant difference in annual NEP was found between the A2 and B 1 c limate 

scenarios (p>0.283 , n=30780, Tukey ' s HSD, Figure 3.5 A). 

The greatest C stocks in each C pool, predicted for the harvested wood C pool in the 

final year (2099), generally occurred under the B 1 climate scenario (p<O.OO 1, n=324, 

Tukey ' s HSD, Figure 3.5 B) . Significant differences in C stocks were determined for 
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the tree C pools (aboveground and belowground C) and the litter C pools (p<O.OOl , 

n=324, Tukey' s HSD, Figure 3.5 B) under the Bl climate scenario compared to the 

other two climate scenarios (A2 and the constant). However, no significant difference 

were determined for soil organic C (p=0.35 , n=324, Tukey' s HSD, Figure 3.5 B) 

under the Bl compared to the A2 climate scenario. Generally, the mode! predicted the 

lowest C stock levels in each C pool under the constant climate scenario (p<O.OOl , 

n=324, Tukey's HSD, Figure 3.5 B). Nevertheless, there was no significant difference 

in the litter C pool between the constant climate and A2 climate scenarios (p=0.94, 

n=324, Tukey's HSD, Figure 3.5 B). 
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Figure 3.4 Simulation output time series of net ecosystem productivity (left) under three climate 
scenarios (A2, Bl , and constant climate) for the control sites (A, unmanaged) and two selected 
management scenarios (B, the management regime of LTlOH40 represents light thinning at 10-year 
old and harvesting at 40-year old; C, another regime of L Tl OH50 represents light thinning at 1 0-year 
old and harvesting at 50-year old) and carbon pools (right) lmder the constant climate scenario for the 
control site (D), LTlOH40 (E), and LT10H50 (F). The values represent means of 9 sites that have 
different estimated stocking levels. Chronosequences start from the assumed regeneration year in 2005 
and end in 2099. SOC: soi! organic carbon; Litter C; AGC: aboveground living biomass carbon; BGC: 
belowground living biornass carbon; HWC: harvested wood carbon. 
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Figure 3.5 Mean (A) annual net ecosystem productivity (NEP) and (B) carbon stocks under different 
climate scenarios (A2, BI , and constant climate). Different letters below the graph indicate significant 
differences among treatments in each C pool (Tukey's HSD, p<O.OS). Error bars represent standard 
errors. SOC: soi! organic carbon; AGC: abovegrotmd living biomass carbon; BGC: belowground 
living biomass carbon; HWC: harvested wood carbon. 
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3.5.2 Forest management effects on C sequestration 

3.5.2.1 Mode! predictions 

Simulated annual NEP throughout the simulation period or rotation cycle generally 

took the form of an inverted U shape (e.g., Figure 3.4 A, B, and C). Scheduled 

clearcuts resulted in C losses for several years following harvesting ( e.g., Figure 3.4 

Band C). Sharp declines in tree C (for both aboveground and belowground tree parts) 

for all 35 management scenarios were due to scheduled harvests (e.g., Figure 3.4 E 

and F). Living tree C after harvesting flowed directly into the C pools of the 

harvested wood (DBH > 9cm) and the litter C pool (harvesting residues: limbs, tops, 

and very small trees ). Thus, sharp in cre ases in litter C pools and the harvested wood 

C pools were predicted after harvesting (Figure 3.4 E and F). Litter C slowly 

decreased due to decomposition until inflow (fine root mortality, leaf mortality, and 

tree mortality) became larger than outflow (decomposition). The soil organic C pool 

changed little under management scenarios (Figure 3.4 E and F) . 

3.5.2.2 Effects of forest thinning within the same rotation length 

Forest thinning regimes under the same rotation length influenced mean annual NEP 

throughout the entire scenario simulation period, but insignificantly (p>0.94 , n=2565 , 

ANOVA, Table 3.3). Soil organic C decreased with increased thinning intensity 

(Table 3.4). Moreover, total ecosystem C and total C (sum of total ecosystem C and 

harvested wood C) generally declined with increased thinning intensity, except for 

thinning regimes where thinning occurred at 10 years old under the BI climate 

scenario (Table 3.4). However, harvested wood C increased with increased thinning 

intensity with the exception of thinning regime occurred at 15 years old under the A2 

climate scenario (Table 3.4), indicating forest thinning generally enhances the growth 

of individual harvestable tree. 
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Table 3.4 The effects ofthinning regimes on carbon pools under the three climate scenarios (A2, BI , 
and constant climate). Values are the mean percentage change rates under each thinning regime 
compared to the corresponding rotation length (clearcut only scenarios: the time span of 40, 50, 60, 70, 
and 80 years and no thinning treatments occurred). Values in parentheses are standard deviations. The 
letters of "L T", "MT", and "HT" represent light thinning with 20% removal of trees, medium thinning 

with 40% removal of trees, and heavy thinning with 60% removal of trees, respectively. The numbers 
after those letters represent thinning time (years). SOC: soil organic carbon; HWC: hruvested wood 
carbon; TEC: total ecosystem carbon, and TC: total carbon. 

soc WPC TEC TC 
A2 

LTIO 1.5 (2. 7) 2.2 (1.3) 1.8 (2.9) 1.5 (2 .0) 
MTIO 0.9 (3 .0) 2.5 (1.9) 1.0 (3.9) 1.1 (2.6) 
HTIO 0.7 (3.0) 2.7 (2.2) -1.2 (2.9) -0.2 (1.7) 
LTIS 1.1 (2.7) 1.9 (1.5) 1.7 (4.2) 1.5 (2.7) 
MTIS 0.6 (2.9) 1.8 (2 .0) 0.3 (4.1) 0.4 (2.6) 
HTIS 0.0 (3.0) 1.7 (2.3) -2.2 (5.3) -1.1 (2.9) 
BI 
LTIO 0.1 (0.9) 2.1 (1.5) 0.0 (0.5) 0.0 (0.6) 
MT10 -1.2 (2 .8) 2.4 (1.8) 1.8 ( 4.3) 1.1 (3.0) 
HTIO -2.9 (3 .2) 2.7 (2.3) 3.6 (5.0) 1.9(2.7) 
LTIS 0.1 (0.7) 2.0 (1.7) -0.3 (0.9) -0.2 (0.4) 
MT15 -0.5 (0.3) 2.2 (2 .0) -1.2 (0.9) -0.9 (0.6) 
HTIS -1.2 (0.4) 2.4 (2.3) -2.2 (1.4) - 1.5 (1.0) 
Constant 
LTIO -0.4 (1.2) 2.0 (2 .1) 0.2(2.1) -1.0 (2.1) 
MTIO -0.6 (1.1) 3.2 (3 .6) 0.2 (2 .1) -0.9(2.1) 
HTIO -1.0 (0.5) 5.0 (5 .3) -0.6 (1 .3) -0.9 (1.4) 
LTIS -0.8 (1.5) 1.5 (1.8) 0.3 (3.2) -1.1 (3 .0) 
MTIS -1.3 (1.4) 2.5 (2.8) -0.5 (3 .3) -1.6 (3.1) 
HTIS -1.9(1.2) 3.7 (4.4) -1.4 (2.2) -1.9(2.3) 

3.5.2.3 Rotation length effects 

Rotation length significantly affected mean annual NEP (p<O.OO 1, n=2565) and C 

stocks within each C pool (p<O.OOl , n=27, Table 3.3). Predicted mean annual NEP 

was significantly greater under H50 (for which harvesting was conducted after a time 

span of 50 years and no thinning treatments occurred) than under the other four 

harvesting only scenarios (H40, H60, H70, and H80) as weil as the control scenario 

(p<O.OOl, n=2565, Tukey's HSD, Figure 3.6 C). Predicted mean annual NEP under 

the control, H40, H60, and H80 scenarios generated the second highest levels (p<0.05, 
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n=2565, Tukey's HSD, Figure 3.6 C). However, the model predicted the lowest level 

of mean annual NEP under H40, H70, and H80 scenarios. 
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Figure 3.6 Variations of (left) net ecosystern productivity (NEP) and (right) carbon stocks under the 

three climate scenarios (A2, B l , and constant) for different management scenarios (The letter of "H" 
represent harvesting; the letters of "LT", "MT", and "HT" represent light thinning with 20% removal 

of trees, medium thinning with 40% removal of trees, heavy thinning with 60% removal of trees, 
respective) y; the numbers after them represent thinning time [years]) with the same rotation length. 

Means with different letters are significantly different (Tukey HSD, p<0.05). Error bars represent 
standard errors. SOC: soil organic carbon. Litter C: litter carbon, BGC: belowground carbon, AGC: 

aboveground C, and HWC: accumulated harvested wood carbon. 

Model predictions revealed that the greatest amount of C would be stored within 

forest stands and harvested woods under H50 (]J<O.OOl , n= 27, Tukey's HSD, Figure 
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3.6). The second highest C stock leve! in each C pool occurred in the control s ites 

(p<O.OO 1, n=27, Tukey ' s HSD, Figure 3.6 0 , E, and F). No obvious patterns rel ated 

to total C stock for the other four harvesting only scenarios were apparent (H40 , H60, 

H70, and H80). 

3.5.4 Interactions between climate change and forest management 

Mean annual NEP was not influenced by forest thinning when climate change and 

rotation length were held constant (p= l , n=2565 , A NOVA , Table 3.3) although it did 

change C distribution . Climate warming genera ll y weakened the effects of forest 

thinning on harvested wood C, but enhanced soi ! organic C and total ecosystem C 

under a same thinning regime (Table 3.4 and Figure 3.7). 
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Figure 3.7 Pair-wise correlations (A) between total ecosystem carbon (TEC) and mean annual net 
ecosystem productivity (NEP) and (B) between harvested wood carbon (HWC) and mean annual NEP 
by various management scenarios under varied climate scenarios (A2, B 1, and constant climate) . 
Triangles, squares, and ci rel es re present the constant, B 1 and A2 climate change scenarios, respectively. 
Sol id symbols represent harvesting-only management regimes. Hollow symbols represent management 
regimes with thinning treatments. So lid and dashed !ines linked the same management groups (e.g. , G
H40 represents a set of management regimes with a rotation length of 40 years) under the three cli mate 
change scenarios. 



70 

Mean annual NEP throughout the scenario simulation period and C stored within 

each C pool in 2099 were intluenced by interactions between rotation length and 

climate change (Table 3.3). Warmer climate conditions counteracted differences 

between the various treatment scenarios as per rotation length (Figure 3.6 A, 8 , and 

C). The three significant difference levels for mean annual NEP under the constant 

climate were reduced to two significant difference levels in the A2 climate scenario 

(Figure 3.6 A and C). Total C followed a similar pattern to that of mean annual NEP 

throughout forest management regimes un der the three cl imate scenarios (A2, 8 1, 

and constant climate, Figure 3.6 D, E, and F). We also found that rotation length 

changed C distribution among the five different C pools (Figure 3.6 D, E, and F) . 

Higher temperature increases under the A2 climate scenario reduced the ability of 

jack pine forests to sequester C under G-H60 (i .e. G-H60 represents a set of 

management regimes with the rotation length of 60 years) and G-H70 management 

regimes, compared to that under the B 1 climate scenario (Figure 3.7). 

3.6 Discussion 

3.6.1 Boreal forest C sequestration through changing climate conditions 

Simulation results in this study suggest that climate change (temperature and 

precipitation) may enhance the potential C sequestration of jack pine forests if 

compound natural disturbances, such as insect outbreaks, do not counteract its effects 

(Figures 3.5 and 3.6). Modeling research conducted in Canada (Chertov et al., 2009), 

China (Peng et al. , 2009), and Finland (Kellomaki et al. , 2008) under climate 

conditions typical of boreal biomes has shown a s imilar increasing trend in forest 

productivity and tree C uptake in response to climate warming. E levated atmospheric 

C02 and modest warming often enhance forest C sequestration (see reviews by 

Hyvonen et al., 2007). 

The mode! projected a decline in forest productivity (negative NEP) under the 

warmer climate scenarios for relative old forests (>80 years) (Figure 3.4). This 
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finding is consistent with the recognition that the more frequent droughts in recent 

years have resul ted in a global-scale dec line in forest producti vity (Zhao and Running 

20 1 0), an abnormal increase in tree morta li ty (A ll en et al. , 20 1 0; Peng et al., 20 Il ), 

and overall reduction of biomass (Ma et al. , 20 12), and thi s is expected to continue 

into the future (Hartmann 20 1 0) . Boreal fo rest growth dec line has a Iso been predi cted 

by other modeling studies (e.g., Grant et al. , 2007; Wang et al. , 20 12b). ln li ght of 

thi s information , it is becoming increas ingly apparent that the careful management of 

forests is necessary under continuing and ri sing temperature. 

3.6.2. Role of forest management und er changing elima te conditions 

Currently, an ongo ing debate is taking place about the rote of fo rest management on 

C sequestration. On one hand, managed fo rests can produce harvested wood C (e.g. , 

Chen et al. 2008), and bioenergy can substitu te for fossil fu el (e.g. , Hudiburg et al. 

20 Il ; Malmsheimer et al. 2008). Moreover, it is also widely accepted that younger 

forests have higher productiv ity than older fo rests. On the other hand, certa in 

management practices (e.g. , clearcuts) may result in C emiss ions fro m forest sites 

when older forests are replaced by very young forests (e.g. , Ami ro et al. 20 1 0). 

Modeling experiments conducted in thi s study quanti fied the effects of forest 

man.agement and climate change on c sequestration fo r borea l jack pine forests . 

Clearcuts lead to considerab le C emissions for decades after clearcutt ing (e.g. , Figure. 

3.4 B and C). However, the increase in re leased C was mainly caused by li tter 

decomposition (e.g. , Figure 3.4 E and F) . Sa il organic C did not constantly increase 

or decrease appreciably after clearcutting. These fi ndings are consistent with prev ious 

studies arguing that harvesting does not significantly affect sa il C (Johnson and 

Curtis 2001 ; Yanai et al. 2003). Forest management thus does not accelerate the C 

emission from the important fo rest C poo l. 
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Many studies have suggested that extending rotation length could be an effective way 

in which to increase boreal forest C sequestration ( e.g ., Li ski et al. 2001 ; Peng et al. 

2002a). Results from this study tell a novel story that jack pi ne forests might capture 

and storage greater amounts of C under a reasonable reduction of rotation length 

(Figure 3.6). Slightly lower amounts of C are stored on-site since a considerable 

amount is transferred to harvested woods (Figure 3.4). These findings are consistent 

with previous studies stating that lengthening rotation length may be not useful for 

increasing C sequestration in boreal forests (Wang et al. 20 12), since forest declines 

were predicted for mature boreal forests due to water limitations in old forests (e.g. , 

Grant et al. 2007; Wang et al. 2012). The cost of increasing rotation length would be 

decreased revenues for landowners (Li ski et al. 2001) and the reduction of C capture 

ab il ity (N unery and Keeton 201 0). Multiple natural disturbances ( e.g., droughts, 

wildfires, and insects) could also threaten the limited benefits of prolonging rotation 

length. Therefore, findings from our study suggest that reasonably shortening rotation 

length may help in the uptake of greater amounts of C due to possible forest decline 

induced by c limate change and senescence. 

Tree C enhancement in the stand leve! will likely occur due to increases in thinning 

intensity (Table 3.4), however there is no strong evidence from this study to show 

that forest thinning increases either NEP or total ecosystem C stocks (Table 3.4). 

These findings are consistent with most previous field studies that have investigated 

growth response to pre-commercial thinning for both boreal forests (e.g. , Lei et al. 

2007; Makinen and Isomaki 2004; Tong et al. 2005). In summary, at a given temporal 

scale, the results strongly support the former argument stating that certain forest 

management approache may lead to a greater capture of C (Figure 3.6 C and Figure 

3. 7) and grea ter C storage if the C stored in harvested woods is accounted for (Figure 

3.6 F and Figure 3.7) and its fate re li ably projected. 
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3.6.4 Modellimitations and non-simulated processes 

Most process-based mode ling studies are l im ited by antecedent assumptions and 

simp lified eco logica l processes. Nevertheless, process-based modeling is trying to 

provide more realistic answers to scientific questions based on current knowledge and 

modeling ability. The authors recognize the uncertainty due to mode! structure and 

the parameters of TRIPLEX-Management. The simp lification or absence of process

based forest population dynamics in the mode! (i.e. , regeneration , recruitment, and 

mortality) could lead to bias in the results in this study. For examp le, after clearcuts, 

initial stand density is set as a default value ( 18000 stems ha- 1
) in the madel , 

assuming no strong impacts (density and natural selection of species) of climate 

change on forest regeneration. More importantly, the absence of mechanistically 

modeling tree mortality (e.g ., carbon starvation and hydraulic failure) has limited our 

understanding of the impacts of climate change on forest ecosystem dynamics 

(McDowel l et al. 20 11 ; Wang et al. 2012a). A multi-cohort approach could provide a 

so lution, but it is not a panacea. Future study to address the process of tree mortality 

and regeneration wi ll certain ly improve our interpretation on effects of adaptive forest 

management strategies on forest C sequestration under climate change. 

3. 7 Conclusions 

Results from this study clearly identify the effects of forest management regimes and 

potential climate change on forest C sequestration and harvested wood C in 

northwestern Ontario, Canada. Findings suggest that boreal jack pine forests cou ld 

capture a greater amount (44.7-50.8%) of C under climate change scenarios (A2 and 

B l) than under constant climate scenario, which supports the study ' s first hypothesis 

that climate change may enhance C sequestration of boreal jack pine forests . Results 

also suggest that a rotation length of 50 years plus light thinning may enhance annual 

NEP by 8.2-37.8%, at the same time, decrease impacts of cli mate change on jack pine 

forests . Pre-commercial thinning could enhance merchantable tree wood production 

by 1.7-5.0%, but may not necessari ly increase total ecosystem C. Climate warming 
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might enhance the benefits of forest thinning on merchantable wood production. 

These findings support the hypothesis that some forest management approaches can 

help increase forest C sequestration if harvested wood C is also accounted for. 

Therefore, in order to increase C stocks when facing potential climate change risks, 

forest management regimes could help forest ecosystems sequester greater amounts 

ofC. 
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4.1 Résumé 

Un modèle qui évalue avec précision les changements dans la productivité des forêts 
et des stocks de carbone (C) en réponse aux changements climatiques et la gestion 
des forêts va nous permettre d'évaluer l'impact des changements globaux. L'objectif 
de cette étude est de prévoir les effets potentiels des changements climatiques et des 
coupes à blanc sur la dynamique duC du peuplier faux -tremble (Populus tremuloides 
Michx.) et du pin gris (Pinus banksiana Lamb.) dans les forêts boréales méridionales 
de la Saskatchewan, Canada. Nous avons validé le modèle « TRIPLEX
Management » par rapport aux mesures de eddy covariance, de stocks de C, et de 
données de croissance d'arbres. Un scénario d' un climat constant (basé sur des 
mesures répétées de 1989 à 2008) et quatre scénarios incluant des changements 
climatiques, générés par le modèle couplé climatique global (CGCM3.1) ou par le 
modèle de recherche interdisciplinaire sur les changements cl imatiques (MIROC3.2), 
ont été utilisés dans des simulations de scénarios. Tous les scénarios incluant des 
changements climatiques sont basés sur les scénarios d'émission de C02 !PCC SRES 
A2 et B 1. Pour chaque type de forêt, les coupes à blanc sont envisagées de se 
produire entre 2010 et 2055 . Des racines de l'erreur quadratique moyenne (REQM) 
entre les variab les simulées et observées, y compris les flux de C, des actions C (par 
exemple, le C de la biomasse aérienne ou le C organique du sol), et les 
caractéristiques du peuplement comme la moyenne DHP (d iamètre à hauteur de 
poitrine) et la densité du peuplement variait de Il % à 22%. L'indice d'accord de 
Wi llmott (d) entre les variab les simu lées et observées variaient de 0,95 à 1 ,00, à 
l'exception de la productivité nette des écosystèmes (NEP, d = 0,88). Le modèle tend 
à projeter plus de NEP et plus de stocks de C sous un climat chaud mais humide 
(CGCM3.1 A2 et BI) par rapport à un climat chaud et sec (MIROC3.2 A2 et BI). Le 
modèle tend à projeter également une légère augmentation du NEP par le GIEC 
SERS B 1 vs A2, pour les deux types de forêts. Au cours des sept à onze ans suivant 
une coupe à blanc, le modèle projette un NEP négatif (pertes de C) pour les deux 
types de forêts pour tous scénarios climatiques. La croissance après une coupe à blanc 
a généralement créé une plus grande accumu lation de C lorsque la coupe avait lieu en 
20 10 qu'en 2055. Globalement, le modèle TRIPLEX-Management est capable de 
simuler la dynamique du C pour le peuplier faux-tremble et le pin gris, ainsi que leurs 
réponses à la sécheresse et aux perturbations lors des récoltes. Les changements 
climatiques à l'extrémité sud de la forêt boréale en Amérique du Nord pourraient 
améliorer le taux de séquestration de C s'il n'y a pas d'épisodes de sécheresse sévère. 
Un âge de rotation allongé (> 90 ans), ne serait donc pas nécessaire dans les forêts 
boréales du sud en vue d'accroître la séquestration du C. 

Mots-clés: Coupe à blanc, durée de la rotation , analyse de scénarios, carbone 
organique du sol 
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4.2 Abstract 

A mode! that accurately evaluates changes in forest productivity and carbon (C) 
stocks in response to climate change and forest management will permit us to assess 
the impact of global changes. The goal of this study is to forecast potential effects of 
climate change and clearcuts on C dynamics of boreal trembling aspen (Populus 
tremuloides Michx.) and jack pine (Pinus banksiana Lamb.) forests near the southern 
edge of the boreal forest in Saskatchewan, Canada. We validated the TRIPLEX
Management mode! against eddy covariance measurements, C stocks, and growth 
data. Constant climate (repeated measurements) and four climate change scenarios 
(TPCC SRES A2 and B 1) generated from Coup led Global Climate Mode! (CGCM3.1) 
and the Mode! for Interdisciplinary Research on Climate (MIROC3.2), respectively, 
were used in scenario simulations. Clearcuts were assumed to occur in 2010 and 2055 
for each forest type. Normalized root mean square error (NRMSE) between simulated 
and observed variables including C fluxes , C stocks (e.g. , aboveground biomass C 
and soi! organic C), and stand characteristics such as mean DBH (diameter at breast 
height) and stand density ranged from Il% to 22%. The Willmott index of agreement 
(d) between simulated and observed variables ranged from 0.95 to 1.00 with the 
exception of net ecosystem productivity (NEP, d = 0.88). The mode! tended to project 
higher NEP and C stocks un der warm but wet cl imate (CGCM3.1 A2 and B 1) vs. 
warm and dry climate (MIROC3.2 A2 and B 1), and slightly higher NEP under IPCC 
SERS B 1 vs. A2, for both forest types. When clearcuts occurred, the mode! projected 
negative NEP (C !osses) during the seven to 1 1 years following clearcuts for both 
forest types under the five climate scenarios. Regrowth of the forest generally led to 
greater C accumulation when clearcuts occurred in 2010 than in 2055. Overall , the 
TRIPLEX-Management mode! is capable of simulating C dynamics for aspen and 
jack pine forests as weil as their responses to drought and harvesting disturbances. 
Climate change at the southern edge of the boreal forest in North America may 
enhance the C sequestration rate if there are no severe drought events. A longer 
rotation age (>90 years), may therefore, not be necessary in southern boreal forests in 
order to increase C sequestration . 

Keywords: Clearcut logging, process-based modeling, rotation length , scenano 
analysis, soil organic carbon 
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4.3 Introduction 

Widespread concern about global climate change has generated interests in forest 

carbon (C) balance and the C sink capacity of forests under both current and future 

climate. Stand development stages largely govern the C balance of a forest (Law et 

al. , 200 l ; Howard et al. , 2004; Kolari et al. , 2004; Humphreys et al. , 2006; Noormets 

et al. , 2007; Zha et al., 2009), and its C storage ability (Pregitzer and Euskirchen, 

2004; Martin et al., 2005; Wang et al., 20lla). Forest management through forest 

regulation can dramatically affect forest age structure and thereby influence C cycling 

(Amiro et al. , 2010; Liu et al. , 2011). Forest management could thus increase the C 

capture of boreal forests but it could also increase the risk of releasing C stored in 

boreal forests. 

Clearcut logging, the most common harvesting method in the boreal forest, removes 

almost ali commercially sized trees (i.e. those trees greater than 9 cm DBH (diameter 

at breast height)), largely resulting in considerable C !osses not only by direct export 

of wood biomass C as harvested wood product C, but also by respiration !osses if 

rates of heterotrophic respiration (litterfall and soil organic C decomposition) exceed 

net primary productivity (NPP) in the years following a clearcut (Grant et al., 20 l 0). 

Many studies have found that negative net ecosystem productivity (NEP) may last for 

severa! years to decades in the earl y stages of stand development after clearcuts ( e.g. , 

Law et al. , 2001 ; Janisch and Harmon, 2002; Kolari et al., 2004; Humphreys et al. , 

2006; Zha et al., 2009). The implications in term of C !osses highlight the importance 

of including harvesting for a better understanding of regional and global C cycling 

(Liu et al. , 2011 ). 

Droughts, which are expected to become more frequent and intense in this century 

(IPCC, 2007) , can however increase tree mortality (Allen et al. , 201 0), result in a 

global reduction of NPP and thereby a reduction in a forest 's C sequestration (Zhao 
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and Running, 201 0). Previous studies have indicated that droughts threaten not only 

forest productivity (Ciais et al. , 2005 ; Zhao and Running, 201 0) , but also forest C 

sink ability as a result of massive abnormal tree mortality (Michaelian et al., 20 Il ; 

Ma et al. , 20 12). Recent findings have suggested that if climate-induced droughts 

continue to intensity, the boreal forest in western Canada would become net C 

sources (Peng et al. , 2011 ; Ma et al., 2012) . Thus, there is an urgent need to 

investigate how boreal forests respond to droughts. 

Process-based models have been developed to quantifY forest C dynamics at multiple 

time and space scales in recent decades (see recent reviews by Pretzsch et al. , 2008 ; 

Medlyn et al., 20 Il). Severa] process-based model s, such as Biome-BGC (Running 

and Hunt, 1993), FinnFor (Kellomaki and Vaisanen, 1997) and TRIPLEX (Peng et al., 

2002b ), have been modified and used in managed forests by adding forest 

management techniques such as thinning and harvesting (e.g ., Garcia-Gonzalo et al., 

2007; Petritsch el al., 2007; Grant et al. , 2010; Wang et al. , 20llb) . Such process

based models may provide insights into how current management practices can affect 

C sequestration and stocks, as weil as how future climate change may influence forest 

C cycling across landscapes and forest types. 

Trembling aspen (Populus tremuloides Michx.) and jack pme (Pinus banksiana 

Lamb.) are the most widespread deciduous and pine species, respectively, in North 

American boreal forests. However, quantifying C dynamics in these forest types 

remains a challenge due to variations in stand age, climate, soil type, and forest 

management. Jt has been estimated that approximately three million hectares of 

boreal fo rest is harvested each year (Hagner, 1995). However, it is stiJl not clear how 

harvest activities affect C dynamics and storage in boreal forests (Seedre et al. , 20 Il) . 

In this study, we a1m to validate a monthly time-step process-based mode) 

(TRIPLEX-Management) with forest management functions against m ul tip le sources 
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of measurements, and to test whether the mode! is able to capture the impacts of a 

drought between 2001 and 2003 on C fluxes (e.g., decrease of gross primary 

productivity (GPP)) of aspen and jack pine forests under a boreal continental climate. 

Jack pine forests which generally are found growing on coarser textured (i.e. sandy) 

soils have perennially lower water and may be less affected by drought than aspen 

forests growing on finer textured soils (Bernier et al., 2006). We then forecasted the 

potential effects of future climate change and clearcut practices on NEP and total 

ecosystem C stock (TEC). We hypothesized that climatic change around the southern 

edge of the boreal forest in North America may enhance the C sequestration , whereas 

clearcuts may decrease TEC in the short-term but could lead to greater C 

accumulation over the forest !ife cycle if the proper rotation length is used. 

4.4 Material and methods 

4.4.1 Site description 

Southern Old Aspen sites (SOAS) and Southern Old Jack Pine sites (SOJP) are 

located near the southern edge of the boreal forest in Saskatchewan, Canada and 

subject to the same large scale meteorological forcings (Kijun et al. , 2006). The 

SOAS site regenerated from a fire that occurred in 1919. The understory includes 

hazelnut (C01ylus cornuta Marsh.) and the overstory is dominated by trembling aspen. 

The soi! type is an orthic gray luvisol , with a sandy clay loam texture with moderate 

soi! drainage (Table 4.S 1 ). 

The SOJP site regenerated following a wildfire in 1929 and is dominated by jack pine 

(Grant et al. , 2009). lts understory includes reindeer lichen (Ckaduba nutus Sabdst.) 

and green aider (Alnus crispa Ait.) . The soi! is a glacial till with a sandy texture and 

good soi! drainage (Table 4.S2). The key stand and climate characteristics for the 

SOAS and SOJP sites in central Canada are given in Table 4.1. 
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Table 4.1 Key stand, climate, and soi l characteristics of Southern Old Aspen (SOAS) and Southern 
Old Jack Pine (SOJP) sites in Saskatchewan, Canada. 

Stand regeneration year 
Location 
Mean annual temperature 
(C) 

SOAS SOJP 

Fire 19 19 
53.63 °N 1 06.20°W 
0.4 

Fire 1929 
53 .92°N 104.69°W 
0.4 

Mean annual precipitation 467 
(mm) 

467 

Dominate vegetation 
Understory vegetation 

Stand density (stems ha- 1
) 

Leaf area index (m2 m-è) 
Mean diameter at breast 
height (cm) 
Mean tree height (m) 
Woody debris carbon (Mg 
ha- 1

, 2004) 
Aboveground biomass 
carbon (Mg ha- 1

, 2004) 
Belowground biomass 
carbon (Mg ha- 1

, 2004) 
Sail type 
Soil texture 
Sail drainage 
Soil organic carbon c (Mg 
ha- 1

) 

Period of EC 
measurements d 

References 

Aspen 
Hazelnut (Cary/us 
cornuta Marsh.) 
9&o· 
5.6(0.5)" 
20.5a 

20. 1 a 

19.1 (4.9) 

122.5 (16.5) 

52.3 (6 .5) 

Orthic gray luviso l 
Sandy clay loam 
Modera te 
163. 1 

1996-2010 

Jack pine 
Reindeer lichen (Ckaduba nutus Sabdst.) 
Green aider (Ainuscrispa Ait.) 
1190b 
2.4 (0.2)b 
12.9b 

12.7b 
6.2(1.4) 

52.1 (9 .3) 

1 1.5 (2.2) 

Glzacial till 
Sand 
Good 
30.5 

2000-2008 

Gower et al. ( 1997); Gower et al. ( 1997); Howard et al. (2004); 
Kljun et al. (2006) ; Barr. (2008) ; Grant et al. (2009) : Kljun et al. 

Barr. (2008) ;Grant et (2006) 

al. (2009 

Values in parentheses are standard deviation. 
a Values for 1986, estimated by the regeneration year and stand age from Gower et al. ( 1997). 
bValues for 1995, estimated by the regeneration year and stand age from Gower et a l. ( 1997). 
c Estimated based on soit properties. 
d Depending on data availability for participators afFlux-Canada, last visit in 2012-01-15 . 

Pools of C were measured in 2004 (Barr, 2008), including living aboveground 

biomass C, living belowground biomass C, and woody debris biomass C (Table 4.1). 

So il organic C was estimated based on the detailed soi l characteristics at the SOAS 

and SOJP sites, respectively (Table 4.S 1 and 4.S2). Eddy covariance, as described in 
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Griffis et al. (2003), was used to measure mass and energy exchange at the SOAS and 

SOJP sites . In order to till rejected half-hourly eddy covariance measurements, 

empirical models constrained by eddy covariance measurements such as soil 

temperature and air temperature were used one year at a time following the Fluxnet

Canada Research Network procedure (Barr et al., 2004). Monthly C fluxes were 

obtained by way of summing the gap-filled half-hourly eddy covariance 

measurements. The uncertainties of flux measurements include potential random and 

systematic errors, which attributes to ( 1) likely underestimated C02 and energy fluxes 

during nighttimes and (2) incomplete recovery of absorbed radiant energy and C02 

fluxes (Grant et al., 2005). Griffis et al. , (2003) estimated that the an nuai uncertainty 

in NEP for SOAS and SOJP sites ranged from 0.64 to 1.42 and 0.61 to 0.91 Mg ha- 1 

of C per year for the year of 2000, respectively. 

A severe drought due to the decrease of precipitation occurred in western Canada 

du ring 2001 - 2003 (Kijun et al., 2006) . Both sites were affected by the severe 

drought. During the drought, precipitation decreased 35- 50% comparing with the 

30-year mean ( 1971-2000) (Kijun et al. , 2006). 

4.4.2 The model 

The TRIPLEX-Management mode! originally developed by Peng et al. (2002) was 

used in this study. The role of climate as a driving force of TRIPLEX-Management is 

quite simple and principally includes monthly mean temperature, monthly 

precipitation, and monthly mean relative humidity. In the mode! , gross primary 

productivity (GPP) is calculated as a function of leaf area index, a conversion 

constant, received photosynthetically active radiation, w ith modifiers constrained by 

forest age, air temperature, so it water avai lab ility, nitrogen (N) avai lability and 

percentage of frost days within a month (Landsberg and Waring, 1997). Furthermore, 

the effect of C02 fertilization on forest production was calculated using an empirical 

logarithmic function (Friedlingstein et al., 1995). Ecosystem respiration (ER) is 
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comprised of autotrophic respiration and heterotrophic respiration . Autotrophic 

respiration includes growth and maintenance respiration. Maintenance respiration is 

calculated using a Q 10 function multiplied by the biomass of each plant component 

(foliage, roots, and wood) and growth respiration is assumed to be one fourth of NP P. 

The remaining amount of photosynthesis production (NPP) is allocated to the net 

growth of stems, branches, foliage, coarse and fine roots. 

Volume growth is calculated from the increase in wood C by wood C density, and 

then allocated to primary growth and secondary growth based on functions of stem 

wood increment (Bossel, 1996) . Tree mortality is estimated annually based on a 

constant mortality rate and mortality due to canopy competition for light (Bosset , 

1996). Stand structure is simulated by incorporating an empirical Weibull diameter 

distribution mode! and beight-diameter equations (Wang et al. , 2011). Thus, total 

volume and timber yield (DBH > 9cm) can be estimated based on each DBH class. 

Monthly input to soit module from litterfall depends on turnover rates of foliage and 

fine roots and mortality rate. The dynamics of C and C as weil as soit water, are 

simulated based on the corresponding module from the CENTURY 4.0 mode! (Parton 

et al., 1993). Decomposi tion rates of soi! organic C and litterfall C pools (e .g. , 

passive, slow, and active pools) are calculated as a function of maximum 

decomposition rates, effects of soi! temperature, and effects of soit moisture. 

Simulating soit water dynamics require using precipitation as an input and 

evaportranspiration and runoff as outputs. 

In addition , forest management such as forest thinning and harvesting has been 

implemented by Wang et al. (20 Il). Forest thinning is controlled by the ti me of 

thinning, thinning intensity, and thinning types (thinning from below and from 

above). Two ways ofharvesting including stem-only harvesting (100% stem removal , 

with branches and foliage left on-site) and whole tree harvesting ( 100% stem 
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removal , with branches and foliage removed from the harvest block) were designed 

and combined with natural regeneration where initial stand density is largely 

dependent on-site class. A more detailed description of the mathematical algorithms 

and sensitivity analyses of the mode! have been previously reported in Peng et al. 

(2002) and Wang et al. (2011). 

4.4.3 Model validation 

4. 4. 3.1 Parameterization, initialization, and validation 

The TRIPLEX mode! has been parameterized and verified for jack pme and 

trembling aspen using growth and yield data in Canada by severa! previous studies 

(Peng et al. , 2002b; Zhou et al. , 2004; Zhou et al., 2005; Wang et al. , 2011b). The set 

of species-specific parameters and parameters corresponding to tree species in each 

component such as GPP and soi! water, were mostly left unchanged in this study 

(Table 4.S3). However, we updated and corrected sorne species-specific parameters. 

For example, the parameter of specifie leaf area for aspen was modified from 6 to 

22.5 m2 kg - l C (Steele et al., 1997; Barr et al., 2004). Site-specifie parameters were 

input according to soi! characteristics. 

The mode! had to be first initialized using historical stand conditions, before testing 

the mode! against measurements . Estimated historical stand conditions used in the 

mode! include species, year of regeneration, latitude, site class, soi! organic C, and 

stocking leve!. Stand establishment in the mode! was simulated based on the 

recruitment of natural seedlings constrained by site class and estimated stocking leve! 

in the year of regeneration . The mode! was then run from the year of regeneration to 

2010 (the end of eddy covariance data ava ilability) under repeated climate data 

recorded during the eddy covariance measurement period at each site . 

The mode! was validated in parallel against three different data sources that have a 

same footprint (GPP, ER, and NEP derived from eddy covariance measurements, C 
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stocks in each C pool , as weil as growth and yield data). Eddy covanance data 

provided a great opportunity to monitor NEP. These measurements, combined with 

measured C stocks, help us to more completely understand the forest C cycle (Law et 

al., 2001). A large part of NEP is stored in wood C and allocated to primary and 

secondary growth. Stand characteristics are thus good indicators for testing process

based models. Simulated annual NEP was compared with the eddy covariance 

measurements to investigate whether the mode! captures the reduction of annual NEP 

during the recorded drought events. 

4.4.3.2 Madel evaluation 

Two statistical methods were used to quantify mode! performance on the 

simulations. The normalized root mean square error (NRMSE, Eq. ( l )) was used to 

evaluate the difference between predicted (P) and observed ( 0) data. 

(1) 

where n is the number of observations; i is the i1
h observation ; and Omax and Omin are 

the maximum and minimum observed values, respectively. 

The Willmott index of agreement (d) is an indicator of modeling efficiency, 

which takes on -values from 0 to 1.0, and is expressed as: 

[ 
" " (P- 0 )2 l d-1- L.. i= l 1 1 

I;~ ~ c1 P; 1+ 1 o; D2 
(2) 

A value of 1.0 indicates perfect agreement (Willmott, 1982). 

4.4.4 Simulation experiments 

4. 4. 4. 1 Climate change scenarios 
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We used five climate scenarios to continually simulate forest C dynamics for the 

2011-2100 scenario simulation period, i.e. , constant climate, and four climate change 

scenarios generated by two General Circulation Models (GCM): Coupled Global 

Climate Madel version 3.1 (CGCM3.1) and the Madel for lnterdisciplinary Research 

on Climate version 3.2 (MIROC3 .2) , from the lntergovernmental Panel on Climate 

Change (!PCC) Special Report on Emissions Scenarios (SRES) A2 and B 1 emission 

scenarios. The constant climate scenario was campi led as the repeated values of the 

currently measured data. IPCC SERS A2 weights economie growth in a 

heterogeneous world more heavily, which results in the highest temperature increases 

by 2100 (2.0-5.4 C greater than in 1990) (IPCC, 2001 ); whereas IPCC SERS B 1 has 

a lower leve! of fossil fuel consumption in a globalized world, which leads to the 

lowest predicted temperature increases ( 1. 1-2.9 oq by 2100 (IPCC, 200 1 ). The 

atmospheric C02 concentration from 1850-2100 was ta ken as a global mean of the 

available !PCC SERS A2 and B 1 for modeling C02 fertilization. 

Bath of the GCMs under bath IPCC SERS A2 and B 1 in the study area projected a 

warmer climate in which bath precipitation and temperature generally increased 

(Figures 4.1 and 4 .S 1 ). At the end of the 21 st century, the "wet" GCM, CGCM3.1 , 

under IPCC SERS A2 projected a mean annual temperature increase of 3.7 oc and a 

mean annual precipitation increase of 18% (Figure 4.S 1 ), whereas the "dry" GCM, 

MIROC3 .2, predicted an increase of 4.4 °C and a 9% increase in precipitation (Figure 

4.S 1 ). Compared with TPCC SERSS A2 , bath of the GCMs projected relatively lower 

increases in temperature and precipitation under IPCC SERS B 1 (Figure 4.S 1 ). 

Therefore, cyclical drought events may last longer and severer in the futu re in the 

study area due to the increase of temperature . 

4.4.4.2 Harvesting scenarios 

Two forest harvesting scenarios (CUT20 1 0 and CUT2055) were designed in this 

study according to different rotation ages. Stem-only harvesting was carried out in 
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2010 and 2055, respectively for both SOAS and SOJP sites. The harvested fractions 

(biomass removed from th e system) of fo li age, li v ing wood, coarse and fi ne roots, 

and standing dead wood were 0.1, 0.8, 0.0, 0.0, and 0.0, respective ly, deri ved from 

Grant et a l. (20 1 0) . Therefore, overall 10 scenari o s imulations were conducted in thi s 

study in terms of fi ve climate and two harvesting scenarios at each site. 

10 
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Figure 4.1 Annual variations in annual mean temperature (upper) and precipitation (bottom) for 
constant cl imate and potential climate change in Saskatchewan, Canada. The mean annual temperature 
was 0.4 oc and the mean annual precipitation was 467 mm (the 30-year mean duringl971-2000 at 
Waskesiu Lake weather station, 53 .92° N, 106.08° W, Env ironment Canada). 
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4.5 Results 

4.5.1 Mode) validation 

4. 5.1.1 Tes ting againsl eddy covariance measurements 

Simulated monthly C fluxes (Figures 4.2 and 4.3) for bath SOAS and SOJP sites 

were generally consistent with eddy covariance measurements. Stati stical analysis 

confirmed that the TRIPLEX-Management mode\ predicted the month ly C fluxes 

reasonably we il (Table 4.2). The NRM SE and the Willmott index between simulated 

and measured/estimated monthly C fluxes (GPP, ER, and NEP) were 11- 19% and 

0.88-0.97, respectively. 

Simulated annual NEP was generally in the reasonable range of measured annual 

NEP (Figure 4.4). The TRIPLEX-Management mode\ can capture the phenomenon of 

lower annual NEP (mode\ versus eddy covariance in Mg ha-l year- 1
: 1.25 vs. 0.29 in 

2002, 0.94 vs. - 0.84 in 2003, 0.17 vs. -0.54 in 2004) from 2002 to 2004 resulting 

from the drought from 2001 to 2003 at the SOAS site. But at the SOJP site, the mode\ 

didn ' t capture the similar but much weaker impacts of droughts on annual NEP 

variation and thus overestimated annual NEP during the drought event. 

Table 4.2 TRIPLEX-Management mode! overall performance in carbon fluxes, stand leve! vari ables, 

and carbon poo ls at the Southern O ld Aspen (SOAS) site and the Southern Old Jack Pine (SOJP) site 

in Saskatchewan, Canada. 

GPP ER NEP Stand density DBH Height LAI Carbon stock Overall6 

NRMSE (%) 12 19 Il 19 12 22 15 18 16 

da 0.97 0.95 0.88 1.00 1.00 1.00 0.99 0.97 0 .97 

GPP represents gross primary productivity; ER represents ecosystem respiration; NEP represents net 

ecosystem productivity; DBH represents diameter at breast height; LAI is leaf area index . NRMSE 

represents normali zed root mean square error. 

a. Willmott index. 

b. Mean of evaluating statistics (NRMSE and d) for li sted vari ab les. 
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Figure 4.2 Monthly carbon fluxes measured/estimated (symbol) and simulated (!ines) at the Southern 

Old Aspen (SOAS) site from 1996-2010 in Saskatchewan, Canada. 
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Figure 4.3 Monthly carbon fluxes measured/estimated (symbols) and simulated (!i nes) at the Southern 

Old Jack Pi ne (SOJP) site from 1996-20 10 in Saskatchewan, Canada. 
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Figure 4.4 Measured (symbols) and simulated (!ines) annual NEP variation at Southern Old Aspen 

(SOAS) and Southern Old Jack Pi ne (SOJP) sites fi·01n 1996 to 2010 in Saskatchewan, Canada. 

4.5.1.2 Testing against C stocks 

Six C pools (living aboveground biomass C, be lowground biomass C, woody debris 

biomass C, total biomass C, soit . organic C, and TEC) were compared with 

measurements that were conducted in 2004 by Barr (2008) (Figure 4.5). The NRMSE 

and the Willmott index between simulated and measured C stocks were 18% and 0.97, 

respectively (Table 4.2) . 

Simulated living aboveground C biomass ( 102.4 vs. 122.5 ± 16.5 Mg ha- 1
) and 

belowground C biomass (29.8 vs. 52.3 ± 6.5 Mg ha - 1
) were underestimated when 

compared to the measurements taken at the SOAS site. However, the mode! 

overestimated woody debris C biomass (56.7 vs. 19.1 ± 4.9 Mg ha- 1
) . Total C 

biomass was thus reasonably predicted as these over and under predictions balance 
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out as sorne living biomass was predicted to occur as dead biomass . The madel 

probably overestimated tree mortality fo r the mature aspen forest and allocated too 

little C to roots for aspen. So il organic C (158.0 vs. 163 .1 Mg ha- 1
) was reasonably 

s imulated at the SOAS site. 
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Figure 4.5 Carbon (C) poo ls measured (symbols) and simulated (column) in 2004 for Southern Old 

Aspen (SOAS) and Southern Old Jack Pine (SOJP) sites in Saskatchewan, Canada. Total ecosystem C 

(TEC) is comprised of living aboveground (AGC) and belowground biomass C (BGC), woody debris 

C (WDC), and soil organic C (SOC). Total biomass C (TBC) is summed by AGC, BGC, and WDC. 

WDC includes standing dead wood C, wood and branch litterfa ll on the forest fl oor. The black points 

indicate the mean value of measurements. Error bars represent stand deviati ons. 

Simulated liv ing aboveground C biomass (50.3 vs. 52.1 ± 9.3 Mg ha- 1
), belowground 

C biomass (12.3 vs. 11.5 ± 2.2 Mg ha- 1
) , and woody debris C (7.7 vs. 6.2 ± 1.4 Mg 

ha - J) were generally located in realistic ranges of the measurements at the SOJP site 

(F igure 4.5). But simu lated soil organic C (21.2 Mg ha-!) was underestimated 

compared with the measured values (30 .5 Mg ha-1
). Overall , the madel predicted 

relatively accurately net primary productivity (NPP), C allocation and tree morta li ty 

at the SOJP site. 
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4. 5.1. 3 Testing against stand characteristics 

The NRMSE and the Willmott index between si mulated and measured stand vari ables 

(e.g. , D8H, he ight, and stand density) ranged fro m 12% to 22% and from 0.99 to 1.00, 

respectively (Table 4.2). Simulated mean D8H, mean he ight, and stand density 

generally agreed with measurements by Gower et al. ( 1997) and Howard et al. (2004) 

(Table 4.S4) . Simulated mean D8H (20.6 vs. 20.5 cm), mean he ight (2 1.2 vs. 20 .1 m), 

stand density ( 1040 vs. 980 stems ha_,) and leaf area index (LAI, 6.3 vs. 5.6 ± 0.5) 

were close to th e fi eld measurements at the SOAS site . 

Compared to the measurements by Gower et a l. ( 1997) in 1996 and by Howard et al. 

(2004) in 1999 and 2000 at the SOJP site, the si mulated stand density ( 11 36- 1206 

stems ha- 1
) was generally within a reasonable range ( 1022-1 342 stems ha- 1

) of 

observations (Table 4.S4). Simulated mean D8Hs (11.7-12.2 cm) were close to but 

smaller than the measured values ( 12.9- 13. 1 cm). Simulated mean tree height 

( 11 .3-11 .6m) was close to the lower boundary of the est imated range of 12- 15m. 

Although the model underestimated LAI ( 1.3 vs. 2.4 ± 0.2) in 1995, s imulated LAI 

agreed weil with measurements in 1999 ( 1.3 vs. 1.3 ± 0.3) and 2000 ( 1.2 vs. 1.3 ± 0.3). 

4.5.2 Effects of climate change on NEP and TEC 

At the beginning of the 21 st century, the mode ) predicted higher annual NEP under 

climate change scenarios (IPCC SERS A2 and 81) vs. constant climate (F igure 4.6 A, 

B, E, and F). However, s imulated ann ual NEP under constant climate was 

intermediate between the values predicted for the two GCMs at the end of the 2 1 st 

century (Figure 4.6 A, B, E , and F), because a warm and "wet" climate projected by 

GCM CGCM3 .1 was predicted to enhance forest production, whereas a warm but dry 

climate projected by GCM MIROC3.2 was predicted to reduce the C accumulation 

ability of the forests. Generally, the TRIPLEX-Management model predicted higher 

annual NEP under CGCM3.1 vs. MIROC3.2, and slightly higher NEP under IPCC 

SERS 81 vs. A2 at both s ites at the end of the 2 l st century (Figure 4.6 A, B, E, and 
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Figure 4.6 Variat ions in simulated annual net ecosystem productivity (NEP) and total ecosystem 

carbon (TEC) from 1980 to 2100 under constant climate and fo ur climate change scenarios with 

clearcutting in 20 10 (left) and 2055 (right) at Southern Old Aspen (SOAS, upper) and Southern Old 

Jack Pine (SOJP, lower) sites in Saskatchewan, Canada. 
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F). In addition, the mode! predicted severe decreases in NEP at both sites for both 

clearcut scenarios during cyclical drought events (decreased annual prec ipitation , 

Figure 4.1) under MIROC3.2 SERS A2 and B 1 (Figure 4.6 A, B, E, and F). 

The model generally predicted greater TEC under GCM CGCM3.1 vs. MIROC3.2, 

and slightly greater TEC under lPCC SERS B 1 vs. A2 at the SOJP site for both 

clearcut scenarios (Figure 4.6 C, D, G and H). TEC in 2100 was predicted to change 

from -9.8% to 7.4% and -12.5% tol2.4% at the SOAS and SOJP sites, respectively, 

under the four climate change scenarios, compared under the constant climate. The 

mode! predicted a maximum increase in TEC under CGCM3.1 SERS B 1, except for 

CUT2055 at the SOAS site. Moreover, considerable C lasses were predicted at both 

sites for both clearcut scenarios under MlROC3.2 SERS A2 (Figure 4.6 C, D, G, and 

H), which forecasted a higher increase in temperature but a smaller increase in 

precipitation in t11e study area (Figure 4.S 1 ). 

4.5.3 Effects of clearcut on NEP and TEC 

Harvested forests are expected to be C sources as C uptake is disrupted with the 

removal of the canopy and the decomposition of soi! organic matter and litter 

continues. The mode! predicted negative NEP for the 7-11 years (recovery period, 

defined as the stage from a net C source to a C sink) following clearcuts at both sites 

under ali climate scenarios for bath clearcut scenarios (Figure 4.6 A, B, E, and F). 

During the rec<lvery period, the mean an nuai C !osses of 4.4 and 4.6 Mg ha_, year _, 

were estimated for CUT20 1 0 and CUT2055 at the SOAS site, respectively. However, 

the amounts oftotal C loss were larger un der CUT20 10 ( 48.0 Mg ha_,) th an un der 

CUT2055 (41.6 Mg ha-1
) for the SOAS site due to different recovery times (Il vs. 9 

years). Differently, the mean annual C !osses of 1.6 and 2. 1 Mg ha_, year- 1 were 

estimated under CUT20 10 and CUT2055 at the SOJP site, respectively; whereas 

since the recovery time was the same (1 1 vs.ll years), total estimated C loss of 17.9 
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Mg ha- 1 under CUT20 10 was sm aller th an the estimated C loss of 21.1 Mg ha· 1 under 

CUT2055 at the SOJP site. 

Generally, no noticeable decline in TEC was found under CUT20 10, because the 

maximum stand age was 92 (20 1 0) and 90 (21 00) at the SOAS and SOJP sites, 

respectively. However, forest declines in NEP and TEC were predicted due to tree 

mortality and frequent drought events (Figure 4 . 1) during the simulation period of 

2040-2055 under CUT2055 (Figurè 4.6 B and D), when stand age ranged from 

122-14 7 yrs and 1 12-13 7 years at the SOAS and SOJP sites, respectively. In 

addition, TEC in 2100 was greater under CUT20 10 vs. CUT2055 at both sites (Figure 

4.6 C, 0 , G, and H). Rotation 1ength might, thus, be an important factor to consider 

for boreal forest C management. 

4.5.4 Combined effects of elima te change and clearcut on NEP and TEC 

No considerable differences of C loss were predicted during recovery periods among 

the five climate scenarios under CUT 2010 for both tree species. But climate change 

shortened the recovery period 1-2 years to smoothly alter from a net C source to a net 

C sink under CUT2055 (Figure 4.6 B and F). Significantly less TEC was projected 

for both tree species under climate change scenarios compare with those under 

constant climate (Figure 4.6 0 and H) , resulting from accelerating woody debris and 

soil organic C decomposition rates due to rising temperature. Generally, jack pine 

needed 1 or 2 years more than aspen to attain a positive NEP. 

4.6 Discussion 

4.6.1 Sensitivity of net ecosystem productivity to droughts 

Declines in simulated and observed monthly C fluxes and annual NEP were found 

during the 2001-2003 drought at the SOAS site (Figures 4.2 and 4.4) . Severa! 

observations and modeling studies have predicted similar impacts of drought on NEP 
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at the SOAS site (Grant et al. , 2006; Kljun et al., 2006). And observations from many 

other sites have found a similar response of forest C cycling to droughts that 

addresses reductions in GPP and ER (e .g. , Ciais et al. , 2005). For example, Zhao and 

Running (20 1 0) had attributed the reductions of NPP in global terrestrial ecosystems 

to the droughts occurred in 2000-2099. 

No large decline was found in both simulated and observed monthl y C fluxes and 

annual NEP at the SOJP site (Figures 4.3 and 4.4). Kljun et al. (2006) concluded that 

the reduction in NEP at the SOJP site is much weaker than at the SOAS site because 

of the low water holding capacity of the soils where jack pine grows in Central 

Canada. In the mode!, water limitation in GPP is constrained by the vapor pressure 

deficit (VPD), soil water moisture and corresponding soil type coefficients and 

parameters (Peng et al., 2002b ). Th us, the moisture modifier does not change mu ch 

due to the sandy soil texture with poor water holding capacity at the SOJP site. The 

different response to drollght between aspen and jack pine forests is not surprising. 

Decline of aspen forests, even dieback, following severe droughts on the southern 

edge of the Canadian boreal forest has been reported over recent decades ( e.g. , Hogg 

el al., 2002; Hogg et al. , 2008; Michaelian el al., 2011 ). However, Peng et al. , (20 Il) 

reported an unusual higher drought-induced tree mortality, which has both direct and 

indirect effects on NEP, for jack pine than for aspen in recent years (2004-20 1 0) 

using long-term forest permanent sampling plot data. NEP thus is supposed to be 

reduced by droughts (Figure 4.6 A, B, E, and F), but varied relying on tree species as 

weil as drought length and intensity. 

4.6.2 Climate change affects NEP and TEC 

Climate change scenarios (IPCC SERS A2 and B l ) enhanced NEP for both tree 

species during the 20 10-2100 period , except during drought events (F igure 4 .6 A, 8, 

E, and F), where drops in NEP for both aspen and jack pine sites, especially aspen , 

were observed in the simulations. Three main factors , including elevated atmospheric 
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C02, rising temperature, and elevated C deposition , are often considered to enhance 

forest C sequestration if other environmental factors such as water are not limiting 

(see reviews by Luo et al. , 2006, Reay et al., 2008, Boisvenue and Running, 2006, 

Huang et al. , 2007a). ln the madel, C02 fertilization was simulated using an empirical 

equation , resulting in a potential increase of GPP if there was no C limitation. This 

approach can simulate the effects of C limitation on the C02 enhancement of forest 

productivity as recently reported by Norby et al. (20 1 0) . The simulated GPP has a 

positive response to rising temperature (Peng et al., 2002), if future temperature is not 

beyond the optimum growth range. 

More C would be extracted by boreal forests under climate change scenarios if our 

mode! captures the key processes. Our simulation results also suggest that climate 

change at the southern edge of the boreal forest might not necessarily accelerate the 

movement of the prairie-forest ecotone in northern-central North America if no 

regional forest dieback is induced by severe drought events. Wyckoff and Bowers 

(20 1 0) have suggested that drought insensitive tree species may delay the 

northeastern movement of the biome boundary for decades due to increasing C02. 

But the absence of mechanistically modeling forest mortality might limit madel 

credibility (Galbraith et al., 201 0). Because multiple natural disturbances, such as 

frequent droughts, fires , and insect outbreaks, could lead to higher tree mortality 

and/or inhibit the regeneration of tree species, it is therefore expected that the boreal 

forest biome could shift to the northeast during global warming (Frelich and Reich, 

20 1 0). Such increases in natural disturbances would also influence the C budget and 

would thus affect the interpretations that ensue from our modeling work in which we 

consider only the effects of droughts but not fi res or insects. However, it would be 

reasonable to expect that a dri er climate wou ld also lead to greater fi re-frequency 

(F iannigan et al. , 2009) and greater insect caused mortality (Hogg et al., 2002). 
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4.6.3 Harvesting effects on NEP and TEC 

Our modeling results indicate that negative NEP would occur for 7- Il years for 

aspen and l 0- Il years for jack pine, following clearcuts. These results are consistent 

with recent observations of a jack pine chronosequence study (Howard et al. , 2004; 

Zha et al. , 2009). For example, Zha et al. (2009) reported a net C source 2- 3 years 

after clearcuts, and a weak C sink 1 0- 1 1 years after clearcuts, and a moderate C sink 

29 - 30 years after clearcuts using eddy covariance measurements. Howard et al. 

(2004) reported a similar pattern of NEP change after clearcuts using biological data 

such as biometrie estimation, soi! and coarse woody debris respiration in the same 

chronosequence study sites. Am iro et al. (20 1 0) synthesized multi-site eddy 

covariance data from disturbed sites in North America and concluded that it takes 

approximately 10 years for a net C source to become a net C sink following stand 

replacing disturbances. However, Grant et al. (2007) projected a recovery ti me of 20 

years in their modeling study for jack pine. Many other studies confirm that forest 

sites can switch from being a net C source to a net C sink with stand development 

after stand replacing disturbance (e.g., Law et al. , 2001 ; Law et al. , 2003; Humphreys 

et al. , 2006), although the length of recovery ti me may vary depending on stand type 

and site productivity. Recovery time since harvesting can last at !east 4 years for a 

boreal Scots pine (Pinus sylvestris L.) forest (Kolari et al. , 2004), 6 years for a 

northern temperate forest (Gough et al. , 2007), 10-20 years for conifer forests ofthe 

Pacifie North-west (Law et al., 2001 ), and at !east 15 years for coastal Douglas-tir 

(Pseudotsuga menziesii var. menziesii (Mirbel) Franco) forests (Humphreys et al., 

2006). 

We found thatconsiderable soi! C and litterfall C !osses (aspen: 41.6-48 .0 Mg ha- 1
, 

jack pine: 17.9-21.1 Mg ha-1
) may contribute to negative NEP in the decade 

following clearcutting. Harvesting will largely enhance soi! C loss (see review by Liu 

et al. , 2011). Pennock and van Kessel ( 1997) reported th at soi ! C was reduced 
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between 5 and 20 Mg ha- 1 over 20 years following clearcuts in a mixed wood forest 

of Saskatchewan, Canada. The process-based mode! CENTURY 4.0 suggests 33.4% 

soi 1 C loss if stem-only harvesting is used un der a 1 00-year rotation length evaluated 

for a 500 year simulation period (Peng et al. , 2002a). Conversely, a meta-analysis 

study concluded, on average, no significant effect of harvesting on the whole soil C, 

but stem-only harvesting may result in a small increase in soit C for coniferous tree 

species (Johnson and Curtis, 200 1 ). The reasons for this result are not clear. In 

summary, these earlier studies generally indicated that it is necessary to include stand 

disturbance history in long-term forest simulations and regional C budgets. 

4.6.4 Implications for forest management 

Our results suggest that climate change in the study area, where climate is expected to 

warm in the future (Figure 4.1 ), may enhance forest C !osses after harvesting, but 

shorten the recovery period from a net C source to a net C sink by 1-2 years for both 

deciduous and conifer tree species. As such, the original hypothesis was strongly 

supported by our findings. These findings are consistent with comparative synthesis 

studies that indicate that a warmer climate may lead to faster recovery after 

harvesting (Amiro et al. , 201 0) , since high temperature without water limitation may 

enhance forest regrowth , especially for fast growing tree species. 

Our results do not indicate that a longer rotation length would increase C 

sequestration in Saskatchewan, Canada. Grant et al. (2007) also projected forest 

decline for mature jack pine forests under climate change in their simulations. 

However, many other studies have suggested that pro longed rotation lengths would 

enhance C sequestration ( e.g., Li ski et al., 200 1; Ueyama et al., 201 1 ). For example, 

longer rotation length (>90 years) in European boreal forests has been suggested to 

benefit C sequestration (Liski et al. , 2001 ; Kaipainen et al., 2004). Ueyama et al. 

(20 1 1) also suggested th at a 140-year rotation with a harvesting intensity of 70% 
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might sequester more C in a Japanese cypress (Chamaecyparis obtuse) forest. Such 

conflicting findings are probably because of variations in climate, soi! type, and forest 

type. ln western Canada, climate change (e .g., droughts) has consistently contributed 

to forest decline and tree mortality and is expected to continue to do so (Hogg et al. , 

2008; Michaelian et al., 2011 ; Peng et al., 2011 ; Ma et al. , 2012). Therefore, 

prolonging rotation length might not be a strategie or justifiable choice in such a dry 

a rea. 

4.7 Conclusions 

Forest disturbances like harvesting significantly alter forest growth, C and C 

dynamics. Future climate change may or may not benefit C sequestration. A process

based mode! such as TRIPLEX-Management may provide a useful tool for predicting 

forest ecosystem response to harvesting and climate change, although uncertainties 

stiJl exist . in madel structure and parameters. Results presented in this study 

demonstrate that future climate change with proper forest management at the southern 

edge of the boreal forest in North America may enhance aspen and jack pine forest 

growth and C sequestration, if no multiple natural disturbances, such as droughts and 

insects, disturb these forests. Harvesting may result in significant C lasses in the early 

stage of stand development for both boreal forests. Climate change may enhance C 

lasses after harvesting but may also shorten the recovery time by one or more years. 

Shortening the rotation length might be a reasonable choice in arder to acquire more 

C without the sacrifice of wood production. Further modeling efforts should 

investigate the effects of climate change on forest regeneration and tree mortality 

processes as weil as the resilience of different forest ecosystems to droughts . 
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Table 4.Sl Soil characteristics of the Southern Old Aspen site in Saskatchewan, Canada*. 

Luvisol LF H Ae Bt Bmk BC Ck 

Depth to Bottom (m) 0.05 0.09 0.30 0.65 0.85 1.75 3.0 

Bulk Dens ity (Mg m"3) 0.22 0.38 1.32 1.47 1.59 1.59 1.59 

Fie ld Capac ity (m3 m"3
) 0.45 0.45 0.24 0.23 0. 19 0. 18 0.2 1 

W il ting Poi nt (m3 m-3) 0.15 0.15 0.10 0.1 3 0. 13 0.13 0. 12 

K,m (mm h-1
) 2 10 2 10 32 15 15 15 15 

Sand (g kg- 1
) 589 589 589 568 485 485 485 

S il t (g kg- 1
) 293 293 293 187 280 280 280 

Clay (g kg- 1
) 118 118 11 8 245 235 235 235 

Coarse Frag. (m3 m"3) 0 0 0 0 0 0 0 
CEC (emoi+ kg-1

) 120 120 9.2 14 12 I l 10 

pH 6.5 6.6 6.6 6.5 6.8 8.5 8.5 
Organic C (g kg-1

) 396 33 1 6.56 3.96 2.46 2.62 0.55 
Total N (g Mg-1

) 2 1270 20647 544 436 298 224 47 

Drainage mo derate 

* Available at F lux Canada Research Network DI S online at http ://fluxnet.ccrp .ec.gc.ca. 

Table 4.S2 Soi! characteristics of the Southern Old Jack Pine site in Saskatchewan, Canada* 

Glac ial Till LFH Ae AB Bm c Ck Ck 

Depth to Bottom (m) 0.04 0.06 0.10 0.3 8 0.89 1. 17 3.5 
Bulk Dens ity (Mg 111-

3
) 0.24 1.23 1.45 1.48 1.52 1.60 1.60 

Field Capacity (m3 
111-

3
) 0.2 1 0.062 0.064 0.048 0.038 0.042 0.018 

W ilting Point ( 111
3 

111-
3

) 0.07 0.033 0.03 8 0.027 0.024 0.024 0.011 

K,., (mm h"1
) 420 620 620 830 980 11 30 11 30 

Sand (g kg- 1
) 943 943 934 939 963 975 975 

Si lt (g kg- 1
) 29 29 39 33 19 10 10 

Clay (g kg- 1
) 28 28 27 28 18 15 15 

Coarse Frag. (m3 m"3
) 0 0 0 0 0 0 0 

CEC (emoi+ kg- 1
) 50 1 46 40 22 2 1 16 16 

pH 4.7 5.3 5.5 5.8 5.8 5.9 6.2 
Organic C (g kg- 1

) 250.7 9.95 6.43 1.32 0.42 0.32 0.15 

Total N (g Mg" 1
) 4827 430 290 115 42 32 15 

Drainage weil drained 

* Avai lable at Flux Canada Research Network DI S on line at http: //fl uxnet.ccrp.ec.gc.ca. 
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Table 4.S3 Values ofkey parameters used in s imulations of the TRIPLEX-Management made l. 

Parameter Descripti on Spec ies 

As pen 

Photosynthetically active radiatioll 
Absorb Atmospheric absorption 0.15 

factor 

Cloud Time faction of c loud days 0.4 

PAR factor Sloar radi ati on fracti on 0.47 

Gross primary productivity 
BICond Canopy boundary layer 0.2 

conductance (ml m·2 s· 1
) 

MaxCond 

StomCond 

ExtCoef 

TaMin 

Ta Max 

Topt 

N itrogen 

factor 

Na 

SI a 

Max canopy conductance 0.02 
(ml m-~ s· 1) 

Stomata conductance (ml 0.006 
m-~ s· 1) 

Radi ati on 

coeffi cient 

extincti on 0.5 

M in temperature (0 C) for 6a 

growth 

Max temperature (0 C) fo r 30 

growth 

Optimum temperature (0 C) 18" 

for growth 

Nitrogen factor for tree 0.2 

growth 

Effect of age to GPP 4 

Spec ifi e leaf area (m~ kg-1 22.5 

of carbon) 

Net primary productivtiy 
GamaF 

GamaR 

Soi/ C ami N 
Lnr 

Ls 

Soif water 

Leaves turnover per year 0.0 

Fi ne roots turnover per 1. 85 

year 

Lignin-n itrogen rati o 

Ligni n for leaf, fine root, 

coarse · root, branch, and 

wood 

0.26 

0.2 15, 

0.255, 

0.255 

0.2 15, 

0.23 5, 

Jack pine 

0 .15 

0.4 

0.47 

0.2 

0.02 

0.006 

0.5 

o· 

30 

15 

0.2 

3 

6 

0.19 

1.55 

0.26 

0.2 15, 

0.255, 

0.255 

0.2 15, 

0.235, 

Reference 

Bosse! ( 1996) 

Basse l ( 1996) 

Bosse! ( 1996) 

Landsberg and 

Waring ( 1997) 

Landsberg and 

Waring ( 1997) 

Landsberg and 

Waring ( 1997) 

Landsberg and 

Waring( 1997) 

Peng et al, (2002) 

Kimball et al, 

( 1997) 

Set as 20% for 

growth 

Landsberg and 

Waring ( 1997) 

Kimball et al. 

( 1997) 

Gower et a l 

( 1997) b 

Steele et a l. 

( 1997)c 

Parton et al. , 
1993 

Patton 

1993 

et al. , 

A 1, A2, A3 Sail water depth of layer 10, 20, 145 4, 6, 28 data 

1 ,2, and 3 (cm) 

S 1 F, S2F, and Field capacity of layer 1, 2, 0.45 , 0.24, 0 .19 0.2 1, 0.06, 0.05 data 
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S3F 

S 1 W, S2W, Wilting point of layer 1, 2, 0.15 , 0.1 0, 0. 13 0.07, 0 .04, 0.03 data 

and S3W and 3 (m3 m·3) 

Growth ami yield 

MiuNorm Norma l mortality (yearly) 

MiuCrowd Competition 

(y earl y) 

mortality 

Species parameter 

CSP Wood carbon density (Mg 
m-3) 

CD Crown to stem diameter 

ratio 

AlphaC Canopy quantum efficiency 

MaxHeight Max height (m) 

0.015 

0.02 

0.19 

25 

0.07 

25 

0.012 

0.02 

0.22 

20 

0.05 

20 

AgeMax Max stand age (year) 200 150 

a Calibrated depend on flux data . 

b Estimated based on results (0.08-0.36 year" 1
) of Gower et al ( 1997). 

c Estimated based on results (1.4-3.3 year" 1
) ofSteele et al. (1997). 

Assumption 

Assumption 

Newcomer et al. 

(2000) 

Bosse! ( 1996) 

Landsberg and 

Waring ( 1997) 

Assumption 

Assumption 

Table 4.S4 Stand characteristics measured (M) by Gower et al. ( 1997) and Howard et al. (2004) and 

simulated (S) at the Southern Old Aspen (SOAS) site and the Southern Old Jack Pine (SOJP) site for 

different ages in Saskatchewan, Canada. 

Age (year) Site Stand density Mean DBH Mean 1-leight LAI 

(stems ha- 1
) (cm) (m) 

67 (1986a) SOAS M 980 20.5 20. 16 5.6 (0.5) 

s 1040 20.6 21.2 6.3 

65 ( 1995.) SOJP M 1190 12.9 12.7° 2.4 (0.2) 

s 1206 11.7 11.3 1.3 

71 ( 1999) SOJP M 1196 ( 146) 13 . lc 12-15d 1:3 (0.3) 

s 1149 12.2 11.5 1.3 

72 (2000) SOJP M 1160 (138) 13 .1 c 12- 15d 1.3 (0.3) 

s 1136 12.2 11.6 1.2 

Values in parentheses are standard deviation . DBH represents diameter at breast height. 

a Estimated year based on stand age and regeneration year from Gower et al. ( 1997). 

b Estimated mean tree height from 081-1-height relationship applied to stand inventory data by Gower 

et al. ( 1997). 

c Measured mean DBH for the 1999 and 2000 growing seasons by Howard et al. (2004) . 

d Estimated tree height range by Howard et al. (2004). 
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5.1 Résumé 

Le maintien de la structure et la fonctionnalité des écosystèmes forestiers est l'objectif 
principal de la gestion forestière. Dans cette étude, les relations entre la diversité 
structurelle et les stocks de carbone (C) hors-sol ont été examinés dans les forêts 
dominées par l'épinette au Nouveau-Brunswick, Canada. Les indices de diversité 
d'espèces d'arbres, la taille, et la hauteur ainsi qu'une combinaison de ces indices de 
diversité ont été utilisés pour corréler les stocks de C hors sol. Des régressions 
linéaires multiples ont ensuite été utilisées pour quantifier les relations entre ces 
indices et le C aérien. L'analyse de corrélation partielle a également été adoptée pour 
éliminer les effets des autres variables explicatives. Les résultats montrent que la 
diversité structurelle du peuplement a un effet positif significatif sur les stocks de C 
hors sol , même si la relation est faible dans l'ensemble. Les relations positives 
observées entre les indices de diversité et les stocks de C aériens soutiennent 
l'hypothèse que l'augmentation de la diversité structurelle améliore la capacité de 
stockage du C hors-sol. Cela se produit parce que les structures forestières complexes 
permettent une plus grande infiltration de lumière et promouvaient une utilisation 
plus efficace des ressources par les arbres, conduisant ainsi à une augmentation de la 
biomasse et de la production de C. Des mélanges d' arbres tolérants à l' hombre 
couplés à une gestion non équienne des peuplements vont aider à maintenir une 
grande diversité structurelle. Ces outils sont recommandés pour préserver les stocks 
de C dans les forêts dominées par l'épinette . 

Mots-clés: gestion des forêts , hypothèse de la complémentarité de niches, indice del 
Shannon-Wiener, Structure des peuplements forestiers 
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5.2 Abstract 

Maintaining both the structure and functionality of forest ecosystems is a primary 
goal of forest management. In this study, relationships between structural diversity 
and aboveground stand carbon (C) stocks were examined in spruce-dominated forests 
in New Brunswick, Canada. Tree species, size, and height diversity indices as weil as 
a combination of these diversity indices were used to correlate aboveground C stocks. 
Multiple linear regressions were subsequently employed to quantify the relationships 
between these indices and aboveground C stocks, and partial correlation analysis was 
also adopted to remove the effects of other explanatory variables . Results show that 
stand structura l diversity has a significant positive effect on aboveground C stocks 
even though the relationship is weak overall . Positive relationships observed between 
the diversity indices and aboveground C stocks support the hypothesis that increased 
structural diversity en han ces aboveground C storage capacity . This occurs because 
complex forest structures allow for greater light infiltration and promote a more 
efficient resource use by trees , lead ing to an increase in biomass and C production. 
Mixed tolerant species composition and uneven-aged stand management in 
conjunction with selection or partial cutting to maintain high structural diversity is 
therefore recommended to preserve biodiversity and C stocks in spruce-dominated 
forests. 

Keywords: forest management, niche complementarity hypothesis, Shannon-Wiener 
index, stand structure 
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5.3 Introduction 

The rote of biodiversity tn ecosystem functioning has become a central issue in 

ecology (Diaz et al. , 2009, Loreau et al., 2001). Specifically, in the context of 

biodiversity conservation and the mitigation of global warming, the relationship 

between biodiversity and carbon (C) sequestration has become more and more a focal 

point. Stand structural diversity can be an indicator of overall biodiversity 

(Staudhammer and LeMay, 2001) and is commonly used when characterising spatial 

distribution , species diversity, and variation in tree dimensions such as tree size and 

height or a combination of these factors (McEihinny et al. , 2005 , Pommerening, 

2002b, Staudhammer and Le May, 200 l ). 1 t can a Iso be logically 1 inked to forest 

management practices and objectives (Lei et al., 2009). The idea that biodiversity can 

be maintained by managing the structural diversity of stands is a common argument 

among researchers (Buongiorno et al. , 1994, Buongiorno et al., 1995, Lindenmayer 

and Franklin, 1997, FranklinSpiesVan Pelt et al. , 2002, Kant, 2002, Varga et al. , 

2005, Sullivan et al. , 200 1 ). In developing appropriate forest management strategies 

to preserve biodiversity and mitigate the effects of climate change, a more 

comprehensive understanding is needed concerning the effect of stand structural 

diversity on C sequestration capacity within forest ecosystems (Bosworth et al. , 2008). 

Numerous studies have investigated the relationship between species diversity and 

productivity in forest ecosystems (Bunker et al. , 2005, Creed et al. , 2009, Caspersen 

and Pacala, 2001 ). The literature suggests that the relationship between productivity 

and species diversity is often positive (Gillman and Wright, 2006, Balvanera et al. , 

2006, Whittaker and Heegaard, 2003). The effect of plant diversity on C storage has 

also been explored. For example, Chen (2006) reported a positive relationship 

between tree species diversity and sai l organic C content in the top 30 cm sa il layer in 

an old growth forest in Northeast China. Fornara and Tilman (2008) suggested that 

there was a positive impact of plant diversity on soil C accumulation in agriculturally 

degraded soils at Cedar Creek, Minnesota, USA . Saha et al. (2009) observed that sail 
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C stocks increased with an increase in plant species diversity in tropical homegarden 

systems. One of hypothesis contributing to explain this relationship is the niche 

complementarity hypothesis which proposes that species-rich communities are able to 

more efficiently access and utilize limiting resources (Tilman, 1999). However, 

Szwagrzyk and Gazda (2007) found that a negative relationship exists between 

aboveground biomass and tree species diversity in natural forests of Central Europe. 

In addition, Jonsson and Wardle (2009) also reported in their structural equation 

modeling study that plant diversity has a weak effect on belowground C storage for C 

storage drivers in boreal forest ecosystems. 

Although studies on spec ies diversity effects on productivity and C stocks are 

numero us, information concerning forest structural diversity , especially spatial 

structure, is as yet poorly understood in a comprehensive ecosystem perspective. For 

example, Lei et al. (2009) reported a positive relationship between structural diversity 

and forest growth in spruce-dominated forests. ln contrast, Edgar and Burk (200 1) 

indicated that productivity was negatively correlated to stand composition and canopy 

vertical structure in aspen (Populus tremuloides Michx.) forest stands. Moreover, 

Liang et al. (2005 , 2007) found negative and unimodal relationships between 

productivity and tree size diversity for Douglas-tir (Pseudotsuga menziesii (Mirb.) 

Franco)-western hemlock (Tsuga heterophylla (Raf.) Sarg.) and mixed coniferous 

stands, respectively. In addition , Long and Shaw (20 1 0) recently observed that stand 

growth is not strongly influenced by either compositional or structura l diversity in 

ponderosa pine (Pinus ponderosa C. Lawson) stands in the western region of the 

United States. However, little information exists concerning relationships between 

structural diversity and C storage at the stand scale . Do high levels of stand structural 

diversity, therefore, increase C storage, decrease it, or leave it unaffected? 

Lei et al. (2009) have previously investigated the re lationsh ip between structura l 

diversity and forest growth. Little, however, is known of the re lationship between 



112 

structural diversity and aboveground C stocks in spruce-dominated forest stands in 

New Brunswick, Canada. Spruce-dominated forests are an important boreal forest 

ecosystem constituent that possesses simple tree composition but complex forest age 

and tree size structure. Forest managers tend to be more interested in developing 

si lvicultural solutions to enhance forest growth and C stocks for multiple-use 

management. According to the niche complementarity hypothesis, a greater overall C 

pool is assumed in black spruce-dominated forests featuring complex forest structure . 

Therefore, the objectives of this study were to 1) test the hypothesis that states that 

increased structural diversity enhances aboveground C stocks and 2) discuss potential 

managerial implementations to increase stand structural diversity in spruce

dominated forests in order to enhance C stocks. 

5.4 Data and methods 

5.4.1 Data 

Data were compiled from the New Brunswick Permanent Sample Plot Database 

(PSPDB) (Porter et al., 2001 ). Spruce-balsam fir (SPBF) plots were selected where 

the proportion (in volume) of spruce trees was greater than 0.6 and, as a result, 

designated as spruce-dominated forest stands. In total , we selected 4 11 plots where 

trees were measured once. PSPDB sampling is conducted in 400 m2 circular plots. 

Since height data was on ly availab le for trees greater than 9 cm dbh (diameter at 

breast height, in centimeters) trees with a dbh less than 9 cm were excluded from our 

analysis. Stand age reported for the studied PSPs ranged from 32 to 200 years (Porter 

et al. , 200 1 ). Stands were th en assigned to forest stand developmental stages defined 

as young (less than 45 years), immature (46 to 70 years), mature (7 1 to 110 years), 

and overmature (grea ter th an 111 years) (Porter et al. , 2001 ). One to seven tree 

species were found within each plot, and a total of 21 tree spec ies were cataloged 

after plots were combined. The most frequent tree species observed were black spruce 

(Picea mariana (Mill) BSP), white spruce (Picea glauca (Moench) Voss) , red spruce 
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(Picea rubens Sarg.), and balsam fir (A bies balsamea (L.) Mill) (Table 5. 1.). For each 

plot the following stand variables were calculated (Table 5.2): stand density ( N , 

stems/ha) , stand basa l area (BA , m2/ha), the quadratic mean dbh ( Dq , cm), and site 

productivity ( Sp , m3/ha/year), measured as the mean annual increment by stand 

volume. 

Table 5.1 Summary ofs pecies composition (percentage of volume). 

Tree species Mean Std Min Max 

Black spruce 0.45 0.44 0 

White spruce 0 .08 0.23 0 

Red spruce 0.32 0.37 0 

Spruce subtotal 0.85 0. 12 0.6 1 

Balsam fir 0 .05 0.08 0 0.38 

Others • 0.10 0. 11 0 0.40 

a Tree species besicles spruce and balsam fir: white pi ne (Pin us strobus L.), jack pi ne (Pi nus banksiana 

Lamb.), red pine (Pinus resinosa Ait.), eastern white cedar (Thuja occidentalis L.) , eastern hemlock 

(Tsuga canadensis (L.) Cariere) , tamarack (Larix laricina (Du Roi) K. Koch), red maple (Acer rubrum 

L.) , sugar maple (Acer saccharum Marsh .), yellow birch (Betula alleghaniensis Britt.), _gray birch 

(Betula populifolia Marsh.), beech (Fagus grandifolia Ehrh .) , white ash (Fraxinus Americana L.) , 

white birch (Betula papyrifera Marsh .), trembling aspen (Populus tremuloides Michx.), largetooth 

aspen (Populus grandidentata Michx.), black ash (Fraxinus nigra Marsh.) and balsam poplar (Populus 
balsamifera L.) . 

5.4.2 Aboveground C stock estimation 

For each component (wood , bark, branches, and foliage) of tree biomass the 

following allometric equation was used: 

( 1) 

where y is the dry biomass component of living trees; D is the dbh ; and f3.. and {32 are 

the mode! parameters to be estimated. This type of mode! estimates the biomass of 

the w hole tree based on dbh measurements. Mode! parameters for different species 

were provided by Lambert et al. (2005). The aboveground biomass of the who le tree 

was calculated by summing up the aforementioned four tree components. The total 

biomass of a plot was computed by tallying all trees together. Aboveground C stock 
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was then estimated by way of the product of a li tree dry biomass calculated from the 

biomass eq uat ions and a constant factor of 0.5 as suggested by the global C cyc le 

commun ity. 

Table 5.2 Stand characteristics during ali four developmental stages. Dq is quadratic mean dbh ; N is 

stand density; BA is stand basal area per hectare; V is standing vo lume per hectare; Sp is s ite 

productivity ; ACS is aboveground C stock; Hs, Hd, Hh, Hsd, Hsp, Hsdh, GCd, and GCh are the 

structural di versity indices shown in Tab le 5.3. The value in parenthesis is the standard deviation . 

Characteristi c Young Immature Mature Overmature Tota l 

Number of stands 24 116 2 13 58 4 11 

Age (yr) 40 (4) 61 (6) 87 (8) 136(18) 84 (27) 
Height (m) 11.3 (2.1) 12.4 (2.5) 12.9 (2.6) 13 .1 (3.0) 12.6 (2.6) 
BA (m2/ha) 26.2 (7.4) 27.5 (8 .6) 28.4 (8 .8) 31.2( 10.2) 28.4 (8.9) 

V (m3
) 134.7 (45.4) 160.1 (57.3) 173.2 (6 1.0) 198.4 (76.9) 170.8 (63.3) 

Dq (cm) 14.2(2. 1) 17. 1 (3.3) 18.4 (3. 1) 19.8 (4 .6) 18.0 (3.6) 

Sp (m3/ha/yr) 3.4 ( 1 .2) 2. 7 ( 1.0) 2.0 (0 .7) 1 .5 (0 .5) 2.2 ( 1.0) 
N (stems/ha) 1682 (534) 1270 ( 487) 1118 ( 4 15) 1041 (337) 1183 (457) 

ACS (Mg/ha) 47.4 ( 13.9) 54.2(18 .1) 58.0 ( 19.4) 66.5 (24.7) 57.5 (20. 1) 

Hs 0.508 (0.423) 0.554 (0.426) 0.517 0.496 0.524 
(0.368) (0.344) (0.384) 

Hd 1.267 (0 .306) 1.480 (0 .278) 1.586 1.717 1.556 
(0.282) (0.344) (0.309) 

Hh 1.292 (0.288) 1.349 (0 .207) 1.4 17 1.496 1.402 

(0.2 11 ) (2.245) (0.226) 
Hsd 2.205 (0.49 1) 2.323 (0.404) 2.356 2.4 17 2.347 

(0.374) (0.395) (0.394) 
Hsp 1.086 (0.404) 1 ' 165 (0.455) 1.151 1.275 1. 169 

(0.408) (0.436) (0.426) 

Hsdh 1.987 (0.542) 2. 161 (0.4 10) 2. 192 2.267 2. 182 

(0.3 73) (0.373) (0.398) 

GCd 0.266 (0.058) 0.306 (0.065) 0.335 0.380 0.329 
(0.077) (0.094) (0.080) 

GCh 0.090 (0.023) 0.093 (0.0 18) 0. 100 0.1 15 0.099 
(0 .021) (0.029) (0.023) 

5.4.3 Stand structural diversity indices 

The method to determine stand structural diversity indices has been described in 

detail in an earlier study (Lei et al., 2009). These authors addressed six Shannon

Wiener indices re lated to tree species (Hs), tree size (Hd), tree height (Hh) and their 

combined interactions. These include the integrated diversity of spec ies and size 
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(Hsd) , the integrated diversity of species and height or the species profile index (Hsp), 

and the average structural diversity index (Hsdh) of ali three diversity indices of 

species, dbh, and height, as weil as two Gini coefficient indices calculated by means 

of both tree diameter (Gcd) and height (Gch) values (Table 5.3). The Shannon

Wiener index was calculated using the proportion of tree species basal area, diameter 

class, and height class (Table 5.3). The use of the Shannon-Wiener index approach 

(based on species richness and evenness) meant that dbh and height had to be 

grouped into discrete classes.· We used 4cm dbh classes and 2 m hight classes. 

According to Lei et al. (2009), tree size diversity described using 4 cm dbh classes 

and tree height diversity using 2 m classes exhibited high correlation coefficients with 

comparable indices based on other class widths for spruce-dominated forests. The 

Gini coefficient does not require arbitrarily determined diameter classes and performs 

better th an other stand structural diversity measurements appl ied to forest 

management planning and practices (Lexemd and Eid, 2006). !t has a minimum value 

of zero (0) when ali trees are of equal size and a theoretical maximum of one ( 1) 

when ali trees but one have a value of zero. Higher values, therefore, indicate greater 

structural diversity. 

5.4.4 Statistical analysis 

The normality of distribution of the structural diversity indices and the aboveground 

C stock for the entire dataset and subgroup datasets were tested throughout ali 

developmental stages 11sing the Shapiro-Wilk test. When and if distributions were 

approximately normally distributed, Pearson ' s coefficient (r) correlations were 

calculated between the eight structural diversity indices and the aboveground C stock. 

When and if distribucions were not normal, the Spearman 's rank coefficients ( p) 

correlations were computed instead. 
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Table 5.3 Stand structural diversity indices used in this study (modified from Lei et al. (2009)) 

No Index 

1 Tree species 
diversity 
index 

2 

3 

4 

5 

6 

7 

8 

Tree size 
diversity 
index 

Tree height 
diversity 
index 

lntegrated 
d iversity 
index of tree 
species and 
size 

Species 
profile index 

Mean 
structura l 
diversity 
index 

Gini 
coefficient for 
dbh 

Gini 
coefficient for 
height 

Formula 

Hs =-:t p
1 
· log p

1
, where p; is the proportion of basa l 

a rea for i th species and s is the number of species. 
d 

Hd = - L p
1 

• log p
1

, where p; is the proportion of basal 

Description 
Shannon-Wiener index 
for species (Magurran 
2004) 

Shannon-Wiener index 
for tree s ize 

1= 1 

area for i th diameter class and d is the number of (Buongiorno 1994) 
d iameter class. 

h 

Hh =-L p
1 
·log p

1
, where p; is the proportion of basal 

a rea for i th height class and h is the number of height 
class. 

Hsd = - f f p
11 

·log Pu , where p;J is the proportion 
1= 1 t= l 

of basal a rea in j th diameter class of the i th species, s 
is the number of tree species, and d is the number of 
diameter class. 

.1' 3 

Hsp = - L L /)
11 

· log P11 
where Pii IS the 

t= l j= l 

proportion of basa l area of j th height class of the i th 
species, s is the number of tree species, height class 1: 
100- 80% of maximal tree height (hmax) , height class 
2: 80% to 50 % of hmax, and height class 3: 50% to 
0% ofhmax 

Hsdh = (H, +H" + H , ) / 3 

Ï(2j -n-l)ba
1 

· . 

GCd = 1= l , where bai 1s the basal area 

Ïba/ n-1) 
1= 1 

of the tree with rank j, j is the rank of a tree in 
ascending arder from 1 to n by dbh, n is the number of 
trees. 

Il 

L(2j-n-l)ba
1 GCh = 1= l , where bal is the basal area 

Il 

:Lba/ n-1) 
i= l 

of the tree with rank j , j is the rank of a tree in 
ascending arder from 1 to n by height, n is the number 
oftrees. 

Shannon-Wiener index 
for tree height class 
(Staudhammer and 
Lemay 2001) 

lntegrated Shannon-
Wiener index for 
species and tree size 
(Buongiorno 1994) 

lntegrated Shannon
Wiener index for the 
proportion of species 
in different stand layer 
(Pretzsch 1997) 

Mean value of tree 
species, size, and 
height indices 
(Staudhammer and 
Lemay 2001) 
Measurements of the 
deviation from perfect 
equalïty (Lexemd and 
Eid 2006) 

Measurements of the 
d viation from perfect 
equality (Lexered and 
Eid 2006) 
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Since stand density, age, and site quality are known to influence stand growth (Larson 

el al. , 2008, Fridley, 2002, Firn el al. , 2007, Liang el al. , 2007, Pretzsch , 2005) and 

may also affect relationships between structural diversity and aboveground C stocks, 

stand age, site productivity, and stand density were chosen as potential additional 

independent variables in arder to quantify the effects of site factors and initial stand 

conditions to these relationships. Multiple linear regressions (SPSS, Inc. , Chicago, IL, 

United States of America) were used to fit the data and to identify the effects of 

independent variables selected by way of the stepwise procedure in relation to 

aboveground C stocks. Multicollinearity diagnosis was carried out using the variance 

inflation factor (VIF) since multicollinearity may cause inaccurate mode! 

parameterization, decreased statistical power, and exclude significant predictor 

variables (Graham, 2003). Variables with VIF larger than five were excluded from 

the mode!. 

Eight aboveground C stock models were tested in total (Eq. 2) since they were 

developed for aboveground C stocks and the eight explanatory diversity variables 

separately: 

(2) 

where ACS is the aboveground C stock; diversity is the stand structural diversity 

index (Hs, Hd, Hh , Hsd, Hsp, Hsdh , GCd, and GCh); N is stand density ; Age is stand 

age; and Sp is site productivity. Mode! fitting and performance were assessed using 

the adjusted coefficient of determination (R2
) and significance (F value and p-value) 

measurements . Partial correlation coefficients for each predictable variable for ali 

models were described. These measure the degree of association between stand 

structural diversity indices and aboveground C stocks with the effect of removing a 

set of control ling random variables (e.g ., stand density, age, and site productivity for 

stand structura l diversity) . Variables w ith high partial correlation coeffi cients indicate 

a strong re lationship to aboveground C stocks. 
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5.5 Results 

5.5.1 Stand characteristics 

Tree height and dbh ranged from 6.7 rn to 24.9 rn and from 9.1 cm to 56 .9 cm, 

respectively . The most obvious general stand levet trend was that dbh, height, vo lume, 

basal area, and the structural diversity indices (Hd, Hh , Hsd, Hsp, Hsdh, GCd, GCh) 

increased as the age of the stands increased. The only exceptions for this trend were 

seen in stand density, productivity , and species diversity (Hs) (Table 5.2). Diameter 

distribution exhibited the typical inverse J curve that exhibited in many old natural 

forest stands (Figure 5.1 ). The pattern of expansive larger range of tree dbh in 

conjunction with stages of stand development was accompanied by decreasing 

density and productivity (Table 5.2) . Although younger stands possessed small er 

stand volume overall , it is assumed they undergo higher growth rates and possess 

greater stem density. Older stands, on the other band , possessed higher structural 

complexity both horizontally and vertically (Table 5.2, Figures 5. 1 and 5.2) . Tree 

species diversity did not follow this pattern . It increased during the young to 

immature stages and then decreased in the following stages of stand development. 

5.5.2 Aboveground C stocks 

Aboveground C stocks in spruce-dominated forests ranged from 13.58 to Il 0.12 Mg 

ha-1 (with an average of57.49 Mg ha- 1
). In addition , aboveground C stocks exhibited 

a general increasing trend throughout ali stand developmental stages (Figure 5 .3) . 

Older forests therefore possess both greater quanti ti es of C and a more complex stand 

structure than younger forests. 
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Figure 5.1 Diameter distributi on for Spruce-balsam tir plots throughout ali four developmental stages. 
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Figure 5.3 Mean aboveground C stocks for Spruce-balsam fir plots during ali four developmental 

stages. Error·bars represent standard deviations . 

5.5.3 Relationships between aboveground C stocks and structural diversity 

Significant positive relationships were found in the dataset between the eight 

structural diversity indices and aboveground C stocks (Table 5.4, Figure 5.4). Results 

showed that correlation coefficients changed from 0.3 14 (Hs) to 0.600 (Hd) 

throughout ali eight diversity indices, ali of them being significant at the 0.01 leve!. 

Positive relationships between three of the eight correlation coefficients (Hs, Hsd, and 

Hsdh) generally increased throughout the stand developmental stages (Table 5.4). 

With the exception of Hs, Hsd, Hsp, and Hsdh that occurred during the earl y stages, 

ali relationships between the structural diversity indices and aboveground C stocks 

were significant. However, tree height diversity (Hh and GCh) was related to 

aboveground C stocks to a lesser extent during the immature stage than it was during 

the other three stages. 
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Table 5.4 Re lationshi p between structural di versity indices and aboveground C stocks : Pearson' s 

correlation coeffi cient (r), Spearman' s rank correlation coeffic ient ( p ); Hs, Hd, Hh, Hsd, Hsp, Hsdh , 

GCd, and GCh are the structural diversity indices shawn in Table 5.3 . 

Vari ables 

Hs 

Hd 

Hh 

Hsd 

Hsp 

Hsdh 

GCd 

GCh 

Tota l data set 

(n=4 11 ) 

p =0.3 14*' 

p =0.600 .. 

p =0.380" 

p =0.552** 

p =0.42 1" 

p =0.484' * 

p =OA lo'' 

p =0.3 !9" 

Young 

(n=24) 

p =0.189 

r =0.56 ! '' 

r =0.508 ' 

r =0.307 

p =0.265 

r =0.229 

r =0.52 l" 

r =0.445' 

Immature 

(n= l1 6) 

p =0.20 1' 

r =0.487'* 

r =0.2 18' 

r =0.447' ' 

p =0.24 l" 

r =0.350*' 

r =0.280'' 

r =0.177 

Mature 

(n=2 13) 

p =0.397" 

p =0.553" 

r =0.379" 

p =0.589" 

p =0.447" 

p =0.523" 

r =0.366" 

r =0.247'' 

Overmature 

(n=58) 

p =0.425 

p =0.724" 

p =0.539 .. 

p =0.632'' 

p =0.6 !7' ' 

p =0.585'' 

p =0.598** 

p =0.574" 

P value signifi cant at a =0.05; ' P value significant at a = 0.0 1. 
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Figure 5.4 Relationships between aboveground C stocks and structural diversity indices (n=4 \l ). Hs, 

Hd, Hh, Hsd, Hsp, Hsdh, GCd, and GCh are the structural diversity indices shawn in Tabl e 5.3. 
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Multicollinearity analysis ascertained the correlations from the explanatory variables 

used in the multiple regression model s such as stand age, productivity, stand density, 

and the structural diversity indices themselves . These models showed non-significant 

multicollinearity because the VIF of the stand structural diversity indices, stand 

density, productivity, and stand age were less than five (Table 5.5). Multiple linear 

regression analysis integrating stand age, stand density, site productivity, and 

structural diversity explained more than 80% ofthe variation in aboveground C stock. 

Ali predictable variable parameters for the models were significant with the exception 

of stand density to height diversity (Hh) (Table 5.5). Among the predictable variables, 

stand age and productivity always exhibited high values in relation to the partial 

correlation coefficients (Table 5.5), whereas stand density and the structural diversity 

indices exhibited low values in relation to the partial correlation coefficients. Results 

show that stand age and productivity played the most important roles in terms of 

aboveground C stock. Stand structural diversity indices differed for correlations 

involving aboveground C stocks. For example, Hd produced the maximum partial 

correlation coefficient (r=0.396, P value<O.OO 1) and Hh produced the minimum 

partial correlation coefficient (r=O.I31 , P value<O.O 1) (Table 5.5). A Il parameters as 

weil as the partial correlation coefficients used for the structural diversity indices of 

ali models were posit,ive and, as a result, aboveground C stocks increased with an 

increase in the stand structural diversity indices (Table 5.5). 



12
4 

T
ab

le
 5

.5
 S

u
m

m
ar

y 
o

f 
m

ul
ti

pl
e 

lin
ea

r 
re

g
re

ss
io

n 
m

od
el

s 
fo

r 
ab

ov
eg

ro
un

d 
C

 s
to

ck
s.

 R
eg

re
ss

io
ns

 d
.f

. 
=

 4
, 

40
6

; 
b 0

 
to

 
b 4

 r
ef

er
s 

to
 

in
te

rc
ep

ti
on

, 

di
ve

rs
it

y,
 

st
an

d 
de

ns
ity

, 
st

an
d 

ag
e,

 a
nd

 
si

te
 

pr
od

u
ct

iv
ity

, 
re

sp
ec

ti
ve

ly
; 

r 1
 
to

 
r 4

 
ar

e 
th

e 
pa

rt
ia

l 
co

rr
el

at
io

n 
co

ef
fi

ci
en

ts
 

o
f 

th
e 

co
rr

es
po

n
di

n
g 

ex
p

la
na

to
ry

 v
a r

ia
bl

es
; V

IF
 1 

to
 V

IF
 4 

ar
e 

th
e 

va
ri

an
ce

 i
nf

la
ti

o
n 

fa
ct

o
rs

 c
o

rr
es

po
nd

in
g 

to
 t

h
e 

fo
ur

 e
xp

la
na

to
ry

 v
ar

ia
b

le
s;

 H
s,

 H
d,

 H
h

, 
H

sd
, 

H
sp

, 
H

sd
h,

 
G

C
d,

 a
nd

 G
C

h 
ar

e 
th

e 
st

ru
ct

ur
al

 d
iv

er
si

ty
 i

nd
ic

es
 s

ho
w

n 
in

 T
ab

le
 5

.3
. 

St
ru

ct
ur

al
 

Pa
ra

m
et

er
 e

st
im

at
es

 a
nd

 p
ar

ti
al

 c
or

re
la

tio
n 

co
ef

fic
ie

nt
s 

di
ve

rs
ity

 
bo

 
bi

 
ri 

in
di

ce
s 

l-I
s 

-3
8.

4 
4.

83
5 

0.
19

6 

1-
ld 

-5
2.

2 
17

.3
11

 
0.

39
6

"
' 

1-
lh 

-3
9.

0 
4.

5
12

 
0.

10
9

" 

1-l
sd

 
-4

9.
5 

7.
89

2 
0.

28
0
'"

 

H
sp

 
-4

0.
8 

5 .
7

67
 

0.
24

3
''
' 

H
sd

h 
-4

4
.8

 
5.

3
80

 
0.

20
7

"'
 

G
C

d 
-4

5.
9 

44
.1

02
 

0.
3

15
'"

 

G
C

h 
-4

0.
8 

68
.5

16
 

0.
15

3
" 

'
P 

va
lu

e 
si

g
ni

fi
ca

nt
 a

t 
a=

0
.0

5;
 

" 
P 

va
lu

e 
si

g
ni

fi
ca

nt
 a

t a
=

O
.O

 1;
 

••
• 

P 
va

lu
e 

si
gn

if
ic

a
nt

 a
t 

a
=

O
.O

O 
1;

 

aN
S

, 
no

t 
si

g
ni

fï
ca

nt
. 

V
IF

1 
bz

 
rz

 

1.
27

6 
0.

00
3 

0.
12

5 

2.
58

7 
0.

00
7 

0.
29

8
''
' 

1.
22

7 
N

S 
N

S 

1.
74

8 
0.

00
4 

0.
1 7

7'
"
 

1.
45

2 
0.

00
3 

0.
1 5

8"
' 

1.
52

1 
0.

00
3 

0.
13

3'
' 

1.
78

4 
0.

00
5 

0 .
2

15
'"

 

1.
50

6 
0.

00
2 

0.
11

1
' 

V
IF

2 
b)

 
rJ

 
V

IF
3 

b4
 

r4
 

V
IF

4 
A

dj
us

te
d 

F 
va

lu
e 

R
2 

1.
37

8 
19

.9
53

 
0.

87
6 

• 
1.

70
4 

0.
55

3 
0.

84
3 

1 .
37

5 
0.

83
0 

50
3.

1 

1. 
9

11
 

16
.6

68
 

0.
77

7'
''
 

2.
92

8 
0.

44
8 

0.
73

3*
"•

 
2.

18
3 

0.
85

1 
58

7
.8

"
' 

N
S 

20
.5

15
 

0.
81

2
'"

 
1.

55
2 

0.
53

8 
0.

88
8
"
' 

1.
60

8 
0.

82
6 

64
8

.6
'"

 

1.
46

9 
18

.4
67

 
0.

82
3
'"

 
2.

38
9 

0.
5

17
 

0.
8

12
'"

 
1.

58
9 

0.
83

8 
52

9
.5
"
' 

1.
46

4 
19

.3
99

 
0.

86
1"

' 
1.

90
0 

0.
53

5 
0.

83
0"

' 
1.

46
2 

0.
83

4 
51

6
.4
"
' 

1.
40

2 
19

.3
99

 
0.

84
9"

' 
2.

06
9 

0.
53

1 
0.

8
19

"
' 

1.
53

9 
0.

83
1 

50
5

.9
"
' 

1.
61

4 
18

.9
30

 
0.

85
8
'"

 
1.

92
8 

0.
49

5 
0.

78
6
'"

 
1.

78
3 

0.
84

1 
54

4
.1

"
' 

1.
41

1 
20

.0
90

 
0.

8
7

3
'"

 
1.

74
3 

0.
53

0 
0.

80
2
"
' 

1.
69

6 
0.

82
8 

49
3
7

'"
 



125 

5.6 Discussion 

5.6.1 Aboveground C stocks throughout forest developmental stage gradients 

Tt was ascertained that C stocks showed a general increasing trend throughout a li 

forest stand developmental stages (Figure 5.3). Many other studies have found a 

similar increasing trend for botl1 aboveground and belowground C stocks that 

addresses age dependence of forest biomass or C stocks (Peichl and Arain, 2006 , 

Taylor et al., 2007). As a result, fo rest developmental stages play a determining role 

in the distribution of C pools for different forest ecosystems (Pregitzer and 

Euskirchen , 2004 ). 

A greater C stock accumulation was found in older stands with high structura l 

diversity compared to young spruce-dominated forest stands because older stands are 

more li kely to incorporate a greater var iation in tree size distribution due to the fact 

that older stands possess a greater number of large trees overall (Fingers 5.1 and 5.2). 

Moreover, because the coefficients of the original bivariate correlation for each 

diversity index (Table 5.4) were greater than that of the partial correlation (Table 5.5), 

it has been identified th at the effects of control led variables (stand density , stand age, 

and productivity) influence both structural diversity and C stocks and structural 

diversity itself also partially influences C stocks. 

5.6.2 Effects of species diversity on aboveground C stocks 

Results indicate that significant and positive relationships exist between tree species 

diversity and aboveground C stocks in spruce-dominated forest stands (Table 5.5 and 

Figure 5.4). Severa! authors have reported positive relationships between spec ies 

diversity and biomass in forest ecosystems (VilàVayredaComaslbafiez et al., 2007). 

Ishii et al. (2004) also suggested that structural complexity may in itself increase 

forest growth by promoting complementary resource utilization among plant species. 

These findings are consistent with the positive, monotonie relationships between 
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productivity and plant species richness (Balvanera et al. , 2006, Gillman and Wright, 

2006, Whittaker and Heegaard , 2003) . Other studies have produced contrasting 

results. For example, Firn et al. (2007) reported a significant negative relationship 

between tree species diversity in the overstory and total basal area of tropical 

plantations. Negative relationships between tree species diversity and biomass were 

also reported in temperate forest ecosystems of Central Europe (Jacob et al., 2010, 

Szwagrzyk and Gazda, 2007). The appearance of contradictory results is not 

surprising, and reconfirmed the complexity of the ecosystem structure and function. 

Nevertheless, our findings robustly support the niche complementarity hypothesis 

which states that above-ground C stocks increased with increasing tree species 

diversity in spruce-dominated forest stands. 

5.6.3 Effects of tree size and height diversity on aboveground C stocks 

Tree size diversity (Hd or GCd) exhibits the strongest positive effects on 

aboveground C stocks and possess the largest partial correlation coefficient among ali 

eight structural diversity indices (Table 5.5). This may be the result of high resource 

use efficiency due to complex tree size structure, supporting niche differentiation 

between intraspecific species competition . Tree height diversity (Hh and GCh) 

showed relatively weak effe.cts on aboveground C stocks. This could be the result of 

tree height being close to the maximum value in both the mature and overmature 

stages thereby producing a lack of variation in tree height values. Spatial structure 

diversity indices indicate that greater variation in tree size and height results in a 

multilayered foliage structure and enhanced structural complexity and, hence, allows 

for more efficient light infiltration thereby supporting the hypothesis of better 

resource uti lization by trees. The consequence of this better resource use leads to a 

greater accumulation of biomass and overall C production. Find ings that support 

intraspecific complementary effects were presented by Lei et al. (2009) who 

investigated the relationship between structural diversity and forest growth in 

Canadian spruce-dominated forest stands. ln one of the few studies that investigated 
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the effects oftree size and height diversity on C stocks, Merino et al. (2007) reported 

that unmanaged beech (Fagus sylvatica) stands in central Europe obtained higher 

values for C accumulation in tree biomass compared to managed forests since 

unmanaged stands possess a more heterogeneous tree structure that induces soils and 

trees to act as long-term C sinks. 

5.6.4 Effects of combined structural diversity on aboveground C stocks 

This study found that the effects of combined structural diversity indices (Hsd, Hsp, 

and Hsdh) were unexpectedly weaker than the effects of tree size diversity (Hd) on 

aboveground C stocks (Table 5.5). The combined effects, therefore, produce negative 

side effects. This unpredicted condition may result from the offset between the effects 

of tree species diversity and tree size or tree height diversity in combination with 

stand development. Combined effects (Hsd) were found to contribute the most to net 

stand growth (Lei et aL , 2009). There is an obvious need for this to be further 

explored; however, the focus of this study was centered on structural diversity 

measures of living trees deemed as overstock. Thus, it is recommended that other 

attributes of structural diversity such as shrub species richness, coarse woody debris, 

and dead wood should be investigated in the future. 

5.6.5 Implications for forest management initiatives 

Silvicultural practices are commonly applied to control forest establishment, 

composition and structure, and growth with the purpose of producing timber and 

other forest products (Smith et al., 1997b). Results show that spruce-dominated 

forests composed of shade tolerant species (spruce and balsam fir) possess higher C 

stocks than mono-dominated spruce stands. A recent study conducted by Cavard et al. 

(20 1 0) within the Canadian boreal forest concluded that mixing effects of shade 

to lerant species could lead to significantly higher C pools compared to mono-specifie 

forest stands. A plausible explanation for th is condition may be that both species 

retain different ecological niches as a result of complementary effects. Our results 
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suggest that silviculture can be used to increase aboveground C stocks by increasing 

tree species composition and stand structure since our study confirms that stand 

structural diversity including tree composition, size, and height as weil as combined 

indices have a significant positive relationship with aboveground C stocks. This 

finding also supports the initial hypothesis of thi s study. Therefore, a logical 

silvicultural decision would be to select tolerant species that occur naturally in a 

region. 

ln the intervening time, uneven-aged management practices that apply selective or 

partial cutting may increase structural diversity and enhance C sequestration . This 

agrees with the results reported by (Lei et al. , 2009) in their study on stand growth. 

For instance, green tree retention has been encouraged as an alternative management 

strategy to create structurally complex forest stands (Zenner, 2000, Sullivan et al., 

2001 ). In their process-based madel study, Garcia-Gonzalo et al. (2007) concluded 

that the initial forest structure (in terms of species and age class distribution), if not 

taken into account, may affect C stocks and timber production. Future forest 

management practices could be determined by the research presented above. 

5. 7 Conclusions 

This study confirms that stand structural diversity in terms of tree species, size, and 

height as weil as the application of the combined indices exhibited a significant 

positive relationship with aboveground C stocks, supporting the initial hypothesis of 

this study. As key constituents of structural diversity, the selected tree species, size, 

and height components can be logically linked to management practices and 

objectives. For the purpose of maintaining biodiversity and C stocks in spruce

dominated fo rests, it is recommended that managers apply uneven-aged silvicultural 

practices by means of selection or partial cutting and choose a mixed tolerant species 

composition to maintain both high structural diversity and C stocks. 



CHAPTER VI 

GENERAL CONCLUSIONS AND FUTURE DIRECTIONS 

6.1 Summary of findings 

A new forest management sub-model that can exp li cit ly simulate forest management 

practices (thinning and harvesting) was coup led with a stand leve! process-based 

mode! ca ll ed TRIPLEXl.O (Chapters 11 and Hl ). The newly coupled mode! , 

TRIPLEX-Management, was then validated against forest thinning data (C hapter Il) 

and multiple data sources (eddy covariance data, C stocks, growth data, Chapter TV) 

for two different study areas. T a lso explored mitigation strategies in terms of forest 

management using the newly developed mode! under changing climate conditions 

(Chapters III and TV). In addition , the relat ionship between complexity of 

composition and structure and aboveground C was investigated in eastern spruce

dominated forests (Chapter V). 

6.1.1 Ecological modeling 

6.1.1.1 The madel development and validation 

ln Chapters II- IV, the TRIPLEX-Management mode! was developed by designing 

forest thinning and harvesting (with stand establi shment) algorithms. The 

implementation of forest thinning and harvesting algorithms as reported in this study 

represents an important step towards improving the app li cab ility of this process-based 

mode! for forest resource managers and industrial planning initiatives. The mode! 

validation increases the creditability of the mode! in determining the growth response 

to forest thinning (Figures 2.2-2.4) and in simulating C dynamics (Figures 4.2-4 .5) 

for jack pine forests under forcings of boreal continental climate, although 
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uncertainties exist in madel structure and parameters (see section 6.2). Nevertheless, 

the TRIPLEX-Management mode! still provides a realistic and flexible tool for 

analyzing not only the impacts of forest management strategies on forest growth , 

timber yield, and C dynamics but also for exploring how to modify forest 

management strategies in arder to increase C sequestration both on-site and off-site 

for mitigating climate change. 

6.1 .1.2 RoZes of forest management under climate change 

Future climate may or may not benefit C sequestration. The modeling results 

presented in this study demonstrate that possible future climate (modest warming 

only) in northwestern Ontario and at the southern edge of boreal forests in North 

America may enhance C sequestration for aspen and jack pine forests (Figures 3.4-

3.7 and 4.6), if no multiple natural disturbance, such as droughts and insects, disturb 

these forests. These findings support our first hypothesis that boreal forests may have 

a negative feedback on climate warming. However, regular frequent droughts might 

be an important reason of forest decline (NEP<O) in both old aspen and old jack pi ne 

forests , without considering of other natural and anthropogenic disturbances ( e.g., 

insect outbreaks and thinning). 

Forest management such as harvesting significantly alters forest growth, as weil as C 

and nitrogen (N) dynamics. Simulation results from this study show that harvesting 

practices could increase the C capture of boreal forests but such activities cou ld also 

increase the risk of releasing C stored in forests (Figures 3.4 and 4.6). Clearcut 

logging may result in significant C !osses from the litter C and soi! organ ic C pools in 

the early stage of stand development for both aspen and jack pine forests. Climate 

warming may enhance C !osses after harvesting, but may shorten the recovery time 

by one or more years, if the regeneration is not reduced by climate change. These 

findings support our second hypothesis that forest management could help increase 

forest C sequestration. 
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Simulation results under the same rotation length indicate that increas ing forest 

thinning intensity wo uld results in decreasing C stocks in so il organic and litter C 

pools. Thinning always enhances wood production as shawn in Table 3.4 and 

increasing thinning intensity genera lly results in increasing enhancement on wood 

production with an exception when thinning at 15-year of age under A2 scenario. 

However, the positive effects of thinning on wood production under warmer climate 

conditions (A2 scenario) are less significant th an un der cool er cl imate conditions (B 1 

scenario). 

In summary, findings from thi s study suggest that shortening rotation length could 

enhance forest C uptake ability and on-site and off-site C stocks, as weil as reduce the 

potential negative effects of climate change on jack pine forests in northwestern 

Ontario in this century. At the southern edge of boreal forest in North America, 

shortening rotation length might be a reasonable choice for sequestering a greater 

amount of C in forest ecosystem and harvested wood, while reducing the potential 

climate change induced risk such as tire. 

6.1.2 Statistical analysis 

In Chapter V, statistical analysis confirmed that stand structural diversity in terms of 

tree species, size, and height as weil as the application of the combined indices 

exhibited a significant positive relationship with aboveground C stocks, although both 

structural diversity and aboveground C stocks are positively rel ated throughout forest 

stand development stages (Table 5.5). The finding supports my third hypothesis that 

maintaining complexity of species composition and structure could enhance forest C 

stocks. The niche complementarity hypothesis is strongly supported by my findings. 

Overall , maintaining both biodiversity and structural diversity is a sustainable forest 

management strategy in spruce-dominated forests in New Brunswick, Canada. 
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Mixtures of shade tolerant spectes tn conjunction with uneven-aged stand 

management will help maintaining high structural diversity and thus mixtures are 

recommended as a sustainab le forest management practice to preserve C stocks 111 

spruce-dominated forests for increasing C storage. 

6.2 Modellimitations and future work 

ln this dissertation, I have focused on examining the role of forest management on 

mitigation to future climate change by developing a process-based mode! (TRIPLEX

Management) and a statistical mode! , respectively . Most process-based modeling 

studies have been limited in antecedent assumptions and simplified ecologica l 

processes. 1 thus recognize that this study contains uncertainties due to mode! 

structure and the parameters of the TRIPLEX-Management mode!. 

6.2.1 Natural disturbances 

Natural disturbances such as fires and insects play a critica l ro le in forest ecosystem 

dynamics and great ly influence the role of Canadian forests to the g lobal C cycle 

(KurzStinson et al. , 2008) . Unfortunate ly, the existing formulation of TRIPLEX

Management has no fire or insect sub-models and is thus unable to expl icitly predict 

the impacts of fire disturbance or insect outbreaks on forest C dynamics. Fire 

disturbance regimes are recognized as an important factor in forest ecosystem 

dynamics ( e.g. , age structure, decomposition rates, and organic layer thickness) un der 

future climate warming (Harden et al. , 2000, Bond-Lamberty et al. , 2007) . Another 

important natural disturbance for Canadian forests is cyclical insect outbreaks. 

Interactions between two or more disturbances such as droughts, fires , and/or insects 

have been little investigated and are poorly understood, but may be important (Seidl 

et al. , 20 1 1 ). Therefore, incorporating natural disturbances and forest management 

into process-based model s can provide more realistic and judicious simulations, given 
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that sustainable forest management ai ms to decrease the potential ri sk of such natural 

disturbances to forests. 

6.2.2 Population dynamics 

The simplification or absence of process-based forest population dynamics (i .e. , 

regeneration , recruitment, and mortality) in the mode! could lead to biased results 

over the long term. After clearcuts, initial stand density is set as a default value in the 

mode! , assuming no strong impacts (density and natural species selection) of climate 

change on natural forest regeneration. ln addition , the lack of a shrub sub-model is 

another weakness of the model. Shrubs can dominate after clearcutting, resulting in 

both high photosynthesis and respiration at the early stage of stand establishment. The 

forest water cycle (e.g. , canopy transpiration) could be altered by the lack of a shrub 

sub-model in open stands due to forest harvesting (Lasch et al. , 2005) . The absence of 

recruitment in the mode! can also lead to difficulty in simulating uneven-aged types 

of management such as selective cutting. More importantly, the absence of 

mechanistically modeling tree mortality (e.g. , C starvation and hydraulic failure) in 

most process-based models has limited our understanding of impacts of climate 

change on forest ecosystem dynamics (Galbraith et al. , 2010, McDowell et al., 2011). 

A multi-cohort approq.ch could provide a solution, but is not a panacea. Overall , 

limitat ions of the model could li mit our interpretation of simulated effects of adaptive 

forest management strategies to climate change. 

6.2.3 Harvested wood C 

The simplified calculation of C in harvested woods 1 imited the overall evaluation of C 

budget due to the lack of wood product sub-model in the TRIPLEX-Management 

madel. The harvested woods can store huge amounts of C after harvesting for many 

years depending on wood product li fe cycle (Law and Harmon 20 Il ; Profft et al. 

2009). Long-term C storage in harvested wood products could play an important rote 

in C sequestration in wood products (Chen et al. 2008). lt strongly suggests that it is 
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necessary to incorporate a wood product C sub-model based on life-cycle analysis 

approach into the TRIPLEX-management model in the future. The model could then 

accurately quantity the net C stock in entire forest and forestry sectors and evaluate 

the overall net C budget for a given forest ecosystem. 

6.3 Concluding remarks 

This dissertation provides a novel and useful tool, TRIPLEX-Management, to 

quantify the effects of forest management practices (thinning and harvesting) and 

future climate change on forest growth , wood production, and C dynamics of 

Canadian forests. This work improves our understanding of the role of forest 

management given an uncertain future climate. Shortening rotation length and 

maintaining complexity of composition and structure are strongly recommended by 

the findings. Therefore, this Ph. O. thesis sheds light on the usefulness of sustainable 

forest management for increasing C sequestration both on-site and off-site and for 

decreasing the potential risk of climate change on Canadian forests . 
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