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RÉSUMÉ 

 

Les difficultés vécus par l'industrie canadienne des produits forestiers dans la 
dernière décennie l’ont amené vers une transformation importante. L'innovation 
dans les produits et les processus est encore nécessaire afin de maximiser la 
valeur économique des ressources forestières. Cette thèse se concentre sur le 
les systèmes d'approvisionnement en bois de l’industrie forestière qui est 
responsable de la récolte et de la livraison des matières premières de la forêt 
vers les usines. Les entreprises les plus compétitives sont celles qui peuvent 
fournir les bons produits aux bons clients au bon moment. L'agilité du système 
d'approvisionnement en bois devient ainsi une des caractéristiques nécessaires 
à la compétitivité. Les objectifs de la thèse sont d'identifier les possibilités 
d'améliorer l'agilité du système d'approvisionnement en bois, de quantifier les 
gains potentiels et de proposer un mécanisme dans le but d’anticiper son impact 
à long terme. L’agilité est la capacité des systèmes d'approvisionnement en bois 
à répondre rapidement et efficacement à des fluctuations inattendues de la 
demande. Premièrement, nous identifions les capacités requises par le système 
d'approvisionnement en bois qui permettent l'agilité; ensuite, nous examinons la 
littérature portant sur les systèmes d'approvisionnement en bois pour trouver des 
signes de ces capacités. Suite à cette étape, une opportunité d'améliorer l'agilité 
des systèmes d'approvisionnement a été identifiée. Celle-ci  implique une plus 
grande flexibilité dans le choix des traitements sylvicoles au niveau opérationnel 
afin de mieux aligner l'offre avec la demande. Une expérimentation a été menée 
en utilisant des données industrielles pour quantifier les avantages potentiels 
associés à l'approche. Dans les scénarios avec flexibilité permise, des profits 
significativement plus élevés et des taux plus élevés de satisfaction de la 
demande ont été observés. Ensuite, un système de simulation-optimisation de la 
planification hiérarchique a été développé pour étudier l'influence de la flexibilité 
au niveau opérationnel sur l'approvisionnement en bois à long terme. Le système 
a été mis en œuvre en utilisant les données hypothétiques d'une forêt du 
domaine public québécois pour un horizon de 100 ans. Le système développé a 
permis de mesurer les impacts à courts et à long terme des décisions 
d'approvisionnement. Il devrait permettre de mieux intégrer les pratiques 
d’aménagements forestiers avec  les besoins de la chaîne d’approvisionnement. 
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ABSTRACT 

 
The significant downfall experienced by the Canadian forest products industry in 
the past decade has catalyzed the industry into a process of transformation. A 
concerted effort to maximize economic value from forest resources through 
innovation in both products and processes is currently underway. This thesis 
focuses on process innovation of wood procurement systems (WPS). WPS 
includes upstream processes and actors in the forest products supply chain, 
responsible for procuring and delivering raw materials from forests to 
manufacturing mills. The competitiveness of the industry depends on the agility 
of WPS to deliver the right product to the right customer at the right time. The 
specific aims of the thesis are to identify opportunities to improve wood 
procurement system agility, quantify the potential improvement in performance 
and propose a mechanism to anticipate its long-term impact. Agility is the ability 
to respond promptly and effectively to unexpected short-term fluctuation in 
demand. We first identify the capabilities a WPS needs to possess in order to 
enable agility; we then review the literature in the WPS domain to search for 
evidence of these capabilities. An opportunity to improve agility of WPS was then 
identified. It entailed providing managers with flexibility in the choice of 
silvicultural treatments at the operational level to permit better alignment of 
supply with the prevailing demand. An experiment was conducted using industry 
data to quantify the potential benefits associated with the approach. In scenarios 
where flexibility was permitted, significantly higher profits and demand fulfillment 
rates were observed. Next, a simulation-optimization system for hierarchical 
forest management planning was developed to examine the influence of 
operational level silvicultural flexibility on long-term wood supply. The system 
was implemented to a forest management unit in Québec in a rolling planning 
horizon basis for a 100 year horizon. The system demonstrated a capability to 
measure short and long-term impacts of supply decisions. It will prove to be a 
useful tool to better integrate forest management practices and supply chain 
needs.  



v 
 

TABLE OF CONTENTS 

 

Résumé ................................................................................................................ ii 

Abstract ................................................................................................................ iv 

Table of Contents .................................................................................................. v 

List of Tables ...................................................................................................... viii 

List of Figures ..................................................................................................... viii 

Acknowledgements ............................................................................................. xii 

Preface ............................................................................................................... xiii 

 

CHAPTER 1: THESIS INTRODUCTION .............................................................. 1 

1.1. OBJECTIVES & RESEARCH QUESTIONS .................................................. 6 

1.2. CONTRIBUTIONS & THESIS STRUCTURE ................................................. 7 

1.3. LITERATURE CITED ..................................................................................... 9 

 

CHAPTER 2. AGILITY CAPABILITIES IN THE WOOD PROCUREMENT 
SYSTEMS: A LITERATURE SYNTHESIS .......................................................... 14 

2.1. INTRODUCTION ......................................................................................... 15 

2.2. METHODS ................................................................................................... 17 

2.3. RESULTS .................................................................................................... 19 

2.3.1. Defining agility ....................................................................................... 19 

2.3.2. Identifying WPS agility enablers ............................................................ 25 

2.3.3. Evidence of agility enablers in the WPS literature ................................. 28 

2.3.3.1. Flexibility in Supply .......................................................................... 28 

2.3.3.2. Logistics .......................................................................................... 31 

2.3.3.3. Integrated Planning ......................................................................... 36 

2.3.3.4. Collaboration ................................................................................... 38 

2.3.3.5. Information technology .................................................................... 40 

2.4. CONCLUSION ............................................................................................. 43 

2.5. LITERATURE CITED ................................................................................... 45 



vi 
 

CHAPTER 3. VALUE-ADDING THROUGH SILVICULTURAL FLEXIBILITY: AN 
OPERATIONAL LEVEL SIMULATION STUDY .................................................. 57 

3.1. INTRODUCTION ......................................................................................... 58 

3.2. METHOD ..................................................................................................... 65 

3.2.1. Simulation experiment ........................................................................... 65 

3.2.2. Flexibility cost ........................................................................................ 68 

3.2.3. Mathematical formulation ....................................................................... 69 

3.2.4. Statistical Analysis ................................................................................. 74 

3.3. CASE STUDY .............................................................................................. 75 

3.3.1. Description ............................................................................................. 75 

3.3.2. Supply .................................................................................................... 75 

3.3.3. Costs ..................................................................................................... 77 

3.4. RESULTS .................................................................................................... 78 

3.5. DISCUSSION AND CONCLUSION ............................................................. 85 

3.6 ACKNOWLEDGEMENTS ............................................................................. 89 

3.7. LITERATURE CITED ................................................................................... 90 

3.8. APPENDIX ................................................................................................... 97 

 

CHAPTER 4. A SIMULATION-OPTIMIZATION SYSTEM TO ANTICIPATE THE 
LONG-TERM IMPACT OF OPERATIONAL LEVEL SILVICULTURAL 
FLEXIBILITY ....................................................................................................... 99 

4.1. INTRODUCTION ....................................................................................... 100 

4.2. AN OVERVIEW OF THE PLANNING SYSTEM ......................................... 104 

4.2.1. Hierarchical planning models ............................................................... 106 

4.3. A CASE STUDY ......................................................................................... 112 

4.3.1. Scenarios development and statistical analysis ................................... 115 

4.4 RESULTS AND DISCUSSION .................................................................... 117 

4.5. CONCLUSION ........................................................................................... 125 

4.6. LITERATURE CITED ................................................................................. 127 

4.7. APPENDIX ................................................................................................. 130 

 

 



vii 
 

CHAPTER 5. GENERAL CONCLUSION .......................................................... 132 

5.1. RESEARCH APPLICATION ...................................................................... 133 

5.2. STUDY LIMITATIONS AND FUTURE RESEARCH .................................. 134 

5.3. FINAL REMARK ........................................................................................ 137 

5.4. LITERATURE CITED ................................................................................. 138 

 

  



viii 
 

LIST OF TABLES 

 

Table 2.1. Supply chain agility definitions and capabilities from various sources.
 ........................................................................................................... 22 

 
Table 2.2. Wood procurement system literature with pertinence to agility. ......... 29 
 
Table 3.1. The list of scenarios used for the experiment. .................................... 67 
 
Table 3.2. The silvicultural regimes used to estimate flexibility cost for sensitivity 

analysis .............................................................................................. 69 
 
Table 3.3. Description of the sets used in the mathematical model. ................... 70 
 
Table 3.4. Description of the input data for the mathematical model. ................. 71 
 
Table 3.5. Decision variables of the mathematical model. .................................. 71 
 
Table 3.6. Total base demand of all mills by assortment for the simulation horizon

 ........................................................................................................... 97 
 
Table 3.7. Example of assortment volume table by silvicultural treatment for a 

given cutblock. ................................................................................... 77 
 
Table 3.8. Descriptive statistics of proportions of silvicultural treatments 

prescribed under different scenarios based on volume (m³). ............. 85 
 
Table 3.9. Round-trip distances between cutblocks and customer mills. ............ 98 
 
Table 4.1. Summary of the scenarios simulated in the experiment ................... 116 
 
Table 4.2. Example of cutblock data retrieved from SilviLab with information on 

volumes of species available under different silvicultural treatments.
 ......................................................................................................... 130 

 
Table 4.3. Example of annual demand by mill in the case study. ..................... 131 
 

  



ix 
 

 

LIST OF FIGURES 

Figure 1.1. Total forest products export from Canada between 1997 and 2012. .. 2 
 
Figure 1.2. Export destination of Canadian wood products between 1997 and 

2012. .................................................................................................. 3 
 
Figure 1.3. An example of forest industry supply chain adopted from Bettinger et 

al. (2009) ............................................................................................ 4 
 
Figure 1.4. Summary of thesis contributions ......................................................... 8 
 
Figure 2.1. An overview of the research approach.............................................. 17 
 
Figure 2.2. A conceptual model of agility adopted from Sharifi & Zhang (1999). 20 
 
Figure 2.3. Agility enablers of a wood procurement system and associated supply 

chain processes. .............................................................................. 26 
 
Figure 3.1. An illustration of the planning process simulation. ............................ 66 
 
Figure 3.2. An illustration of the rolling planning horizon approach. .................... 68 
 
Figure 3.3. A depiction of the overall plan components with the decision 

variables. ......................................................................................... 70 
 
Figure 3.4. A box and whisker graph showing distribution of profit values for the 

low volatility scenarios (scenario 1, 3, 5, 6 and 7).. .......................... 80  
 
Figure 3.5. A box and whisker graph showing distribution of profit values for the 

high volatility scenarios (2, 4, 8, 9 and 10).. ..................................... 81 
 
Figure 3.6. A box and whisker graph showing distribution of demand fulfillment 

rates for low volatility scenarios. ...................................................... 83 
 
Figure 3.7. A box and whisker graph showing distribution of demand fulfillment 

rates under high volatility scenarios. ................................................ 83  
 
Figure 4.1. An overview of the hierarchical planning process simulation. ......... 105 



x 
 

Figure 4.2. The overall plan development and implementation strategy in the 
system. .......................................................................................... 106 

 
Figure 4.3. Flowchart of the Monte Carlo integer programming procedure. ...... 109 
 
Figure 4.4. A map of the study area in Quebec, Canada. ................................. 113 
 
Figure 4.5. The initial age class structure of the case study forest.................... 114  
 
Figure 4.6. The total profit values yielded under different scenarios per period.

 ....................................................................................................... 118 
 
Figure 4.7. Proportions of silvicultural treatments applied under scenarios 1 & 2.

 ....................................................................................................... 119 
 
Figure 4.8. Proportions of silvicultural treatments applied under scenario 3 & 4.

 ....................................................................................................... 119 
 
Figure 4.9. Comparison of annual allowable cut under scenarios 1 and 2. ....... 121 
 
Figure 4.10. Comparison of annual allowable cut under scenarios 3 and 4. ..... 122 
 

 

  



xi 
 

To my parents and my grandmother 

  



xii 
 

ACKNOWLEDGEMENTS 

I would like to thank my supervisor Dr. Luc LeBel for his consistent support 
during the course of my study. His encouragement and high expectations has 
required me to develop skillsets that will serve me well throughout my career. 
Through working with him, I have learned the importance of professionalism and 
rigour in order to make meaningful contributions in the field. I would also like to 
thank my co-supervisor Dr. Daniel Beaudoin who provided considerable 
guidance over the years. I am grateful to Dr. Frédéric Raulier, Dr. Jean-Martin 
Lussier and Dr. Michel Soucy for serving on my thesis committee and providing 
me with thorough reviews to improve the quality of the thesis. Although not 
directly involved in my project, Mr. Pierre-Serge Tremblay has been instrumental; 
access to his vast wealth of knowledge has been invaluable. 
 

I would like to extend my gratitude to staff at FORAC, ForValueNet and 
CIRRELT. I would like to thank Ms. Catherine Lévesque in particular for her 
consistent support. I would not have been able to carry out my research without 
the technical support from Mr. Martin Simard and Sébastien Lemieux. During the 
course of my study I have been fortunate to have friends, colleagues and 
mentors with whom I could discuss my ideas. These discussions have allowed 
me to gain a deeper understanding on various topics pertinent to my research. 
To this end, I wish to thank Mr. Eric Ntabe, Dr. Elaine Mosconi, Dr. Gregory 
Paradis, Mr. Ricardo Cantu, Dr. Jean-François Audy, Mr. Matheius Pinnotti, Ms. 
Shaïma Tilouche, Mr. Baburam Rijal, Dr. Sishir Gautam, Dr. Krish Homagain, Dr. 
Bharat Shrestha, Dr. Narayan Dhital, Mr. François Morin, Mr. Guillaume Cyr and 
Dr. David Pelster. 
 

On a more personal note, I wish to thank my friends Kevin Pruys, Todd 
Yakielashek, Owen Bott, Pete Gammond and Rajieve Sharma for their consistent 
encouragement and support. I have been blessed to have friends such as 
Michèle and Jean, and Anna and Jean-Louis, who have made our stay in 
Québec such a wonderful experience. I wish to thank my roommates Shyam 
Suwal and Sagar Bhatta. Shyam has been my partner in crime who has inspired 
me and pushed me to keep moving forward. I wish to thank my entire family for 
their unconditional love and support. The new arrivals, my nephews and nieces 
have provided me with a better context, and inspire me to work harder. Finally I 
wish to thank my wife Dikshya for her patience, love and unwavering support. 
  



xiii 
 

 

PREFACE 

The work presented henceforth was conducted under the supervision of Dr. Luc 

LeBel and it was co-supervised by Dr. Daniel Beaudoin. The financial support for 

the research was provided by ForValuNet Project (Development of Integrated 

Forest Management and Wood Manufacturing Decision-Support Systems for a 

Value-Added Forest Industry), FORAC Research Consortium at Université Laval 

and Dr. LeBel’s NSERC Discovery Grant (# 203193). The main contributions of 

the thesis are the following three articles of which I am the principal author: 

1. Gautam, S., LeBel, L and Beaudoin D. 2013. Agility capabilities in the wood 
procurement systems: a literature synthesis. International Journal of Forest 
Engineering, 24(3):216-232. (Thesis Chapter 2) 
 

2. Gautam, S., LeBel, L and Beaudoin D. 2014. Value-adding through 
silvicultural flexibility: an operational level simulation study. Forestry: An 
International Journal of Forest Research, 88(2):213-223. (Thesis Chapter 3) 
 

3. Gautam, S., LeBel, L, Beaudoin D. 2014. A simulation-optimization system to 
anticipate the long-term impact of operational level silvicultural flexibility. To 
be submitted. (Thesis Chapter 4) 

The long-term planning component in the experiment for the third article 

was carried out in the SilviLab application with support from Mr. Martin Simard, 

Research Professional at FORAC.



1 
 

CHAPTER 1: THESIS INTRODUCTION 

Forest industry has played an important role in Canada’s economic development 

(Lindsay 2014). Lumber, Pulp and paper have traditionally been the staples of 

the industry (Wallace 2002). Canada’s success over the past several decades 

can be attributed to the competitive advantages held at the time, mainly due to 

abundance of superior quality wood, proximity to market, and lesser 

environmental regulations in today’s comparison (Nakamura et al. 2003). Also 

the fact that the industry was operating in big tracts of lands with large 

manufacturing mills led to excellence in production efficiency (Hailu and Veeman 

2003). 

However, the situation has changed markedly over the past decade. 

Worldwide demand for newsprint has been on the decline since the 1990s 

(Hurmekoski & Hetemäki 2013). Most experts do not foresee a rebound in this 

sub-sector. With regards to lumber, the US housing crisis plunged demand below 

the normal cyclical lows (Bumgardner et al. 2013). Naturally, Canadian export 

also declined (Figure 1.1) leaving the industry in a turmoil. A large number of 

mills across the country were forced to shut down leading to significant job losses 

(Faiola 2008). A closer examination of the situation has identified some key 

weaknesses in the industry (Mockler and Fairbairn 2009). The main flaws are 

summarized by the following three points: i) excessive reliance on the US 

market, ii) focused primarily on producing commodity with lack of diversity in the 

secondary manufacturing sector, and iii) outdated manufacturing facilities 

requiring reinvestment. 
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Figure 1.1. Total forest products export from Canada between 1997 and 2012. 

              Source: NRC (2013) 
 

Thus, the Canadian forest industry is currently in the process of 

transformation (FPAC 2010; Hanna 2010). There is now a concerted effort to 

enter new markets through innovation (Lindsay 2014). However, product 

development is only a part of the equation, the industry needs to possess agility 

to manufacture and deliver these products to customers in a timely fashion 

(Christopher 2000); a number of studies have demonstrated a strong link 

between supply chain agility and competitiveness (Vokurka  et al. 2002; Li et al. 

2008).The proportion of forest products export to the US has diminished (UN 

2013). As seen in Figure 1.2, Canada has increased its share to Asia. However, 

the distance to market increases significantly. Furthermore, new competition is 

emerging from countries with efficient supply chains supported by short rotation 

plantations (West 2014). Additionally, the size of the wood basket in Canada is 

continuing to shrink in response to environmental concerns (Andrew et al. 2014). 
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Forest management and supply chain activities have to be aligned as much as 

possible to ensure industry competitiveness in the global market. 

 
Figure 1.2. Export destination of Canadian wood products between 1997 and 
2012.                  

Source: NRC (2013) 
 

The forest products supply chain encompasses a number of entities that 

are involved in transforming wood into a product of value to the final customers 

(D’Amours et al. 2008). The activities involve generic many-to-many processes 

with multiple firms contributing in the transformation and distribution (Haartveit et 

al. 2004; D’Amours et al. 2008). The forest products supply chain network, 

through which the raw material and information flows, is illustrated in Figure 1.3. 

The focus of the thesis is the area enclosed within the dotted line in the figure; it 

encompasses an essential component of the of supply chain that is responsible 

for supplying raw material to support all downstream manufacturing activities. We 

refer to this region as the wood procurement system (WPS). 
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strategic plan informs the development of tactical forest plan, and tactical plan 

informs the operational plans. 

More specifically, a strategic plan determines the annual allowable cut 

(AAC) taking into consideration long-term forest productivity, and ecological and 

social concerns. The volume targets are spatially disaggregated at the tactical 

level, while incorporating additional economical, ecological and social 

constraints. The outcome of the process is a tactical plan that is explicit in terms 

of cutblocks to be treated and silvicultural treatments to be prescribed. The plan 

is developed ensuring that the total volume harvested in the forest will be within a 

target range, set at the strategic level. Further down the hierarchy, the WPS 

receives a list of cutblocks available for harvest. Operational plans are then 

developed outlining schedules and specific plans of action to meet industrial 

demand for timber (D’Amours et al. 2008). Subsequently, planning and 

preparatory work needs to be carried out prior to harvest (Pulkki 2003). The task 

includes marking cutblock boundaries, building or upgrading access roads, 

scheduling harvest, and equipment allocation. Upon completion of harvest, 

transportation of wood has to be planned to fill demand from mills (Epstein et al. 

2007). Although this may seem like a straight forward logistics problem, there are 

a number of factors that significantly increase the complexity. There are 

inaccuracies associated with inventory in the forest (Thompson et al. 2007). Also, 

productivity can be unpredictable due to forest ground conditions, and weather 

factors that dictate operability (Blair 2001; Jeglum 2003; Whitson et al. 2005). 

This multitude of factors can bring uncertainty regarding raw material, in terms of 
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cost, quantity and assortment types. Thus, WPS are faced with uncertainties in 

both supply and demand side. 

Strict implementation of the top-down hierarchical management approach 

can be debilitating for the industry in its quest to develop value creation networks 

which requires prompt response to customer demand. Hierarchical planning can 

lead to sub-optimality, depending upon the quality of the coordination scheme 

used to link together the decision levels (Beaudoin et al. 2008; Weintraub and 

Cholaky 1991). The option of altering plan at the operational level is generally not 

considered because of its potential impact on the AAC (Gunn 2009).  As a result, 

the responsiveness can be thwarted in the face of volatile market conditions. A 

certain amount of latitude should be allowed at the operational level to permit the 

WPS to overcome the uncertainty and satisfy emerging demand in an agile 

manner. It will then be necessary to develop mechanisms to anticipate the impact 

of amendments made at the operational level on the long-term AAC. A number of 

methods are proposed in the literature to bridge the gap between different 

hierarchical levels (Weintraub and Cholaky 1991; Nelson et al. 1991; Beaudoin et 

al. 2008; Marinescu and Manness 2010). Anticipating the impact of operational 

level activities on long-term AAC requires modelling of activities in each of the 

hierarchies. 

1.1. OBJECTIVES & RESEARCH QUESTIONS 

The aim of this thesis is to identify opportunities to improve wood procurement 

system agility, quantify the potential improvements in supply chain performance 
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attributable to exploring the opportunities, and anticipate its long-term impact. 

The following research questions were constructed to realise the aims: 

i. What is the definition of agility in the wood procurement planning context? 

ii. What are potential avenues to improve agility in the forest management 

and the wood procurement system interface? 

iii. What are potential improvements in supply chain profits and demand 

satisfaction rates associated with improved wood procurement system 

agility? 

iv. How should the long-term impact of short-term agile wood procurement 

strategy be measured? 

1.2. CONTRIBUTIONS & THESIS STRUCTURE 

In the second chapter of the thesis, we address research questions (i) and (ii). 

Given that agility is a fairly broad concept, it is important to first define it in the 

context of WPS. Thus, the first part of the chapter defines the concept in our area 

of research delineated in Figure 1.3. We then conduct a literature review in the 

wood procurement system domain to identify opportunities to improve agility. In 

chapter 3, we address research question (iii) focusing specifically on operational 

level silvicultural flexibility to improve WPS agility to overcome uncertainty 

associated with market demand. In fact, the thesis deals only with uncertainty 

relating to market demand in this chapter and onwards. We conduct an 

experiment to quantify the benefits associated with operational level silvicultural 

flexibility. The experiment entailed carrying out operational level planning on a 

receding planning horizon basis under different scenarios. The approach was 
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CHAPTER 2. AGILITY CAPABILITIES IN THE WOOD PROCUREMENT 
SYSTEMS: A LITERATURE SYNTHESIS 

 

Abstract 

The capability of a firm to detect changing demands and efficiently respond to 

them can be described as agility. The past decade has seen a significant rise in 

the literature on the concept of agility. It has been identified as a requirement to 

growth and competitiveness. However, a review of the related literature reveals 

that the concept was scarcely studied in the forest industry context. This study 

contributes to filling this gap. More specifically, we contextualize agility in wood 

procurement systems (WPS). WPS includes upstream processes and actors in 

the forest products supply chain, responsible for procuring and delivering raw 

materials from the forest to the mill. We first identify the capabilities a WPS 

needs to possess in order to enable agility. Next, we review the literature in the 

WPS domain to search for evidence of these capabilities. It was found that 

aspects of the practices embodied in agility capabilities are already proposed in 

the WPS literature without explicit reference to agility. However, opportunities to 

further improve agility of WPS were also identified. It is suggested that future 

research focus on determining optimal levels of investments towards agility in 

order to maximize supply chain profits. 

  

Keywords: wood procurement, forest operations, forest products supply chain, 
agility enablers. 
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2.1. INTRODUCTION 

The key to success in the global market lies in a firm’s ability to sustain its 

competitive advantage and maintain its competitiveness (Porter 1998). 

Turbulence and volatility has become the norm  in today’s global marketplace, 

thus, firms must be able to respond appropriately to the changing market 

requirements to remain competitive (Crespell et al. 2006; Tokarczyk et al. 2006). 

Firms need to be agile, not just at the firm level but also at the supply chain level 

(Christopher 2000). This requires firms to collaborate with and extract from the 

strengths of their supplier’s supplier and customer’s customer and streamline 

operations (Lin et al. 2006). Competing as a supply chain allows a firm to realise 

a level of agility that is not achievable by individual firms (Christopher et al. 

2001).  This is especially true for the forest products supply chains that are 

characterized by their variability and complexity. They include government 

agencies, non-governmental organisations, environmental groups, and 

community stakeholders that all have an influence on the global production 

system (Vahid et al. 2010).  

In the early stages of the forest supply chain a  management plan is 

prepared that details the location of eligible harvest areas (Tittler et al. 2011). 

Subsequently, procurement plans are prepared to provide the wood procurement 

system (WPS) with raw materials (Bettinger et al. 2008). The WPS links forest 

with markets; the activities of the system include identifying harvest blocks, 

scheduling harvesting activities, harvesting, bucking the logs into different 

specifications, sorting the logs, managing inventory and finally transporting 
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products to different industrial systems (Grebner et al. 2005; Uusitalo 2005; Audy 

et al. 2012). Decision-making at each stage entails selecting from a range of 

options. For example, harvesting can be conducted using different systems; 

transportation can be carried out using various truck-trailer configurations and 

transportation modes. Bucking, the process of cutting tree stems into 

merchantable logs, can be done in infinite number of ways. Industrial systems 

include mills that produce sawn lumber, pulp and paper, engineered wood 

products and other small-scale value added manufacturers (Grebner et al. 2005; 

D’Amours et al. 2008). Decisions at different stages of the WPS have a 

significant impact on the downstream supply chain processes. It is likely that 

certain options enhance agility in the wood procurement system while others 

enhance efficiency; efficiency implies a focus on cost reduction and productivity 

as done in mass production, such a strategy is effective in situations with stable 

market conditions with low product variety (van Hoek et al. 2001). Agility on the 

other hand also implies cost reduction but it is not the main focus, customer 

satisfaction is the primary goal (Christopher et al. 2001). 

 In spite of the importance of agility in the WPS, a literature search for the 

term in the domain in scientific journals indexed by the Web of Science research 

platform yielded no results. A sole report exists prepared by Audy et al. (2012) 

that evaluates the agility capabilities of  various wood supply chains. This study 

aims to contextualize the concept of agility to WPS and analyse the literature with 

an objective to identify opportunities to improve agility of WPS. 
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used without restriction on the time period: Agility, agile supply chain, supply 

chain agility. Pertinence of each article was determined by first scanning the title, 

then reading the abstracts, and finally through a cursory glance of the article. 

Documents that have cited the qualified articles and their references were also 

searched to locate additional resources. Two criteria were used to select the 

pertinent articles for inclusion in this review: 1) the concept of agility was 

discussed in a supply chain context, and 2) the paper proposed a definition for 

agility. A total of 11 articles were located through this process to develop a 

definition of agility and additional 32 articles were reviewed for supplemental 

information on supply chain agility. At the completion of stage 2, five enablers for 

WPS agility were established.  

The subsequent review at stage 3 entailed searching for evidence of the 

five enablers identified in stage 2, in the WPS literature. The review was 

conducted using the same method outlined for the stages 1 and 2, however, 

using keywords “forest supply chain” and “wood supply system” along with the 

title of each enabler. The first criteria for selecting the literature was that only 

peer reviewed articles published in scientific journals would be considered for the 

core analysis to ensure quality and acceptance from the academic community. In 

certain cases, however, book chapters were used as supporting evidence to core 

findings. For the category logistics management, three additional key words, 

harvesting system, transportation system and inventory, were used for the 

search. 
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2.3. RESULTS 

2.3.1. Defining agility 

Agility as a business concept was popularised with the publication of “21st 

Century Manufacturing Enterprise Strategy” by a group of scholars at Iaccoca 

Institute of Lehigh University, USA in 1991 (Yusuf et al. 1999; Gunasekaran 

2001; Li et al. 2008). The concept was targeted for application to the 

manufacturing sector, subsequently numerous publications on agile 

manufacturing started emerging (Kidd 1995; Goldman et al. 1995; DeVor et al. 

1997; Yusuf et al. 1999; Sharifi et al. 1999). The concept was eventually applied 

to the supply chain context (Christopher 2000; van Hoek et al. 2001; Christopher 

et al. 2001) and successful application in various industries have been reported 

since (Christopher et al. 2002; Stratton et al. 2003; Collin et al. 2006). 

Agility has been defined as, “a business-wide capability that embraces 

organizational structures, information systems, logistics processes, and, in 

particular mindsets”(Christopher 2000).  Some characteristics a supply chain 

must possess in order to become agile based on a model originally developed by 

Harrison et al. (1999) are: 1) market sensitiveness, which refers to capability of 

the supply chain in reading and responding to real demand, 2) virtual, referring to 

the extent of use of information technology to connect with suppliers and 

customers, 3) process integration between suppliers and customers to 

manufacture or develop products and 4) network based, implying the entire 

supply chain operating as a unit to achieve market responsiveness. Sharifi & 

Zhang (1999) provide a conceptual model for achieving agility; the model 
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(Sambamurthy et al. 2003). In the next paragraph, existing definitions are 

explored and the pertinent capabilities are extracted to formulate a definition as it 

applies to the scope of this study. 

According to Swafford et al. (2006) supply chain agility is a function of 

flexibility; more specifically, flexibility is an antecedent of agility. Flexibility is a 

function of range and adaptability, where range is the number of different states 

or different processes that can be exercised in the supply chain given existing 

resources while adaptability is the ability to change from one state to another 

state in a timely and cost effective manner. 

While Swafford et al. (2006) have incorporated speed of response into the 

flexibility capability, Prater et al. (2001), Li et al. (2008), Lin et al. (2006) and 

Sharifi & Zhang, (1999) have viewed speed as a separate capability. They have 

been referred to synonymously using the following terms: quickness and 

timeliness. Sharifi and Zhang (1999) and Lin et al. (2006) define it as the ability to 

complete a task as quickly as possible. However Li et al. (2008) argue that the 

emphasis should be on ability to deliver value at an appropriate time rather than 

as quick as possible, thus shifting the focus away from quickness to the right time 

as in just-in-time. The goal is to reduce the lead-time to a level that does not 

negate customer satisfaction. 
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Table 2.1. Supply chain agility definitions and capabilities from various sources. 
Source Definition Capabilities Explanation 

Sharifi 
and 
Zhang 
(1999) 

The ability to cope with 
unexpected changes, to survive 
unprecedented threats of 
business environment, and to 
take advantage of changes as 
opportunities.  

Responsiveness    Ability to identify changes and respond fast to them, 
reactively or proactively, and recover from them. It is 
a factor of sensing/anticipating, reaction to and 
recovering from change. 

Competency The extensive set of abilities that provide 
productivity, efficiency and effectiveness of activities 
towards the aims and goals of the company.  

Flexibility Ability to process different product and achieve 
different objectives with the same facilities. It is a 
function of flexibility in volume, model/configuration, 
organisation and people.  

Quickness Ability to carry out tasks and operations in the 
shortest possible time. It includes products and 
services delivery time, operations time and now 
products time to market.  

  
  

Prater et 
al. 
(2001) 

The degree to which a firm's 
supply chain is agile is 
determined by how its physical 
components (i.e sourcing, 
manufacturing and delivery) are 
configured to incorporate speed 
and flexibility. 

Speed  Measure of time it takes to ship or receive a good.  
Flexibility  The promptness with and the degree to which a firm 

can adjust its supply chain speed, destinations, and 
volumes 

  
  

Swafford 
et al. 
(2006) 

The supply chain's capability to 
adapt or respond in a speedy 
manner to a changing 
marketplace environment. 

Flexibility Flexibility is a function of range and adaptability. 
Range is the number of different states (levels, 
positions, or options) that can be achieved with 
existing resources. Adaptability is the ability to 
change from one state to another state in a timely 
and cost effective manner. 

  
  

Lin et al. 
(2006) 

Ability of a supply chain to rapidly 
respond to changes in market 
and customer demands (adopted 
from Sharp et al. 1999) 

Responsiveness   The ability to identify changes and respond to them 
quickly, reactively or proactively, and also to recover 
from them.  

Competency The ability to efficiently and effectively realize 
enterprise objectives.  

Flexibility/ 
Adaptability 

The ability to implement different processes and 
apply different facilities to achieve the same goals.  

Quickness/ Speed The ability to complete and activity as quickly as 
possible 

    
Li et al. 
(2008) 

Agility is the result of integrating 
an alertness to changes 
(opportunities/challenges)- both 
internal and environmental- with 
a capability to use resources in 
responding 
(proactively/reactively) to such 
changes, all in a timely, and 
flexible manner. 

Alertness   Defined using two dimensions: strategic foresight 
and systematic insight (adopted from Sambamurthy 
et al. 2003).   

Responsiveness Defined using four dimensions: value evaluation, 
coordination, learning and reconfiguration. 

Flexibility The range of ways to achieve success. An active 
capacity and willingness to recognize new options, to 
overcome inertia, and to accommodate 
unanticipated change.  

Timeliness Delivery of value at an appropriate time. 
    
Charles 
et al. 
(2010) 

The ability to respond quickly and 
adequately to short-term 
changes in demand, supply or the 
environment. 

Flexibility  Ability to change or react with little time, effort cost 
or performance. It is a function of flexibility in 
volume, delivery, mix and product.   

Responsiveness Ability to respond to change within an appropriate 
time frame. It is a function of reactivity, velocity and 
visibility.  

Effectiveness Doing all the right things. It is a function of reliability 
(doing all the right things) and completeness (doing 
all). 
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In addition to flexibility and speed capabilities, responsiveness ( Charles et 

al., 2010; Li et al., 2008; Lin et al., 2006; Sharifi & Zhang, 1999), competency 

(Sharifi et al. 1999; Lin et al. 2006) and effectiveness (Charles et al. 2010) have 

been identified as other capabilities of an agile supply chain. First off, 

competence is the ability to sustain the coordinated deployment of assets in 

ways that help a firm achieve its goals (Sanchez et al. 1996) and effectiveness is 

defined as being able to do all the right things to realize all goals (Charles et al. 

2010); despite being termed differently, their essence is the same. Secondly, we 

argue that rather than competence or effectiveness being an independent 

capability of agility, it is an underlying theme of responsiveness. Responsiveness 

is the ability to coordinate and reconfigure in order to respond effectively to 

information derived from market sensing (Sharifi et al. 1999). Competence is 

required to evaluate and coordinate different technologies and production skills in 

order to allow business to respond to changing opportunities in a timely fashion. 

Continuing on with the response capability, while most authors (Sharifi et 

al. 1999; Lin et al. 2006; Charles et al. 2010) have recognized alertness as being 

part of the response capability,  Li et al. (2008) recognize alertness as a separate 

capability. Alertness is an important capability because agility requires outside 

focus to identify changes in the external environment (Christopher 2000). 

However, since our study has a supply side focus, strict market forecasting is 

outside its scope. Thus we are focused more on the internal capabilities to 

respond to the changes occurring in the outside environment. Nevertheless, it is 

essential to possess a capability to incorporate information derived from market 
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sensing at a different point in the supply chain and respond to it. The 

responsiveness capability as defined by Sharifi and Zhang (1999), Lin et al. 

(2006) and Charles et al. (2010) ensure the information derived from alertness 

capabilities is incorporated in the response. 

In addition to the capabilities, there are other features to the existing 

definitions that need to be acknowledged in formulating a definition for agility. 

Charles et al. (2010) define supply chain agility as, “the ability to respond quickly 

and adequately to short-term changes in demand, supply or the environment”. 

The interesting aspect of this definition is that they put an emphasis on “short-

term” and is similar to the definition proposed by Lee (2004) which is, “respond to 

short-term changes in demand or supply quickly”. Longer term structural changes 

in the market should be overcome with adaptation strategies or transformation of 

supply chain (McCullen et al. 2006). In addition, Prater et al. (2001) and Swafford 

et al. (2006) state that the capabilities identified earlier need to be inherent in 

each of the supply chain processes, i.e, sourcing, manufacturing and delivery. Li 

et al. (2008) argue that the capabilities need to be inherent not only to the supply 

chain processes but also at the different management hierarchies which they 

term as the level of work-design. It is implied that supply chain agility is the result 

of interplay of decisions made at various planning hierarchies, i.e. strategic, 

tactical and operational. 

Thus in the context of our study, we define supply chain agility as the 

ability of wood procurement systems to respond promptly and effectively to 

unexpected short-term fluctuation in the demand. It is a function of the following 
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capabilities: flexibility, responsiveness and timeliness. These capabilities are 

leveraged from practices, methods and tools implemented at various wood 

procurement phases. 

It is important to distinguish the term agility from other similar terms such 

as adaptability and resilience. Adaptability differs from agility on a time scale; 

agility is the capability to respond to short-term fluctuations in demand, but if 

there are structural, permanent changes in the market, the supply chain needs to 

realign their internal functions to adapt to the new conditions (McCullen et al. 

2006). Resilience is a term reserved for calamities, it is a supply chain’s ability to 

rebound to its original state after a disturbance, as opposed to agility’s 

opportunistic nature (Christopher et al. 2004). 

2.3.2. Identifying WPS agility enablers 

A list of enablers proposed in the literature, including those in Gunasekaran 

(1998), Agarwal et al. (2007) and Faisal et al. (2007) were compiled to 

extrapolate enablers pertinent to the scope of this study. It was observed that 

there is ambiguity and in some cases overlap in the enablers. Consequently, the 

next step entailed grouping the enablers into categories to remove redundancy 

and defining the scope for each to eliminate ambiguity. They were assessed one 

at a time, enablers with no pertinence to the WPS were removed, and closely 

related enablers were grouped into a category. In this manner, the following 

categories of enablers were generated: flexible supply, flexible logistics, 

integrated planning, collaboration, and information technology. The enablers are 

illustrated in Figure 2.3 with their associated supply chain processes; each of the 
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capability of a supply chain to meet changing market demand (Hahn et al. 1990; 

Narasimhan et al. 1999). According to Masson et al. (2007) an effective method 

to increase agility is through maintaining access to large network of suppliers. 

Studies also report that improved supplier and manufacturer partnership increase 

flexibility (Clark et al. 1989; Dyer 1996). The next enabler, flexible logistics deals 

with issues concerning procurement activities, material handling, inventory and 

transportation management for order fulfillment (Mentzer et al. 2000). A 

dependable logistics system is an important requirement of an agile supply chain 

(Lee 2004). Significant reduction in lead-times can be obtained through improved 

logistics systems. Agarwal et al. (2007) proposes reducing lead-times using 

supply chain mapping and focusing on material flow bottle necks.  Lee (2004) 

recommends building inventory buffers of key but inexpensive components in 

strategic locations to increase agility. 

The enabler integrated planning relates to planning of activities to respond 

effectively and efficiently to market demand. Planning is critical to achieving the 

goal of increasing the level of supply chain agility (Power et al. 2001); an 

integrated approach can reduce lead-times and improve efficiency and 

responsiveness (Agarwal et al. 2007). Integrated planning may lead to an 

increase in the global benefit for the supply chain but benefits to individual 

partners can only be realised through collaboration between supply chain 

partners (Frisk et al. 2010; Masson et al. 2007). Thus, the next enabler focuses 

on developing collaborative relationships with supply chain partners. 

Collaboration amongst supply chain partners has been identified as a key 
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strategy to enabling agility (Christopher 2000; Power et al. 2001; Lee 2004; 

Agarwal et al. 2007). Collaboration presents supply chain partners opportunity for 

process integration which is a key characteristic of an agile supply chain 

(Christopher 2000). 

The final enabler concerns with utilizing information technology as a 

means to gather and share information amongst supply chain partners. The 

effectiveness of integrated planning and collaboration depends on the quality of 

information in hand (Yusuf et al. 1999). Transparent information flow between 

supply chain partners improves agility performance (Katayama et al. 1999; 

Mondragon et al. 2004; Lee 2004; McCullen et al. 2006). Investment in 

information technology enables supply chain partners to efficiently coordinate 

supply chain activities (Sambamurthy et al. 2003). 

2.3.3. Evidence of agility enablers in the WPS literature 

Findings from the literature review conducted to identify evidence of agility 

enablers in the WPS literature are discussed below (also see Table 2.2); this is 

not an exhaustive list of evidences. 

2.3.3.1. Flexibility in Supply 

Raw material supply in the forest industry can be procured from either private or 

public forests. To achieve flexibility in supply while working with private 

landowners, a good working relationship with suppliers of different mix of 

products have to be developed (Helstad 2006),  ownership objectives have to 

understood (Kuuluvainen et al. 1996), and appropriate type of contracts have to 

be in place (Björheden et al. 2005). 
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Table 2.2. Wood procurement system literature with pertinence to agility.   
Enabler Study Description Source Country 

Flexibility in 
Supply 

Andreassen and Øyen (2002) Assess financial feasibility of alternative silvicultural treatments Norway 

Gunn (2009) To include market information in strategic planning Canada 

Hanewinkel and Pretzsch (2000) Explore methods to implement flexible silviculture systems Germany 

Liu et al. (2007) Assess financial feasibility of alternative silvicultural treatments Canada 

Lussier (2009) To implement a market focused procurement  plan Canada 

Moore et al. (2012) Assess financial feasibility of alternative silvicultural treatments Canada 

Pukkala et al. (2010) Assess financial feasibility of alternative silvicultural treatments Finland 

    
Logistics Adebayo et al. (2007) To determine factors affecting cost and productivity of different 

harvest systems 
Canada 

Andersson and Eliasson (2004) Comparison of harvesting systems to determine suitability under 
different scenarios 

Sweden 

Bradley (2006) Leveraging agility through transportation systems Canada 

Broad (1989) Procedure to identify the efficient placement of a sort yard New Zealand 

Brown and Sessions (1999) Application of variable tire pressure system to improve 
accessibility for transportation 

North America 

Cass et al. (2009) Method to determine the marginal cost and productivity impact 
of product sorting. 

USA 

Erdle et al. (1981)  To determine the optimal level of inventory at different locations Canada 

Galbraith and Meng (1981)  Determine the optimum level of inventory through simulation Canada 

Greene et al. (1997) Implications of varying harvest block sizes and harvesting systems 
on profitability 

USA 

Han et al. (2011) Financial feasibility analysis  of  a log sort yard USA 

Kärhä (2006) Comparison of harvesting systems to determine suitability under 
different scenarios 

Finland 

LeBel and Carruth (1997) Determine the optimum level of inventory through simulation 
between harvest and transportation phase 

USA 

Sessions and Parades (1987) Procedure to identify the efficient placement of a sort yard USA 

Sibal et al. (1984) Evaluated the economic impact of different sorting systems USA 

Simmons (1947) Review of equipment utilized in forest operations USA 

    
Integrated 
Planning 

Beaudoin et al. (2008)  Ensuring feasibility of plans at the operational phase through 
anticipation mechanism 

Canada 

Bredström et al. (2010)  Decision on harvesting and scheduling integrated Sweden 

Carlgreen et al. (2006) Integrating sorting and transportation decisions Sweden 

Chauhan et al. (2011)  Anticipation function to synchronize procurement planning and 
bucking 

Canada 

Epstein et al. (1999)  Integrated plan for harvesting and bucking Chile 

Karlsson et al. (2004)  Integrated planning of harvesting and crew assignment Sweden 

    
Collaboration Audy et al. (2012a) Explore business models to build and manage collaboration 

between firms for wood transportation. 
Sweden 

Beaudoin et al. (2010) Propose negotiation approaches to develop wood procurement 
plans in multi-firm setting 

Canada 

Hof and Field (1987) Discusses various methods to benefit sharing during collaboration USA 

Frisk et al. (2010) Collaboration in tactical transportation planning between forest 
companies 

Sweden 

Palander and Väätäinen (2005) Collaboration between industries to minimize empty travel during 
transportation 

Finland 

    
Information 
Technology 

Bergstörm et al. (2000) Use of GIS to support decision on new roads to be built Sweden 

Devlin et al. (2008) Use of GPS to improve transportation logistics Ireland 

Dykstra et al. (2003) Summary of log tracking technologies North America 

Goychuck et al. (2011) Technology to monitor and predict machine productivity USA 

McDonald and Fulton (2005) Automating productivity studies using GPS USA 

Maltamo et al. (2005) Potential of LIDAR for collecting accurate forest inventory data Finland 

Murphy and Franich (2004) Technology for log tracking is explored USA 

Uusitalo et al. (2004) Use of automatic bucking technology in harvesters Finland 
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Working in public forests poses a different set of challenges to achieve 

flexibility in supply. Supply for a WPS is established in a forest management plan 

which is generally prepared using a top-down hierarchical approach (Bettinger et 

al. 2008); top-down hierarchical approach implies disaggregating long-term and 

short term plans with the short term plans being constrained by long-term plan. 

The objective of the forest management plan is to safeguard the integrity of forest 

thus ensuring ecological sustainability in the long term. Proceeding through the 

hierarchies, an annual plan describing harvest activities for the upcoming year is 

prepared (Tittler et al. 2011). Supply chain activities are subsequently planned 

around the harvest blocks allocated and silvicultural treatments prescribed in the 

forest management plan. During the preparation of the plan, the focus is on 

volume, with a hap-hazard effort to match raw material with demand (Gunn 

2009). Regardless, the flexibility of supply is generally limited to the number of 

harvest blocks allocated for the particular year. Gunn (2009) argues that a 

different set of harvest blocks that better match the market demands will also be 

feasible at the strategic planning level whilst meeting sustainability objectives. 

Alternatively, Lussier (2011) demonstrates that silvicultural treatment in a harvest 

block can be used as a tool to improve profitability while meeting ecological 

objectives. Thus it can be hypothesized that flexibility in silvicultural treatments 

and postponement of allocation decisions until accurate demand information is 

available can improve response capability of a WPS. 

Silvicultural treatments determine the quantity, species and in some 

instances the quality of wood that can be harvested from the forest stands to 
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supply the WPS (Macdonald 1995). Smith et al. (1997) provide a good 

description on the subject. Profitability of a silvicultural treatment in a harvest 

block depends on the prevalent market conditions  (Davis et al. 2001; Moore et 

al. 2012). Harvest blocks consist of a wide array of wood assortments suitable for 

different final products, and harvesting without knowledge of the market would 

generate large volumes of inventory that has to be managed until demand arises 

in the market. This high level of inventory in the supply chain can lead to 

significant rise in the inventory cost, furthermore, wood being a biological matter, 

it can decay while in inventory leading to a net loss. Flexibility in silvicultural 

treatments and postponement of allocation decisions would enable practitioners 

to better match demand with the right raw materials whilst reducing inventory. A 

number of silvicultural treatments can be financially feasible for a single harvest 

block (Howard et al. 1997; Liu et al. 2007; Moore et al. 2012; Wikström 2000; 

Andreassen et al. 2002; Pukkala et al. 2010; Laiho et al. 2011). 

2.3.3.2. Logistics 

In WPS, logistics includes management of harvesting systems, transportation 

systems and inventory strategies. Harvesting system refers to the combination of 

equipment used to fell, delimb and skid trees to roadside (Pulkki 2003). The most 

prevalent mechanized harvest systems in use are full-tree-system and cut-to-

length (CTL) system. Visser and Stampfer (2003), Jirousek et al. (2007), Kellogg 

and Bettinger (1994) and Pulkki (2003) provide descriptions of equipment 

employed under each system. The full tree system is suited for harvesting large 

patches of land where its production is high (Adebayo et al. 2007) leading to 
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higher cost efficiency (Hartsough et al. 1997; Yaoxiang et al. 2006). In situations 

with smaller, fragmented harvest blocks that is characteristic of partial cutting 

scenarios, CTL system may be more suitable because of lower relocation time, 

setup time and relocation costs due to fewer equipment (Cubbage 1983; Greene 

et al. 1997). A system that offers even lower moving and setup time and 

relocation costs is the harwarder system (Talbot et al. 2003; Andersson et al. 

2004). In comparing the harwarder system to the CTL system, Kärhä (2006) 

found that the harwarders were more competitive in smaller patches of land with 

shorter forwarding distances. These multipurpose machines are better suited to 

fill surge demands due to their lower relocation costs but in general they are less 

cost efficient and also less productive (Asikainen 2004; Greene et al. 1997). It is 

imperative that a WPS have access to these wide of array systems so that 

appropriate machine can be employed under each scenario. 

Forest harvested using any of the different systems discussed above can 

yield various assortments of raw material. Log sorting can improve agility of a 

WPS, it permits the supply chain to improve its response capability (Sessions et 

al. 2005). It can be done during harvest, at the roadside, or at a centralized log 

sort yard (Blinn and Sinclair 1986). The ideal  location will depend on a number 

of factors  such as the number of sorts required, landing related costs, log size, 

number of log destinations, etc. Sessions and Paredes (1987) and Broad (1989) 

present mathematical models to identify the best location, and Sessions et al. 

(2005) expand the problem to incorporate uncertainty in the decision. Blinn and 

Sinclair (1986) through simulation find that the profitability of product sorting 
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depends on the stand parameters as well as the harvesting system used. CTL 

systems are capable of sorting logs in the forest as they are being harvested 

whereas creating sorts using tree-length system has negative impact on 

productivity and requires additional machines (Cass et al. 2009; Hamsley et al. 

2009). If sorting is necessary while using full-tree or whole tree system, a 

centralized log sort yard is most suitable (Sibal et al. 1984). The downside to a 

centralized system is that significant cost is incurred and it has to be ensured that 

the value generated outweighs the incremental investment (Sunderman et al. 

2003; Han et al. 2011). 

Similar to a sort yard, inventory can also be strategically stored at various 

points in the forest supply chain to improve the responsiveness of the WPS; in 

the forest, roadside, satellite log yards and mill yards (Erdle et al. 1981; Stier et 

al. 1986). Keeping an adequate level of inventory is particularly important in the 

WPS to overcome weather related restrictions (LeBel and Carruth 1997; Todd et 

al. 2005). However, it is essential to determine the optimal size and distribution of 

inventory so that neither the wood costs nor mill production is negatively 

impacted due to excess or dearth of supply.  Galbraith and Meng (1981) 

developed a stochastic simulation model to determine the optimum level of 

inventory in a mill log yard using probability distribution of supply and demand, 

and cost data. Once the model determines the optimum level of inventory for 

each time period, they recommend establishing a safe range at an additional cost 

to improve the robustness of the output. Erdle et al. (1982) expand the model to 

determine optimal levels of inventory at various points along the supply chain. 
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LeBel and Carruth (1997) developed a stochastic spreadsheet model to optimize 

wood inventory level and logging capacity setting simultaneously to supply wood 

to a pulp mill.  The model takes into consideration production and capacity 

utilization for harvesting and transportation, mill demands, inventory levels and 

weather impacts. A run of the model under a hypothetical scenario showed that 

keeping a buffer between harvesting and transportation made the mill less 

vulnerable to wood supply uncertainties. The buffer should be placed at a 

decoupling point whether it is at a roadside or a satellite yard to take advantage 

of the leagile approach; placing the inventory in a satellite yard close to the forest 

instead of roadside allows wood to be sorted and stored at a lower inventory 

costs until demand arises (Stier et al. 1986). However the lower inventory cost 

that is achieved through delaying transportation costs may be offset by added 

handling costs incurred at the satellite yard (Erdle et al. 1981). 

These intermediary yards can also potentially be used as intermodal 

nodes to reap benefits offered by multi-modal transportation systems. Use of 

multimodal transportation systems has been identified as a method to improve 

agility by allowing raw materials to reach their final destination in the most 

efficient manner (Kasarda et al. 1998). Rauch and Gronalt (2011) present a 

mixed integer programming model to optimize delivery of forest products through 

intermodal transportation system. There are numerous options to transport the 

raw material from the forest to the mills (Asikainen 1998; Nurminen et al. 2007; 

Hajek et al. 2008); some are suitable for efficient oriented operations while others 

for operations focused on agility. An interesting design of a log truck mentioned 
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in the literature with implications to agility, is a self-loading truck (Simmons 1947).  

Generally, a truck is loaded by a loader at the roadside then unloaded at the 

destination by another loader (Adebayo et al. 2007). Such a system is more cost 

efficient than utilizing a self-loading truck given there are large volumes of wood 

to be transported from the harvest block. Trucks without self-loading capability 

have higher payload carrying capacity thus are more efficient (Kanzian et al. 

2009). However, in settings where harvest blocks are small and widespread, 

continual relocation of loader adds significant cost (Cubbage 1983; Stokes 1992). 

The option of a self-loading truck, despite its lowered payload carrying capacity, 

becomes more appealing. It gives practitioners the flexibility to transport wood 

from any area in the forest without having to transport a loader to the site 

regardless of the volume to be transported (Stokes 1992). Another significant 

development in transportation system with pertinence to agility is central tire 

inflation (CTI) system. As stated earlier, wet weather conditions can severely limit 

the transportation of raw material from the forest to mills during certain periods of 

the year. Either weight restrictions are put in place or trucking is outright halted 

during these periods impacting the response capability of a WPS (Todd et al. 

2005; Bradley 2006). A common approach to overcome this issue is to build a 

stock of inventory (Bradley 2006); another approach to minimise the impact is 

through the utilisation of the CTI system (Brown et al. 1999; Bradley 2006; 

Kestler et al. 2011).  In trucks equipped with CTI, drivers can conveniently adjust 

air pressure in tires to match the road conditions. This consequently improves 
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accessibility of trucks to weather worsened roads and improve agility of the 

system. 

2.3.3.3. Integrated Planning 

There are several approaches proposed in the WPS literature to integrate 

planning of interrelated activities. Epstein et al. (1999) present a linear 

programming model which supports decision on which stands to harvest, what 

volumes of timber to obtain, what bucking pattern to apply, and which harvesting 

machinery to use to satisfy demand for products defined by length and diameter. 

Karlsson et al. (2004) propose a model that integrates harvesting and 

transportation planning. A mixed integer programming (MIP) model is developed 

to make decision on harvest areas, harvest teams to assign, and roads to utilize 

to meet monthly demand from wood-processing facilities.  In Karlsson et al. 

(2003), a MIP model is presented to support shorter term decisions regarding 

scheduling of each harvest teams to meet industrial demand while minimizing 

storage and transportation cost. Carlgren et al. (2006) present a MIP model that 

integrates decision on log sorting and transportation.  Bredström et al. (2010) 

propose an integrated planning approach that supports decision-making 

regarding assignment of machines to harvest areas and harvest scheduling. A 

two-phase solution method is proposed to improve solution time; machines are 

allocated to harvest areas in the first phase and the detailed scheduling is done 

in the second phase. 

Planning approaches with greater level of integration are presented by 

Gunnarsson et al. (2007) and Troncoso et al. (2011). Troncoso et al. (2011) 
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propose an approach to planning where decisions on stand allocation, prescribed 

bucking patterns, transportation volumes and destinations, and the mill 

processes to run are integrated taking into consideration the market information. 

The proposed MIP model applied to a case study in the Chilean forest industry 

demonstrated that the approach improved the net present value of the entire 

supply chain by 5%. Gunnarsson et al. (2007) presents a MIP model that 

integrates planning of activities further downstream the supply chain. The model 

integrates decision on the type of raw material to procure from a given area, 

destination mill, production at pulp mills, and distribution to satisfy demand from 

the final customers. The obstacle to integrating the various aspects of a supply 

chain is that it requires large and complex models that are difficult to solve; 

Rönnqvist (2003) suggests column generation and heuristics development to 

ensure reasonable solution time. 

Chauhan et al. (2011) and Beaudoin et al. (2008) use the hierarchical 

modelling framework proposed by Schneeweiss and Zimmer (2004) to integrate 

plans. In the proposed methodology, separate models are formulated but solved 

iteratively until an ideal solution is found. In the study by Chauhan et al. (2011) 

the goal is to formulate an optimal procurement plan to satisfy demands of 

several mills. Two models - a procurement planning model and a bucking 

optimization model are formulated. The bucking optimization model is simply 

used to anticipate the cost effectiveness of the various procurement plans in 

satisfying the demand from the mills. Similarly, Beaudoin et al. (2008) use the 
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mechanism to ensure feasibility of wood allocation plans at the harvest 

scheduling phase. 

2.3.3.4. Collaboration 

There are several studies that propose collaboration in the industry, mainly in the 

transportation phase. Palander and Väätäinen (2005) conducted a study to 

explore the benefits of collaboration between forest companies to implement 

backhauling during wood transportation. Backhauling means that a truck carries 

a load when returning from a destination to the areas where the first load 

originated (Palander et al. 2004); the opportunity to backhaul depends on the 

geographical location of mills and harvest blocks. Four scenarios, with and 

without collaboration, and with and without backhauling, were evaluated. The 

problem was formulated as a linear programming model with heuristics to select 

backhauling. It was found that collaboration and incorporating backhauling 

reduced roadside inventory, the average transportation distance and the overall 

cost. Also, Weintraub et al. (1996) and Murphy (2003) report collaboration during 

transportation results in reduced truck fleet size.  Carlsson and Rönnqvist (2007), 

who also developed a LP backhauling model with solution based on column 

generation, state that prior to application of such a model it is imperative that the 

issue of benefit sharing amongst participants be addressed. 

Hof and Field (1987) address the issue of benefit sharing in collaborative 

ventures. They introduce a number of cost allocation methods to determine 

timber costs when timber is produced concurrently with recreational and wildlife 

values. Frisk et al. (2010) proposed a new approach, i.e. equal profit method 
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(EPM), for cost sharing. The study reports on collaboration between several 

companies to coordinate the monthly transportation of logs from the forest to 

mills. A case study with eight forest companies from Sweden is presented. The 

transportation problem is solved using a decision support system (FlowOpt). 

Various scenarios are created with different levels of coordination between firms. 

Once again, the results showed that the global cost decreased with an increasing 

level of coordination between companies. The authors state that the EPM 

approach to cost sharing is easier to understand compared to other approaches 

discussed in Hof and Field (1987) and also produced allocation that were 

acceptable to forest companies. 

Beaudoin et al. (2010) present a study comparing different approaches to 

collaboration and cost sharing.  The study compares distributed, collaborative 

and centralized planning to develop procurement plans under different economic 

conditions. The study demonstrates that collaborative planning that is based on 

direct negotiation between companies to coordinate individual procurement plan 

yields better results for all parties involved. Certain areas that are economically 

restrictive for individual companies can become viable through collaboration. 

Audy et al. (2012a) probe further into collaboration strategies; they evaluate 

different business models and negotiation strategies with a network model for 

collaboration between forest companies to transport wood from forest to mills. 

This approach based on cooperative and non-cooperative game theory allows 

the integration of practical considerations in defining the allocation rule and the 

coalition formation process. However there were limitations due to the network 
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model; negotiation could take place only one player at a time and negotiation 

could take place only once. 

All studies found on collaboration have focused on transportation with the 

exception of Beaudoin et al. (2010). Opportunities for collaboration between 

companies during execution of activities such as harvest planning and inventory 

management also exist and should be explored to improve agility of WPS. 

2.3.3.5. Information technology 

Information technology is increasingly being utilized in the WPS. Major 

technologies in application include Geographical Information System (GIS) and 

Global Positioning System (GPS) for harvest and road planning, onboard 

computers to monitor forestry equipment and optimal bucking software to aid in 

decision making. 

Managing spatial data is inevitable in WPS planning therefore GIS is 

widely used in the industry (Brinker et al. 1991; Shao et al. 2006). GIS 

technology, due to its capability to incorporate spatial data, aids practitioners in 

developing clear and cohesive plan (Gerasimov et al. 2008). Bergström and 

Walter (2000) propose application of GIS to support decision-making on road 

building for optimal transportation of wood from harvest areas. Devlin et al. 

(2008) show that truck haulage routes can be modelled within a GIS to either 

lower costs or decrease lead-times. From the early 1960s to the 1990s, maps in 

GIS were developed using photogrammetric techniques which can be laborious 

and time consuming (Sessions et al. 2006). In the 1990s remote sensing method, 

LIDAR (Light Detection and Ranging), in combination with the GPS technology 
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for airborne surveying started emerging (Kruczynski et al. 1993). LIDAR 

technology is capable of collecting vegetation and topography data with high 

level of accuracy (Maltamo et al. 2005). The high resolution mapping of the forest 

topography allows planners to distinguish between harvestable and non-

harvestable areas thus improving the accuracy of volume estimates. Furthermore 

research has demonstrated that the technology can be used to accurately 

estimate tree heights which are an important variable in equations to estimate 

wood supply (Weller et al. 2003). Accurate and detailed knowledge of forest 

resource inventory is a key enabler of the response capability. 

Numerous technologies have been developed to help forest managers 

collect information on the productivity of equipment during harvesting. Goychuk 

et al. (2011) conduct a study using Yellow Activity Monitoring System (YAMS), an 

electronic vibration recorder to measure productivity. Davis and Kellogg (2005) 

present a similar technology, MultiDAT, a data logger developed by 

FPInnovations. McDonald and Fulton (2005) present a method to conduct 

productivity studies using the GPS technology on tree-length harvesting 

equipment. Logging system productivity can be affected by a number of factors 

including, stand density, ground conditions, slope, tree size, branchiness, 

weather conditions (Kluender et al. 1994; Eliasson et al. 1999; Visser et al. 

2004). Automated monitoring systems can be valuable tools that provide forest 

managers data to assess their system productivity and identify factors that affect 

productivity. Furthermore, it can provide data to generate production models that 

incorporate stand conditions leading to accurate production estimates (Davis et 
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al. 2005). Accurate estimation of system production allows forest managers to 

develop harvest plans and truck scheduling that is capable of satisfying demand 

in a timely fashion. Also, GPS has been used to improve truck scheduling and 

routing (Devlin et al. 2009). Unanticipated delays can disrupt schedules leading 

to resource underutilization; in such cases, Hubbard (2000) states that 

dispatchers can use real-time information to generate new schedules to better 

coordinate trucks to hauls. 

Advances in technology have also led to bucking decisions being 

automated. Modern harvesters are equipped with computers that can optimize 

bucking pattern for each tree being handled (Murphy et al. 2004; Uusitalo et al. 

2004). There are two approaches to optimize the bucking process: buck-to-value 

and buck-to-demand (Malinen et al. 2004; Murphy  et al. 2004). In buck-to-value 

approach, the optimization is based on a price matrix thus maximizing the value 

of the stem. In buck-to-demand, a demand matrix is used in addition to the price 

matrix (Malinen et al. 2004). The optimization process then generates bucking 

decisions attempting to fulfill the demand. The technology allows operators to 

make bucking decisions that are customer-oriented (Kivinen et al. 2002; Uusitalo 

et al. 2004). Nevertheless, the technology has its limitations; automatic bucking 

cannot be applied to all species due to difficulty in predicting the stem taper 

(Uusitalo et al. 2004). Marshall et al. (2006) state that complete scan using 

advanced sensing technologies can alleviate the problem at an additional cost. 

Technologies have also emerged in the log tracking front. Log tracking 

has multiple benefits to a WPS striving to fulfill demand in a timely fashion 
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(Bettinger et al. 2008). Among other benefits, it can improve logistics, inventory 

management, and help identify the right raw material to fulfill product demand 

(Murphy & Franich 2004). Various methods for tracking logs along the supply 

chain are outlined in Dykstra et al. (2003). According to Sessions et al. (2006), 

the most practical method of tagging logs is attaching bar-codes to the logs but 

there are problems associated with it during bucking. Murphy and Franich (2004) 

describe the potential of aroma tagging and electronic nose technology. 

 

2.4. CONCLUSION 

Agility has been identified as an essential element to improving competitiveness 

of forest products supply chains in today’s environment characterized by change 

and uncertainty. This research was undertaken to contextualize the concept to 

wood procurement system in order to identify opportunities to improve agility. 

First, a definition of agility was formulated in the wood procurement context; three 

capabilities were identified as being essential to improving agility: flexibility, 

responsiveness and timeliness. Subsequently, five enablers that allow these 

capabilities to be realised were established: flexible supply, flexible logistics, 

integrated planning, collaboration and information technology. Finally, a literature 

search was conducted in the wood procurement domain to identify the presence 

of these enablers, in effect, identifying opportunities to improve agility. The 

search yielded ample evidence of each of the enablers. An elaborate list of 

methods to improve WPS agility is presented.  It is recommended that future 

research emphasis be placed on the enabler “flexibility in supply” to improve 
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WPS agility. In contrast with the other enablers, “flexibility in supply” is unique to 

the forest industry. Raw material for the supply chain originates from forests 

which are not managed solely to maximize economic value; ecological and social 

objectives generally take precedence. Forest management plans are developed 

to allocate raw material for the supply chain. The fact that social, ecological as 

well as economic aspects have to be taken into consideration renders forest 

management planning a complex process. A systems analysis approach is 

required to analyse the current process to identify opportunities to improve agility 

for the WPS. Studies have demonstrated that a number of alternative solutions 

will be equally successful in achieving forest management objectives. From a 

wood procurement systems perspective, an alternative solution may provide a 

better opportunity to align supply with demand. Nevertheless, there are costs to 

improving agility. Thus, prior to investment towards improving agility, empirical 

testing to assess its potential benefits needs to be carried out. 
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CHAPTER 3. VALUE-ADDING THROUGH SILVICULTURAL FLEXIBILITY: AN 
OPERATIONAL LEVEL SIMULATION STUDY 

 
Abstract 

Forest products industry’s competitiveness is influenced by the agility of wood 

procurement systems in delivering raw material to support downstream 

manufacturing activities. However, in a hierarchical forest management planning 

context, silvicultural treatments are prescribed and set as constraints for supply 

chain managers, restricting supply flexibility and consequently value-adding 

potential.  This study was conducted with an objective of quantifying the benefits 

of improving wood procurement systems agility through flexibility in the choice of 

silvicultural treatments at the operational level. The aim was also to determine 

the range of conditions under which benefits from flexibility can be realized while 

accounting for the impact on long-term supply. We present a novel approach that 

integrates silvicultural options into operational level decision-making to solve the 

multi-product, multi-industry problem with divergent flow. The approach entails 

solving a mixed integer programming model in a rolling planning horizon 

framework. Subsequently, we demonstrate benefits associated with integrating 

supply chain and silvicultural decisions through a case study. Future impact of 

exercising flexibility on long-term supply was accounted through incorporating 

costs associated with applying different silvicultural regimes. The presented 

approach will prove to be useful in implementing an adaptive forest management 

system that integrates the complexity of social, economic and ecological 

dimensions.  

Keywords: agility, wood procurement, silviculture, mixed-integer programming, 
forest products industry, supply flexibility. 
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3.1. INTRODUCTION 

Creation of value-added products and diversification from traditional commodity 

focus has been sought in the forest products industry as a strategy to adapt to 

the emerging economic challenges (FPAC 2011). These challenges result from 

changes that have taken place in the global forest sector following the U.S. 

housing crisis, Russian log export tax, emergence of China, changes in energy 

policies, etc. Significant progress has already been made in the development of 

bio-energy, bio-chemicals and bio-materials. However, in a highly competitive 

globalized market characterized by turbulence and volatility, product 

development is only a part of the equation; success also depends on the 

capability of a supply chain to deliver these products to markets in a timely 

manner (Christopher 2010). Supply chains need to be agile to capture 

opportunities in these uncertain market conditions. 

Agility of forest product supply chains depends largely on the agility of 

wood procurement systems (WPS). WPSs are responsible for procuring wood 

from forests to supply raw material for all downstream manufacturing activities 

(D’Amours et al. 2008). The task entails delineating cutblocks, constructing 

roads, and conducting harvesting and transportation operations. A cutblock is a 

group of adjacent forest stands that are treated as a basic unit in management 

plans for which harvesting and regeneration schedule is prescribed.  Under the 

changing context, characterized by greater market volatility, WPSs are faced with 

an emerging challenge of fulfilling volatile demand from a diverse set of 

manufacturers (Hansen et al. 2013). WPSs need to be able to adjust their 
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production accordingly whilst taking into consideration the full range of social, 

economic and environmental factors involved in forest management (Pulkki 

2003). In the past, WPSs based their production on market forecasts and placed 

inventory at strategic points to withstand market fluctuations (Stier 1986; LeBel 

and Carruth 1997). However, WPSs need to better align their production with 

demand in a volatile and competitive context. This requires identifying forest 

stands with the appropriate raw material, harvesting, and delivering it to the 

customers in a timely manner. Audy et al. (2012), in a study conducted in six 

different countries (in Europe and America), show that WPSs are limited in their 

capability to change existing harvest plans to align raw materials with prevailing 

demand. This can be attributed to the disconnection between forest products 

supply chain and forest management planning as discussed in Church (2007) 

and Gunn (2009). 

Forest management planning is conducted using a top-down hierarchical 

approach aggregating and disaggregating information at the various levels to 

reduce complexity (Bettinger et al. 2008). Savard (2011) provides a 

comprehensive schematic of decisions made at each hierarchy based on a case 

study in Quebec, Canada. First, a long-term strategic plan is devised outlining 

management strategy to achieve spatial and temporal objectives of species 

composition and age structure in the forest land base (Grenon et al. 2011). The 

outcome of the plan is the determination of annual allowable cut by species 

group and silvicultural treatments to be applied. Silvicultural treatments are 

actions prescribed to forest stands to meet the objectives set at the strategic 
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level (Davis et al 2001). Subsequently, the volumes set at the strategic level are 

spatially allocated at the tactical level. Forest stands are aggregated to form 

cutblocks and silvicultural treatments are prescribed to individual cutblocks. Next, 

an annual plan is formulated from this pool of cutblocks, attempting to match 

supply with the forecast of demand.  Once the annual plan has been established, 

a schedule is developed for the supply chain to fulfill prevailing demand from 

within this annual pool of cutblocks using the silvicultural treatments already 

prescribed. Even if the prevailing demand differs significantly from forecast, 

altering silvicultural treatments to better align supply with demand is not 

contemplated (Gunn 2009; Savard 2011). Strictly constraining the short-term 

planning process in a hierarchical planning framework impedes full value-

creation potential (Paradis et al. 2013). Moreover, due in part to the natural 

variability of forest ecosystems, a multitude of operational level plans may allow 

achieving objectives set at an upper hierarchy (Gunn 2009). Thus, there are a 

number of different silvicultural treatments that can be prescribed without 

impacting long-term sustainability. 

Fixing silvicultural treatments based on a year-old market forecast can 

negatively impact supply chain performance. Besides market volatility, there is 

also the issue of uncertainty concerning forest resource inventory. Forest 

inventory data used at upper hierarchical planning levels are approximations 

derived through sample-based procedures; there are inaccuracies associated 

with estimations. The inaccuracies are exacerbated by unpredictable events such 

as fire, insect outbreak and even climate change (Yousefpour et al. 2012). 



61 
 

Flexibility in the choice of silvicultural treatments would enable practitioners to 

better match supply with demand (Gautam et al. 2013). Such flexibility could be 

exercised without undermining ecological and social objectives. Lussier (2009) 

conducted a study in eastern Canada to evaluate the impact of changing 

prescriptions to fulfil supply chain requirements in lieu of implementing pre-

determined treatments. Improvement in supply chain profits was demonstrated, 

whilst respecting ecological constraints. However, flexibility in silvicultural 

treatment was not exercised in the study, but simply flexibility in tree choice 

within the partial harvest treatment. Nevertheless, it provides motivation to 

explore the advantage of flexibility in the choice of silvicultural treatment itself at 

the operational level to better align supply with demand.   

Prior to exercising flexibility in the choice of silvicultural treatment, the 

financial feasibility of the alternative treatments have to be ensured. Several 

studies have been conducted on the subject in recent times. Howard and 

Temesgen (1997) conducted a study to assess the potential financial returns 

from forest stands under different silvicultural prescriptions over a 30-year 

planning horizon in western Canada. The financial analysis included harvesting, 

hauling and regeneration costs. Market prices were used to calculate the 

revenue. The resulting net present values (NPV) indicated that a range of 

silvicultural treatments could be economically viable depending on stand specific 

parameters. Andreassen and Øyen (2002) conducted a study to estimate and 

compare the net present value of three silvicultural systems in central Norway: 

single tree selection, group selection and clearcutting. The NPV calculations 
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were based on an assumption of perpetual application of the chosen treatment. 

Clearcutting consistently yielded the greatest NPV, however, two other 

silvicultural treatments were also found to be reasonable options. Liu et al. (2007) 

calculated the benefit cost ratio of several different silvicultural treatments applied 

to forest stands in Québec. The treatments included clearcut, shelterwood and 

two variations of partial cuts. The result showed that clearcut generated the 

highest average net income; however, the benefit cost ratio was highest under 

partial harvest. Moore et al. (2012) conducted a similar study but with a time 

horizon of 200 years. Their calculation of NPV acknowledged the inherent 

uncertainty associated with parameters in the long-term. The median NPV values 

were positive for all treatments, with clearcut yielding the highest value. However, 

based on the simulation, there was also the possibility that clearcut could be less 

profitable than other treatments.  

The studies discussed above demonstrate financial feasibility potential of 

various silvicultural treatments. However, their feasibility in the operational level 

wood procurement context remains to be demonstrated. The following limitations 

were observed in regards to these studies: (i) they all assumed that infinite 

demand existed for all assortments produced, and could be sold at market prices 

to generate revenue. The assumption is unrealistic considering that mills are 

geographically dispersed and it is not economically viable to transport all 

assortments from the forest to their highest value yielding mills due to long 

distances; this will vary on a case-by-case basis; (ii) except in the study by Moore 

et al. (2012), the prices of different assortments were kept constant throughout 
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the study horizon although our investigation of recent data reveals a high 

volatility in market prices (Sun and Ning 2014; UN 2013).  The prices have a 

significant impact on the revenue generated and consequently the NPV; (iii) the 

studies were conducted at the stand level; an analysis under a broader context is 

bound to vary the outcome. As an example, if a group of cutblocks were 

clustered in an area, economies of scale could be applied to reduce overall cost; 

(iv) transportation costs were excluded in their analyses except in Howard and 

Temesgen (1997).  The exclusion of transportation cost is justifiable given 

uncertainty with regards to destination mills in such studies. Nevertheless, 

transportation cost represents a significant proportion of the overall cost, 

subsequently dictating feasibility of silvicultural treatments. 

Thus, financial feasibility of silvicultural treatments needs to be further 

assessed at the operational level where uncertainties associated with demand 

and price forecasts are greatly reduced. Also, at the operational level, the 

knowledge of the spatial setting of mills and other allocation decisions allow 

better estimation of harvesting and transportation costs. Numerous models have 

been proposed to support decision-making at the operational level. Walker and 

Preiss (1988) developed a mixed integer programming model to support 

decision-making on areas to harvest and allocation of log assortments from 

harvest areas to surrounding mills. Burger and Jamnick (1995) constructed a 

linear programming model to include decisions on the harvest method to be 

employed. Epstein et al. (1999) and Chauhan et al. (2009) incorporated bucking 

decisions. Bucking is the process of cutting a tree into lengths according to the 
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specifications provided by customer mills. Karlsson et al. (2004) formulated a 

Mixed Integer Programming (MIP) model to incorporate harvest crew assignment 

in the decision-making. A MIP model that generates procurement plans taking 

into consideration fiber freshness is presented in Beaudoin et al. (2007). 

However, to the best of our knowledge, silvicultural treatment has not been 

explicitly included as a decision variable in any operational level wood 

procurement model described in the scientific literature. 

In lieu of flexibility in silvicultural treatments, flexible harvest policies as 

described in Brazee and Mendelsohn (1988) and Knoke and Wurm (2006) could 

be employed. At the operational level, however, it would entail identifying a new 

set of harvest blocks to generate a plan, consultation with stakeholders, road 

construction for access, and performing other preparatory tasks. From an agility 

viewpoint, flexibility in silvicultural treatment offers the potential to add even more 

benefits. Thus, the objective of the study is to examine the potential improvement 

in supply chain performance through flexibility in silvicultural treatment decisions 

at the operational level. The specific goals are: (i) to provide an operational level 

wood procurement planning model which uses silvicultural treatment as a 

decision variable; (ii) to employ a mechanism to account for the impact of 

operational level silvicultural flexibility on long-term supply and to incorporate it in 

decision-making; (iii) to quantify the improvement in supply chain profits and 

demand fulfillment rates under a range of conditions to account for the impact on 

long-term supply.  
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3.2. METHOD 

The problem was set up from the perspective of a wood procurement company 

responsible for harvesting cutblocks and delivering raw materials to meet 

demands from various manufacturing mills. This can be characterized as a multi-

product, multi-industry problem with divergent flow. It was assumed that a 

strategic plan, a 5-year spatial plan, and an annual plan had already been 

prepared based on long-term economic analysis such as NPV. On the market 

side, the prevailing demand was a random parameter that differed from the 

forecast. Thus the short-term operational plan was to be redeveloped in light of 

the prevailing demand for profit maximization. 

3.2.1. Simulation experiment 

An experiment was designed to measure the potential financial gains and 

demand fulfillment rates from allowing redevelopment of the operational level 

plan with alternate silvicultural treatment prescriptions. In this study, silvicultural 

treatment refers only to activities that yield merchantable volume. Various 

scenarios were constructed and simulated to quantify the benefits. The 

simulation process is illustrated in Figure 3.1; plans are developed and executed 

under demand uncertainty on a rolling planning horizon basis. First, a random 

number generator was used to simulate demands from a set of mills. On the 

supply side, there were volumes of assortments available in cutblocks that are a 

function of the silvicultural treatment applied. Using this information, a scenario 

was generated and used as input to the operational level wood procurement 
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planning model. The first period statistics were collected from the plan generated 

by the model since it is the only period executed. The statistics collected included 

profit generated and demand fulfillment rates. Demand fulfillment rate is the 

percentage of the volume supplied relative to the demand. Unfulfilled demand is 

not transferred to the subsequent period. The volumes prescribed in the first 

period were deducted from the initial inventory and the next iteration was run with 

the updated demand information (randomly generated). 

 
Figure 3.1. An illustration of the planning process simulation. 
 

The simulated scenarios are outlined in Table 3.1. Scenarios 1 and 2 represent 

the status quo approach; there was no flexibility in the choice of silvicultural 

treatment. As indicated in the third column of Table 1, scenario 1 represents a 

setting with low demand volatility and scenario 2 represents a setting with high 

demand volatility. It was assumed that demand is a random parameter with a 

normal probability distribution. The low and high volatility represent a standard 
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deviation that is 15% and 40% of the base demand, respectively. These values 

are based on studies by Childerhouse and Towill (2000), Zhang and Zhang 

(2007), UN (2013). In scenarios 3 to 10, silvicultural treatment could be changed 

to improve supply-demand alignment. In scenarios 3 and 4, no additional cost 

was incurred to exercise this flexibility. Thus, we did not account for future impact 

of changing silvicultural treatment from what was initially prescribed to a cutblock. 

However, in scenarios 5 to 10, future impact of changing silvicultural treatment 

was accounted through applying different intensities of flexibility cost. The 

different intensities were established to conduct sensitivity analysis; further 

discussion on this cost is provided in the next section. 

Table 3.1. The list of scenarios used for the experiment. 

 

The planning horizon for each scenario was one year divided into 12 monthly 

periods. The plan was executed in a rolling planning horizon approach; this 

framework minimizes the incorporation of uncertain data in decision-making. The 

approach is depicted in Figure 3.2; in each prevailing period, a plan was 

Demand

volatility Extensive Basic Intensive

1 Low

2 High

3 Low

4 High

5 Low √

6 Low √

7 Low √

8 High √

9 High √

10 High √

Yes

No

Cost imposed based on the 

following silvicultural intensityScenario

Flexibility in 

silvicultural 

treatment

Not applicable

Yes Cost not imposed
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developed for the entire horizon with knowledge of demand for the prevailing 

period and forecasts for the remaining periods. However, the plan was 

implemented only in the prevailing period. At the start of the next period, a new 

plan was developed using updated demand and forecast information. Both actual 

and forecast demands were generated randomly assuming a normal distribution. 

The process continued until the end of the planning horizon. For each scenario, 

50 repetitions were carried out under simulated stochastic demand. 

 
Figure 3.2. An illustration of the rolling planning horizon approach. 
 

3.2.2. Flexibility cost 

The complexity in forest dynamics and forest management renders the 

task of anticipating the precise long-term effect of altering silvicultural treatment 

at the operational level quite challenging.  Nevertheless, to avoid undesirable 

impact of operational level amendments on long-term sustainability, we imposed 

a cost in conjunction with a change in the silvicultural treatment.  This is referred 

to as flexibility cost. The cost was estimated based on an assumption that forest 
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succession can be influenced through applying a silvicultural regime (Fujimori 

2001; Homagain et al. 2011). A silvicultural regime is a series of interventions 

imposed on the cutblock over time that includes regeneration, tending and 

harvesting activities. If the treatment was altered, we assumed that silvicultural 

regime could be prescribed to ensure that the cutblock still reaches an initially 

desired state. Theoretically, reaching this state will ensure that the long-term 

sustained yield of the forest is not significantly impacted. A sensitivity analysis 

was then conducted on cost associated with silvicultural regimes. The range of 

values used for the sensitivity analysis was based on different silvicultural 

regimes (Table 3.2). These regimes were inspired by those proposed in Bell et 

al. (2008) in a similar context. The costs of the three regimes were subsequently 

used to conduct the sensitivity analysis. 

Table 3.2. The silvicultural regimes used to estimate flexibility cost for sensitivity 
analysis 

Activity Silvicultural regime 
Extensive Basic Intensive 

Site preparation √ √ √ 
Plant 

 
√ √ 

Pre-commercial thinning 
 

√ √ 
Fill Plant 

  
√ 

Tending     √ 
 

3.2.3. Mathematical formulation 

The overall plan components are illustrated in Figure 3.3. The objective was to 

maximize profit; revenue was generated through delivery of product assortments 

from cutblocks to customer mills. The costs stemmed from harvesting and 

transportation activities as well as flexibility cost. The yield of product 
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assortments from cutblocks depended on the silvicultural treatment applied. 

There was also a decision to be made on harvesting systems to be employed. 

The cost of harvesting a cutblock depended on the productivity of the chosen 

system. Stand specific parameters were assumed to be uniform with regards to 

their influence on the productivity of harvest systems. It was assumed that the 

land base already had an existing road network. Only the costs associated with 

the portions of roads that needed to be built or upgraded to join the cutblocks to 

the existing network was taken into consideration and included in the harvesting 

cost. We assume that inventory could be stored on roadsides until demand arose 

in the future. 

 
Figure 3.3. A depiction of the overall plan components with the decision 
variables. 
 

Table 3.3. Description of the sets used in the mathematical model. 
Notation Description 

T Set of time periods t 
H Set of cutblocks h 
S Set of silvicultural treatments s 
E Set of harvest systems e 
A Set of assortments a 
M Set of mills m 
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Table 3.4. Description of the input data for the mathematical model. 
Notation Description 

Vhsa  
Maximum volume of assortment a available in cutblock h when 
subjected to silvicultural treatment s (m3) 

Na  The selling price per cubic meter of assortment a ($·m-3) 
Ce  Harvest cost under harvest system e ($·day-1) 
Bhm  Round trip distance from cutblock h to mill m (km) 
Ghm  Unit transportation cost between cutblock h and mill m ($·m-3·km-1) 
Rt Maximum transportation capacity during period t (m³) 

Jhs  
The cost incurred to alter the prescribed treatment in cutblock h to 
silvicultural treatment s ($) 

YIha  Initial roadside inventory of assortment a in cutblock h (m3) 
YCth  Unit stocking cost in cutblock h during period t ($·m-3) 

Pse   
The productivity of harvest system e under silvicultural treatment s 
(m3·day-1) 

Ote  Number of work days available for harvest system e during period t 
Dtam  Volume of assortment a demanded by mill m during period t (m3) 
V  A very small number 
 

Table 3.5. Decision variables of the mathematical model. 
Notation Description 
bhse 1, if block h is planned for harvesting in any period using silvicultural 

treatment s and harvest system e, 0, otherwise 
xthse The proportion of cutblock h cut in period t under silvicultural 

treatment s using system e 
qtham The volume of assortment a transported from cutblock h to mill m in 

period t (m3) 
ytha The volume of assortment a stored in cutblock h  at the end of 

period t (m3) 
rh Integer variable used to limit the number of periods during which 

cutblock h is cut 
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[1] 

Maximize Profit

= ∑ ∑ ∑ ∑ 𝑞𝑡ℎ𝑎𝑚(𝑁𝑎  − 𝐺ℎ𝑚𝐵ℎ𝑚) 

𝑚∈𝑀𝑎∈𝐴ℎ∈𝐻𝑡∈𝑇

− ∑ ∑ ∑ ∑ ∑ 𝑥𝑡ℎ𝑠𝑒𝑉ℎ𝑠𝑎𝐶𝑒𝑃𝑠𝑒
−1

𝑎∈𝐴𝑒∈𝐸𝑠∈𝑆ℎ∈𝐻𝑡∈𝑇

−  ∑ ∑ ∑ 𝑦𝑡ℎ𝑎𝑌𝑡ℎ
𝐶 −

𝑎∈𝐴ℎ∈𝐻𝑡∈𝑇

 ∑ ∑ ∑ 𝑏ℎ𝑠𝑒𝐽ℎ𝑠

𝑒∈𝐸𝑠∈𝑆

 

ℎ∈𝐻

   

Subject to, 

[2] 𝑦𝑡ℎ𝑎 =  𝑌ℎ𝑎
𝐼 +  ∑ ∑ 𝑥𝑡ℎ𝑠𝑒𝑉ℎ𝑠𝑎

𝑒∈𝐸𝑠∈𝑆

−  ∑ 𝑞𝑡ℎ𝑎𝑚

𝑚∈𝑀

    ∀ ℎ, 𝑎, 𝑡 = 1 

[3] 𝑦𝑡ℎ𝑎 =  ∑ ∑ 𝑥𝑡ℎ𝑠𝑒𝑉ℎ𝑠𝑎

𝑒∈𝐸𝑠∈𝑆

+  𝑦𝑡−1,ℎ,𝑎 − ∑ 𝑞𝑡ℎ𝑎𝑚

𝑚∈𝑀

    ∀ ℎ, 𝑎, 𝑡 > 1 

[4] ∑ 𝑞𝑡ℎ𝑎𝑚

ℎ∈𝐻

≤  𝐷𝑡𝑎𝑚        ∀  𝑡, 𝑎, 𝑚 

[5] ∑ ∑ ∑ 𝑉ℎ𝑠𝑎𝑥𝑡ℎ𝑠𝑒

𝑎∈𝐴𝑠∈𝑆ℎ∈𝐻

≤ ∑ 𝑃𝑠𝑒𝑂𝑡𝑒

𝑠∈𝑆

            ∀ 𝑡, 𝑒 

[6] ∑ ∑ 𝑥𝑡ℎ𝑠𝑒

𝑒∈𝐸𝑡∈𝑇

≤ 1        ∀ ℎ, 𝑠 

[7] ∑ ∑ 𝑏ℎ𝑠𝑒

𝑒∈𝐸𝑠∈𝑆

 ≤ 1           ∀  ℎ 

[8] 𝑏ℎ𝑠𝑒𝑉 ≤  ∑ 𝑥𝑡ℎ𝑠𝑒

𝑡∈𝑇

          ∀ ℎ, 𝑠, 𝑒 

[9] 𝑏ℎ𝑠𝑒  ≥  ∑ 𝑥𝑡ℎ𝑠𝑒

𝑡∈𝑇

          ∀ ℎ, 𝑠, 𝑒 

[10] ∑ ∑ ∑ 𝑥𝑡ℎ𝑠𝑒

𝑒∈𝐸𝑠∈𝑆𝑡∈𝑇

=  ∑ ∑ 𝑏ℎ𝑠𝑒

𝑒∈𝐸𝑠∈𝑆

           ∀ ℎ 

[11] ∑ ∑ ∑ 𝑞𝑡ℎ𝑎𝑚

𝑚∈𝑀𝑎∈𝐴ℎ∈𝐻

 ≤  𝑅𝑡           ∀ 𝑡 

[12] ∑ ∑ 𝑥𝑡ℎ𝑠𝑒

𝑒∈𝐸𝑠∈𝑆

 +  ∑ ∑ 𝑥𝑡+1,ℎ,𝑠,𝑒

𝑒∈𝐸𝑠∈𝑆

= 𝑟ℎ    ∀ ℎ, 𝑡 = 1. . 𝑡 − 1 

[13] 𝑟ℎ ≤  1       ∀  ℎ 

[14] 𝑏ℎ𝑠𝑒 , 𝑟ℎ  ∈ {0,1} 

[15] 𝑥𝑡ℎ𝑠𝑒 , 𝑞𝑡ℎ𝑎𝑚, 𝑦𝑡ℎ𝑎  ≥ 0         ∀ 𝑡, ℎ, 𝑠, 𝑒, 𝑎, 𝑚 
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The sets, input data and decision variables of the mathematical model are 

presented in Tables 3.3, 3.4 and 3.5, respectively. The objective function (eqn. 1) 

was formulated as profit maximization. The first element represents the revenue 

generated through delivery of wood assortments to mills minus transportation 

cost. The second and third elements represent the variable costs associated with 

harvesting and inventory, respectively.  The last element represents flexibility 

cost imposed for altering silvicultural treatment from what was initially prescribed 

to a cutblock. 

Equations 2 and 3 are flow conservation constraints that ensure storage 

balance of assortments in cutblocks.  Equation 2, handles the first period of the 

planning horizon and equation 3 handles the remaining periods. Equation 4 

ensures that the volume of wood assortments transported to a mill during a 

particular period is less than or equal to the demanded volume.   Equation 5 is a 

harvest capacity constraint; it ensures that the volume harvested per period is 

less than or equal to the maximum production capacity. Equation 6 ensures the 

total volume harvested in a cutblock in all periods is less than or equal to the 

maximum available under a silvicultural treatment. Equation 7 forces application 

of the same silvicultural treatment to a cutblock even if harvesting is partitioned to 

different periods and different harvest systems.  Equations 8-9 establish a 

relationship between the variables bhse and xthse by triggering variable bhse to 1 if 

a cutblock is planned to be harvested over the planning horizon. V ensures 

Equation 8 is satisfied when x>0.  Equation 10 ensures that if a cutblock is 

selected for harvest, the entire available volume is harvested over the planning 
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horizon. Equation 11 ensures that the total volume delivered to all mills in each 

period is lower than the transportation capacity. Equation 12 and 13 limit 

harvesting of a cutblock to be partitioned to a maximum of two subsequent 

periods.  Finally, equations 14 and 15 assign binary restrictions and non-

negativity restrictions to respective variables. 

3.2.4. Statistical Analysis 

Statistical analyses were performed using SigmaPlot®, version 12.0 for 

Windows. Friedman repeated measures analysis of variance on ranks were 

conducted to compare the effects of flexibility in the choice of silvicultural 

treatment, the different intensities of flexibility costs imposed, and demand 

volatility levels, on profit and demand fulfillment rates. Tukey’s post hoc tests 

(Tukey 1949) were carried out to further analyze the statistical significance effect 

of levels of the independent variables on the dependent variable in each model. 

Also, analysis of variance (Fisher 1959) tests were carried out to examine effects 

of intensities of flexibility costs imposed on proportion of silvicultural treatments 

prescribed. The residuals were tested for normality and homogeneity of variance 

prior to conducting the tests. 
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3.3. CASE STUDY 

3.3.1. Description 

A hypothetical case study was developed based on data received from a forest 

products company operating in Quebec, Canada. The wood procurement 

company operates in the boreal mixedwood forest region. The region is 

characterized by forests with several of the following species: black spruce 

(Picea mariana (Mill.) BSP), white spruce (Picea glauca (Moench) Voss), jack 

pine (Pinus banksiana Lamb.), white pine (Pinus strobus L.), red pine (Pinus 

resinosa Sol.), balsam fir (Abies balsamea (L.) Mill.), larch (Larix larcina (Du Roi) 

K. Koch), eastern red cedar(Juniperus virginiana L.), trembling aspen (Populus 

tremuloides Michx.), yellow birch (Betula alleghaniensis Britt.), paper birch 

(Betula papyrifera Marsh.), balsam poplar (Populus balsamifera L.), sugar maple 

(Acer saccharum Marshall). With regards to the size of the cutblocks, 83% were 

below 50 ha, and the remaining 17% were between 50 and 100 ha. The 

company manages demand from 10 mills in the region. The acquired data 

contained information on volumes demanded during a one year horizon which 

was used as the base demand for the experiment (Table 3.6 in Appendix). The 

transportation capacity was set to be unlimited. 

 

3.3.2. Supply 

There were 50 cutblocks allocated for harvest in a one-year period with 

information on volumes by assortment. It was assumed that clearcut was the 
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default treatment prescribed to all cutblocks. With clearcut as the default 

treatment, the total volume available of each assortment was at least 1.5 times 

greater than the base demand. The volumes available under alternative 

treatments were therefore estimated assuming that they would be a subset of the 

clearcut treatment. Four additional treatments were developed based on 

proportions of volumes in the cutblocks. While these treatments might be 

considered coarse representation of natural dynamics for a given forest, their use 

permits a practical approach to carry out the experiment. In practice, more 

refined prescriptions should be developed for each cutblock based on stand 

specific parameters. Option 1 and 2 are construction treatments inspired by 

Raymond et al. (2009) where 50% of the default volume is removed from the 

block. They represent two variants of the extended irregular shelterwood system. 

Under option 1, 75% of the extracted volume is softwood while only 25% of 

hardwood is removed. In contrast, under option 2, 75% of the extracted volume is 

hardwood and 25% of it is softwood. In cutblocks with insufficient softwood or 

hardwood volumes, the restriction on proportion of species to be extracted was 

relaxed. Option 3 and 4 were treatments inspired by Ruel et al. (2007), they 

represent different intensities of partial harvesting of the cutblocks with 40% and 

30% of the volumes being removed, respectively. The volumes under these 

treatments were estimated by multiplying the default values by 0.4 (option 3), and 

0.3 (option 4). Data were generated for all cutblocks to specify volumes available 

under each option.  Table 3.7 displays the assortments and the prices used in 

the experiment; grade 1 and 2 represent higher and lower value logs, 
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respectively. Log prices used in the experiment were obtained from the Wood 

producers association of Québec (SPFRQ 2013). 

Table 3.7. Example of assortment volumes by silvicultural treatment for a 
cutblock. 

 

3.3.3. Costs 

Two options on harvesting systems were utilized to implement the treatments: 

cut-to-length (CTL) and full-tree systems (FT). The productivity of the systems 

varies depending on the treatment being implemented. The productivity values 

used in the case study were estimates based on values published in Meek 

(2006) and Gingras (1994). The cost of transportation was estimated at 

$0.032·m-³·km-1 based on a payment rate of $80·hr-1 and volume capacity of 

50m³. Information on distances between mills and cutblocks were part of the 

acquired data (Table 3.9 Appendix). The hourly costs for cut-to-length and full-

tree systems were estimated at Canadian $260 and $322 per scheduled machine 

hour, respectively, based on Gautam et al. (2010) and Puttock et al. (2005). 

Costs were actualised to the year 2013 using the bank of Canada inflation 

calculator (BOC 2013).  The total harvesting cost depended on the productivity of 

Default Option 1 Option 2 Option 3 Option 4

Yellow birch Grade 1 0.07 0.07 0.07 0.03 0.02 407

Yellow birch Grade 2 0.39 0.39 0.39 0.15 0.12 169

Paper birch Grade 1 0.59 0.59 0.59 0.24 0.18 390

Paper birch Grade 2 5.97 5.97 5.97 2.39 1.79 105

Sugar maple Grade 1 0.00 0.00 0.00 0.00 0.00 407

Sugar maple Grade 2 0.00 0.00 0.00 0.00 0.00 169

Deciduous pulp 30.60 17.98 30.60 12.24 9.18 60

Trembling aspen 53.39 0.00 37.38 21.36 16.02 85

White pine 0.28 0.28 0.28 0.11 0.08 105

Red pine 0.00 0.00 0.00 0.00 0.00 105

Fir/spruce/pine/tamarack 108.71 74.72 24.72 43.49 32.61 93

Assortment
Volumes available under silvicultural treatment (m³·ha-1) Price   

($·m-³)
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the chosen system in a particular cutblock. Inventory cost structure is particularly 

difficult to estimate, as it includes carrying cost, ordering costs, backlog costs, 

deterioration cost, opportunity cost, etc. The cost was set to a high value in this 

experiment to restrict the model from excessively stocking in the forest. The 

model’s decision to store inventory will be based on forecast data. However, due 

to the execution of the model on a rolling period basis, the demand will eventually 

change when it materializes. Thus inserting a high cost for inventory forces the 

model to match current demand with supply rather than stocking. However, the 

costs were not made to be exceedingly high because exact match between 

supply and demand cannot be made, and it would be necessary to store some 

inventory. With regards to flexibility cost, the costs associated with each regime 

were estimated using a government report (MRN 2009) and converted to 2013 

Canadian dollar (BOC 2013); the costs were $2·m-³, $12·m-³ and $21·m-³ for 

extensive, basic and intensive, respectively. 

 

3.4. RESULTS 

The mathematical model was coded using the AMPL modeling language (Fourer 

et al. 2003) and solved using CPLEX 12.5 in a 3.07 GHz PC with 12 GB RAM. 

An iteration of the case study with 12 time periods contained 35,232 linear 

variables, 1,500 binary variables and 8,342 constraints. The optimality gap was 

set to within 1% and a time limit for computation was fixed at 1000 seconds. The 

solutions obtained in the experiment were between 0.068% and 1.78% of the 

relaxed problem. 50 repetitions of each of the 10 scenarios were run on a rolling 
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planning horizon basis for 12 monthly periods. In general, it was found that both 

the profit values as well as demand fulfillment rates were higher under scenarios 

with flexibility in the choice of silvicultural treatment at the operational level 

(Figures 3.4-3.7). The values represent a total generated by the entire realized 

plan. 

The distributions of the profit values under the low and high volatility 

scenarios are shown in Figures 3.4 and 3.5, respectively. Trends under both 

volatility levels were similar; when given flexibility in the choice of silvicultural 

treatment, the profits increased and subsequently showed a decreasing trend 

with an increasing flexibility cost. A one-way repeated measures analysis of 

variance by ranks showed that there was a statistically significant difference in 

the profit values (p < 0.001). Results of the multiple comparison procedures 

(Tukey test) are included in the figures. Scenarios without flexibility in the choice 

of silvicultural treatment (1 and 2) generated profits significantly lower than the 

remaining scenarios. Even with the most intensive flexibility cost imposed, the 

profits were still significantly higher than the scenario without flexibility in the 

choice of silvicultural treatment. Flexibility in the choice of silvicultural treatment 

permitted the model to develop a plan that procured a mix of products more 

aligned with the emerging demand. 

Under low volatility in demand (scenario 3), an average increase in profit 

of $862,931 was observed when allowing flexibility in the choice of silvicultural 

treatment without imposing flexibility cost. The difference was reduced to 

$674,242, $639367 and $322,600 when extensive (scenario 5), basic (scenario 
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6) and intensive (scenario 7) flexibility costs were applied, respectively. Similarly, 

an increase of $950,124 was observed under high demand volatility (scenario 4) 

when flexibility in the choice of silvicultural treatment was permitted. The 

subsequent differences as the flexibility cost increased were $923,286 (scenario 

8), $663,855 (scenario 9) and $384,078 (scenario 10). Increases in profits were 

greater under high demand volatility scenarios. The percentage increases were 

on average 5.5% (scenario 4), 5.4% (scenario 8), 4.1% (scenario 9) and 2.6% 

(scenario 10) under high demand volatility. The percentage increases in 

scenarios with low demand volatility were 2.8% (scenario 3), 2.0% (scenario 5), 

1.8% (scenario 6) and 0.2% (scenario 7). 

 
Figure 3.4. A box and whisker graph showing distribution of profit values for the 
low volatility scenarios (scenario 1, 3, 5, 6 and 7). Boxes labeled with the same 
alphabet are not significantly different from each other.  
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Figure 3.5. A box and whisker graph showing distribution of profit values for the 
high volatility scenarios (2, 4, 8, 9 and 10). Boxes labeled with the same alphabet 
are not significantly different from each other. 

The distribution of demand fulfillment rates from 50 experimental runs are 

shown in Figures 3.6 and 3.7 for the lower and higher volatility levels, 

respectively. Repeated measures analyses of variance by ranks showed 

statistically significant difference in the demand fulfillment rates (p < 0.001). 

Results of the multiple comparison procedures (Tukey test) are included in the 

figures; boxes labeled with the same letter are not significantly different from 

each other. Flexibility in the choice of silvicultural treatment significantly 

increased the demand fulfillment rates. In lower volatility scenarios, the rates 

increased from 83.6% to 87.3% when flexibility in the choice of silvicultural 

treatment was permitted without imposing a cost. The rates were 86.7%, 86.8% 

and 85.8% when imposed flexibility costs based on extensive, basic and 

intensive silviculture intensity, respectively. In higher volatility scenarios, the 
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increase in the demand fulfillments rates through permitting flexibility ranged from 

an average of 81.6% to 85.2%. Subsequently, imposing flexibility costs based on 

extensive, basic and intensive silviculture intensity led to demand fulfillments 

rates of 85.8%, 84.6% and 83.5%, respectively.  

Unlike profit values, the difference in demand fulfillment rates due to 

providing flexibility in the choice of silvicultural treatment was not definitively 

greater under high volatility scenarios. Under high volatility scenarios, the 

increases were 3.6%, 4.2%, 3.0% and 1.9% for no flexibility cost, extensive, 

basic and intensive silviculture intensity, respectively. The corresponding values 

for low volatility scenarios were, 3.7%, 3.1%, 3.2% and 2.2%, respectively. The 

greater increase in profit under higher volatility scenarios without the same 

increases in demand fulfillment rates can be explained through the differences in 

the assortment prices. The model would have focused on fulfilling demand of 

assortments that generated higher revenue rather than overall demand fulfillment 

since the objective function sought to maximize profit. 
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Figure 3.6. A box and whisker graph showing distribution of demand fulfillment 
rates for low volatility scenarios.  

 
Figure 3.7. A box and whisker graph showing distribution of demand fulfillment 
rates under high volatility scenarios. 
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A summary of the proportions of silvicultural treatments implemented 

under different scenarios is shown in Table 3.7. The proportions reflect average 

values from 50 runs of the model and are based on volume. ANOVAs were 

carried out for each silvicultural treatment proportions prescribed under different 

scenarios. The results of the analyses have been included in Table 3.8; numbers 

labeled with the same letter are not significantly different from each other.  The 

proportions of silvicultural treatments prescribed did not vary significantly with 

demand volatility levels. The proportions did, however, vary significantly 

depending on the intensity of flexibility costs imposed. Multiple comparison tests 

(Holm-Šídák) showed that the difference between “no cost” and “extensive” was 

not statistically significant but the remaining regimes all produced proportions 

significantly different from each other. The trend of increased application of the 

default treatment was observed as the flexibility cost was augmented. 
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Table 3.8. Descriptive statistics of proportions of silvicultural treatments 
prescribed under different scenarios based on volume (m³). 

 

3.5. DISCUSSION AND CONCLUSION 

The study was conducted to quantify the benefits of improving agility on supply 

chain profits and demand fulfillment rates. It also allowed the determination of a 

range of conditions under which benefits can be realized. The proposed 

approach of improving agility entailed allowing flexibility in the choice of 

silvicultural treatments at the operational level.  A simulation experiment based 

on a rolling planning horizon framework with uncertain demand was implemented 

Average Min Max Average Min Max

No cost Default 58.3 (5.3)a 46.0 70.5 58.6 (6.3)a 43.7 74.1

Option 1 16.8 (4.5)d 7.0 27.8 15.0 (5.2)d 3.8 27.6

Option 2 13.0 (5.2)g 2.9 25.7 12.7 (4.5)g 4.4 22.4

Option 3 7.0 (2.8)j 0.0 12.7 8.2 (3.6)j 1.0 16.8

Option 4 4.8 (2.2)m 0.6 10.9 5.5 (2.3)m 1.8 12.4

Extensive Default 57.3 (5.5)a 44.5 67.8 58.2 (6.9)a 42.6 75.5

Option 1 16.2 (4.5)d 7.8 28.3 15.0 (5.6)d 2.5 30.4

Option 2 14.3 (4.2)g 5.3 23.5 12.3 (5.3)g 2.4 28.7

Option 3 7.3 (3.4)j 0.5 14.9 8.9 (3.7)j 1.8 18.6

Option 4 4.9 (2.6)m 0.2 13.2 5.5 (2.6)m 0.4 11.2

Basic Default 71.6 (6.5)b 57.7 87.6 74.5 (5.1)b 63.7 85.3

Option 1 9.9 (4.7)e 0.9 19.0 9.7 (4.3)e 0.0 18.5

Option 2 10.0 (5.0)h 1.1 20.7 8.1 (3.5)h 1.0 17.3

Option 3 4.8 (2.9)k 0.0 11.2 4.8 (2.7)k 0.0 10.7

Option 4 3.6 (2.7)n 0.0 12.3 3.0 (2.2)n 0.0 9.0

Intensive Default 81.2 (5.4)c 66.5 92.1 84.4 (6.6)c 71.4 97.4

Option 1 6.7 (3.5)f 0.0 15.5 5.8 (4.7)f 0.0 18.6

Option 2 6.8 (4.4)i 0.0 19.7 5.5 (4.0)i 0.0 18.2

Option 3 2.4 (1.6)l 0.0 5.9 2.5 (2.2)l 0.0 10.4

Option 4 2.9 (2.3)o 0.0 10.7 1.9 (1.9)o 0.0 7.0

* Values in parentheses represent the standard deviation

Basis for 

Penalty

Prescribed 

treatment

Low volatility High volatility
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to a case study in Quebec, Canada. The process should be considered as a 

further development of the analyses presented by Howard and Temesgen (1997) 

and Moore et al. (2012). Treatments with an acceptable benefit-cost ratio should 

be considered as an option; the prevailing demand should then partly influence 

the decision on the actual treatment to be applied as the eventual profitability 

depends on it. 

The importance of the approach is demonstrated by Figures 3.6 and 3.7. 

Under status quo (scenarios 1 & 2), demand fulfillment rates were lower despite 

the availability of assortments in the cutblocks; confirmed by the fact that rates 

were higher under scenarios with flexibility (Scenarios 3-10). Furthermore, an 

increase in profit through the approach was greater under high demand volatility 

(Figure 3.5) than in low volatility (Figure 3.4). This result has important 

implications for wood procurement systems operating in mixedwood stands that 

are responsible for supplying to value-added manufacturers.  On the market side, 

these manufacturers are exposed to high demand volatility (Grace 2013); this will 

be reflected in the demand put forward to the wood procurement systems. On the 

supply side, mixedwood stands are characterized by variability in the composition 

of species among other features. The treatment applied will dictate the volume 

and ratio of assortments procured from a cutblock. The procurable mixture may 

contain both assortments with and without demand in the market. The decision to 

harvest is then based on whether the profit generated from the demanded 

assortments can offset the harvesting and storage of non-demanded 

assortments. There is an element of risk associated with future demand and also 
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likelihood of quality deterioration during storage leading to a net loss. Thus, the 

cutblock may be bypassed altogether accepting a reduction in demand 

satisfaction as in scenarios 1 & 2.  Flexibility in silvicultural treatment permits 

selection of a treatment that produces assortments reflective of the demand 

(Scenarios 3-10). As pointed out by Puettmann et al. (2009), there are generally 

a range of treatments applicable to any given forest stands. In this study, 

treatments were developed based on volume proportions. In practice, 

silviculturists should develop a range of close-to-nature silvicultural treatment 

options for each cutblock.  Forest managers can then produce and execute 

harvest plans that are both ecologically and economically viable. Such multiple 

scale integration through incorporating input from silviculturists in supply chain 

management allows for adaptive management system with greater value-

creation opportunity (Messier et al. 2013). Our results also suggest that 

significant improvement can be realised even if flexibility is permitted in only a 

certain proportion of the cutblocks. Table 3.8 demonstrates that even without any 

penalty imposed for exercising flexibility; almost 60% of the volume was procured 

through initially prescribed treatments. On the other hand, even under the 

condition where maximum penalty was imposed for exercising flexibility, the 

model procured almost 20% of the volumes through alternative treatments due to 

the associated benefits. These results reinforce the importance of silvicultural 

flexibility for wood procurement systems in delivering raw material to the forest 

products supply chain.  
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Despite the potential advantages, there are some challenges for 

implementation. This study was conducted under the assumption that the 

assortments in cutblocks can be accurately estimated, and that harvesting 

systems can procure just the targeted assortments under a prescribed treatment.  

The assumptions are supported by the advent in technology. For example, 

terrestrial LiDAR technology now permits accurate estimation of volumes by 

assortments in cutblocks (Dassot et al. 2011). On the harvesting front, machines 

can be equipped with GPS technology and computer algorithms to accurately 

identify and execute bucking patterns (Marshall 2007). However, costs can be a 

barrier to acquiring these technologies. The decision to adopt these tools and 

technologies depends on the return on investment. Future studies should 

conduct analysis such as cost plus loss based on profit gains displayed in 

Figures 3.4 & 3.5 to support decision-making. 

Lastly, this study was based on an assumption that forest succession 

(productivity and species composition) can be controlled through applying 

silvicultural regimes; investments can be made to redirect the trajectory of stands 

within a desired range to overcome the impact of altering silvicultural treatment at 

the operational level. The assumption was necessary to maintain the focus of this 

study towards quantifying the benefits associated with flexibility in silvicultural 

treatments at the operational level. Alternatively, the experiment would have to 

be significantly expanded; the task would entail formulating a long-term plan, 

creating harvesting blocks over the land base in each period, simulating 

implementation of annual harvests on a rolling basis and observing the impact. 
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As such, it is a daunting task well beyond the scope of this paper. Nevertheless, 

such a study should be carried out in the future to anticipate the precise impact 

on the long-term wood supply. 
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3.8. APPENDIX 

Table 3.6. Total base demand of all mills by assortment for the simulation horizon 

 
 
  

1 2 3 4 5 6 7 8 9 10 11 12
Yellow birch Grade 1 298 291 374 301 312 263 314 338 361 338 299 300
Yellow birch Grade 2 291 239 314 275 365 244 265 312 316 279 290 313
Paper birch Grade 1 596 637 636 518 497 601 607 418 679 489 598 522
Paper birch Grade 2 1941 1560 2166 1827 1702 1936 2159 1541 1500 1595 1738 1930
Sugar maple Grade 1 28 26 35 40 29 33 29 32 36 37 32 36
Sugar maple Grade 2 34 47 46 46 40 27 31 40 38 39 30 32
Deciduous pulp 8476 6494 6690 8180 8212 5596 8720 10635 7687 8755 8544 6351
Trembling aspen 10603 10938 14326 13849 10104 9904 10008 10163 12309 10159 9760 10861
White pine 75 62 77 74 52 58 80 59 96 61 80 66
Red pine 0 0 0 0 0 0 0 0 0 0 0 0
Fir/spruce/pine/tamarack 38362 35235 34822 38843 41803 30508 40087 40169 37165 37413 37411 38100

Assortment Volumes demanded (m³) in month
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Table 3.9. Round-trip distances between cutblocks and customer mills. 

 

240 244 245 256 263 265 266 329 347 349

A1 95.27 95.27 95.27 95.27 95.27 95.27 91.10 88.87 95.27 88.87

A10 83.34 83.34 83.34 83.34 83.34 83.34 83.34 92.46 83.34 92.46

A11 61.77 61.77 61.77 61.77 61.77 61.77 57.61 55.38 61.77 55.38

A12 60.01 60.01 60.01 60.01 60.01 60.01 55.84 53.62 60.01 53.62

A13 62.55 62.55 62.55 62.55 62.55 62.55 58.39 56.16 62.55 56.16

A14 63.43 63.43 63.43 63.43 63.43 63.43 59.27 57.04 63.43 57.04

A15 61.83 61.83 61.83 61.83 61.83 61.83 57.67 55.44 61.83 55.44

A16 58.07 58.07 58.07 58.07 58.07 58.07 53.91 51.68 58.07 51.68

A17 60.87 60.87 60.87 60.87 60.87 60.87 56.70 54.48 60.87 54.48

A18 71.68 71.68 71.68 71.68 71.68 71.68 71.68 80.80 71.68 80.80

A19 71.84 71.84 71.84 71.84 71.84 71.84 71.84 80.96 71.84 80.96

A2 94.40 94.40 94.40 94.40 94.40 94.40 90.24 88.01 94.40 88.01

A20 71.89 71.89 71.89 71.89 71.89 71.89 71.89 81.01 71.89 81.01

A21 95.27 95.27 95.27 95.27 95.27 95.27 91.10 88.87 95.27 88.87

A22 94.40 94.40 94.40 94.40 94.40 94.40 90.24 88.01 94.40 88.01

A23 80.26 80.26 80.26 80.26 80.26 80.26 103.20 100.97 80.26 100.97

A24 76.32 76.32 76.32 76.32 76.32 76.32 99.26 97.03 76.32 97.03

A25 74.63 74.63 74.63 74.63 74.63 74.63 70.47 68.24 74.63 68.24

A26 83.52 83.52 83.52 83.52 83.52 83.52 79.35 77.13 83.52 77.13

A27 80.33 80.33 80.33 80.33 80.33 80.33 76.17 73.94 80.33 73.94

A28 80.17 80.17 80.17 80.17 80.17 80.17 80.17 89.29 80.17 89.29

A29 81.85 81.85 81.85 81.85 81.85 81.85 81.85 90.97 81.85 90.97

A3 80.26 80.26 80.26 80.26 80.26 80.26 103.20 100.97 80.26 100.97

A30 83.34 83.34 83.34 83.34 83.34 83.34 83.34 92.46 83.34 92.46

A31 61.77 61.77 61.77 61.77 61.77 61.77 57.61 55.38 61.77 55.38

A32 60.01 60.01 60.01 60.01 60.01 60.01 55.84 53.62 60.01 53.62

A33 62.55 62.55 62.55 62.55 62.55 62.55 58.39 56.16 62.55 56.16

A34 63.43 63.43 63.43 63.43 63.43 63.43 59.27 57.04 63.43 57.04

A35 61.83 61.83 61.83 61.83 61.83 61.83 57.67 55.44 61.83 55.44

A36 58.07 58.07 58.07 58.07 58.07 58.07 53.91 51.68 58.07 51.68

A37 60.87 60.87 60.87 60.87 60.87 60.87 56.70 54.48 60.87 54.48

A38 71.68 71.68 71.68 71.68 71.68 71.68 71.68 80.80 71.68 80.80

A39 71.84 71.84 71.84 71.84 71.84 71.84 71.84 80.96 71.84 80.96

A4 76.32 76.32 76.32 76.32 76.32 76.32 99.26 97.03 76.32 97.03

A40 71.89 71.89 71.89 71.89 71.89 71.89 71.89 81.01 71.89 81.01

A41 95.27 95.27 95.27 95.27 95.27 95.27 91.10 88.87 95.27 88.87

A42 94.40 94.40 94.40 94.40 94.40 94.40 90.24 88.01 94.40 88.01

A43 80.26 80.26 80.26 80.26 80.26 80.26 103.20 100.97 80.26 100.97

A44 76.32 76.32 76.32 76.32 76.32 76.32 99.26 97.03 76.32 97.03

A45 74.63 74.63 74.63 74.63 74.63 74.63 70.47 68.24 74.63 68.24

A46 83.52 83.52 83.52 83.52 83.52 83.52 79.35 77.13 83.52 77.13

A47 80.33 80.33 80.33 80.33 80.33 80.33 76.17 73.94 80.33 73.94

A48 80.17 80.17 80.17 80.17 80.17 80.17 80.17 89.29 80.17 89.29

A49 81.85 81.85 81.85 81.85 81.85 81.85 81.85 90.97 81.85 90.97

A5 74.63 74.63 74.63 74.63 74.63 74.63 70.47 68.24 74.63 68.24

A50 83.34 83.34 83.34 83.34 83.34 83.34 83.34 92.46 83.34 92.46

A6 83.52 83.52 83.52 83.52 83.52 83.52 79.35 77.13 83.52 77.13

A7 80.33 80.33 80.33 80.33 80.33 80.33 76.17 73.94 80.33 73.94

A8 80.17 80.17 80.17 80.17 80.17 80.17 80.17 89.29 80.17 89.29

A9 81.85 81.85 81.85 81.85 81.85 81.85 81.85 90.97 81.85 90.97

Mill
Harvest block
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CHAPTER 4. A SIMULATION-OPTIMIZATION SYSTEM TO ANTICIPATE THE 
LONG-TERM IMPACT OF OPERATIONAL LEVEL SILVICULTURAL 
FLEXIBILITY 

 

Abstract 

Flexibility in the choice of silvicultural treatment at the operational level has been 

identified as a possible way to mitigate the impact of uncertain demand on supply 

chain performance. However, its influence on long-term wood supply has not yet 

been investigated. This study proposes a simulation-optimization system to 

examine the impact of such flexibility on the long-term wood supply. The system 

includes mathematical models to optimize plans of different forest management 

hierarchies, i.e. strategic, tactical and operational. In the system, the strategic 

model is first solved to determine the annual allowable cut (AAC). Next, the 

tactical model allocates cutblocks to annual plans, also prescribing silvicultural 

treatments. The subsequent operational level model generates monthly plans in 

a rolling planning horizon basis to satisfy prevailing market demand. Upon 

execution of all operational level plans for the five years, the land base inventory 

is updated and the change in AAC is evaluated. The system was implemented to 

a case study using a forest management unit in Quebec, Canada for a period of 

100 years. Permitting silvicultural flexibility at the operational level led to profit 

improvements between 2-3.7%. Significant impact on long-term wood supply was 

not observed in this specific case. The system contributes towards better 

integration of forest management practices and supply chain needs. 

Keyword: Agility, flexibility, wood procurement, silviculture, SilviLab, hierarchical 
planning, simulation-optimization, Monte-Carlo integer programming. 
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4.1. INTRODUCTION 

Forest management planning is an important task that governs the value adding 

capacity of different stakeholders, each with unique ways in which forests are 

valued. Developing a plan deemed optimal presents a complex challenge due to 

the stochastic and dynamic nature of the forest systems, social constructs and 

economic parameters. The planning problem is exacerbated by imprecise 

knowledge of inventory (Thompson et al. 2007). In this context, it is important to 

devise a credible plan and permit flexibility to readjust plans as new information 

becomes available. Permitting flexibility generates value adding opportunity also 

for wood procurement systems (WPS) through an improved agility to satisfy 

supply chain’s timber demand. Agility in the WPS context implies the ability to 

respond promptly and effectively to unexpected short-term fluctuations in 

demand (Gautam et al. 2013). One possible way to improve WPS agility is 

through flexibility on the choice of silvicultural treatments at the operational level 

instead of fixing the decision at an upper hierarchy (Gautam et al. 2014). More 

precisely, flexibility in the choice of harvest treatments that yield merchantable 

volume for the supply chain. Such a practice allows better alignment of supply 

with emerging demand considering that silvicultural treatments dictate the array 

of assortments and their quantities produced from cutblocks (Lussier 2009; 

Gautam et al. 2014). Practitioners could be provided with an array of ecologically 

feasible silvicultural treatments for a cutblock from which a selection can be 

made to satisfy market demand. 
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Exercising silvicultural flexibility requires postponement of the final 

decision-making rights to the operational level. Postponement has been identified 

as an effective strategy to improve supply chain agility (Christopher 2000).  

However, considering that forest management planning is carried out using a 

top-down hierarchical approach, it leads to a situation of distributed decision 

making as described by Schneeweiss (2003). Hierarchical approach is used in 

forest management planning due to the complexity associated with capturing all 

elements of forest systems in a single model (Church 2007). First, a strategic 

plan is devised taking into consideration long-term forest productivity, and 

ecological and social concerns. The outcome of the plan is the determination of 

annual allowable cut (AAC) by species group and silvicultural treatments to be 

applied. Subsequently, a tactical plan spatially disaggregates the volume targets 

incorporating additional economical, ecological and social constraints. The 

process results in the identification of cutblocks, affixed with a silvicultural 

treatment prescription. The silvicultural treatments are prescribed ensuring that 

the total volume harvested in the forest will be within a target range, set at the 

strategic level. Further down the hierarchy, operational plans outline schedules 

and specific plans of action to meet industrial demand for timber (D’Amours et al. 

2008). Therefore, it is reasonable to hypothesize that AAC could be impacted 

when silvicultural treatments are altered at the operational level, despite the 

biological suitability of the applied treatment. The extent of the impact will, 

however, vary based on the total harvest at the forest level. A number of studies 

have demonstrated the link between harvest levels and the AAC (Armstrong 
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2004; Paradis et al. 2013). Altering silvicultural treatment in a specific cutblock 

also changes the harvest level. However, we can hypothesize that if the total 

volume harvested in a forest is well below the AAC, the incremental impact 

induced by altering silvicultural treatment may be negligible. Conversely, if the 

harvest level is close to the AAC, there will be a greater chance of a significant 

impact on AAC. A mechanism capable of simulating the hierarchical framework 

of forest management is needed to carry out the analysis. 

A number of studies have proposed procedures to simulate the 

hierarchical framework of forest management. Weintraub and Cholaky (1991) 

presented a manual approach specifically to improving consistency between 

strategic and tactical planning levels. At the strategic level, the forest is divided 

into smaller zones and aggregated information is used to reduce the size of the 

problem. Decision variables of the strategic model include determination of 

harvest levels at each zone and road building schedule. The outcome of the 

strategic model provides directives for the tactical model in terms of timber 

production goals as well as road building budget. The tactical level model then 

aims to maximize profit using disaggregated information under constraints 

imposed by the strategic level plan. If there are inconsistencies between the two 

levels, adjustments are made at both levels and a second iteration of the process 

is conducted. In Nelson et al. (1991), a long-term, strata based, model is first 

used to determine volume targets for 15 decades. Subsequently, Monte Carlo 

integer programming technique is used to solve spatial harvest scheduling 

problem with adjacency constraints for the first three decades. In the bottom-up 
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phase, the long-term plan is solved again with the solution of the short-term plan 

imposed into the first three decades. Davis and Martell (1993) presented a 

system that allows tactical level decision to be made based on knowledge of its 

long-term implications. Cea and Jofré (2000) proposed a method to 

simultaneously consider strategic and tactical planning. First, aggregation of 

forest stands is done through a cluster analysis technique to form macro stands. 

A strategic plan for a 45-year horizon is then developed to set volume targets 

and decide on plant locations. The plan is disaggregated at the tactical phase 

where decisions are made on roads to be built, cutblocks to be harvested, and 

volumes to be transported from cutblocks to mills. The extent of discrepancy in 

harvest and road costs between the two levels is then measured. If deemed 

unacceptable, further iterations are run re-aggregating the first period solution to 

a lesser extent until an acceptable strategic-tactical solution is attained. Beaudoin 

et al. (2008) used an anticipative approach to ensure feasibility of the tactical 

plan at the operational level. At the tactical level, a number of candidate plans 

are generated with decisions on harvesting, transportation and inventory. The 

operational level logistical costs associated with the developed plans are then 

anticipated for each of the candidate plans. The final decision-making at the 

tactical level (selection of a plan from amongst the candidate plans) is influenced 

by the anticipated information, eliminating plans that would be infeasible at the 

operational level. A similar concept was applied by Marinescu and Maness 

(2010) who proposed an algorithm that links models to support decision making 

at different hierarchies, between a multi-criteria timber allocation model and a 
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sawmill optimization model. This algorithm allows iterative negotiation between 

the models to maximize value at both levels. 

To our knowledge, the impact of allowing flexibility in the choice of 

silvicultural treatment at the operational level on long-term wood supply has not 

been studied. This study proposes a planning system to simulate the 

development and execution of three-level hierarchical forest management plans 

with an objective to anticipate the impact of operational level silvicultural flexibility 

on long-term wood supply. The system is subsequently implemented to a typical 

forest management unit in Eastern Canada to test the following hypotheses: 

(i). Operational level silvicultural flexibility has a positive relationship with 

wood procurement system profitability and demand fulfillment rates. 

(ii). Operational level silvicultural flexibility has a significant impact on long-

term annual allowable cut. 

4.2. AN OVERVIEW OF THE PLANNING SYSTEM 

The proposed system simulates iterative development and execution of 

hierarchical plans in a forest land base on a rolling planning horizon basis (Figure 

4.1). First, a strategic model is used to maximize AAC for a time horizon of 150 

years. Next, a tactical model spatially identifies cutblocks to be harvested while 

respecting the AAC. As such, the strategic and tactical plans are developed from 

a government or land owner’s perspective, with a goal of sustaining long-term 

wood supply. The output of the tactical phase consists of five annual plans with a 

list of cutblocks allocated for each year and a silvicultural treatment prescribed to 

each cutblock. At the operational level, the annual plans are optimized to develop 
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over thirty 5-year periods.  ht represents the total volume harvested (m³) in period 

t. N is the number of periods in the planning horizon. 

[4.1]   Maximize Volume harvest =  ∑ ℎ𝑡

𝑁

𝑡=1

 

The constraints include: (i) area accounting constraints (ii) even flow 

constraint to limit periodic harvested volume fluctuation to within 5%, and, (iii) 

non-negativity constraints. 

The tactical model minimizes volume allocation to each of the time periods 

while meeting volume targets set at the strategic level. It is assumed that the 

cutblocks eligible for harvest in the 5-year period have been delineated and the 

data is available for the tactical model.  

Sets 
T:  is the set of time periods t 
H:  is the set of cutblocks h 
S:   is the set of silvicultural treatments s 
A:  is the set of species a 
 
Input Data 
Vhsa  Volume of species a available in cutblock h when subjected to silvicultural 

treatment s (m3). 
𝑁ℎ Set of adjacent cutblocks. 
∄𝑠𝑎𝑡 Volume target of species a in period t under silvicultural treatment s. 
 
Decision Variables 
Ohst   1, if cutblock h is allocated for harvest under silvicultural treatment s in    

period t, 0, otherwise 
 
 
Objective Function 

[4.2] 
 
Minimize volume allocation = ∑ ∑ ∑ ∑ 𝑉ℎ𝑠𝑎

𝑡𝑠𝑎ℎ

𝑂ℎ𝑠𝑡 
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Subject to, 
 

[4.3] ∑ 𝑉ℎ𝑠𝑎

ℎ

𝑂ℎ𝑠𝑡  ≥ ∄𝑠𝑎𝑡   ∀ 𝑠, 𝑎, 𝑡 

[4.4] 
 
∑ ∑ 𝑂ℎ𝑠𝑡 ≤ 1  ∀  ℎ

𝑡𝑠

 

[4.5] 
 
∑ ∑ 𝑂ℎ𝑠𝑡 ≤ 1  ∀  𝑡, 𝑁ℎ

𝑠ℎ∈𝑁ℎ

 

 
The objective of the model is to minimize the total volume harvested 

(equation 4.2) of assortment a from cutblock h using silvicultural treatment s in 

period t.  Equation 4.3 forces the model to meet volumes targets set by the 

strategic model.  Equation 4.4 ensures that only one silvicultural treatment is 

applied to each of the selected cutblock. Finally, equation 4.5 prohibits the 

harvesting of adjacent cutblocks until free-to-grow stage is attained. 

A heuristic technique, Monte Carlo integer programming, is used to attain 

a solution in a practical time frame. Monte Carlo integer programming is an 

algorithm to generate a plan through randomly selecting and adding cutblocks 

that respect the adjacency constraint until the volume targets are met (Boston 

and Bettinger 1999). Although the algorithm cannot guarantee the optimal 

solution, the time frame in which solutions are generated makes it a practical 

choice for carrying out the experiment. The flowchart in Figure 4.3 illustrates the 

technique. The method was executed in Microsoft Excel 2010 using Visual Basic 

for Applications (VBA). 
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Sets 
T:  is the set of time periods t 
H:  is the set of cutblocks h 
S:  is the set of silvicultural treatments s 
E:  is the set of harvest systems e 
A:  is the set of species a 
M: is the set of mills m 
 
Input Data 
Vhsa  maximum volume of species a available in cutblock h when subjected to 

silvicultural treatment s (m3) 
Na   is the selling price per cubic meter of species a ($·m-3) 
Ce   harvest cost under harvest system e ($·day-1) 
Bhm   round trip distance from cutblock h to mill m (km) 
Ghm  unit transportation cost between cutblock h and mill m ($·m-3·km-1) 
Rt maximum transportation capacity during period t (m³) 
YIha   initial roadside inventory of species a in cutblock h (m3) 
YCth   unit stocking cost in cutblock h during period t ($·m-3) 
Pse   is the productivity of harvest system e under silvicultural treatment s 

(m3·day-1) 
Ote   number of work days available for harvest system e during period t  
Dtam   is the volume of species a demanded by mill m during period t (m3) 
AACa is the maximum harvestable volume of species a, set at the strategic level  
V is a very small number 
 
 
 
Decision Variables 
bhse  1, if cutblock h is planned for harvest in any period using silvicultural 

treatment s and harvest system e, 0, otherwise 
xthse  is the proportion of cutblock h cut in period t under silvicultural treatment s 

using system e 
qtham  is the volume of species a transported from cutblock h to mill m in period t 

(m3) 
ytha is the volume of species a stored in cutblock h  at the end of period t (m3) 
 

Objective Function 

[4.6] Maximize Profit

= ∑ ∑ ∑ ∑ 𝑞𝑡ℎ𝑎𝑚𝑁𝑎    

𝑚∈𝑀𝑎∈𝐴ℎ∈𝐻𝑡∈𝑇

− ∑ ∑ ∑ ∑ ∑ 𝑥𝑡ℎ𝑠𝑒𝑉ℎ𝑠𝑎𝐶𝑒𝑃𝑠𝑒
−1

𝑎∈𝐴𝑒∈𝐸𝑠∈𝑆ℎ∈𝐻𝑡∈𝑇

− ∑ ∑ ∑ ∑ 𝑞𝑡ℎ𝑎𝑚𝐺ℎ𝑚𝐵ℎ𝑚

𝑚∈𝑀𝑎∈𝐴ℎ∈𝐻𝑡∈𝑇

−  ∑ ∑ ∑ 𝑦𝑡ℎ𝑎𝑌𝑡ℎ
𝐶

𝑎∈𝐴ℎ∈𝐻𝑡∈𝑇
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Subject to, 

 
[4.7] 

𝑦𝑡,ℎ,𝑎 =  𝑌ℎ𝑎
𝐼 +  ∑ ∑ 𝑥𝑡,ℎ,𝑠,𝑒𝑉ℎ𝑠𝑎

𝑒∈𝐸𝑠∈𝑆

−  ∑ 𝑞𝑡,ℎ,𝑎,𝑚

𝑚∈𝑀

       ∀ ℎ, 𝑎, 𝑡 = 1 

 
 

[4.8] 
𝑦𝑡ℎ𝑎 =  ∑ ∑ 𝑥𝑡ℎ𝑠𝑒𝑉ℎ𝑠𝑎

𝑒∈𝐸𝑠∈𝑆

+ 𝑦𝑡−1,ℎ,𝑎 −  ∑ 𝑞𝑡ℎ𝑎𝑚

𝑚∈𝑀

           ∀ ℎ, 𝑎, 𝑡 > 1 

 
[4.9] ∑ 𝑞𝑡ℎ𝑎𝑚

ℎ∈𝐻

≤  𝐷𝑡𝑎𝑚        ∀  𝑡, 𝑎, 𝑚 

 
[4.10] 

 
∑ ∑ ∑ 𝑉ℎ𝑠𝑎𝑥𝑡ℎ𝑠𝑒

𝑎∈𝐴𝑠∈𝑆ℎ∈𝐻

≤ ∑ 𝑃𝑠𝑒𝑂𝑡𝑒

𝑠∈𝑆

            ∀ 𝑡, 𝑒 

 
[4.11] 

 
∑ ∑ 𝑥𝑡ℎ𝑠𝑒

𝑒∈𝐸𝑡∈𝑇

≤ 1        ∀ ℎ, 𝑠 

 
[4.12] 

 
∑ ∑ 𝑏ℎ𝑠𝑒

𝑒∈𝐸𝑠∈𝑆

 ≤ 1           ∀  ℎ 

 
 
 

[4.13] 

 
𝑏ℎ𝑠𝑒 𝑉 ≤  ∑ 𝑥𝑡ℎ𝑠𝑒

𝑡∈𝑇

          ∀ ℎ, 𝑠, 𝑒 

 
 

[4.14] 
𝑏ℎ𝑠𝑒  ≥  ∑ 𝑥𝑡ℎ𝑠𝑒

𝑡∈𝑇

      ∀ ℎ, 𝑠, 𝑒 

 
[4.15] ∑ ∑ ∑ 𝑥𝑡ℎ𝑠𝑒

𝑒∈𝐸𝑠∈𝑆𝑡∈𝑇

=  ∑ ∑ 𝑏ℎ𝑠𝑒

𝑒∈𝐸𝑠∈𝑆

           ∀ ℎ 

 
[4.16] 

 
∑ ∑ ∑ 𝑞𝑡ℎ𝑎𝑚

𝑚∈𝑀𝑎∈𝐴ℎ∈𝐻

 ≤  𝑅𝑡           ∀ 𝑡 

 
[4.17] 

 
∑ ∑ ∑ ∑ 𝑥𝑡ℎ𝑠𝑒

𝑡∈𝑇

𝑉ℎ𝑠𝑎

𝑎∈𝐴𝑠∈𝑆ℎ∈𝐻

≤ 𝐴𝐴𝐶𝑎             ∀ 𝑎 

 
[4.18] 

 
𝑥𝑡ℎ𝑠𝑒 , 𝑞𝑡ℎ𝑎𝑚, 𝑦𝑡ℎ𝑎  ≥ 0         ∀ 𝑡, ℎ, 𝑠, 𝑒, 𝑎, 𝑚 
 

The objective function (equation 4.6) aims at maximizing profit. Revenue 

is generated through delivery of volumes per species from cutblocks to mills. 
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Costs include harvesting cost, transportation cost and inventory cost. Flow 

conservation constraints (equations 4.7 and 4.8) maintain balance of harvested 

volumes. Volumes transported to a mill in each period is constrained to be less 

than or equal to the demanded volume (equation 4.9).  Volume harvested per 

period is less than or equal to the maximum logging production capacity 

(equation 4.10). It is assumed that the stand parameters are uniform in all 

cutblocks. The total volume harvested in a cutblock in all periods is less than or 

equal to the maximum volume available for a selected silvicultural treatment 

(equation 4.11), and the same treatment is applied even if harvesting is 

partitioned to multiple periods (equation 4.12). Equations 4.13 and 4.14 ensure 

that the variable bhse attains a value of 1 even if a block is partially harvested. All 

volumes available must be procured over the planning horizon if a cutblock is 

selected for harvest (equation 4.15). Transportation capacity constraints are 

established through equation 4.16. Equation 4.17 restricts the total volume 

harvested of each species to the limits set at the strategic level. Finally, non-

negativity restrictions are assigned to respective variables using equations 4.18. 

The mixed integer programming model is coded in AMPL modeling language 

(Fourer et al. 2003) and solved using CPLEX 12.5. 

4.3. A CASE STUDY  

The system was applied to a forest management unit covering an area of 

897,048 ha in Quebec, Canada (Figure 4.4). The land base information was 

obtained from the Quebec Ministry of Forests, Wildlife and Parks. The database 

contained information on initial state of the forest. The initial age class distribution 
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species group, and (v) distance between cutblocks and customer mills (km). 

Monthly demand in terms of volume was assumed to be a random parameter 

with normal probability distribution with a standard deviation that is 40% of the 

base demand. These values are based on studies by Childerhouse and Towill 

(2000), Zhang and Zhang (2007) and UN (2013).  Base demand was generated 

using historical mill consumption pattern as described in Gautam et al. (2014).  

An example of annual demand of each mill is shown in Table 4.3 (Appendix).  

The selling price per cubic meter of each species group was obtained from 

Wood Producers Association of Quebec (SPFRQ 2014). Prices paid at the mill 

gates were set at $200, $105, $85 and $93 per cubic meter for other hardwood, 

paper birch, poplar and spruce/ pine/fir, respectively. Concerning harvesting 

systems, two options were made available: cut-to-length (CTL) and full-tree 

systems (FT). The productivity of CTL system ranged from 15.6 -18.9 m³ per 

hour depending on the type of silvicultural treatment and corresponding values 

for FT system ranged between 18.9 - 22.1 m³ per hour. With regards to the cost 

values, figures published in Gautam et al. (2014) were used for the experiment. 

4.3.1. Scenarios development and statistical analysis 

Scenarios were developed based on the following two criteria and a summary of 

the scenarios are displayed in Table 4.1: 

1. Silvicultural flexibility: This criterion determines whether the scenario in 

consideration is permitted operational level silvicultural flexibility or not. In 

scenarios where flexibility is not permitted, the operational level model is 

forced to implement the prescription made at the tactical level. In 
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scenarios where it is permitted, the treatment decision made at the tactical 

level is revised. The same list of feasible treatments that was used at the 

tactical level is made available to the operational level model. Thus, 

allowing a new choice to be made to better align supply with demand. 

2. Base demand: We evaluated the long-term impact under two different 

market conditions. The first represents a scenario with monthly demand 

for 100% of the first period AAC; the second represents a scenario with 

monthly demand for only 60% of the first period AAC. The demand levels 

are reflective of the consumption levels by companies in many Canadian 

jurisdictions between 2001 and 2011 (NRC 2013). 

Table 4.1. Summary of the scenarios simulated in the experiment 

Scenario Silvicultural 
flexibility 

Base demand    
(% of 

allocation) 
1 Yes 100 
2 No 100 
3 Yes 60 
4 No 60 

 

Wilcoxon Signed Rank Tests were carried out in SigmaPlot 12.0 to test 

the null hypothesis of no significant difference in annual allowable cut and profit 

due to operational level silvicultural flexibility. Separate tests were carried out for 

each base demand levels with annual allowable cut (m³) and profit values ($) as 

the dependent variable, and the silvicultural flexibility as the independent 

variable. Thus, tests were carried out for scenario 1 vs scenario 2 (base demand 

set at 100% of the initial AAC), and scenario 3 vs scenario 4 (base demand set at 

60% of the initial AAC). 
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4.4 RESULTS AND DISCUSSION 

Wood procurement system profits under the different scenarios across a 20 

period horizon are displayed in Figure 4.6; each period represents five years. 

The average profit per period in scenario 1 was approximately 3.7% higher than 

in scenario 2. Similarly, average profit per period in scenario 3 was approximately 

2% higher than in scenario 4. Statistical analysis showed that the differences in 

the profit values between scenarios 1 & 2, and scenarios 3 & 4 were significant 

(p < 0.001). The average demand fulfillment rate over the simulated period under 

scenario 1 was approximately 80% as opposed to 76% in scenario 2. Similarly, 

demand fulfillment rate under scenario 3 was 83% as compared to 77% in 

scenario 4. 

Higher demand fulfillment would have potentially been observed if 

inventory was allowed to be stored liberally, or unfulfilled demand could be 

carried over to the subsequent period. However, the experiment was carried out 

depicting a demand driven supply chain with volatile market conditions. In such 

context, the experiment found an average increase in demand fulfillment rate of 

approximately 4% (scenario 1 vs. 2) and 6% (scenario 3 vs. 4) when flexibility 

was permitted. 
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Figure 4.6. The total profit values yielded under different scenarios per period. 
 

Figures 4.7 and 4.8 show the proportion of area harvested by silvicultural 

treatment under different scenarios. In all scenarios, treatments were limited to 

clearcut (CT) and variable retention (CRV). In scenario 2 (Figure 4.7), these two 

treatments were applied to an equal number of hectares (50% apiece on average 

over the 20 period horizon). With silvicultural flexibility permitted (scenario 1), the 

proportion diverged slightly, favoring CT at 53% over CRV at 47%. In scenario 4 

(Figure 4.8), without silvicultural flexibility, the proportion of area treated with CT 

(49%) was on average lower than that of CRV (51%). In this case, permitting 

silvicultural flexibility (scenario 3) has led to an increase in the application of CT 

(52%). In terms of the total area treated, on average, scenario 2 (no flexibility 
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use of CT. From a wood procurement standpoint, CT is a more efficient 

treatment. With its application, higher volumes of wood can be procured from the 

same unit of area. Consequently, total area harvested was also lower in 

scenarios with flexibility permitted. This result is opposite to the findings reported 

in the third chapter where permitting flexibility led to a greater use of partial 

harvest treatments. This can be attributed to the differences in forest composition 

in the two case studies. In contrast to the case presented in the third chapter, the 

forest was much more homogeneous, with spruce/pine/fir representing 

approximately 90% of the volume. Thus, there would have been rare instances of 

one assortment (with low demand in the market) restricting procurement of 

another assortment. In this case, the model would have focused on higher 

volume yielding treatments to improve production efficiency. In the earlier case 

with mixedwood forest, the model would have made greater use of partial 

treatments to produce the right mix of assortments demanded in the market. 

The changes in AAC under different scenarios over the simulated time 

horizon are displayed in Figures 4.9 and 4.10. Comparable patterns can be 

observed in each of the scenarios. The AAC shows an increasing trend until the 

8-9th periods, then a slight decline till the end of the horizon. In comparing 

scenario 1 and 2, the AAC is slightly higher for scenario 1 in periods 5, 6, 7, 8, 13 

and 14, but lower in periods 15, 16, 17, 18 and 20. In making a similar 

comparison between scenarios 3 and 4, the AAC is higher in periods 4-8, but 

remains lower for the remainder of the periods. Statistical analyses did not 
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demonstrate significant differences in the AAC values neither between scenarios 

1 & 2, nor scenarios 3 & 4. 
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Figure 4.9. Comparison of annual allowable cut under scenarios 1 and 2. 
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Figure 4.10. Comparison of annual allowable cut under scenarios 3 and 4. 
 

The lack of significant difference in AAC can be attributed to the fact that 

silvicultural options were limited to two relatively similar treatments, CT and CRV. 

Switching between CT and CRV would not have had as much of an impact as 

compared to a change from CT to other partial cut treatments. Although we reject 

the null hypothesis of significant impact on AAC in this case, an experiment in a 

more heterogeneous forest could yield a different conclusion. In a more 

heterogeneous forest, as in chapter 3, the operational level model would make 

use of a wider array of silvicultural treatments. The accumulation of changes to 

considerably different treatments could ultimately lead to a significant impact on 

the AAC. 

Another factor that would have contributed to the lack of significant impact 

on AAC is the harvest level. The harvest levels were below the allowable cut in 
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all the scenarios. Thus, even though permitting flexibility led to utilisation of a 

more intensive treatment, the build-up of inventory may have mitigated the 

impact of choosing alternative silvicultural treatments. Furthermore, it was earlier 

speculated that, if the harvest level is well below the AAC, the incremental 

change induced by altering silvicultural treatment may be negligible, and if it is 

close to the AAC, impact will be greater. However, our experiment does not 

support this claim. The extent of the impact on the AAC was not noticeably 

different between scenarios that harvested closer to AAC (scenarios 1 & 2) and 

much lower than the AAC (scenarios 3 & 4). 

Application of the proposed system to a case study has helped identify a 

number of opportunities to further refine the system, to better represent the 

hierarchical planning process. In practice, cutblocks are formed through 

combining a number of forest stands that are similar in terms of species 

composition and age. This is generally a manual procedure carried out using 

mapping software. However, since our simulation was carried out for a 100 years 

horizon, manually generating cutblocks was not a practical option. Thus, a grid 

based method was used to develop cutblocks. However, indiscriminately 

superimposing a grid over the land base led to formation of cutblocks that were 

heterogeneous, particularly in terms of age class. As a result, some cutblocks 

contained very little volume; these would have been economically infeasible to be 

harvested (Greene et al. 1997). This would have contributed to the relatively low 

demand fulfillment rates. It must be stated that this would have influenced both 

scenarios, with and without flexibility in silvicultural treatment. Thus, it was still 
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useful for our purpose, where the focus was on the differences between the 

scenarios. Nevertheless, it is imperative that the system be able to generate 

realistic cutblocks to measure precisely the future impacts. There are a number 

of methods proposed to automate the development of cutblocks (Flanders et al. 

2003; Mustonen et al. 2008). Approaches to incorporate these algorithms into the 

proposed planning system must be explored. 

Continuing on with the discussion on cutblocks, in practice, they are 

generally clustered to minimize operations cost (Mathey et al. 2012). Cost 

efficiency is achieved through mainly minimizing road construction and 

maintenance cost.  Clustering minimizes the spread of cutblocks across the 

forest thus common roads can be used to transport wood from several cutblocks. 

As a result, road construction and maintenance costs are reduced. However, we 

did not take into consideration road building costs. Our objective of anticipating 

impact of silvicultural flexibility could be achieved without considering road 

related costs, as long as it was kept constant in all of the scenarios. However, to 

be able to precisely anticipate future impacts, modifications will need to be made 

to the proposed planning system. The tactical model will have to be reconfigured 

to include annual road building costs. Acquiring data on current state of the roads 

in the forest will also pose a significant challenge. Developing an optimal plan 

that reduces road building costs associated with all combinations of cutblocks 

and the mills will add significant complexity to the model.  Nevertheless, there are 

a number of approaches proposed in the literature to incorporate cutblocks’ 

clustering (e.g. Öhman and Lämås 2003; Smaltschinski et al. 2012). 
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Interoperability between models was attained through using volume (m³) 

by species as the input and output at each hierarchy in the planning system. 

Although the approach is capable of representing the divergent process that is 

typical of the wood procurement system, it may not be adequate for all instances. 

In the presented case study, the demand from each mill was assumed to be a 

specified volume of particular species. Thus, raw materials in a cutblock could be 

diverted to different mills based simply on species. However, a single tree can be 

processed to different segments and be sent to separate mills to maximise the 

value yielded (Rönnqvist 2003). Simulating such divergent process requires the 

bucking model to be included in the proposed planning system. Such models can 

be used to seek optimal decisions on log bucking according to specifications 

provided by the customer mills (Murphy 2008). 

 

4.5. CONCLUSION 

This paper presents a planning system to simulate the development and 

execution of hierarchical forest management plans with an objective to anticipate 

the impact of operational level sivicultural flexibility on long-term wood supply. It 

was hypothesized that operational level sivicultural flexibility significantly 

improves wood procurement system profits. It was also hypothesized that 

exercising silvicultural flexibility at the operational level has a significant impact 

on the long-term AAC. The proposed system was implemented to a case study to 

test the hypotheses. The experiment did demonstrate small but a statistically 

significant improvement in profit for wood procurement systems as a result of 



126 
 

permitting silvicultural flexibility at the operational level. In terms of the long-term 

impact of silvicultural flexibility on AAC, significant impact was not observed in 

this particular case; however, this finding certainly cannot be generalized. The 

finding must be viewed in light of the forest type used in the case study. The 

outcome will certainly vary in more heterogeneous forest type with broader 

choice on silvicultural treatments. The proposed system could be further refined 

for its implementation to other applications. Procedures could be developed to 

create more realistic cutblocks. Algorithms could be incorporated to cluster 

cutblocks to minimize the dispersion of harvesting activities across the land base. 

Bucking models could be incorporated into the system to represent the divergent 

process, a characteristic of the forest products supply chain. However, the extent 

of these refinements should be based on the intended use of the system as it will 

increase its complexity. 
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4.7. APPENDIX 

Table 4.2. Example of cutblock data retrieved from SilviLab with information on 
volumes of species available under different silvicultural treatments. 

 

  

Commercial 
thinning Shelterwood Partial cut Variable 

retention Clearcut

Other hardwood 0 0 0 0 0
Paper birch 0 0 634 634 641
Poplar 0 0 0 29 17
Spruce/pine/fir 0 0 1,649 2,825 3,081
Other hardwood 0 0 0 0 0
Paper birch 0 0 0 428 524
Poplar 0 0 0 44 52
Spruce/pine/fir 0 0 0 196 329
Other hardwood 0 0 0 0 0
Paper birch 0 5 5 74 92
Poplar 0 5 5 44 54
Spruce/pine/fir 0 210 210 1748 2163
Other hardwood 0 0 0 0 0
Paper birch 0 0 0 12 15
Poplar 0 0 0 6 7
Spruce/pine/fir 0 0 0 780 965

3

4

Volumes available (m³)
SpeciesCutblock

1

2
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Table 4.3. Example of annual demand by mill in the case study. 

 

1 2 3 4 5 6 7 8 9 10 11 12
Other Hardwood 0 0 0 0 0 0 0 0 0 0 0 0
Paper birch 0 0 0 0 0 0 0 0 0 0 0 0
Poplar 0 0 0 0 0 0 0 0 0 0 0 0
Spruce/Pine/Fir 3329 995 1942 1407 1028 2415 3239 357 1673 3528 1016 2510
Other Hardwood 0 0 0 0 0 0 0 0 0 0 0 0
Paper birch 0 0 0 0 0 0 0 0 0 0 0 0
Poplar 0 0 0 0 0 0 0 0 0 0 0 0
Spruce/Pine/Fir 652 516 123 344 571 375 193 1076 206 762 1141 34
Other Hardwood 0 0 0 0 0 0 0 0 0 0 0 0
Paper birch 0 0 0 0 0 0 0 0 0 0 0 0
Poplar 0 0 0 0 0 0 0 0 0 0 0 0
Spruce/Pine/Fir 1008 726 837 592 213 645 352 493 1154 630 97 584
Other Hardwood 0 0 0 0 0 0 0 0 0 0 0 0
Paper birch 0 0 0 0 0 0 0 0 0 0 0 0
Poplar 231 246 485 407 31 630 398 289 333 420 792 209
Spruce/Pine/Fir 0 0 0 0 0 0 0 0 0 0 0 0
Other Hardwood 0 0 0 0 0 0 0 0 0 0 0 0
Paper birch 586 152 541 327 157 697 800 138 436 569 265 768
Poplar 0 0 0 0 0 0 0 0 0 0 0 0
Spruce/Pine/Fir 0 0 0 0 0 0 0 0 0 0 0 0
Other Hardwood 0 0 0 0 0 0 0 0 0 0 0 0
Paper birch 813 965 778 1066 531 635 582 715 1080 766 446 533
Poplar 0 0 0 0 0 0 0 0 0 0 0 0
Spruce/Pine/Fir 0 0 0 0 0 0 0 0 0 0 0 0
Other Hardwood 8 19 8 23 22 3 21 20 10 22 23 22
Paper birch 36 86 24 89 170 43 118 102 105 116 128 105
Poplar 0 0 0 0 0 0 0 0 0 0 0 0
Spruce/Pine/Fir 0 0 0 0 0 0 0 0 0 0 0 0
Other Hardwood 0 0 0 0 0 0 0 0 0 0 0 0
Paper birch 0 0 0 0 0 0 0 0 0 0 0 0
Poplar 0 0 0 0 0 0 0 0 0 0 0 0
Spruce/Pine/Fir 5198 13400 17575 18448 15273 9854 15686 8183 21574 7787 11239 14935

Month

1

2

3

4

5

6

7

8

Mill Species
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CHAPTER 5. GENERAL CONCLUSION 

This thesis identifies opportunities to improve wood procurement system agility, 

explores operational level silvicultural flexibility as a means to improve agility and 

proposes a mechanism to anticipate its impact on long-term wood supply. 

Chapter 2 of the thesis summarizes the numerous approaches to improve wood 

procurement systems agility that had already been outlined in the wood 

procurement literature albeit without explicit reference to agility. One yet 

unexploited method to improving agility, silvicultural flexibility, was further 

investigated in Chapter 3. More specifically, the method entailed providing 

decision makers with flexibility in the choice of silvicultural treatment at the 

operational level. An experiment conducted based on a case study demonstrated 

significant improvement in profit and demand fulfillment rates as a result of 

permitting flexibility. The case study has demonstrated the effectiveness of the 

approach to overcome problems associated with demand uncertainty.  One issue 

associated with altering treatments at the operational level is that the new plan 

may lie outside the feasible region as outlined in the upper hierarchy plan.  The 

credibility of the entire forest management planning process could thus be 

jeopardized. A mechanism was proposed in Chapter 4 to examine the impact of 

permitting operational level silvicultural flexibility on long-term wood supply. The 

mechanism was implemented to a hypothetical case study based on a dataset 

from a forest management unit in Quebec. The results of the case study 

suggested that we are able to measure potential difference in future wood supply 

resulting from permitting operational level silvicultural flexibility. 
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5.1. RESEARCH APPLICATION 

The ideas and modelling approaches presented in this thesis will prove to 

be useful for the forest products industry as it strives to improve its performance, 

especially in regards to forest products supply chain management. It should help 

the industry mitigate the effects of demand uncertainties. Providing operational 

level model with as many treatment options as possible will permit better 

alignment of supply with demand. New forest management regimes grounded on 

ecosystem based management principles are being adopted across Canada 

(McAfee and Malouin 2008; Gauthier et al. 2009). From a forest operations 

perspective, it implies prescription of a range of silvicultural treatments to mimic 

natural disturbances (Groot et al. 2004). As such, new silvicultural treatments are 

also being proposed (Raymond et al. 2009). With the new regime in Quebec, the 

proportion of these treatments are fixed in the annual plans, flexibility on these 

treatments are not explicitly discussed.  There are multiple ways to achieve the 

goals set in the management strategy; fixing these decisions in the annual plan 

will certainly contribute to ensuring that the targets are achieved. However, 

allowing flexibility could also achieve the stated goals in addition to permitting 

WPS to better align supply with demand.  

The research findings have implications particularly for firms operating in 

mixedwood areas. Mixedwood areas represent a significant proportion of the 

total productive forest land in Canada. These areas are composed of stands with 

varying mixtures of softwood and hardwood species (Thomas et al. 2006).  

During periods when markets for certain species are less attractive, managers 
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face a challenge in implementing the prescribed treatments as they may entail 

harvesting species without demand in the market. Allowing managers to choose 

an alternative treatment, still ecologically suitable, allows managers to procure a 

composition with a greater chance of yielding profit. The mechanism presented in 

chapter 4 should be implemented to anticipate the long-term impact prior to 

application. 

Sweeping changes are currently occurring around the world as increased 

environmental awareness is giving way to the green economy (Hanna 2010). The 

industry is well positioned to support the green economy. Forest products that 

were unimaginable just even a decade ago are tested and ready for 

commercialization (FPAC 2011; Leavengood and Bull 2013). Manufacturing of 

these products have to be supported by wood procurement systems with the 

capability to timely provide the right type of raw material. Policies permitting 

approaches to access the right type of raw material with greater precision helps 

to attract capital investments towards establishment of manufacturing plants in 

the region (Haley and Nelson 2007). 

5.2. STUDY LIMITATIONS AND FUTURE RESEARCH 

This thesis focused primarily on one method, operational level silvicultural 

flexibility, to improve supply flexibility and consequently the agility of WPS. A 

number of other enablers have also been identified in the second chapter with 

potential to improve agility. Further analyses should be carried out in future 

studies to quantify the gains associated with improving agility through those 

enablers. 
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The operational level models in the third and the fourth chapter do not 

take into consideration equipment relocation cost. Incorporating the cost would 

require information on distances between each of the cutblocks and detailed 

sequencing of harvest. It certainly would increase the complexity of the model. 

Instead, the model was constrained to harvest cutblocks in subsequent periods, if 

chosen for harvest. This helps reduce the procurement cost incurred due to 

equipment relocation. Perhaps in certain situations, there could be cutblocks 

voluminous enough that equipment could be moved in and out several times and 

still remain profitable. In such instances, equipment relocation will need to be 

modeled explicitly. 

Continuing on with the limitations of the modelling approach, the model 

depicted a supply chain with just one pipeline, i.e. a pipeline with a strategy to 

address volatile demand. However, a single wood procurement company can 

have multiple pipelines with strategy differing based on the product type. The 

placement of the decoupling point will vary according to the product types. 

Commodities with a predictable demand should have a different strategy from 

value-added products with a volatile demand. In this thesis, all products were 

assumed be equally volatile in terms of the demand in the market. Volatility 

should be adjusted according to the product types and their operations strategy 

should be modelled accordingly in the future. Additionally, in this study, only 

demand was assumed to be uncertain, a perfect knowledge was assumed on the 

supply side. In reality, there is a degree of uncertainty associated with forest 

inventory which could influence supply chain performance. The advantages of 
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silvicultural flexibility in the context of supply uncertainty should also be 

investigated in the future. 

With regards to the method proposed in the fourth chapter to anticipate 

the long-term impact, the accuracy of the system in representing the hierarchical 

planning process needs to be further refined.  Given the enormity of the process, 

we were compelled to adopt crude methods to successfully carry out the 

experiment. These included the process of cutblock generation, assumptions on 

road network, and assumptions on product recovery. It is recommended that 

future studies incorporate greater detail in the hierarchical management planning 

modelling process. 
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5.3. FINAL REMARK 

Canada has a vast amount of forest resources with superior quality material that 

lent the country a huge competitive advantage in the past. However, the current 

state of the industry reflects a lack of anticipation and consequently the 

preparedness, in term of policies, investments and management practices, for 

the present day economic realities. Managers now face a challenge to ensure 

that the industry continues to provide economic and social benefits for Canadians 

under increased forest conservation requirements. Innovation must be sought, 

not just in the development of higher value products and new uses of forest fibre, 

but also in forest management practices. This thesis explores one such 

innovative method. It provides managers with a tool to make better decisions that 

ensure greater economic benefits in the face of uncertainty while also respecting 

environmental and social concerns. 
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