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ABSTRACT 

Climate change could have significant economic impacts in regional economies. 

This dissertation has presented a comprehensive analysis of economic inipacts 

assessment of climate change in both forest and agriculture sectors in Canada and by 

extension, US and rest of the world using computable general equilibrium (CGE) 

analysis. Specific contributions include: (i) estimating the potential economic impacts of 

climate change on Canada's forests using single-region levels specification CGE models, 

and cost effectiveness of implementing adaptation strategies to mitigate the impacts; 

(ii) assessing long-term economy-wide economic impacts of climate change on forestry 

sector acros,s Canada's provinces and the territories, and potential differences associated 

with using single-region as opposed to multi-regional CGE modeling framework; 

(iii) assessing long-term economy-wide economic impacts of climate change on 

agricultural crop production across Canada's provinces and the territories, and extent of 

regional aggregation differences using two global multi-regional CGE models; (iv) 

investigating the extent and nature of potential interactions of economic impacts of 

climate change between agriculture and forestry sectors in a simultaneous CGE modeling 

analysis. Key findings of these analyses include the following: (i) the physical and 

economic impacts of climate change in Canadian forests may be substantial and varied 

across Canada's regions, and adaptation activities to climate change could be supported 

on economic grounds ; (ii) that single-region CGE models produce more conservative 

economic impact estimates relative to a multi-regional model, (iii) regional 

disaggregation tended to better capture individual regional uniqueness in terms of 

economic size, structure, and trade patterns; and (iv) individual and additive sector 
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analyses produced economic impact estimates that were often overly pessimistic (i.e., less 

positive or more negative) relative to those produced by the preferred, simultaneous 

sector analysis. The results of this study have greatly enhanced understanding of the 

various aspects of economic impacts of climate change in both agriculture and forest 

sectors. The knowledge generated from this research will help governments and their 

agencies, policy makers, and researchers working on climate change impact assessments 

using COE models make more informed decisions as they strive to mitigate climate 

change impacts at various levels. 
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1.1 Introduction 

In the long list of potential damages from global warming, agriculture and forests 

stand out as among the most important (Cline 2007; Kirilenko and Sedjo 2007)1. Climate 

change is expected to have very significant impacts on the productivity of various crops 

and forests across many regions of the world (Lobell and Field 2007; Morton 2007; 

Kirilenko and Sedjo 2007). In Canada, the projected climate change over the next 

decades is generally expected to decrease timber supplies and increase crop yields (Cline 

2007; Field et al. 2007), with much variation across the country (Weber and Hauer 2003; 

NR TEE 2011 ). Furthermore, the crop and timber impacts in Canada are expected to be 

greater compared to many countries of the world (Field et al. 2007). These effects are 

largely expected to intensify over the next few decades. The biophysical impacts could 

have serious economic implications in regions that depend heavily on forests and crops. 

Within this context, the intent of this dissertation is to shed light on the potential 

economic impacts of climate change in both agriculture and forest sectors across Canada 

and other world regions using computable general equilibrium (CGE) models. Particular 

attention will be paid to: (i) estimating the regional distribution of economic impacts of 

climate change on the agriculture and forest sectors across Canadian regions; and (ii) 

assessing the extent of potential differences in economic impact estimates associated with 

alternative CGE model specifications and simulations. 

The organization of this chapter is as follows. Section 1.2 provides background 

information about climate change impacts on agricultural crops and timber supply in 

10thers include sea level rise, species loss, loss of water supply, tropospheric ozone air pollution, hurricane damage, 
impact on human health and loss of life, forest loss, and increased electricity requirements. For an early quantitative 
analysis, see Cline ( 1992). 
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Canadian and other world regions. Section 1.3 outlines the critical research gaps in 

previous economic analyses of climate change impacts. Then, in Section 1.4, the research 

objectives are described. Finally, Section 1.5 describes the research framework of this 

dissertation that includes the overall organization, general research methods, and CGE 

models that will be applied in each chapter that follows. 

1.2 Background 

The term "climate change" refers to a change of climate which is attributed 

directly or indirectly to human activity that alters the composition of the global 

atmosphere and which is in addition to natural climate variability observed over 

comparable time periods2
• Climate change may produce significant economic and social 

dislocation in natural resource-dependent communities, and impacts on the 

competitiveness of companies as well as on the actions and policies of all levels of 

government (Lempriere et al. 2008; Tegart et al. 1990). These effects can however be 

reduced by adaptation through early identification and implementation of actions to 

reduce vulnerabilities or take advantage of new opportunities (Lempriere et al. 2008). 

Numerous studies have estimated economic impacts of climate change both at 

global and national levels (Cline 2007). While some of these studies have focused on 

market impacts such as Gross Domestic Product (GDP) and welfare loss, others have 

focused on damage (costs), expressed as a percentage of GDP. Such analyses requires the 

use of many models including: (i) climate models to predict changes in temperature, 

precipitation, extreme events, etc.; (ii) biophysical models to estimate the impacts of 

2As defined by Article I (2) of the United Nations Framework Convention on Climate Change (UNFCCC). 
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climate variables on biological and physical factors; and (iii) economic impact or damage 

cost models to estimate market losses/damage costs in the future. For instance, 

Mendelsohn et al. (2000) developed a Global Impact Model (GIM) which is an integrated 

assessment model (1AM) that uses climate and biophysical estimates from the literature 

to estimate market impacts of climate change across several regions of the world. They 

defined seven regions and five impacted economic sectors including: agriculture, 

forestry, coastal infrastructure, energy, and water. The impacts ranged from less than -1 % 

to more than + 1 % of GDP depending on the region. 

In another study at the global level, Stern (2006) used the P AGE2002 IAM 

developed by Hope (2006) to estimate annual global damage costs of climate change in 

the future. The study defined three regions (US, other OECD, and rest of the world) and 

two affected sectors: (i) ( economic, defined as an aggregate of all economic sectors; and 

(ii) non-economic, which includes health, recreation, and other such sectors. Estimated 

total damages as a percent of GDP by 2100 ranged from 0.8% to 4.3% with a global 

mean of 3 .4%. 

In one of the most recent global studies, Eboli et al. (2010) used a CGE model to 

estimate the economic impacts of climate change in 8 global regions and five affected 

sectors ( agriculture, energy demand, human health, tourism, and sea level rise). 

Economic impacts ranged from 0.3% to -0. 7% of GDP over the 2002-2050 period, 

depending on the sector and region considered. 

A host of other studies have also evaluated the global economic impacts and costs 

of climate change on the economy using IAMs and CGEs (Bosello et al. 2007; Berritella 

et al. 2006; Sohngen and Sedjo, 2005; Perez-Garcia et al., 2002, 1997; Sohngen et al., 
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2001 ). Findings generally indicate that while climate change will have relatively small 

economic impacts and costs at the global level, significant regional variation in impacts 

will occur (Ciscar et al. 2012; Iglesias et al. 2011; Eboli et al. 2010; Perez-Garcia et al. 

2002, 1997). 

Several climate change impact studies have also been conducted at a regional 

level using 1AM and CGE models. For instance, in the United States, Smith (2004) 

reviewed a number of studies using 1AM and CGE models and found that estimates of 

aggregate economic impacts from climate change could range between a loss of2.24% of 

GDP to a gain of 0.4% of GDP, while aggregate damage costs could range between 1 % 

and 2.24% of GDP. In a Canadian study, NRTEE (2011) used a series of approaches 

(1AM, CGE, and others) to estimate a range economic impact and cost estimates of 

climate change in four sectors (forests, coastal infrastructures, human health, and 

tourism) across several Canadian regions. Results from the forest sector CGE analysis, 

for instance, indicated that market impacts of climate change on Canadian forests could 

range between -0.06% to -0.85% of GDP annually by 2050.3 For coastal infrastructures, 

the annual cost of flooding of dwellings due to climate change was estimated to be in the 

range of $4 billion to $1 7 billion by the 2050. On the human health aspect, the study 

estimated an annual cost in the range of $342 to $692 per person in the major cities (such 

as Toronto, Vancouver and Edmonton) by the 2050 arising from premature mortality risk 

attributable to heat and air quality impacts of climate change. The study further suggests 

that climate change could increase visits to Canada's national parks on average by 9% to 

29% by the 2050 as a result of warmer temperatures. 

3F orest sector analysis in the NR TEE (2011) report was conducted by the author of this dissertation, along 
with his supervisor, Dr. Van Lantz. 
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Finally, a number of studies have also been conducted at a regional level using 

either partial equilibrium or econometric models, where the focus is on an impacted 

sector (i.e., Almaraz et al. 2008; Bootsma et al. 2005; Sohngen and Sedjo 2005; Weber 

and Hauer 2003; Perez-Garcia et al. 2002, 1997; Sohngen et al. 2001 ). For instance, 

Sohngen et al. (2001) used a partial-equilibrium, global timber trade model to assess 

economic impacts of climate change on timber markets. The study grouped regions of 

the world into two main categories including: high latitude forests (North America, 

Europe, Former Soviet Union, China, and Oceania) and low-mid latitude forests (South 

America, India, Asia-Pacific, and Africa). Results indicated that consumers in all regions 

benefit from the lower prices, and the overall impacts of climate change in timber 

markets are expected to be beneficial, increasing welfare in those markets from 2% to 8% 

by 2145. In another study, Weber and Hauer (2003) used an econometric (Ricardian) 

model to examine the impact of climate change on Canadian agricultural land value in the 

ten provinces of Canada. The results indicated annualized increases between 1 % to 38% 

in farmland returns between 1995 and 2051, depending on the region. 

Among alternative analytical tools, CGE models are increasingly being used to 

estimate economic impacts of climate change. The CGE modeling approach is thought to 

be a suitable tool for such analysis because of its economy-wide and market-based 

approach, where prices play a key role as the main mechanism through which supply and 

demand adjust following exogenous shocks such as changes in output due to climate 

change (Iglesias et al., 2012). 

CGE models are a class of economic impact models that use economic data to 

estimate how an economy might react to changes in policies, markets, technologies or 
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other such factors. CGE modeling technique traces its roots to earlier works by Miller 

and Spencer (1977), Shoven and Whalley (1972), and Johansen (1960). The emergence 

of CGE models was largely a response to the failure of input-output models to capture 

economy-wide impacts of complex and price-induced policy alternatives with their 

central tenets of price and wage rigidity (Gillespie et al. 2001; Rickman 1992; Robinson 

and Roland-Holst 1988). 

There are two schools of CGE model specifications. The North American levels 

school (Shoven and Whalley 1984) and the Norwegian/ Australian school of linearizers 

(Johansen, 1974, 1960). In levels specification, non-linear general equilibrium equations 

representing interactions among agents in the economy are expressed and solved in their 

levels (non-linear) form rather than in log differential form. In linearized specification on 

the other hand, equations are expressed in their log-linearized form to permit the model to 

be solved by inverting a single matrix through log differentials. Chang et al. (2012) 

observed that the linearization approach may introduce approximation errors when 

considering non-marginal changes in exogenous variables. However, Hertel et al. (1992) 

showed that while welfare estimates are prone to such errors, economic impact estimates 

tend to be comparable between the two approaches. Hertel et al. (1992) offer a critical 

comparison between the two CGE model specifications. 

On a spatial scale, CGE models can be applied at either a single-region or multi

regional scales of analysis. Single-region CGE models assume an "isolated economy" for 

a particular region (accounting for other regions only in terms of aggregate exports or 

imports within the region of analysis). Multi-regional CGE models, on the other hand, 

consider an "interactive economy" where each region is specified in equal detail and 
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integrated into a nested-single-economy with inter-regional trade specified by regions of 

origin and destination. This allows for the capture of inter-regional imbalances and 

incorporates "feedback effects" from global market interactions on the region(s) of 

interest (Haddad, 2009). While multi-regional CGE models are thought to better reflect 

real world economies compared to single-region CGE models, they require many 

additional assumptions and much more data. 

CGE models can also be specified either as static or dynamic. Static specifications 

provide a one-time snapshot of the change in economic conditions at a given point in 

time (holding the levels of dynamic variables such as capital, labour, and resource stocks 

constant). Static CGE models are therefore weak in capturing dynamic aspects of an 

economy as they omit time-dependent investment relationships, population growth, and 

resource dynamics (Kohler et al. 2006; Spence 2005; Barker 2004; Ackerman 2002). 

Dynamic CGE models, on the other hand, incorporate time-dependent investment 

relationships, population/labour growth, and factor input dynamics, all of which are 

normally omitted by static models (Kohler et al. 2006; Spence 2005; Barker 2004; 

Ackerman 2002). 

In terms of defining regions within a CGE model, a region can be represented by 

a single province (or smaller), country, or blocks of countries. Additionally, in terms of 

defining economic sectors, CGE model can have any number of sectors and the focus of 

policy or market changes can be on a single sector or multiple sectors simultaneously. 

In practice, researchers have applied many unique combinations of the above

mentioned CGE model specifications to investigate the economic impacts of climate 

change on various sectors/features of the economy (including agriculture, forests, sea-
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level rise, tourism, energy, and others). A few examples in the context of regional (single 

vs. multi-region) and temporal (static vs. dynamic) specifications include: (i) single

region, static CGE models used by Reid et al. (2008) and Arndt et al. (2000); (ii) single

region, dynamic CGE models used by Robinson et al. (2012) and Bezabih et al. (2011 ); 

(iii) multi-regional, static CGE models used by Iglesias et al. (2012), Ronneberger et al. 

(2009), and Berrittella et al. (2007); and (iv) multi-regional, dynamic CGE models used 

by Bosello et al. (2012), Palatnik et al. (2011 ), and Reilly et al. (2007). Other examples in 

the context of regional aggregation include: (i) single country CGE models used by Arndt 

e~ al. (2012, 2011, 2000), Robinson et al. (2012), Bezabih et al. (2011), and Ronneberger 

et al. (2009); and (ii) groups or blocks of countries CGE models used by Bosello et al. 

(2012) and Iglesias et al. (2012). Despite its inherent weaknesses, a general agreement 

among researchers supports the view that CGE models provide a more-than-adequate 

framework for appraising economic impacts such as those arising from climate change 4• 

Studies that assess the potential economy-wide impacts of climate change on 

Canadian agriculture and forestry at the national or sub-national level are rare in the 

literature. However, a few studies do exist that apply global, multi-regional computable 

general equilibrium (CGE) models, with Canada defined as one of the regions or part of 

regional groupings. Economic impacts from these studies range widely. For instance, 

Zhai et al. (2009) used a dynamic multi-regional model and estimated a 0.2% GDP loss 

and 0.2% ( of GDP) welfare gain for Canada by 2080 due to climate change impacts in 

agriculture sector. Ronneberger et al. (2009), on the other hand, used a static multi-

4F or instance, within the CGE framework, little consensus exists regarding the magnitude of elasticities and other key 
parameters used in model specifications; and results may be quite sensitive to the key assumptions underlying the 
model (such as capital mobility, and competition assumptions). For extensive review of CGE modeling technique and 
its applications, see Haddad (2009); Ackerman, (2002); Arndt et al. (2002);Partridge and Rickman ( 1998); Ginsburg 
and Keyzer ( 1997); Dixon and Parmenter ( 1996); Shoven and Whalley ( 1992, 1984 ); Decaluwe and Martens ( 1988). 
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regional model and reported a GDP gain ofless than 0.005% and welfare gain of $10 

million for Canada by 2050 as a result of climate-induced changes in agriculture. 

Furthermore, Reilly et al. (2007) used a dynamic, multi-regional model and estimated a 

consumption gain of 0.2% from climate change impacts on agriculture and forests by 

2100. In another study by Bosello et al. (2012), the aggregated region of Canada, Japan 

and New Zealand as a whole was projected to experience a GDP loss of -0.3% by 2050 

from such impacts using multi-regional dynamic model. 

A few studies have also been conducted that use COE models to assess climate 

change impacts in the Canadian forest sector. Specifically, NRTEE (2011) applied single

region static models to a number of Canadian regions and found regional losses between 

0.06% and 0.85% of GDP annually by 2050, depending on the region under 

consideration. Another recent study by Williamson et al. (2008) used a static single

region COE model to assess the economic impacts of climate change on forests within a 

case-study community in Canada. The results indicated that household income increased 

in the range from $1.5 to $2.1 billion in Prince George (British Columbia) timber supply 

area, depending on scenario by 2050. 

1.3 Critical research gaps 

While there has been much research conducted on the biophysical impacts of 

climate change on crop yields and timber supplies across Canadian regions (Cabas et al. 

2010; Almaraz et al. 2008; Lempriere et al. 2008; Bootsma et al. 2005), less is known 

about the economy-wide distribution of impacts and/or the degree to which adaptation 

efforts can be supported on economic grounds. Such analysis is critical for regional 
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governments, policy makers and agriculture/forest managers to understand the potential 

economic impacts of climate change within their jurisdictions, and their capacity to adapt. 

However, in order to produce accurate economic impact estimates of climate 

change in any particular sector, it is important to first ensure that appropriate modeling 

specifications are used. As described above, while CGE models are among the best in 

assessing climate change impacts, the manner in which they are specified may affect the 

results. For instance, previous studies that have used CGE models to estimate the 

economic impacts of climate change in the agriculture sector have used both single

region and multi-regional model specifications (Zhai et al. 2009; Ronneberger et al. 

2009). While most acknowledge that multi-regional models should be used in the context 

of climate change (since all regions are affected simultaneously), there have been no 

studies conducted to examine the extent of the potential difference associated with single

region CGE model specifications. Such an analysis needs to be conducted. 

Furthermore, previous CGE studies that estimate the economic impacts of climate 

change in Canada often treat Canada as a single region or within a block of countries in a 

multi-regional modeling context. Such analysis does not account for the regional (within 

country) distribution of climate change impacts or economic structures across the 

country. For instance, climate change impacts in the agricultural and forest sectors are 

expected to vary considerably across Canadian provinces (Lempriere et al. 2008; 

Williamson et al. 2008; Reinsborough 2003; Weber and Hauer 2003). Failure to 

appropriately account for this variation may produce inaccurate economic impact 

estimates. Therefore, there is a need to investigate the regional distribution of economic 

impacts of climate change in the agriculture and forest sectors across Canada. 
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Finally, while there exists a number of studies that have estimated the economic 

impacts of climate change on a specific sector, there is concern that such studies may not 

provide accurate estimates since climate change will affect multiple sectors 

simultaneously. Furthermore, imprecise economic impacts may result if one were to 

simply add together individual sector impact estimates from different CGE model 

simulations (Eboli et al. 2010). To properly account for such interactions, all climate

impacted sectors should be assessed simultaneously within the same economic modeling 

framework. Fankhauser and Toi (1996) first vouched for integration between different 

impacts of climate change, a concern later emphasized by Toi et al. (2000) and Toi 

(2005). 

While there have been a number of studies conducted that assess economic 

impacts of simultaneously-impacted sectors from climate change (e.g., Eboli et al. 2010; 

Bigano et al. 2008; Berrittella et al. 2006; Bosello et al. 2004; Jorgenson et al. 2004; 

Kemfert, 2002), only two of these studies (i.e., Bigano et al. 2008; Eboli et al 2010) have 

compared economic impact estimates produced by additive vs. simultaneous sector 

impact analysis to assess the potential additive difference. In both studies, the authors 

found that the additive (or in their terms, disjoint) analysis produced substantially 

different impact estimates than the simultaneous (or in their terms, joint) analysis. The 

differences between additive and simultaneous analysis emerged due to the various sector 

impacts interacting with one another in the simultaneous analysis which affected the 

endogenous growth mechanism. There is a need to extend this analysis to evaluate the 

extent of additive economic impact differences in other impacted sectors (such as 

forestry) and regions (such as Canadian provinces). 
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1.4 Research objectives 

The overall objectives of this research is to estimate the potential economic 

impacts of climate change in the Canadian forest and agriculture sectors, and to shed light 

on potential differences associated with various CGE modeling specifications. Specific 

objectives include: 

1. To use static, single-region CGE models to provide preliminary estimates of the 

regional distribution of economic impacts of climate change across regions of 

Canada's forest sector, and assess the degree to which adaptation can be justified 

on economic grounds. 

2. To assess the extent of potential differences between single-region and multi

regional CGE models in estimating economic impacts of climate change across 

regions of Canada's forest sector. 

3. To assess the extent of potential differences between regionally aggregated and 

disaggregated multi-regional CGE models in estimating economic impacts of 

climate change across regions of Canada's agriculture sector. 

4. To assess the extent of potential differences between additive and simultaneous 

sector impact analysis using multi-regional CGE models in estimating economic 

impacts of climate change on Canadian agriculture and forest sectors. 

The research objectives above focus on two sectors of the economy - namely 

agriculture and forestry. The two sectors were chosen for this study because: (i) both 

sectors play an important role in Canada's national and provincial economies; and (ii) 

both sectors are expected to be significantly impacted by climate change (Cline 2007; 
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Field et al. 2007). Regarding the importance of the sectors, at the national level in 2010, 

the agriculture sector produced over $50 billion in output ( or 2.8% of total GDP) and 

employed over 2 million people (both directly and indirectly) with a balance of trade of 

about $10 billion. In some of the Atlantic and Prairie provinces, the agriculture sector 

has contributed nearly 10% of provincial output, and is largest in the provinces of 

Saskatchewan, Ontario, and Alberta where provincial output values have exceeded $10 

billion ($2006) annually (AAFC 2012; Statistics Canada 2011). The forest sector, on the 

other hand, contributed $54 billion in output (or 3% of total GDP) and employed 600,000 

people (directly and indirectly) across the country. It was the country's largest net 

exporter with a balance of trade of over $14 billion. Over 50% of forest sector exports 

originate from the province of British Columbia, where total sector output was in excess 

of six billion ($2006) annually (Statistics Canada 2011; NRCan 2010). Hence, the two 

sectors provide reasonable representation and scope to examine the research issues 

detailed above. 

1.5 Research framework 

This dissertation is presented in an 'article' format. The main body of the 

dissertation comprises four distinct but related articles. Each of the four main chapters is 

linked to each of the research question above. The current chapter, Chapter 1, sets the 

stage by providing a general introduction with brief background information on the area 

of research focus. It outlines previous assessments of economic impacts of climate 

change and justifies a particular focus on agriculture and forest sectors in Canada. 
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Further, this section outlines the four main research objectives, and the general methods 

used to achieve the objectives. 

Chapter 2 employs single-region, static CGE models to analyze the potential 

economic impacts of climate change and adaptation on forests in six regions of Canada 

over the 2010--2080 period. Six single-region static CGE models were specified for the 

following regions: British Columbia, Quebec, Ontario, Alberta, Atlantic Canada, and rest 

of Canada. The CGE models used in this analysis were based on the 'levels' stylized 

model developed by Shoven and Whalley (1992, 1984). The analysis was implemented 

through a four-step procedure: (i) define 16 range of impact scenarios based on various 

states of future economic growth conditions, global climate change conditions, and 

timber supply to consider; (ii) estimate timber supply impacts of each scenario using 

work by Lempiere et al. (2008) and others; (iii) convert timber supply change estimates 

into economic impacts; and (iv) conduct an economic impact and cost-benefit analysis of 

climate change and adaptation activities (i.e. effectiveness of pest control, fire prevention, 

and/or planting alternative species) in the face of a changing climate. This analysis 

provides the first (and preliminary) general equilibrium estimates of regional (within 

Canada) economic impacts from climate change in Canadian forests. It has extended 

previous partial equilibrium literature that has tended to provide economic impact 

estimates of potential climate change impacts on forests (e.g., Sohngen and Sedjo 2005; 

Perez-Garcia et al. 2002, 1997; Sohngen et al. 2001) without taking into account potential 

adaptation strategies. 

Chapter 3 estimates the potential differences in economic impact estimates 

between single-region and multi-regional CGE models in estimating regional distribution 

15 



of economic impacts of climate change on the forest sector across Canadian provinces 

and territories. Specifically, a comparative economic impact analysis of climate change 

impacts on the forest sector was conducted across Canadian provinces, the United States, 

and the rest of the world using dynamic, single-region and multi-regional COE models 

over the 2006-2051 period. The single-region models were similar to recent work by 

Bezabih et al. (2011), Prasada et al. (2010), Thurlow (2008, 2004), Zhang at al. (2005), 

and Lofgren et al. (2002). The multi-regional model was similar to Iglesias et al. (2012), 

Zhai et al. (2009), Kitwiwattanachai (2008), and Das et al. (2005). This study was the 

first to assess the extent of potential difference in economic impact estimates from 

climate change using single-region COE models as opposed to a multi-regional COE 

model. 

Chapter 4 estimates the regional distribution of economic impacts of climate 

change on the agriculture sector across Canadian and world regions and examines the 

potential differences between regionally aggregated and disaggregated multi-regional 

COE models in estimating economic impacts. Specifically, two multi-regional, recursive 

dynamic COE models were developed over 45-year time frame projection (2006-2051 ). 

The first was an aggregated 3-region model of Canada, United States, and the rest of the 

world (AggModel). The second was a 13-region model comprising the ten provinces of 

Canada, the territories, United States, and the rest of the world (DisaggModel). The 

models were based on traditional neoclassical economic theory and were similar to recent 

work by Iglesias et al. (2012),, Prasada et al. (2010), Zhai et al. (2009), Thurlow (2008, 

2004) and Lofgren et al. (2002). The regional crop productivity changes due to climate 

change considered in the models shocks simulation were based on estimates from Cline 
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(2007) for United States and the rest of the world regions, and Weber and Hauer (2003) 

for Canadian regions. This study was the first to systematically assess the extent of 

regional aggregation difference when using global multi-regional CGE models. 

Chapter 5 compares economic impact estimates produced by CGE models that 

consider the economic impacts of individual, additive, and simultaneous climate-induced 

changes in Canadian and other regions' agriculture and forestry sectors. The objective 

was to assess the extent of potential differences between additive and simultaneous sector 

impact analysis using CGE models. The CGE models used here were dynamic and multi

regional, where Canada was disaggregated into 11 regions ( 10 provinces and the 

territories) and other regions included the United States and the rest of the world. 

Previously, economic impacts of climate change in Canada have been focused either on 

the agriculture sector (e.g., Ronneberger et al. 2009; Zhai et al. 2009, and Reilly et al. 

2007) or the forest sector ( e.g., Williamson et al. 2008). Simultaneous agriculture/forest 

sector impact analysis in Canada is therefore novel and has been suggested by literature 

as a research gap (Toi 2005; Toi et al. 2000; Fankhauser and Tol 1996). Furthermore, this 

is one of the few studies that have quantified the extent of individual and additive 

economic impact difference. 

Finally, Chapter 6 summarizes the key findings, policy implications, limitations, 

and future research directions that emerged from Chapters 2 to 5. 
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CHAPTER2 

REGIONAL ECONOMIC IMPACTS OF CLIMATE CHANGE AND 
ADAPTATION IN CANADIAN FORESTS: 

A CGE MODELING ANALYSIS5 

5This chapter has been published as: Ochuodho, T.O., Lantz, V.A., Lloyd-Smith, P., Benitez, P. 2012. 
Regional economic impacts of climate change and adaptation in Canadian forests: A CGE modeling 
analysis. Forest Policy and Economics 25: 100--112. 
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2.1 Abstract 

We analyzed the potential economic impacts of climate change and adaptation on 

forests in six regions of Canada over the 2010-80 period. We considered 16 impact 

scenarios, based on various states of future economic growth conditions, global climate 

change conditions, timber supply impacts, and adaptation activities. Our findings reveal 

that the physical and economic impacts of climate change in Canadian forests may be 

substantial and will not be distributed equally across Canada's regions. For instance, 

without adaptation, Manitoba, Saskatchewan and the Territories' forestry and logging 

sector may be hardest hit, losing over 30% of its output value, thereby reducing output 

and GDP in other sectors by over 18%. On the other hand, provinces such as Quebec and 

to a lesser extent Ontario could gain up to 2% in their forestry and logging and other 

sector output and GDP. With adaptation, the negative impacts are reduced and the 

positive impacts are increased in all regions. In this case, Atlantic Canada in particular 

could realize output and GDP gains, at up to 2% compared to a no climate change, no 

adaptation scenario. Net present value analysis indicated that, under all scenarios 

considered, such adaptation activities as planting new tree species and increasing pest and 

fire control could be supported on economic grounds. Overall, this analysis can be said to 

provide the first ( and preliminary) estimates of regional economic impacts from climate 

change in Canadian forests. Further analysis is needed to accurately quantify and model 

the impacts. 
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2.2 Introduction 

The forests of Canada have provided its citizens with a source of subsistence and 

economic growth for many centuries. Today, the forest sector directly employs 

approximately 240,000 people, contributes $40 billion to national GDP (or 3% of total 

GDP), and is the country's largest net exporter with a balance of trade of over $14 billion 

(NRCan 2010). 

The relatively heavy dependence that the Canadian forest sector has on Canadian 

forests for its supply of timber leaves it highly susceptible to natural and human-made 

disturbances such as climate change. Indeed, Canada's forests are already experiencing 

the effects of climate change. Some of the most visible effects include changes in the 

frequency and severity of fires, droughts, severe storms, and damaging insect and disease 

attacks (Williamson et al. 2009). Other, longer term temperature effects include changes 

in forest productivity (growth and yield), species composition, and age-class distribution 

among others. As these effects are largely expected to intensify over the next few 

decades, there is increasing attention being paid to the potential impacts this will have on 

the forest sector and the need to adapt (Lempriere et al. 2008; Snetsinger 2006; Lazar 

2005). 

A few studies exist that provide economic welfare (i.e., consumer and producer 

surplus change) estimates of potential climate change impacts on Canadian and/or North 

American forests (see Sohngen et al. 2005, 2001; Perez-Garcia et al. 2002,1997). These 

studies typically couple global climate circulation models with partial-equilibrium, global 

timber market models to assess the impacts that climate-induced changes in forest 

productivity will have on timber production and economic welfare in the Canadian forest 
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sector as a whole. Results often reveal that timber production and welfare losses occur in 

Canada under various climate change scenarios. Similar results have emerged in a recent 

study by Williamson et al. (2008) who use a computable general equilibrium (CGE) 

model to assess the economic impacts of climate change on forests within a case-study 

community in Canada.6 To date, however, there has been no research conducted on the 

regional (within country) distribution of such impacts and/or the degree to which 

adaptation efforts can be supported on economic grounds in Canada. The objective of this 

study was to shed light on both these issues. 

In this study we analyzed the potential economic impacts of climate change and 

adaptation on forests in six regions of Canada, including British Columbia, Alberta, 

Ontario, Quebec, Atlantic Canada (Newfoundland and Labrador, Prince Edward Island, 

Nova Scotia, and New Brunswick), and Rest of Canada (Manitoba, Saskatchewan and the 

Northern Territories) over the 2010-80 period. We considered a total of 16 impact 

scenarios in our analysis, based on various states of future economic growth conditions, 

global climate change conditions, timber supply impacts in response to climate change, 

and aggregate adaptation activities. When designing and quantifying each scenario, we 

relied heavily on previous qualitative work by Lempiere et al. (2008). Information from 

this source was largely used to estimate the individual and aggregate biophysical impacts 

of climate change on timber supplies across each Canadian regional forest sector by 

2080. The timber supply impacts were then converted into impacts on forestry and 

6 Other economic analysis of climate change impacts on Canadian and/or North American forests include 
Nordhaus (1991), Mendelsohn et al. (2000), Kemfert (2002), Hope (2006) and a host of others who use 
integrated assessment and CGE models of the world economies. However, since these studies incorporate 
the effects of climate change on many sectors at once (e.g., forest, agriculture, energy, human health, etc.), 
the contribution of forest-related impacts is not identified. 

31 



logging sector output value, and used as inputs into single region, static computable 

general equilibrium (CGE) models, calibrated to 2080. 

For each scenario, we used the CGE models to simulate the cumulative 2010-80 

climate change impacts on sector output values, GDP, and welfare for each region. We 

also conducted a cost-benefit analysis of adaptation activities associated with planting 

alternative tree species and increasing pest and fire outbreak control. Here we used the 

welfare values produced by the CGE models under each adaptation scenario as adaptation 

benefits and compared these to projected adaptation costs, in present value terms. 

The remainder of this article is organized as follows. Section 2.3 describes the 

steps involved in estimating economic impacts and cost-benefit analysis. Section 2.4 

provides the results of the economic analysis. Finally, Section 2.5 presents a discussion of 

the findings, outlines some of the limitations, and concludes the article. 

2.3 Methods 

To estimate the economic impacts of climate change and adaptation on forests in 

the six regions of Canada, we employed the following four-step procedure: (i) define the 

range of scenarios to consider; (ii) estimate timber supply impacts of each scenario; (iii) 

convert timber supply change estimates into economic impacts; and (iv) conduct a cost

benefit analysis of adaptation activities. 
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2.3.1 Defining scenarios 

We considered a total of 16 impact scenarios in our analysis, based on two states 

of future economic growth conditions, two states of global CO2 emissions, two states of 

timber supply impacts in response to climate change, and two states of aggregate 

adaptation activities. Specifically, for economic growth conditions, we considered slow 

vs. rapid growth scenarios. We defined these scenarios using baseline regional economic 

sector output forecasts provided to us by Informetrica7 (for 2050) and adjusted these with 

two alternative growth projections provided to us by the Canadian National Roundtable 

on the Environment and the Economy (NRTEE). These were defined as: (i) a slow 

economic growth scenario, with a 1.25% GDP growth per annum; and (ii) a rapid 

economic growth scenario, with a 3% GDP growth per annum. These were projected 

forward to 2080, and used as the two new benchmarks against which all impact scenarios 

were compared. 

For global climate change conditions, we considered low vs. high climate change 

scenarios. Here, we used the IPCC Special Report on Emission Scenarios (Nakicenovic et 

al. 2000) to help quantify these scenarios. 

7 Informetrica (http://www.informetrica.com/) is a privately-owned Canadian company specializing in 
quantitative economic research. Its products and services provide comprehensive coverage of Canadian 

economic prospects and public policy. 
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Specifically, the low climate change scenario was associated with the IPCC's SRES Bl 

global emissions and temperature changes, whereas the high climate change scenario was 

associated with the SRES A2 global emissions and temperature changes8
• These 

emissions and temperature changes were used to help quantify the severity of climate 

change impacts on forest productivity, fires, and pest outbreaks (described in more detail 

below). 

For timber supply impacts, we considered optimistic vs. pessimistic scenarios9
• 

These scenarios were included largely as a result of the high level of scientific 

uncertainty associated with climate change impacts on forests. Systematic analysis into 

expected impacts of climate change on Canadian regional timber supplies over time 

would require the use of sophisticated forest growth, yield, and timber supply models. In 

the absence of such models, we developed two cumulative timber supply impact 

scenarios for each region defined as: (i) optimistic, considering a best-case change in 

each region's timber supply; and (ii) pessimistic, considering a worst-case change in each 

region's timber supply. 

Finally, for adaptation, we considered without vs. with adaptation activity 

scenarios. Under the with adaptation scenario, we defined an aggregate measure of 

adaption using three adaptation activities: forest fire control activities, pest control 

activities, and planting alternative tree species that are more suitable for future climates. 

8Lempreriere et al. (2008) reports estimates of climate change impacts on forests as low, medium or high 
increases/ decreases based on two emission scenarios of A2 (representing high) and B2 (representing low to 
medium). For our analysis, we were interested in two extremes of low and high and therefore, instead of 
using the B2 scenario, we instead used Bl (representing low emission scenario) by considering 'lower 
bound' case scenarios. As such, our scenarios correspond closely with those used by Lempreriere et al. 
(2008). 
9 The terms optimistic and pessimistic are used here to define possible range of bounds given the 
uncertainty associated with climate change impacts on forests. 
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2.3.2 Estimating timber supply impacts 

To estimate timber supply impacts under each scenario, we first reviewed 

previous literature on the topic. We found that Lempriere et al. (2008) qualitatively 

assessed the potential effects of climate change on forest productivity, forest fires, and 

pest attacks in five forest eco-regions across Canada over the next century. Their 

qualitative assessment involved the use of a 6-point scale to assess the expected impacts, 

ranging from low, moderate and high decreases, to low, moderate and high increases. 

Additionally, we found that Flannigan et al. (2005) has provided quantitative estimates of 

the effects of increased forest fires across four Canadian eco-zones due to a 3-times 

increase in CO2 emissions. Specifically, they found that the average area burned in 

Canada is projected to increase between 74-118% by 2080-2100, with a wide range of 

regional impacts. For example, the average annual area burned in the boreal cordillera 

ecozone is projected to increase 233%, while it is projected to increase 64% in the 

moister eastern half of the boreal shield. For simplicity, we used two extremes of low and 

high scenarios for both positive (increase) and negative (decrease) impacts of climate 

change on timber supply across the regions. 

An important issue identified through our literature review was that there is no 

bottom-up quantified estimates of the impact of climate change on Canadian regional 

timber supplies. Additionally, there was also no quantitative literature found on the 

impacts of climate change adaptation activities on regional timber supplies. As such, we 

developed various ad hoc methods for establishing the likely range of quantitative 

impacts of climate-induced changes in forest fires, forest productivity, and forest pest 
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attacks on regional timber supplies without and with adaptation for the year 2080. These 

are detailed below. 

2.3.2.1 Forest fires 

Without the direct link between climate change impact on forest fires and 

resulting impacts on timber supplies, we needed to first estimate the effect of climate 

change on annual area burned, and then determine the relationship between the increased 

annual area burned and the impact on the timber supply. Using this two-step process, we 

estimated the impact of increased forest fires due to climate change on regional timber 

supplies under both climate scenarios and under optimistic and pessimistic timber impact 

scenarios. Specifically, we first matched Flannigan et al.'s (2005) ecozones with our six 

regions. Flannigan's (2005) area burn increase estimates are for a 3-times increase in CO2 

levels. This is approximately equal to our high climate change scenario in 2080. Using 

Flannigan's (2005) area bum increase estimates for our high climate change scenario, we 

determined the comparable area burn increases for our low climate change scenario by 

linearly extrapolating the former set of estimates along the temperature gradient10
• The 

optimistic and pessimistic area bum impacts were 3 0% below and above this central 

estimate (using expert judgment in consultation with scientists at the Canadian Forest 

Service). Temperature data came from an average of four global circulation models, 

provided to us courtesy of the Canadian Forest Service. 

10Temperature data for the two climate scenarios came from the Canadian Forest Service, with the 1980-
2009 period used as the baseline. Because we only use the temperature data to scale the impacts, using a 
baseline temperature with a slightly higher temperature (0.2 to 0.3 °C) do not affect our estimates. 
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After determining the increase in annual area burned due to climate change for 

our six regions, two climate scenarios, and optimistic/pessimistic scenarios, we needed to 

convert these increases into impacts on the timber supply. There was very little 

quantitative literature found on the impact of forest fires on timber supplies. However, 

van Wagner ( 1983) simulated the impact of forest fires on the timber supply using a yield 

curve from central Quebec. His results suggest that a 50% increase in the area burned 

results in a 20% decrease in the AAC (Annual Allowable Cut). There are many reasons 

why this number represents an upper bound estimate of forest fires impacts on the timber 

supply. First, the AAC is currently higher than the actual harvest. Therefore, the actual 

timber supply may be impacted to a lesser extent than the AAC. Second, these results are 

from one region of Canada. Other regions in Canada may have a different ability to 

maintain timber production with increase forest fires. Third, there is always some 

salvageable timber in an area that has been burned and therefore, not all of the timber is 

lost. 

Keeping these issues in mind, a common factor of 10 was applied across all 

regions of Canada to convert the increase in annual area burned to an impact on the 

timber supply. This factor implies that a 50% increase in the annual area burned results in 

a 5% decrease in the timber supply. Another way to understand this factor is that one 

hectare of forest is lost in the timber supply for every 10 hectares that are burned. 11 

11 The estimates are sensitive to the factor used in the analysis, such that ifwe changed the factor to say 5, 
this would mean that a 50% increase in area burnt would result in a timber supply reduction of 10%. Our 
optimistic/pessimistic scenarios were designed to account for such uncertainty. 
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2.3.2.2 Productivity and pest outbreaks 

Since there were no studies found in our literature review that quantitatively 

assessed the impacts of climate change on forest productivity and pest outbreaks across 

Canada, we used Lempriere et al.' s (2008) qualitative estimates as a starting point. First, 

we matched the forest ecozones used by Lempriere et al. (2008) to our six regions. Then, 

we mapped Lempriere et al.' s (2008) 6-point qualitative impact scale into percentage 

changes in timber supplies, considering both optimistic and pessimistic scenarios. This 

process used expert judgment in consultation with scientists at the Canadian Forest 

Service to map the impacts. 

Table 2.1 provides a summary of our mapping procedure. Here, as an example, 

under the high climate change scenario, a moderate decrease in the productivity of a 

region's forests was assumed to decrease the timber supply by 3% in the optimistic case 

and 6% in the pessimistic case. Under the low climate change scenario, negative impacts 

were assumed to be less severe at 1 % in the optimistic case and 4% in the pessimistic 

case. Using this table together with regional impact information provided from Lempriere 

et al. (2008), quantitative timber supply impacts from productivity and pest outbreak 

effects were compiled and verified. 
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Table 2.1 Mapping used to convert Lempriere et al. 's (2008) qualitative climate 
change impacts on Canadian forests to quantitative impacts on timber supplies 

Productivity Pest Outbreaks 

Direction 
Scale of {% im~act on timber su~~ll'.) {% im~act on timber su~~ll'.) 

of 
Change High Climate Low Climate High Climate Low Climate 

Change 
(6-point Change Change Change Change 

scale) 
0Et. Pess. 0Et. Pess. 0Et. Pess. 0Et. Pess. 

Small 0.0% -2.0% 0.0% -1.0% NIA NIA NIA NIA 
Decrease Moderate -3.0% -6.0% -1.0% -4.0% NIA NIA NIA NIA 

Large -6.0% -12.0% -2.0% -7.0% NIA NIA NIA NIA 
Small 2.0% 0.0% 1.0% 0.0% 0.0% -2.0% 0.0% -1.0% 

Increase Moderate 6.0% 3.0% 4.0% 1.0% -1.0% -4.0% 0.0% -2.0% 
Large 12.0% 6.0% 7.0% 2.0% -3.0% -8.0% -2.0% -5.0% 

The total percentage impact on the timber supply was assumed to be the 

cumulative total of the three individual impacts. 12 Table 2.2 summarizes the estimated 

changes in timber supply due to climate change without adaptation. 13 

12 This assumption may not be entirely accurate because there are clear correlations between these impacts 
(i.e., there may be positive synergy between pest attacks and forest fires). However, it is not clear if simply 
aggregating the three impacts overstates or understates the total impacts. Our pessimistic/optimistic 
scenarios were designed with such uncertainties in mind. 
13 The changes presented in Table 2.2 would imply that forest productivity in Canada as a whole will either 
marginally increase (under optimistic scenarios) or marginally decrease (under pessimistic scenarios). The 
optimistic scenario impacts would fall into the lower range of estimates produced by Perez-Garcia et al. 
(2002) in their analysis of forest productivity increases in Canada from climate change (ranging from an 
increase of2-15% by 2040). 

39 



Table 2.2 Changes in regional timber supplies from Canadian forests due to climate 
change without adaptation (percentage change; 2010-80) 

Forest Pest 
Climate Change Productivity Forest Fire Outbreaks Total 

Scenario 
O~t. Pess. O~t. Pess. O~t. Pess. O~t. Pess. 

High Climate Change: 
British Columbia -3.0% -6.0% -5.1% -9.4% -1.0% -4.0% -9.1% -19.4% 
Quebec 6.0% 3.0% -4.4% -8.2% -1.0% -4.0% 0.6% -9.2% 
Ontario 6.0% 3.0% -6.7% -12.4% -1.0% -4.0% -1.7% -13.4% 
Alberta -3.0% -6.0% -8.4% -15.6% -3.0% -8.0% -14.4% -29.6% 
Atlantic Canada 2.0% 0.0% -2.3% -4.2% -1.0% -4.0% -1.3% -8.2% 
Rest of Canada -3.0% -6.0% -9.0% -16.8% -3.0% -8.0% -15.0% -30.8% 

Low Climate Change: 
British Columbia -1.0% -4.0% -3.2% -6.0% 0.0% -2.0% -4.2% -12.0% 
Quebec 4.0% 1.0% -2.4% -4.4% 0.0% -2.0% 1.6% -5.4% 
Ontario 4.0% 1.0% -3.6% -6.6% 0.0% -2.0% 0.4% -7.6% 
Alberta -1.0% -4.0% -5.0% -9.2% -2.0% -5.0% -8.0% -18.2% 
Atlantic Canada 1.0% 0.0% -1.2% -2.2% 0.0% -2.0% -0.2% -4.2% 
Rest of Canada -1.0% -4.0% -5.0% -9.4% -2.0% -5.0% -8.0% -18.4% 

2.3.2.3 Adaptation activities 

A large suite of adaptation measures has been recommended by Johnston et al. 

(2006) and the Canadian Council of Forest Ministers (2009).We consider three of these 

measures including: (i) increasing pest prevention and control; (ii) Increasing forest fire 

prevention, control and suppression; and (iii) Planting alternative species that are more 

suitable to future conditions (i.e. warmer, wetter, drier, extreme, etc.). 

Since there was again no literature found on the effectiveness of pest control, fire 

prevention, or planting alternative species in the face of a changing climate, we assumed 

(once again in consultation with scientists at the Canadian Forest Service) that these 

adaptation strategies were capable of reducing the aforementioned climate change 

impacts under no adaptation by 50%, 75% and 50%, respectively. These percentages 

should be viewed as first approximations of the potential effects of adaptation. Pest 

control is less effective than forest fire fighting due to the larger degree of uncertainty 
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and unpredictability of pest attacks. Additionally, there is much uncertainty surrounding 

the effectiveness of planting alternative species to adapt to climate change. Due to the 

large uncertainties surrounding the effects of adaptation initiatives, no attempt was made 

to judge regional differences in their effectiveness. Therefore, under the adaptation 

scenarios, all six Canadian regions were assumed to reduce the climate change impacts 

on timber supplies by the same proportion. Table 2.3 summarizes the estimated changes 

in timber supply due to climate change with adaptation. 
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Table 2.3 Changes in regional timber supplies from Canadian forests due to climate 
change with adaptation (percentage change; 2010-2080) 

Forest 
Forest Fire Pest Attacks Total Climate Change Productivity 

Scenario 
O(?t. Pess. O(?t. Pess. O(?t. Pess. O(?t. Pess. 

High Climate Change: 
British Columbia -1.5% -3.0% -1.3% -2.4% -0.5% -2.0% -3.3% -7.4% 
Quebec 9.0% 4.5% -1.1% -2.1% -0.5% -2.0% 7.4% 0.4% 

Ontario 9.0% 4.5% -1.7% -3.1% -0.5% -2.0% 6.8% -0.6% 

Alberta -1.5% -3.0% -2.1% -3.9% -1.5% -4.0% -5.1% -10.9% 
Atlantic Canada 3.0% 0.0% -0.6% -1.1% -0.5% -2.0% 1.9% -3.1% 
Rest of Canada -1.5% -3.0% -2.3% -4.2% -1.5% -4.0% -5.3% -11.2% 

Low Climate Change: 
British Columbia -0.5% -2.0% -0.8% -1.5% 0.0% -1.0% -1.3% -4.5% 

Quebec 6.0% 1.5% -0.6% -1.1% 0.0% -1.0% 5.4% -0.6% 

Ontario 6.0% 1.5% -0.9% -1.7% 0.0% -1.0% 5.1% -1.2% 
Alberta -0.5% -2.0% -1.2% -2.3% -1.0% -2.5% -2.7% -6.8% 
Atlantic Canada 1.5% 0.0% -0.3% -0.6% 0.0% -1.0% 1.2% -1.6% 
Rest of Canada -0.5% -2.0% -1.3% -2.3% -1.0% -2.5% -2.8% -6.8% 

2.3.3 Converting timber supply change into economic impacts 

To estimate the economic impacts of the scenarios considered in this study, we 

first converted the timber supply changes (discussed previously) into forestry and logging 

sector output. Since data were not available on the impacts that climate change will have 

on harvested tree species, dimension, or timber products, we assume that a percent 

change in timber supply would result in a proportional percent change in forestry and 

logging sector output. 

The calculated impact of climate change on each regional forestry and logging 

sector output under each scenario were used as inputs into a series of regional CGE 

models to perform simulations and produce economic impact estimates. CGE models are 

a class of economic impact models that use economic data to estimate how an economy 

might react to changes in policies, markets, technologies or other such factors. CGE 
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modeling has become a popular tool for analyzing economic and welfare impacts of 

policy options in natural resources management. Researchers have recently applied this 

technique to examine forest-related land-use changes (Zhang et al. 2005; Patriquin et al. 

2003; Alavalapati et al. 1996), natural disturbances (Patriquin et al. 2008, 2007), 

environmental regulations (Das et al. 2005), market changes (Lantz and Yigezu 2003 ), 

deforestation (Banerjee and Alavalapati 2009), climate change impacts (Jorgenson et al. 

2004), and climate change policies (Michetti and Rosa 2012; Nijkamp et al. 2005; Wong 

and Alavalapati 2003) among others. 

Regional static CGE models with levels specification were developed for the six 

Canadian regions considered in this study. In each model, there were 15 sector defined, 

including: Forestry and Logging; Wood products manufacturing; Pulp and paper 

manufacturing; Agriculture; Fishing, hunting and trapping; Mining, oil and gas; Utilities; 

Construction; Other manufacturing; Wholesale and retail trade; Transportation and 

warehousing; Information and cultural industries; Finance, professional and 

administrative services; Recreation, entertainment, accommodation, food services, travel 

and advertising; Government service, education, healthcare and social assistance. 

The models were based on the neoclassical modeling tradition originally 

developed by Dervis et al. (1982), and were similar to recent work of Das et al. (2005), 

Zhang et al. (2005), and Lofgren et al. (2002). The model is formulated as a set of 

simultaneous linear and non-linear equations, which define: (i) the behaviour of 

economic agents; (ii) market conditions; (iii) macroeconomic balances; and (iv) 

intertemporal components. 
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In the models, producers are assumed to maximize profits ( defined as the 

difference between revenue· earned and the cost of factors and intermediate inputs) 

subject to constant returns to scale technology, and two factors of production: labour and 

capital. Producers make their choice between factors via a constant elasticity of 

substitution (CES) function. This allows them to respond to changing factor prices by 

smoothly substituting from one factor to another in order to most efficiently produce a 

final value-added composite. Once the factors are determined, they are combined with 

fixed-share intermediates using a Leontief function. Fixed-shares are used for 

intermediates since their proportions are thought to be mostly determined by existing 

technology rather than producer decision-making. The price of final output in each sector 

is derived from the combined costs of value-added and intermediates. 

Producers have the choice of purchasing intermediate inputs from the domestic 

market or from the foreign market following a CES Armington specification (Armington, 

1969). The final ratio of imports to domestic goods is determined by the cost minimizing 

decision-making of domestic demanders based on the relative prices of domestic goods 

and imports ( the latter of which incorporates tariff rates). 

Substitution possibilities also exist between production for the domestic and the 

foreign markets. This decision of producers is governed by a constant elasticity of 

transformation (CET) function, which distinguishes between exported and domestic 

goods. Profit maximization drives producers to sell in those markets where they can 

achieve the highest returns. These returns are based on domestic and export prices (where 

the latter is determined by the world price times the exchange rate adjusted for any taxes 

or subsidies). 
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The final composite good, containing a combination of imported and domestic 

goods, is supplied to both intermediate and final demand. Intermediate demand, as 

described above, is determined by technology and by the composition of sectoral 

production. Final demand, as described below, is dependent on household income and the 

composition of aggregate demand. 

Households are assumed to receive income from supplying factors of production 

(labour and capital), and from import tariff revenues transferred to them by their domestic 

governments. Supplies of capital and labour are typically assumed to be fixed within a 

given time-period and are mobile across sectors. However, as described below, we will 

allow labour supply to be endogenously determined in order to consider exogenous 

changes in logging sector output. 

Households save/invest a proportion of their income, and spend the remaining on 

consumption goods. All households are assumed to have identical consumption 

preferences, and are therefore modeled as 'representative' consumers. Consumer 

preferences are represented by a constant elasticity of substitution (CES) demand 

function, which is derived from the maximization of a utility function subject to a 

household budget constraint. Given prices and incomes, these demand functions define 

households' consumption of each commodity. 

Production is linked to demand through the generation of factor incomes and 

tariffs and the payment of these incomes to households. Balance between demand and 

supply for both commodities and factors is established through a number of market 

closure assumptions, as described below. 
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Equilibrium in the goods market requires that demand for commodities equal 

supply. Aggregate demand for each commodity comprises household consumption 

spending on domestic and imported goods. Aggregate supply includes both domestic 

production and imported goods. Equilibrium is attained through the interaction of prices 

and the effect that relative prices have on sectoral production and employment, and hence 

household incomes and demand. 

Equilibrium in the factor market requires that the demand for factors equal the 

supply. Equilibrium in these markets requires factor prices to adjust to ensure that 

demand equals supply. Finally, equilibrium in the current account requires that the value 

of imports equals the value of exports plus foreign savings. We fix foreign savings and 

exchange rates in the model, thereby requiring any change in the value of imports to 

equal that of exports14
. Finally, for equilibrium in the savings/investment account, it is 

assumed that the savings rates of households are fixed, and investment passively adjusts 

to ensure that savings equals investment spending in equilibrium. 

The COE models were solved using the General Algebraic Modeling System 

(GAMS, 2010) software along with the CONOPT3 solver. The model parameters, 

variables, and equations are presented in the Appendix. 

Each regional COE model requires an input-output (IO) table and a series of 

capital-labour, import, and export substitution elasticity estimates for each time period. 

We first constructed regional IO tables for the year 2004 using the Statistics Canada's 

14Canada's forest industry (lumber and wood products) is export oriented and therefore international trade 
plays a significant role in the industry (Statistics Canada, 2012b). However, inclusion of international trade 
details where exports and imports are specified by regions of destination and origin respectively can only 
be captured by a multi-regional CGE model specification. In our single-region model, the international 
market is specified at the aggregate level, which masks the details. The current account closure equation 
specified here is similar to that used by Zhang et al. (2005) to account for the balance of payments. 
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(2012a) input-output (IO) database for each region. The 2004 IO tables were used, along 

with regional/sectoral output projections provided by Informetrica, to estimate regional 

IO tables for 2020 and 2050. The 2020-2050 annual average sectoral growth rates in each 

region were then used to estimate regional IO tables for 2080. 

After balancing regional IO tables for 2080 using the baseline projections, the 

tables were further adjusted to reflect the slow vs. rapid economic growth scenarios 

previously discussed, in 2008 basic prices. These IO tables were then independently used 

in each regional CGE model as two adjusted baselines to compare with the climate 

change scenarios. 

Finally, labour-capital, import and export substitution elasticity estimates were 

collected from the Global Trade Analysis Project (GTAP 2010). In this database, all 

elasticity estimates were identical across regions. 

Simulations were performed in the CGE models by exogenously changing 

forestry and logging sector output ( according to each scenario considered) and comparing 

the resulting economic outcomes to the respective baseline economic conditions. 

Subtracting the outcomes from the simulation with those of the baseline produced 

estimates of the economic impacts. 

Specific economic impacts assessed in the model under each scenario included: 

value of output (by sector and in total), GDP, welfare, returns on labour and capital, 

exports and import values, factor and output prices, and others. In this study, we present 

results associated with the first three of these impacts. 15 These impacts (i.e., changes in 

value of sectoral output, GDP, and welfare) were selected because they represent 

informative and unique indicators of economic performance. The value of output in each 

15 Additional variable results are available from the author upon request. 
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sector represents the value of all goods and services produced domestically, and are 

measured as the sum of intermediate, household, and government consumption and 

exports, along with their associated prices. GDP on the other hand represents the market 

value of all goods and services produced within an economy, and is measured as the sum 

of household and government consumption, investments and net exports (i.e., exports less 

imports), along with their respective prices. Finally, welfare represents a measure of 

social value following a policy or market change that affects prices. Welfare is estimated 

in this study using compensating variation, as described below. 

Compensating variation ( CV) is a standard economic measure of welfare and 

indicates the amount of money a consumer would need to be paid, or the amount of 

money a consumer would need to pay, to maintain their initial utility level following a 

change in the price of products they might consume (Shaven and Walley 1992).16 Utility 

( U), which represents a consumer's level of satisfaction, is a function of prices (P) and 

disposable income ( Y) levels, and Y is spent on the consumption ( C) of goods and 

services. CV is often expressed using an expenditure function, e(P, U), as follows: 

(1) 

where subscripts O and J represent before and after the price change, respectively; and, in 

our Cobb-Douglas utility function context, 

16Compensating variation represents a more accurate estimate of welfare than consumer surplus because the 
former accounts for income effects while the latter does not (Hicks 1939). 
17 For more detail, see Fafchamps (2012) and Varian (1999). 
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2.3.4 Conducting cost-benefit analysis (CBA) of adaptation 

Determining the exact costs of adapting to climate change impacts on Canadian 

forests is fraught with uncertainties. Not only do large variances in the costs of various 

pest and fire control activities exist, but their effectiveness is also not known with 

certainty as evidenced from various studies in Canada and United States on costs of a 

variety of forest fire prevention, control and suppression activities (USDA Forest Service 

2006, 2005; Parks Canada 2005; Anderson 2004; Thompson et al. 2000). 

Lacking regionally-based costing information for our CBA, we made a number of 

simplifying assumptions. Specifically, using expert judgment in consultation with 

scientists at the Canadian Forest Service, we assumed constant marginal costs of forest 

fire prevention/suppression and pest control of $250 and $40 per hectare, respectively, 

across all regions of Canada. Then, using provincial harvest levels from 2008, we 

determined the extent of deployment by multiplying these marginal costs by the relevant 

timber supply decrease for each of the climate change scenarios. Specifically, we applied 

the unit cost of forest fire control to ten times the area of expected timber supply impacts. 

Therefore, for every 1,000 hectares that are expected to be burned each year because of 

climate change, 100 would potentially be lost in the timber supply. If the forest managers 

protected an additional 1,000 hectares of managed forests, applying the mitigation rate of 

75%, only 25 hectares from the timber supply would be lost. A similar method was used 

to determine the costs of pest control. 

Finally, for the costs of planting alternative species, we assumed that these costs 

could be divided into two main components: research and development of resilient 

species, and incremental tree planting costs. Research and development costs can be 
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thought of as upfront capital costs, while the incremental costs of tree planting are 

ongoing annual costs. Due to the inherent uncertainties surrounding the costs of research 

and development in general, and the effects of productivity enhancements specifically, 

there is a range of potential costs achieving the reduction target. Therefore, using expert 

judgment in consultation with scientists at the Canadian Forest Service, we assumed the 

government could justify spending $100-$150 million dollars on research and 

development for adapting tree species to climate change. We then divided this upfront 

capital cost amongst the six regions based on the percentage of seedlings planted in 2008. 

The incremental costs of planting alternative species would be relatively nominal. 

This relatively low cost emerges because, in the absence of climate change, regeneration 

activities are already being undertaken. Therefore, in some instances, this may be 

completely negligible. For our purposes, we assumed that $10 million dollars would be 

spent on an annual, national, basis until 2080 to cover any increased planting costs. This 

cost was assumed to be the same for both climate and optimistic/pessimistic scenarios, 

and was divided amongst the provinces in the same way as the research costs. 

Table 2.4 presents the annual regional cost estimates for the three adaptation 

activities. In addition to these annual costs, there is the assumed upfront investment cost 

of $100-$150 million dollars for research and development in Canada (allocated 

proportionally across regions). Because these are fixed initial costs, we assumed the same 

amount of money would be spent regardless of the climate change scenario prevailed in 

the future. However, as shown in the table, annual regional adaptation costs are higher 

under the high climate change scenario compared to the low climate change scenario. 

This is because we have assumed that pest and forest control activities are responsive to 
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varying physical impacts. Because there would be no expected decreases in the timber 

supply due to pest attacks in the optimistic impact cases for low climate change 

scenarios, no additional money would be spent on pest control activities for some 

regions. 

Table 2.4 Annual regional costs of adaptation to climate change in Canadian forests 
($2008 thousands) 

Forest 
Forest Fire Pest Attacks Total Climate Change Productivity8 

Scenario 
OQt. Pess. OQt. Pess. OQt. Pess. OQt. Pess. 

High Climate Change: 
British Columbia $3,317 $3,317 $18,327 $34,036 $5,773 $23,094 $27,417 $60,447 

Quebec $2,392 $2,392 $16,261 $30,199 $5,891 $23,565 $24,544 $56,156 

Ontario $1,577 $1,577 $26,471 $49,160 $6,346 $25,384 $34,394 $76,121 

Alberta $1,117 $1,117 $14,354 $26,657 $8,204 $21,878 $23,675 $49,652 

Atlantic Canada $1,161 $1,161 $7,648 $14,204 $5,404 $21,617 $14,213 $36,982 

Rest of Canada $435 $435 $6,120 $11,365 $3,248 $8,660 $9,803 $20,460 

Low Climate Change: 
British Columbia $3,317 $3,317 $11,563 $21,473 $0 $11,547 $14,880 $36,337 

Quebec $2,392 $2,392 $8,698 $16,153 $0 $11,782 $11,090 $30,327 

Ontario $1,577 $1,577 $14,158 $26,294 $0 $12,692 $15,735 $40,563 

Alberta $1,117 $1,117 $8,476 $15,741 $5,470 $13,674 $15,063 $30,532 

Atlantic Canada $1,161 $1,161 $4,052 $7,524 $0 $10,809 $5,213 $19,494 

Rest of Canada $435 $435 $3,413 $6,339 $2,165 $5,413 $6,013 $12,187 
8The costs associated with forest productivity do not include the $100-$150 million upfront national 
investment costs for research and development (the proportional allocations were identical across climate 
change scenarios). These costs were, however, included in the CBA analysis. 

Adaptation benefits are calculated as the difference in the value of compensating 

variation under each scenario without adaptation vs. with adaptation, as measured using 

the COE model. It should be noted here that these benefits reflect the consumer-side of 

the economy, and do not consider the producer-side (i.e., producer surplus). In addition, 

we only consider benefits accruing to Canadian consumers within a region being 

analyzed, and therefore do not incorporate any gains realized by consumers outside each 

region. 
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To estimate the net present value of climate change adaptation in the forestry and 

logging sector, we subtracted the present value adaptation costs from benefits, using a 3% 

discount rate. Present values were estimated by annualizing the cumulative 2080 costs 

and benefits, and then applying the discount rate appropriately. 
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2.4 Results 

2.4.1 Economic impacts 

The 2010-80 cumulative regional economic impacts on sector output and GDP 

from climate change without adaptation in Canadian forests are presented in Tables 5 and 

6. As revealed in both undiscounted (Table 2.5) and discounted (Table 2.6) terms, British 

Columbia, Alberta, Rest of Canada, and Atlantic Canada experience negative economic 

impacts under all scenarios. Only in a few scenarios (specifically the optimistic 

scenarios) do positive economic impacts occur in Ontario and Quebec. For instance, 

Table 2.5 reveals that British Columbia and Rest of Canada bear the largest negative 

percentage changes in GDP, ranging from -2.22% to -9.48% for British Columbia and -

5.08 to -18.16% for Rest of Canada, depending on the climate and socio-economic 

scenario. Atlantic Canada and Alberta experience mostly moderate negative GDP 

impacts, ranging from -0.17% to -6.51 % in Atlantic Canada and -0.83% to -3.14% in 

Alberta. Finally, Ontario and Quebec GDP impacts oscillate from moderately positive to 

negative values, ranging from 0.23 to -7.65% in Ontario and 0.63% to -8.55% in 

Quebec. 18 

18 The findings presented in Table 2.5 show that, for a given climate change and pessimistic/optimistic 
scenario, there was relatively little difference in percentage changes of GDP and output under slow vs. 
rapid economic growth scenarios. These similar impacts were due to the 'proportionality principle' 
followed in our calibrations, where same percent timber supply change was applied to both small and large 
economies. The relatively large differences estimated in the value of GDP and output under slow vs. rapid 
economic growth scenarios (other scenario conditions held constant) was a direct outcome of these 
calibrations combined with differences in the size of the economies. 
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Table 2.5 Regional current value economic impacts of climate change without adaptation in 
Canadian forests (2010-2080; $2008 billions or% when indicated} 

Slow Economic Growth Ra~id Economic Growth 
Low Climate High Climate Low Climate High Climate 

Region Variable Change Change Change Change 

Pess. O~t. Pess. O~t. Pess. O~t. Pess. O~t. 
Forestry and logging -$9.20 -$3.22 -$14.87 -$6.97 -$46.16 -$16.16 -$74.63 -$35.01 
sector output -12.00% -4.20% -19.40% -9.10% -12.00% -4.20% -19.40% -9.10% 

Other sector output 
-$21.38 -$7.93 -$32.73 -$16.57 -$107.22 -$39.80 -$164.03 -$83.12 

British 
-4.98% -1.85% -7.63% -3.86% -5.00% -1.86% -7.65% -3.87% 

Columbia 

GDP 
-$19.81 -$7.23 -$30.75 -$15.27 -$99.44 -$36.35 -$154.25 -$76.65 

-6.09% -2.22% -9.46% -4.69% -6.11% -2.23% -9.48% -4.71% 

Compensating variation -$13.58 -$4.91 -$21.34 -$10.43 -$68.26 -$24.71 -$107.16 -$52.41 

Forestry and logging -$2.61 $0.77 -$4.45 $0.29 -$13.46 $3.99 -$22.94 $1.50 
sector output -5.40% 1.60% -9.20% 0.60% -5.40% 1.60% -9.20% 0.60% 

Vl Other sector output 
-$34.69 $11.40 -$56.49 $4.20 -$178.59 $58.74 -$290.73 $21.66 

~ Quebec -5.36% 1.76% -8.72% 0.65% -5.37% 1.77% -8.74% 0.65% 

GDP 
-$20.89 $6.81 -$34.15 $2.51 -$107.54 $35.08 -$175.76 $12.95 
-5.22% 1.70% -8.54% 0.63% -5.23% 1.71% -8.55% 0.63% 

Compensating variation -$14.19 $4.61 -$23.22 $1.70 -$73.08 $23.79 -$119.57 $8.79 

Forestry and logging -$2.60 $0.14 -$4.58 -$0.58 -$14.04 $0.74 -$24.76 -$3.14 
sector output -7.60% 0.40% -13.40% -1.70% -7.60% 0.40% -13.40% -1.70% 

Other sector output 
-$82.91 $4.48 -$144.29 -$18.89 -$451.06 $24.38 -$784.68 -$102.79 

Ontario -4.30% 0.23% -7.49% -0.98% -4.33% 0.23% -7.53% -0.99% 

GDP 
-$51.20 $2.76 -$89.21 -$11.65 -$278.64 $15.03 -$485.35 -$63.40 
-4.36% 0.23% -7.59% -0.99% -4.39% 0.24% -7.65% -1.00% 

Compensating variation -$36.48 $1.96 -$63.59 -$8.29 -$198.52 $10.70 -$345.96 -$45.15 



Table 2.5 (Cont.) Regional current value economic impacts of climate change without adaptation 
in Canadian forests (2010-2080; $2008 billions or % when indicated) 

Slow Economic Growth Ra~id Economic Growth 
Low Climate High Climate Low Climate High Climate 

Region Variable Change Change Change Change 

Pess. O~t. Pess. O~t. Pess. O~t. Pess. O~t. 
Fores try and logging -$2.47 -$1.09 -$4.02 -$1.96 -$12.49 -$5.49 -$20.31 -$9.88 
sector output -18.20% -8.00% -29.60% -14.40% -18.20% -8.00% -29.60% -14.40% 

Other sector output 
-$9.44 -$4.10 -$15.67 -$7.43 -$47.58 -$20.67 -$78.96 -$37.46 

Alberta -1.93% -0.84 -3.20% -1.52 -1.93% -0.84% -3.20% -1.52% 

GDP 
-$5.96 -$2.60 -$9.84 -$4.70 -$30.04 -$13.10 -$49.56 -$23.69 

-1.91% -0.83% -3.14% -1.50% -1.90% -0.83% -3.14% -1.50% 
ComEensating variation -$3.46 -$1.50 -$5.73 -$2.73 -$17.43 -$7.58 -$28.87 -$13.73 

Forestry and logging -$0.67 -$0.03 -$1.30 -$0.21 -$3.32 -$0.16 -$6.49 -$1.03 
sector output -4.20% -0.20% -8.20% -1.30% -4.20% -0.20% -8.20% -1.30% 

Atlantic Other sector output 
-$5.52 -$0.27 -$10.44 -$1.75 -$27.31 -$1.35 -$51.66 -$8.68 

V'I 
-3.83% -0.19% -7.25% -1.22% -3.82% -0.19% -7.23% -1.21% V'I 

Canada 

GDP 
-$3.63 -$0.18 -$6.84 -$1.16 -$17.95 -$0.89 -$33.80 -$5.72 

-3.46% -0.17% -6.51% -1.10% -3.45% -0.17% -6.49% -1.10% 
Comeensating variation -$2.82 -$0.14 -$5.37 -$0.89 -$13.90 -$0.68 -$26.50 -$4.39 
Forestry and logging -$1.01 -$0.44 -$1.69 -$0.82 -$4.98 -$2.17 -$8.34 -$4.06 
sector ou!Eut -18.40% -8.00% -30.80% -15.00% -18.40% -8.00% -30.80% -15.00% 

Other sector output 
-$32.21 -$14.72 -$51.53 -$26.65 -$160.96 -$73.76 -$256.92 -$133.31 

Rest of -11.26% -5.15% -18.03 -9.32% -11.49% -5.26% -18.34% -9.51% 
Canada 

-$20.95 -$9.58 -$33.57 -$17.34 -$104.96 -$48.09 -$167.80 -$86.92 
GDP 

-11.11% -5.08% -17.79% -9.19% -11.36% -5.20% -18.16% -9.41% 
Compensating variation -$14.76 -$6.73 -$23.76 -$12.20 -$73.96 -$33.80 -$118.76 -$61.19 



In general, the variation in economic impacts across the regions in Table 2.5 can 

be attributed not only to differences in the timber supply changes, but also the relative 

size and/or structure of each regional economy. Some of the size/structural factors that 

play a critical role include: (i) contribution of the forestry and logging sector to regional 

GDP (where regions with larger contributions are expected to exhibit larger impacts); (ii) 

economic transactions between the forestry and logging, lumber, and pulp and paper 

sectors (where regions with more transactions are expected to exhibit larger impacts 

through higher multiplier effects); and (iii) foreign savings, or net exports (where regions 

that have their exports affected by more than their imports from a timber supply change 

are expected to exhibit larger impacts), among others. For instance, we found that while 

Alberta experienced one of the largest negative climate change impacts on their timber 

supply (up to -29.6%) (Table 2.2), it exhibited relatively small negative GDP impacts (up 

to -$49.56 billion, or -3.14%). On the other hand, while Quebec experienced one of the 

smallest negative impacts on their timber supply from climate change (up to -8.55%), 

they exhibited relatively large negative GDP impacts (up to -$175 billion). The relatively 

higher impacts in Quebec emerged due to a number of factors, including: (i) the forestry 

and logging sector playing a relatively larger role in Quebec's economy (e.g., 

contributing 6. 7% to total GDP in 2080) compared to Alberta's economy ( e.g., 

contributing 1.6% to total GDP in 2080); (ii) the forestry and logging sector in Quebec 

exhibiting a slightly larger output multiplier (at 1.53) compared to that in Alberta (at 

1.50)19
; and (iii) the aggregate changes in net exports (exports-imports) being larger in 

19We estimated Type I ( direct plus indirect effects, within province) output multipliers in 2080 for all 15 
sectors considered in this study. 
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Quebec than they were in Alberta. 20 These relative percent change differences fed 

directly into the net impacts observed in GDP. 

2° For instance, under the rapid growth, pessimistic, low climate scenario without adaptation, exports and 
imports in Quebec were reduced by-5% (-$4.7 billion) and-5.4% (-$4.75 billion), respectively, while the 
same in Alberta were reduced by only-1.5% (-$1.17 billion) and -2.8% (-$1.16 billion), respectively. 
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Table 2.6 Regional present value economic impacts of climate change without adaptation in 
Canadian forests {2010-2080; $2008 billions; 3% discount rate} 

Slow Economic Growth Ra~id Economic Growth 
Low Climate High Climate Low Climate High Climate 

Region Variable Change Change Change Change 

Pess. O~t. Pess. O~t. Pess. O~t. Pess. O~t. 

British 
Total output -$12.12 -$4.42 -$18.87 -$9.33 -$60.79 -$22.18 -$94.59 -$46.82 

Columbia 
GDP -$8.53 -$3.11 -$13.23 -$6.57 -$42.79 -$15.64 -$66.38 -$32.99 
Compensating variation -$5.38 -$1.95 -$8.46 -$4.13 -$27.05 -$9.80 -$42.47 -$20.77 
Total output -$14.79 $4.83 -$24.16 $1.78 -$76.12 $24.86 -$124.32 $9.18 

Quebec GDP -$8.99 $2.93 -$14.70 $1.08 -$46.28 $15.09 -$75.63 $5.57 
Compensating variation -$5.62 $1.83 -$9.20 $0.68 -$28.97 $9.43 -$47.39 $3.48 

Total output -$33.89 $1.83 -$59.00 -$7.72 -$184.35 $9.96 -$320.83 -$41.99 

Ontario GDP -$22.03 $1.19 -$38.39 -$5.01 -$119.91 $6.47 -$208.86 -$27.28 

Compensating variation -$14.46 $0.78 -$25.20 -$3.29 -$78.69 $4.24 -$137.12 -$17.90 

Vl Total output -$4.72 -$2.06 -$7.80 -$3.72 -$23.81 -$10.37 -$39.35 -$18.76 
00 

Alberta GDP -$2.57 -$1.12 -$4.23 -$2.02 -$12.93 -$5.64 -$21.33 -$10.19 

Compensating variation -$1.37 -$0.60 -$2.27 -$1.08 -$6.91 -$3.01 -$11.44 -$5.44 

Atlantic 
Total output -$2.45 -$0.12 -$4.65 -$0.78 -$12.14 -$0.60 -$23.05 -$3.85 

Canada 
GDP -$1.56 -$0.08 -$2.94 -$0.50 -$7.72 -$0.38 -$14.55 -$2.46 
Compensating variation -$1.12 -$0.05 -$2.13 -$0.35 -$5.51 -$0.27 -$10.51 -$1.74 

Total output -$13.17 -$6.01 -$21.10 -$10.89 -$65.77 -$30.09 -$105.14 -$54.45 
Rest of GDP -$9.02 -$4.12 -$14.44 -$7.46 -$45.17 -$20.69 -$72.21 -$37.41 Canada 

Compensating variation -$5.85 -$2.67 -$9.42 -$4.84 -$29.31 -$13.40 -$47.07 -$24.26 



Another interesting comparison can be made between British Columbia and 

Ontario under the rapid economic growth, high climate change, and pessimistic scenario 

(Table 2.5). Both provinces had similarly negative timber supply impacts from climate 

change (up to -19% and -13%, respectively), similarly negative GDP percentage changes 

(up to -9.48% in British Columbia and -7.65% in Ontario), but much higher GDP value 

impacts in Ontario (up to -$154.25 billion and -485.35 billion, respectively). The 

relatively higher GDP value impacts in Ontario can be attributed to: (i) a relatively higher 

output multiplier in Ontario's forestry and logging sector (at 1.53) compared to that in 

British Columbia (at 1.43); and (ii) the aggregate dollar value changes in net exports 

(exports-imports) being larger in Ontario than they were in British Columbia.21 

As shown in Table 2.6, the largest negative economic impacts is often taken on by 

Ontario which could lose as much as $208.86 billion in present value GDP under the 

rapid growth, high climate change, pessimistic scenario. However, under a rapid growth, 

high climate change, optimistic scenario, Ontario's GDP could increase by up to $6.47 

billion. Quebec exhibits the highest positive present value GDP impact at $15.09 billion 

under the rapid growth, low climate change, optimistic scenario. The positive present 

value GDP impacts in Quebec hold for all four optimistic scenarios. 

The findings presented in Tables 5 and 6 show a relatively consistent pattern in 

the magnitude and direction of climate change impacts under different scenarios. The 

most negative impacts on output, GDP, and compensating variation occur under rapid 

economic growth, high climate change, and pessimistic scenarios. The least negative 

21 For instance, under the rapid growth, pessimistic, low climate scenario without adaptation, exports and 
imports in Ontario were reduced by -3 .96% (-$11.41 billion) and -4.88% (-$11.42 billion), respectively, 
while the same in British Columbia were reduced by-4.37% (-$2.77 billion) and -6.76% (-$2.78 billion), 
respectively. 
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impacts tend to prevail under the slow economic growth, low climate change, and 

optimistic scenarios. Finally, the most positive impacts (for Quebec and Ontario) tend to 

prevail under the rapid economic growth, low climate change, and optimistic scenarios. 

When adaptation activities are included in the analysis (Tables 2. 7 and 2.8), the 

negative regional economic impacts of climate change on Canadian forests are reduced 

significantly. For instance, in Table 2.7, only British Columbia, Alberta, and Rest of 

Canada experience at most modest negative GDP impacts under all scenarios. British 

Columbia and Rest of Canada still bear the largest GDP impacts in percentage change 

terms (ranging from -0.7% to -3.87% in British Columbia and -1.83% to -7.16% in Rest 

of Canada). On the other hand, Ontario, Quebec, and Atlantic Canada experience positive 

economic impacts under a majority of scenarios. Negative GDP impacts in these regions 

are relatively modest, at up to -2.57% in Atlantic Canada. The regional variation in 

output, GDP, and compensating variation impacts must again be interpreted with the 

relative timber supply shock, size and structure of the economy, and contribution of 

forestry and logging sector to regional output and GDP. 
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Table 2. 7 Regional current value economic impacts of climate change with adaptation in 
Canadian forests {2010-2080; $2008 billions or % when indicated} 

Slow Economic Growth Ra~id Economic Growth 

Region Variable 
Low Climate High Climate Low Climate High Climate 

Change Change Change Change 
Pess. O~t. Pess. O~t. Pess. O~t. Pess. O~t. 

Forestry and logging -$3.45 -$1.00 -$5.67 -$2.53 -$17.31 -$5.00 -$28.47 -$12.69 
sector ou!Eut -4.50% -1.30% -7.40% -3.30% -4.50% -1.30% -7.40% -3.30% 

British Other sector output 
-$8.47 -$2.51 -$13.64 -$6.27 -$42.55 -$12.59 -$68.46 -$31.48 

-1.98% -0.58% -3.18% -1.46% -1.98% -0.59% -3.19% -1.47% 
Columbia 

-$7.74 -$2.27 -$12.53 -$5.71 -$38.88 -$11.43 -$62.92 -$28.70 
GDP 

-2.38% -0.70% -3.85% -1.76% -2.39% -0.70% -3.87% -1.76% 
Com:eensating variation -$5.26 -$1.54 -$8.54 -$3.88 -$26.44 -$7.75 -$42.94 -$19.50 
Forestry and logging -$0.29 $2.61 $0.19 $3.58 -$1.50 $13.46 $1.00 $18.45 
sector output -0.60% 5.40% 0.40% 7.40% -0.60% 5.40% 0.40% 7.40% 

Other sector output 
-$4.12 $41.35 $2.79 $59.27 -$21.24 $213.26 $14.39 $305.79 

Quebec -0.64% 6.39% 0.43% 9.15% -0.64% 6.41% 0.43% 9.19% 
0\ 

-$2.47 $24.56 $1.67 $35.09 -$12.72 $126.67 $8.61 $181.06 I--' 

GDP 
-0.62% 6.14% 0.42% 8.77% -0.62% 6.16% 0.42% 8.81% 

Compensating variation -$1.67 $16.63 $1.13 $23.74 -$8.63 $85.82 $5.84 $122.59 

Forestry and logging -$0.41 $1.74 -$0.20 $2.32 -$2.22 $9.42 -$1.11 $12.56 
sector output -1.20% 5.10% -0.60% 6.80% -1.20% 5.10% -0.60% 6.80% 

Other sector output 
-$13.36 $58.25 -$6.69 $78.30 -$72.69 $317.21 -$36.43 $426.50 

Ontario -0.69% 3.02% -0.35% 4.06% -0.70% 3.05% -0.35% 4.09% 

GDP 
-$8.23 $35.85 -$4.13 $48.16 -$44.83 $195.29 -$22.46 $262.44 

-0.70% 3.05% -0.35% 4.10% -0.71% 3.08% -0.35% 4.14% 
Compensating variation -$5.86 $25.52 -$2.94 $34.28 -$31.93 $139.02 -$16.00 $186.80 
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Table 2.7 (Cont.) Regional current value economic impacts of climate change with adaptation in 
Canadian forests {2010-2080; $2008 billions or% when indicated) 

Slow Economic Growth Ra~id Economic Growth 

Region Variable 
Low Climate High Climate Low Climate High Climate 

Change Change Change Change 
Pess. O~t. Pess. O~t. Pess. O~t. Pess. O~t. 

Forestry and logging -$0.92 -$0.37 -$1.48 -$0.69 -$4.67 -$1.85 -$7.48 -$3.50 
sector output -6.80% -2.70% -10.90% -5.10% -6.80% -2.70% -10.90% -5.10% 

Other sector output 
-$3.48 -$1.38 -$5.61 -$2.61 -$17.55 -$6.95 -$28.24 -$13.15 

Alberta -0.71% -0.28% -1.14% -0.53% -0.71% -0.28% -1.14% -0.53% 

GDP 
-$2.21 -$0.88 -$3.55 -$1.66 -$11.13 -$4.41 -$17.89 -$8.34 

-0.71% -0.28% -1.13% -0.53% -0.71% -0.28% -1.13% -0.53% 
ComEensating variation -$1.28 -$0.51 -$2.06 -$0.96 -$6.44 -$2.55 -$10.36 -$4.82 
Forestry and logging -$0.25 $0.19 -$0.49 $0.30 -$1.27 $0.95 -$2.45 $1.50 
sector output -1.60% 1.20% -3.10% 1.90% -1.60% 1.20% -3.10% 1.90% 

Atlantic Other sector output 
-$2.15 $1.66 -$4.12 $2.65 -$10.65 $8.21 -$20.35 $13.09 

°' Canada -1.49% 1.15% -2.86% 1.84% -1.49% 1.15% -2.85% 1.83% 
N 

GDP 
-$1.42 $1.10 -$2.71 $1.75 -$7.01 $5.42 -$13.39 $8.65 

-1.35% 1.04% -2.58% 1.67% -1.35% 1.04% -2.57% 1.66% 
Com:eensating variation -$1.09 $0.84 -$2.09 $1.33 -$5.39 $4.13 -$10.34 $6.58 
Forestry and logging -$0.37 -$0.15 -$0.62 -$0.29 .. $1.84 -$0.76 -$3.03 -$1.44 
sector ou!Eut -6.80% -2.80% -11.20% -5.30% -6.80% -2.80% -11.20% -5.30% 

Other sector output 
-$12.60 -$5.31 -$20.27 -$9.90 -$63.13 -$26.64 -$101.47 -$49.65 

Rest of -4.41% -1.86% -7.09% -3.46% -4.51% -1.90% -7.24% -3.54% 
Canada 

-$8.20 -$3.46 -$13.19 -$6.44 -$41.15 -$17.37 -$66.15 -$32.36 
GDP 

-4.34% -1.83% -6.99% -3.42% -4.45% -1.88% -7.16% -3.50% 
Compensating variation -$5.76 -$2.42 -$9.27 -$4.52 -$28.93 -$12.20 -$46.53 -$22.74 
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In present value terms (Table 2.8), when adaptation is included in the analysis, the 

negative economic impacts experienced in many regions would be at most modest. For 

instance, present value GDP would be reduced in the range of -$0.38 for Alberta (under 

the slow economic growth, low climate change, optimistic scenario) to -$28.47 billion in 

Rest of Canada (under the rapid economic growth, high climate change, pessimistic 

scenario). Additionally, with adaptation, the positive economic impacts realized in some 

regions could be slightly more substantial. For instance, present value GDP would be 

increased in the range of $0.4 7 in Atlantic Canada (under the slow economic growth, low 

climate change, optimistic scenario) to $112.94 billion in Ontario (under the rapid 

economic growth, high climate change, and optimistic scenario). 
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Table 2.8 Regional present value economic impacts of climate change with adaptation in 
Canadian forests (2010-2080; $2008 billions; 3% discount rate} 

Slow Economic Growth Ra~id Economic Growth 
Low Climate High Climate Low Climate High Climate 

Region Variable Change Change Change Change 

Pess. O~t. Pess. O~t. Pess. O~t. Pess. O~t. 

British 
Total output -$4.73 -$1.39 -$7.65 -$3.49 -$23.73 -$6.97 -$38.42 -$17.51 

Columbia 
GDP -$3.33 -$0.98 -$5.39 -$2.46 -$16.73 -$4.92 -$27.08 -$12.35 
Compensating variation -$2.08 -$0.61 -$3.39 -$1.54 -$10.48 -$3.07 -$17.02 -$7.73 
Total output -$1.75 $17.43 $1.18 $24.91 -$9.01 $89.86 $6.10 $128.51 

Quebec GDP -$1.06 $10.57 $0.72 $15.10 -$5.47 $54.51 $3.70 $77.92 
Compensating variation -$0.66 $6.59 $0.45 $9.41 -$3.42 $34.02 $2.31 $48.59 

Total output -$5.46 $23.78 -$2.73 $31.95 -$29.69 $129.46 -$14.88 $174.03 

Ontario GDP -$3.54 $15.43 -$1.78 $20.73 -$19.29 $84.04 -$9.67 $112.94 

Compensating variation -$2.32 $10.11 -$1.16 $13.59 -$12.65 $55.10 -$6.34 $74.04 

°' 
Total output -$1.75 -$0.69 -$2.81 -$1.31 -$8.81 -$3.49 -$14.16 -$6.60 

~ 
Alberta GDP -$0.95 -$0.38 -$1.53 -$0.71 -$4.79 -$1.90 -$7.70 -$3.59 

Compensating variation -$0.51 -$0.20 -$0.82 -$0.38 -$2.55 -$1.01 -$4.10 -$1.91 

Total output -$0.95 $0.73 -$1.83 $1.17 -$4.72 $3.63 -$9.04 $5.78 
Atlantic 

GDP -$0.61 $0.47 -$1.17 $0.75 -$3.02 $2.33 -$5.76 $3.72 Canada 
Compensating variation -$0.43 $0.33 -$0.83 $0.53 -$2.14 $1.64 -$4.10 $2.61 

Total output -$5.14 -$2.17 -$8.28 -$4.04 -$25.75 -$10.86 -$41.42 -$20.25 
Rest of 

GDP -$3.53 -$1.49 -$5.67 -$2.77 -$17.71 -$7.47 -$28.47 -$13.93 Canada 
Compensating variation -$2.28 -$0.96 -$3.67 -$1.79 -$11.47 -$4.83 -$18.44 -$9.01 



2.4.2 Cost-benefit analysis 

Tables 2.9 and 2.10 show the present value of costs and benefits as well as the net 

present value for the climate change and economic growth scenarios (the optimistic and 

pessimistic impact cases are presented as the lower and upper range of values, 

respectively, in each table cell). Under all climate scenarios and regions considered, 

adaptation activities are estimated to result in positive net present values. Ontario 

receives over 50% of the national net present value gains. This finding is in-line with the 

economic impact analysis, where Ontario experiences the largest economic value change 

by adapting to climate change compared to not adapting. 
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Table 2.9 Present value benefits and costs of adapting to climate change in Canadian 
forests under the slow economic growth scenario (2010-80; $2008 millions; 3% discount rate}8 

Low Climate Change High Climate Change 
Region Present Value Present Value Net Present Present Value Present Value Net Present 

Benefits Costs Value Benefits Costs Value 

British 
$1,337- $3,300 $332 - $767 $1,005-$2,533 $2,596- $5,072 $431 - $1,080 $2, 165-$3 ,992 

Columbia 

Quebec $4,763- $4,959 $274 - $753 $4,489-$4,206 $8,736- $9,651 $491 - $1,235 $8,245-$8,416 

Ontario $9,335- $12,134 $297 - $780 $9,038-$11,354 $16,875- $24,040 $476 - $1,252 $16,399-$22,788 

Alberta $396- $865 $200 - $451 $196-$414 $701- $1,457 $275 - $660 $426-$797 

Atlantic 
$387- $683 $114 - $412 $273-$271 $881- $1,298 $206 - $702 $675-$596 

Canada --
0\ Rest of 

$1,706- $3,568 $94 - $216 $1,612-$3,352 $3,043- $5,744 $147 - $333 $2,896-$5,411 0\ 
Canada 
a The lower and upper value range represent the optimistic vs. pessimistic scenarios respectively considered in this study. 
The optimistic scenarios have lower range values because of smaller climate change impacts compared to the pessimistic scenarios. 



Table 2.10 Present value costs and benefits from climate change adaptation in Canadian 
forests under the ra~id economic growth scenario (2010-80; $2008 millions; 3% discount rate)8 

Low Climate Change High Climate Change 
Region Present Value Present Value Net Present Present Value Present Value Net Present 

Benefits Costs Value Benefits Costs Value 

British 
$6, 725- $16,573 $332 - $767 $6,393-$15,806 $13,045- $25,457 $431 - $1,080 $12,614-$24,377 

Columbia 

Quebec $24,586- $25,545 $274 - $753 $24,312-$24,792 $45,109- $49,708 $491 - $1,235 $44,618- $48,473 

Ontario $50,860- $66,032 $297 - $780 $50,563-$65,252 $91,937- $130,784 $476 - $1,252 $91,461-$129,532 

Alberta $1,995- $4,358 $200 - $451 $1,795-$3,907 $3,531- $7,340 $275 - $660 $3,256-$6,680 

Atlantic 
$1,907- $3,374 $114 - $412 $1, 793-$2,962 $4,348- $6,408 $206 - $702 $4,142-$5,706 

Canada 
--

°' Rest of 
$8,564- $17,850 $94 - $216 $8,4 70-$17 ,634 $15,242- $28,626 $147 - $333 $15,095-$28,293 -....J Canada 

~e lower and upper value range represent the optimistic vs. pessimistic scenarios respectively considered in this study. 
The optimistic scenarios have lower range values because of lower range of climate change impacts and the reverse is 
true for the pessimistic scenarios. 



Another point to note here is that Alberta and Atlantic Canada experience much 

lower present value benefits and net present values compared to other regions. This is 

because these regions experience some of the smallest impacts of climate change in value 

terms. However, regional aggregation of some provinces such as Manitoba and 

Saskatchewan (represented by the 'Rest of Canada' region) and the Atlantic provinces 

into a single region may have masked detailed impacts in each of these provinces, which 

may be disproportionately distributed depending on their unique forest resource 

endowments and economic structures. 

2.5 Discussion and conclusions 

Our findings reveal that the physical, economic, and welfare impacts of climate 

change in Canadian forests could be substantial and may not be distributed equally across 

Canada's regions. In percentage change terms, the potential negative impacts may be 

most drastic in western Canada. On the other hand, potential positive impacts may occur 

in the east, depending on the conditions that prevail.22 Without adaptation activities, the 

positive impacts realized in some regions are always out-weighed by the negative impacts 

in other regions, producing negative impacts for Canada as a whole (in the range of $4 to 

$459 billion in present value terms, depending on the scenario). However, when 

adaptation activities are taken into account, the negative impacts are significantly reduced 

and the positive impacts are increased such that Canada as a whole may actually realize 

22 It should be noted here that the projected negative impacts of climate change on logging and forestry 
sector output over the next 70 years in some regions are well within the historical range of changes even 
within the past 10 years. However, given the current negative trends in output in many regional sectors 
(Statistics Canada 2012a), further declines from climate change may represent a serious challenge for these 
sectors. 
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positive impacts ( at up to $165 billion under the rapid growth, low climate change, 

optimistic scenario). The net present value analysis confirmed that, under all scenarios, 

adaptation activities could be supported on economic grounds. 

The negative economic impact findings presented above for Canada as a whole 

without climate change adaptation are similar in sign to the forest sector welfare 

estimates presented by Perez-Garcia et al. (2002;1997) in Canada using a partial

equilibrium global forest products trade model. Specifically, Perez-Garcia et al. (2002) 

estimated that a net welfare (i.e., consumer and producer surplus) loss in the Canadian 

forest sector could range between $1.5 to $14.3 billion ($1993 US) depending on the 

scenario. In a related study, Sohngen et al. (2001) estimated forest sector welfare impacts 

in the range of -$4.3 to $65 billion ($1990 US) for North America. In all studies, a 

significant variation in economic outcomes is predicted, with some regions experiencing 

losses while others experience gains. These findings emerge largely due to the unique 

timber supply impacts, forest resource endowments and economic structures that exist 

within each region. 

When comparing our analysis to the above-mentioned studies, it is important to 

emphasize the differences in methodologies. Specifically, Perez-Garcia et al. (2002; 

1997) and Sohngen et al. (2001) only considered timber supply impacts arising from net 

primary productivity of forests due to climate change using the Terrestrial Ecosystem 

Model (TEM) and a global terrestrial biosphere model (BIOME3), respectively. 

However, we considered timber supply changes due to climate change arising from not 

only net primary productivity but also changes brought about by forest fires and pest 

infestations. Additionally, for their economic analysis, both Perez-Garcia et al. (2002, 
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1997) and Sohngen et al. (2001) applied a global econometric ( optimization) trade model 

of the world's forest sector. In contrast, we applied a CGE model, which incorporates all 

sectors of the economy and allows for factor substitution and mobility among economic 

sectors. In full, our timber supply considerations can be said to be more comprehensive 

(but less quantified), and our economic analysis more broad. Future analysis might be 

directed toward aligning these two approaches to gain more (and consistent) insights into 

the impacts. 

Overall, the analysis conducted in this study can be said to provide the first (and 

preliminary) estimates of regional economic impacts from climate change in Canadian 

forests. A number of limitations exist that need to be further investigated in the future 

before policy-makers can fully rely on the analysis. First, we did not use quantitative 

methods to estimate climate change impacts or adaptation on timber supply. Rather, we 

used information from the literature as a starting point, developed our own ad hoc 

methods to estimate physical impacts, and used expert opinion from scientists at the 

Canadian Forest Service to confirm/modify our estimates. As such, a more scientific 

approach is needed where we would develop a biophysical model capable of directly 

quantifying regional timber supply impacts of climate-induced changes in forest 

productivity, and fire and pest outbreaks and also assess the effectiveness of adaptation 

options. This would require the combined use of general circulation models, forest 

growth and yield models, pest and fire simulation models, and forest management models 

for each region. In addition, since most of Canada's forest is managed by provincial 

governments, each with their own set of forest objectives and financial circumstances, a 

detailed -analysis would be required of how these factors would be implemented in the 
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models to estimate timber harvest schedules for each region. While such analysis would 

represent a significant challenge, we contend that it is urgently needed to better 

understand climate change impacts and adaptation options in Canadian forests. 

Another major limitation in our analysis is our use of static CGE models. This 

economic modeling approach does not explicitly take into account changes in industry 

structures over time, and the indirect economic impacts in Canada from climate change 

effects forests in other regions of the world. Specifically, with regard to industry 

structure, the static CGE models that were calibrated to 2080, assumed the same 

economic structure (i.e., technical coefficients remained constant) over time, as calibrated 

to the year 2004. This method, which has been used by others to similarly study their 

climate change impact analysis ( e.g., Bigano et al. 2008; Bosello et al. 2007, 2006; 

Darwin and Toi 2001 ), may introduce difference in the estimates since economic 

structures are known to change over time as a result of technological and/or resource 

constraint changes. As such, the estimates presented in the current study may not be very 

accurate. 

Another, and possibly more important, limitation of our study is the application of 

single-region CGE models. This did not account for the manner in which climate change 

will indirectly affect Canadian economies through its impact on international forest 

sectors. Specifically, studies such as Nordhaus (1991) and Mendelsohn et al. (2000) have 

shown that climate change can have important indirect cross-regional effects. These 

effects may be significant for Canadian regions since they are trade intensive (Statistics 

Canada 2012b ). Such indirect effects may act to intensify or diminish the direct economic 

impacts of climate change in Canadian forests as estimated in our study. 
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A more advanced economic modeling approach that would deal with the 

limitations described above would be to use a dynamic, multi-regional CGE model that 

would disaggregate all Canadian provinces as individual entities trading with each other, 

the United State and the rest of the world. Recent climate change impact research has 

employed such an approach with interesting findings (e.g., Eboli et al. 2010; Bussolo et 

al. 2008). It is the intent of the authors to explore this modeling framework in subsequent 

research. 
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2.8 Appendix 

CGE model variables, parameters, and equations 

VARIABLES• 

Households 
y 
SH 

B 
s 

Firms 

KS 

LS 

Production 

xi 
XDi 

XDDi 
Prices 

PK 

PL 

PDDi 

PDi 

~ 
PMi 

PEi 

PWMi 

PWEi 

ER 

DESCRIPTION 

Household income 

Household savings 

Consumer budget 

Total savings 

Consumption demand 

Investment demand 

Capital supply 

Labour supply 

Capital demand 

Labour demand 

Domestic sales of composite commodity 

Domestic output of firm 

Domestic output of firms delivered to home market 

Price of capital 

Price of labour 

Price of domestic output delivered to home market 

Price of domestic output of firm 

Price of domestic sales of composite commodities 

Price of composite import including tariffs 

Price of exports by origin and destination 

World price of imports 

World price of exports 

Exchange rate 

Composite import demand 

Composite export demand 

TRMT Total import tariff revenue 

SF Foreign savings 

a Subscript i refers to a sector (i =1, 2, .... ,15) 
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PARAMETERS• 

Elasticities of substitution 

CES Share parameters 

DESCRIPTION 

Armington function of imports and domestic commodities 

Transformation in CET function 

CES capital-labour of firms 

Armington function of imports and domestic commodities 

Transformation in CET function 

Production function of firm 

Efficiency (shift) parameters 

aAi Armington function parameter 

aJ; Transformation in CET function parameter 

aF; CES production function of firm parameter 

Other parameters 

aHi 

ali 

JO. 
I,) 

Power in the nested-LES for the household utility function 

Cobb-Douglas preference parameter for investment 

Intermediate demand technical coefficient 

Household's marginal propensity to save 

Tariff rate on composite imports 

a Subscripts i,j refer to sectors (i,j =1, 2, .... ,15) 
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EQUATIONS 

Households 

B=Y-SH 

SH =lf/ Y 

Y =PK KS +PLLS +TRMT 

TRMT = r;~
1 

~M;M;PWM;ER ) 

Firms 

K; = (XD; I aF;XrF; I PK f 
~F;£TF; (PKl-£TF; )+ (1- rF;fF; (PL y-£TF; ri !{l-£TF;) 

L; = (XD; I aF;X(t- rF;)! PL r 
~f;£TF; (PKl-£TF; )+ (1- yf;fF; (PL y-£TF; ri !{t-£TF;) 

PD.XD. =PK K. +PL L. + JO .XD.P LlS 

I I I I i=l I,) I I 

Savings-Investment 

S =SH +SFER 

Trade 

XDD; = (X; I aAJ(l- yA;)! PDD;ri 

~At; (PMt£TA; )+ (1- rA;ti (PDDt£TA; )r;l(l-£TA;) 

M; = (X; I aA;X(rA;)I PM;ti 

~At; (PMt£TA; )+ (1- yA;ti (PDDt£TA; )r;l(t-a:4;) 

PM; =(l+tM;)PWM;ER 

P;X; = PM;M; + PD;XDD; 

XDD; = (XD; I a1;X(1- rT;)! PDD;r 

~T;cfli (PEt<11'; )+ (1- rT;Ji (PDDt£TT; )r i(t-£TT;) 

E; = (XD; I a1;X(r1;)1 PE;r 

~T;cfli (PEtcfli )+ (1- rT;fr; (PDDte1r; )r i(i-e1r;) 

PE; =PWE;ER 

PD;XD; = PE;E; + PD;XDD; 
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DESCRIPTION 

Household budget 

Consumption demand 

Savings 

Income 

Total import tariff revenue 

Capitaldemand 

Labour demand 

Zero profit condition 

Total savings 

Investment demand 

Domestic demand from 
domestic producers 

Composite import demand 

Composite import price 

Armington (import) zero profit 
condition 

Domestic demand from 
domestic output 

Composite export demand 

Composite export price 

Export zero profit condition 



EQUATIONS CON'T 

Balance of payments 

~15 ~15 
~i=IM;PWM; = ~i=IE;PWE; +SF 

Market clearing 

LS = 1:;:1L; 

KS = ~IS K. 
~i=I 1 

X. = JO .XD. + C. + I LIS 

1 i=I 1,J 1 1 1 

DESCRIPTION 

Trade balance 

Labour 

Capital 

Composite commodities 
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CHAPTER3 

ECONOMIC IMPACTS OF CLIMATE CHANGE IN THE 
CANADIAN FOREST SECTOR: A COMPARISON OF 

SINGLE-REGION AND MULTI-REGIONAL CGE 
MODELING FRAMEWORKS23 

23This chapter has been submitted as a manuscript to the Canadian Journal of Forest Research for 
publication consideration. 
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3.1 Abstract 

Climate change impacts on forests are largely expected to intensify over the next few 

decades. Computable General Equilibrium (CGE) modeling is increasingly becoming a 

popular tool for assessing these impacts. Previous analyses in this area have been based 

on either single-region or multi-regional CGE model specifications, where it is typically 

understood that the latter should be used when possible in the context of climate change. 

To date, however, there has been no systematic evaluation of the potential difference 

from using the single-region model specification. To help shed light on this issue, we 

conducted a comparative economic analysis of climate change impacts on the forest 

sector across Canadian provinces, the United States, and the rest of the world using 

dynamic, single-region and multi-regional CGE models over the 2006-2051 period. 

Results show that single-region CGE models generally produce more conservative 

economic impact estimates relative to a multi-regional model. Explicit international trade 

specifications and price elasticities arising from two-level substitution effects in the 

multi-regional model play a key role in its higher impacts from the same climate change 

scenario relative to single region models. The results illustrate the extent of the potential 

differences between single-region and multi-regional CGE models when conducting 

climate change impact analysis. 
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3.2 Introduction 

Climate change impacts on forests are being experienced in many countries across 

the globe today. It is likely that the changing global temperature and precipitation pattern 

will continue to produce a strong direct impact on forests (Kirilenko and Sedjo 2007). At 

the national level in Canada, forests are expected to experience greater climate change 

impacts compared to many countries of the world (Field et al. 2007). These effects are 

largely expected to intensify over the next few decades. Consequently, there is increasing 

attention being paid to potential economic impacts that climate change will have on the 

forest sector and the entire regional economies (Lempriere et al. 2008; Snetsinger 2006; 

Lazar 2005). 

A number of studies exist that estimate potential economic impacts of climate 

change on Canadian and/or North American forests. These studies can be categorized 

into two broad groups based on methodology: those that couple global climate circulation 

models with global timber market and/or partial-equilibrium models ( e.g., Sohngen and 

Sedjo 2005; Perez-Garcia et al. 2002, 1997; and Sohngen et al. 2001) and those that use 

computable general equilibrium (CGE) models (e.g., Ochuodho et al. 2012; Williamson 

et al. 2008). In general, results from these studies show that Canada suffers timber 

production and welfare losses under various climate change scenarios. Between the two 

broad methodological approaches, the CGE modeling technique is increasingly becoming 

a more popular tool as witnessed from its applications in economic impact analysis of 

climate change around the world in the recent past (e.g., Aaheim et al. 2012; Iglesias et 

al. 2012; Ochuodho et al. 2012; Arndt et al. 2011; Bezabih et al. 2011; Hertel et al. 2010; 

Mideksa 2010; Zhai et al. 2009; Golub et al. 2009; Reilly et al. 2007). Additionally, the 
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CGE modeling approach is thought to be a more suitable tool for such analysis because 

of its economy-wide and market-based approach, where prices play a key role as the 

main mechanism through which supply and demand adjust following exogenous shocks 

such as changes in output due to climate change (Iglesias et al. 2012)24
• 

CGE models can be specified at either the single-region scale ( e.g.,Arndt et al. 

2011; Bezabih et al. 2011, Mideksa 2010; Nordhaus and Yang 1996) or multi-regional 

scale (e.g., Aaheim et al. 2012; Iglesias et al. 2012; Hertel et al. 2010; Zhai et al. 2009; 

Golub et al. 2009; Reilly et al. 2007). Single-region CGE models assume an "isolated 

economy" for a particular region with trade (imports and exports) specified at the 

aggregate level only. It ignores the behaviour of economic agents outside the region 

under consideration and therefore may introduce some "difference" in its economic 

impact estimates. The multi-regional model specification, on the other hand, considers an 

interactive global economy where behaviour of agents in each region is specified in equal 

detail and integrated into a nested-single-economy with inter-regional trade specified by 

regions of origin and destination. This allows for the capture of inter-regional imbalances 

and incorporates "feedback effects" from global market interactions on the region(s) of 

interest. Both the inter-regional interactions and feedback effects play a critical role in 

determining direction and magnitude of CGE model's responses to exogenous shocks 

(Haddad, 2009). 

In estimating economic impacts of climate change, researchers have sometimes 

chosen the single-region CGE model specification over the multi-regional specification 

(e.g., Arndt et al. 2012, 2011; Ochuodho et al. 2012; Robinson et al. 2012; Bezabih et al. 

24For extensive review of CGE modeling technique and its applications, see Haddad (2009); Ackerman, 
(2002); Partridge and Rickman (1998); Ginsburg and Keyzer (1997); Dixon and Parmenter (1996); Shoven 
and Whalley (1992); Decaluwe and Martens (1988). 
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2011; Mideksa 2010; Boyd and Ibarranan 2008; and Reid et al. 2008), often 

acknowledging the danger of under/over-estimating impacts (Ochuodho et al. 2012). 

However, to date there has been no assessment of the extent of potential differences 

between the two CGE model specifications. Therefore, an assessment of potential 

differences of economic impact estimates from using single-region and multi-regional 

CGE models in climate change impact analysis is needed. 

To address the research need highlighted above, we compared and contrasted 

economic impacts between single-region and multi-regional CGE model specifications in 

the context of climate change. Specifically, we conducted a comparative economic 

analysis of climate change impacts on the forest sector across Canadian provinces, the 

United States, and the rest of the world using dynamic versions of these CGE model 

specifications. 

The remainder of this article is structured as follows: section 3.3 on methods 

details how the single-region and multi-regional CGE model specifications were 

developed and their calibration. Section 3 .4 presents the results while section 3 .5 then 

provides discussion and some conclusions of the article. 

3.3 Methods 

3.3.1 Model specifications 

We developed single-region and multi-regional, recursive dynamic CGE models 

for Canadian provinces, the US, and the rest of the world. Our single-region models, 

which are based on traditional neoclassical economic theory, are similar to recent work 
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by Ochuodho et al. (2012), Bezabih et al. (2011), Prasada et al. (2010), Thurlow (2008, 

2004), Zhang at al. (2005), and Lofgren et al. (2002). Our multi-region model is similar 

to Iglesias et al. (2012), Zhai et al. (2009), Kitwiwattanachai (2008), and Das et al. 

(2005). The models are deterministic in nature with assumptions of small-open

economies (price takers) and constant returns to scale technology for each region. The 

models are formulated as a set of simultaneous linear and non-linear equations, which 

define: (i) the behaviour of economic agents; (ii) market conditions; (iii) macroeconomic 

balances; (iv) intertemporal components; and (v) steady-state economic growth path. The 

dynamic, multi-regional CGE model equations are presented in the Appendix. 

In both model specifications, producers are assumed to maximize profits subject 

to constant returns to scale technology with three input factors of production: labour, 

capital and stumpage. Production is specified in a two-level nest whereat the top level, a 

composite of value-added and a composite of intermediateinputs are smoothly 

substitutable in a CES function. At the bottom level, the three primary input factors are 

assumed to substitute smoothly through a CES composite value-added function under 

single primary input factor nest (Winchester et al. 2006; Rutherford and Paltsev 2000). 

Intermediate inputs on the other hand are determined by fixed-shares through Leontief 

function. 

Each region has a representative household who receives income from supplying 

input factors of production, and from import tariff revenues transferred to them by their 

domestic governments (Prasada et al. 2010). Supplies of input factors are assumed to be 

fixed within a given time-period. While labour and capital are mobile across sectors, 

stumpage is specific to forestry and logging sector (following Chang et al. 2012).Under 
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the capital mobility assumption, firms could move their capital from one industry to 

another in response to different rental rates in the economy (Alavalapati et al. 1998). As 

described below, we will allow labour and capital supplies to change over time 

(following a steady-state growth path) as dynamics are introduced into the model. 

Household savings is assumed to be a fixed proportion of total income, as 

determined by marginal propensity to save. Disposable income for the household is its 

total income less savings, which is spent on consumption of commodities. The optimal 

allocation between consumption of commodities by the household is determined through 

maximization of a Stone-Geary Utility function (a Linear Expenditure System, or LES, 

function) subject to its disposable income constraint (Zhang et al. 2005; Stone 1954). 

Total savings is the sum of household savings and foreign savings. Investment 

demand is determined by total savings factored by Cobb-Douglas investment preference 

for each commodity. A Phillips curve is specified in the model to introduce 

unemployment. This explains the wage-unemployment relationship in the model using 

input factor prices and supplies and a Laspeyres consumer price index (CPI). 

Input factor supplies are exogenously determined. Equilibrium in the factor 

market requires that the demand for factors equal the supply. Equilibrium in these 

markets requires input factor prices to adjust accordingly. However, due to imperfect 

labour markets, there is unemployment (voluntary or involuntary). Therefore, market 

clearing for labour is relaxed to allow for unemployment. 

Equilibrium in the commodities market requires that demand for commodities 

equal supply. Aggregate demand for each commodity comprises household ( and 

government) consumption spending ( consumption, investment and intermediate) on 
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domestic and imported goods. Aggregate supply includes both domestic production and 

imported goods. 

With regard to foreign trade, products are differentiated according to their region 

of origin. On the import demand side, the domestic consumers discriminate between the 

domestically produced and imported goods in the first level of Armington aggregation. In 

the second level of Armington aggregation, consumers discriminate between imported 

goods from different regions ( assumption of imperfect substitutes). Therefore, the 

demand between domestic and imported goods is determined through a CES Armington 

specification (Armington 1969). The final ratio of imports to domestic goods is 

determined by the cost minimizing decision-making of domestic demanders based on the 

relative prices of domestic goods and imports. This condition ensures that an increase in 

the domestic-import price ratio causes an increase in the import-domestic demand ratio. 

In other words, the demand shifts away from the more expensive source. 

A zero profit condition is applied in the models to ensure that the total value of 

aggregated imports of a particular good in a given region must equal the total value of 

imports of that good from all other regions destined to that particular region based on 

domestic import price factored by world import price, exchange rate and adjusted for any 

import tariffs. The world export price (f.o.b.) of a particular good from a particular region 

is the same as the world import price (c.i.f.) of the same good in the receiving region 

from the exporting region. 

On the export supply side, the domestic outputs delivered to domestic market are 

differentiated from products produced for export by the same sector. That is, substitution 

possibilities also exist between production for the domestic and the foreign markets. 
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However, producers only differentiate output sold in domestic and foreign markets (i.e., 

they do not differentiate exports by destination). This decision of producers is governed 

by a constant elasticity of transformation ( CET) function, which distinguishes between 

exported and domestic goods. Profit maximization drives producers to sell in those 

markets where they can achieve the highest returns. This condition ensures that an 

increase in the export-domestic price ratio causes an increase in the export-domestic 

demand ratio. In other words, the demand shifts towards the higher return source. The 

total value of the aggregated exports of a particular good by a particular region must 

equal the sum value of exports of that good from the region to all other regions based on 

domestic export prices factored by world export price, exchange rate and adjusted for any 

export taxes or subsidies. The export price reflects the price received by the domestic 

producers for selling their output on the foreign market, while the world export price is 

the f.o.b. price that already included export tax/subsidy within. 

Regional balance of payment is achieved by equating aggregate imports with 

aggregate exports plus foreign savings at world prices (Zhang et al. 2005). The global 

trade balance must be zero to ensure that the values of bilateral trade flows are cleared. 

A CGE model must be solved under the "square matrix condition", that is the 

number of endogenous variables must equal the number of equations. To achieve this 

condition, the model closure has to be specified in a way to ensure mathematical 

solvability while reasonably reflecting reality and meeting the modeler's needs depending 

on context of the analysis (Lofgren et al. 2002). To achieve this, we exogenously fix 

input factor supplies and regional and global foreign savings while allowing exchange 

rates to adjust (with the exception that all Canadian provincial economies have their 
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exchange rates tied to one another). The wage rate in each region is exogenously fixed as 

the numeraire price for each region (Zhang et al. 2005). 

The zero global foreign savings constraint is imposed on the multi-regional model 

to ensure that the value of global exports equals the value of global imports. To avoid 

model redundancy problem (via Walras Law), this equation is dropped and the model is 

solved with 31 blocks of equations with 32 blocks of variables. 

For the single-region model, imports are specified at the aggregate level. 

Therefore, the domestic consumers only discriminate between the domestically produced 

and imported goods in the first level of Armington aggregation. Consequently, all the 

import and export related equations in the multi-regional model (i.e., Equations A.12, 

A.21, A.22, A.23, A.27, A.28, A.29, and A.30 in the Appendix) are specified at the 

aggregate level only. Additionally, the zero global foreign savings constraint in the multi

regional model (i.e., Equation A.31) does not apply as each region has its own foreign 

savings expressed as net exports. This is exogenously fixed together with the exchange 

rate in all Canadian regions. The single-region model is therefore solved with 27 blocks 

of equations and 28 blocks of variables. 

3.3.2 Model calibrations 

The models were calibrated to 13 regions of the global economy, each with 23 

sectors with baseline 2006 input-output data. Canada was divided into 11 regions 

including ten provinces (Newfoundland and Labrador (NL); Prince Edward Island (PE); 

Nova Scotia (NS); New Brunswick (NB); Quebec (QC); Ontario (ON); Manitoba (MB); 

Saskatchewan (SK); Alberta (AB); British Columbia (BC)) and the Territories which 
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includes Yukon, Northwest, Nunavut, and Enclaves (TR). The other two regions included 

the United States (US) and the rest of the world (RW). 

The eleven Canadian regions were calibrated to their regional economies in 2006 

using data from the Statistics Canada input-output (IO) database (Statistics Canada 

201 la). The US economy was calibrated using annual industry accounts IO data 

(USDOC, 2011). Finally, the RW economy was calibrated using data from the Global 

Trade Analysis Project (GTAP) 2004 baseline IO data (first developed by Hertel 1997). 

An aggregation utility (GT AP Agg Package) was used to first aggregate the database into 

three regions (US, Canada and RW) and 23 sectors. We then projected the IO data for the 

R W to 2006 to match the other regions using historical world economic growth rates 

between 2004 and 2006 (World Bank 2011 ), assuming the same inter-industry technical 

coefficients between the years. 

Interregional trade flow data among the 13 regions were established from the 

Canadian side from which data were available. The interprovincial trade data among 

Canadian regions and their accompanying international trade data were obtained from 

Statistics Canada (Statistics Canada 2011 b ). The international trade data from the 

Canadian regions were further disaggregated into those for the US and R W. This was 

achieved in two steps. First, trade data between the Canadian regions and the US were 

obtained from Industry Canada (Industry Canada 2011) and assigned for the bilateral 

trade flows between the Canadian regions and the US. Second, the residual value from 

the international trade portion was assigned to RW. The regional economies were 

aggregated into 23 sectors at small (S-level) aggregation following the Northern 

American Industry Classification System (NAICS 2002 version), which was the most 
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detailed and current data that could be obtained from Statistics Canada (2011 c) at the 

time of this study25
. 

The three primary input factors defined in the models ( capital, labour and 

stumpage) were estimated as follows. Capital was estimated as the sum of other operating 

surplus, indirect taxes on products, subsidies on products, other subsidies on production, 

and other indirect taxes on production less stumpage services expenditures ( described 

hereafter). Labour was measured by wages, salaries, and supplementary labour income, 

in addition to 'mixed income' (i.e., income of unincorporated businesses). Stumpage 

(specific to the forestry and logging sector) was more difficult to define since it was not 

isolated as an input factor in the Canadian and US input-output tables. In Statistics 

Canada's input-output tables, regional stumpage fee payments were embedded in the 

forestry and logging sector's "other operating surplus" as a component of capital (G. 

J elinic, Statistics Canada, personal communication, 20 April 2011 ). Therefore, to isolate 

stumpage payments, we used total revenues from the sale of timber from provincial 

Crown stumpage data (National Forestry Database 2011) as the input value and 

subtracted it from other operating surplus in the forestry and logging sector (Chang et al., 

2012). For the US and RW, the "Natural resources" input factor in the GTAP 7 Database 

was assumed to represent stumpage payments in the forestry and logging sector. 

In terms of parameter specifications, elasticities of substitution in the composite 

value-added function, and income elasticities of demand for commodities were obtained 

25 The NAICS 2002 version has 25 sectors. However, we disaggregated manufacturing [31-33] into three 
sectors: wood products manufacturing [321], pulp and paper manufacturing [322] and 'other 
manufacturing' [31-33 except 321 and 322]. We also aggregated five other service sectors into one sector: 
Other services (except public administration) [81]; Operating, office, cafeteria, and laboratory supplies [not 
NAICS defined]; Travel and entertainment, advertising and promotion [not NAICS defined]; 
Transportation margins [not NAICS defined]; and Non-profit institutions serving households [8131] 
(numbers in parenthesis represent NAICS 2002 codes). For further details on the sectors, see Statistics 
Canada Table 381-0013 (Statistics Canada 201 ld). 
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fromDimaranan et al. (2006). Armington, CET elasticities and import tariffs were derived 

from the GTAP database following sectoral aggregation. For simplicity and due to lack of 

region and sector specific (in some cases) data, we assumed the same elasticities existed 

for all regions26
. 

Unemployment rate data for the Canadian regions were obtained from provincial 

labour force survey estimates (Statistics Canada 2011 e ). We estimated mean annual rates 

across all age groups from the seasonally adjusted monthly rates (both sexes). 

Unemployment rate data for the TR were missing; therefore we assumed it was similar to 

the adjacent province, AB. For the US, we used the annual average unemployment rate, 

civilian labour force 16 years and over (USDOL 2011). Due to lack of unemployment 

rate data for R W, we assumed a worldwide average rate from International Labour 

Organization (ILO 2011). 

Labour supply growth projections were estimated using projected population 

trends (Alfsen et al., 1996). For the Canadian regions, we used average annual growth 

rates (percent) between 2010 and 2036 (the furthest point under the category) from the 

medium growth (M2) projection scenario (2006 to 2008 trends) under the both sexes/all 

ages category (Statistics Canada 2011 f), as the most representative of future population 

trends. This was perceived to be a middle-ground estimate between the lowest and 

highest projected population growth rate trends categories. For the US, we used the 

annual projections from1999 to 2100 from US Census Bureau (USCB 2011) and 

26 CGE model results are sensitive to key parameters such as elasticities. However, there is little consensus 
among CGE modelers on the magnitude of these elasticities that would be considered 'suitable' under 
various modeling conditions (Arndt et al. 2012; Partridge and Rickman 1998; Shoven and Whalley 1984). 
However, deriving elasticities from primary data for specific regions and circumstances is no mean task 
due to massive data requirement over long term period. Modelers have tended to rely on elasticities from· 
literature and even at times assign own values using authors' judgment under extreme situations (e.g., 
Alavalapati et al. 1998). 
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annualized the growth rates. Again we used the middle growth series. For the RW, we 

used the projected average annual world population growth rates from 2000 to 2050 by 

the United Nations (2004). 

The CGE models were formulated as a static and solved recursively (sequentially) 

over 45-year (2006-2051) period. For every period run, capital stock was updated via a 

capital accumulation equation which is based on an endogenous growth rate as 

determined by endogenous return on capital rate and endogenous total savings (following 

Chang et al. 2012; Alfsen et al. 1996). Total labour supply was assumed to grow 

exogenously at a constant rate over time, as described above. With this, it was assumed 

that a growing population generated a higher level of consumption demand and therefore 

increased the supernumerary income level of household consumption. Also, the marginal 

rate of consumption for commodities was assumed to remain unchanged over time, 

meaning that new consumers had the same preferences as existing consumers (Thurlow 

2008). Technological progress was assumed to be labour-augmented, so the model 

reaches a steady state in the long run (Zhai et al. 2009). Finally, stumpage supply in all 

regional forestry and logging sectors were exogenously fixed over time under baseline 

conditions. This was thought to be consistent with historical and projected annual 

allowable cut estimates (National Forestry Database 2011), and allowed for a systematic 

evaluation of climate change impact scenarios in the forestry and logging sector. 
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3.3.3 Model solutions and simulations 

The models were solved using the General Algebraic Modeling System (GAMS) 

software with a nonlinear programming (NLP) algorithm along with CONOPT3 solver 

(GAMS 2012; Rosenthal 2012). After solving the models for the initial period 

equilibrium to replicate the 2006 benchmark IO data, we simulated two categories of 

economic scenarios, including: (i) a baseline (without climate change) scenario; and (ii) a 

set of climate change scenarios. For the baseline scenario, we simulated a dynamic 

growth path of the economy where economies grow based on exogenous labour supply 

growth rates and endogenous capital investments, and stumpage remains constant. For 

the set of climate change scenarios, we added to the baseline scenario the additional 

impacts of climate change in the forestry and logging sector. Here, we changed the 

stumpage input in each region according to two climate change scenarios: (i) a low 

climate change scenario; and (ii) a high climate change scenario, using published climate 

change impact estimates. 

Climate change impact scenarios on stumpage for the Canadian regions were 

derived from Ochuodho et al. (2012) who estimated four cumulative climate change 

impact scenarios on stumpage over a 70-year period (2010-2080) in several Canadian 

regions. The four scenarios considered including the low (B 1) and high (A2) SRES 

climate conditions estimated by the IPCC (IPCC 2000), as well as optimistic and 

pessimistic socio-economic conditions. Under each climate change scenario, stumpage 

impacts were derived from projected changes to forest productivity, losses to forest fires, 

and losses to forest pests. In the current study, we considered a 45-year projection (2006-

2051 ). To do this, we annualized the 70-year impacts to estimate 45-year impacts, 
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assuming a linear trend. We summed the impacts from the three sources to derive an 

aggregate impact estimate by scenario. To assess the sensitivity of the models to different 

climate change impacts, our low climate change scenario considered the B 1 optimistic 

climate change projection where minimum negative (or maximum positive) stumpage 

supply impacts would emerge, and our high climate change scenario considered the A2 

pessimistic climate change projection where maximum negative ( or minimum positive) 

stumpage supply impacts would emerge. 

Due to lack of consistent data, climate change impacts on stumpage supply for the 

US and RW regions were estimated using a different procedure. First, we obtained the 

projected percentage stumpage supply impacts from Lee and Lyon (2004), Perez-Garcia 

et al. (2002), and Sohngen et al. (2001) under the B 1 and A2 climate change projections, 

converted these impacts to a proportional 45-year projection, and calculated an average 

among the estimates. Table 3.1 provides a summary of the estimated impacts on 

stumpage supply used for the climate change scenarios. 

99 



Table 3.1 Climate change impacts on regional timber supplies in Canada, 
United· States and rest of the world {l!ercentage change, 2006-2051}8 

Climate Change Scenario/ Forest Forest Pest Total 
Region Productivity Fire Outbreaks 
Low Climate Change (Bl, 
Optimistic scenario): 
Newfoundland 1.1 -1.9 -1.1 -1.9 

Prince Edward Island 1.1 -1.0 -1.1 -1.0 

Nova Scotia 1.1 -1.0 -1.1 -1.0 

New Brunswick 1.1 -1.0 -1.1 -1.0 

Quebec 4.5 -1.9 0.0 2.6 

Ontario 4.5 -2.9 0.0 1.6 

Manitoba 0.0 -3.3 -1.1 -4.4 

Saskatchewan 0.0 -3.5 -1.1 -4.6 

Alberta -1.1 -3.9 0.0 -5.1 

British Columbia 0.0 -2.6 0.0 -2.6 

Territories 0.0 -4.8 -1.1 -5.9 

United States 13.2 

Rest of the World 14.6 

High Climate Change (A2, 
Pessimistic scenario): 
Newfoundland 0.0 -5.4 -4.5 -9.9 

Prince Edward Island 0.0 -2.7 -4.5 -7.2 

Nova Scotia 0.0 -2.7 -4.5 -7.2 

New Brunswick 0.0 -2.7 -4.5 -7.2 

Quebec 3.4 -5.3 -4.5 -6.5 

Ontario 3.4 -8.1 -4.5 -9.3 

Manitoba -2.3 -9.2 -4.5 -15.9 

Saskatchewan -2.3 -9.5 -4.5 -16.3 

Alberta -6.8 -10.3 -4.5 -21.6 

British Columbia -2.3 -6.2 -4.5 -12.9 

Territories -2.3 -12.2 -4.5 -19.0 

United States 8.0 

Rest of the World 8.9 

a Timber supply impacts for Canadian regions were derived using information from Ochuodho et 
al. (2012). Those impacts for the United States and Rest of the World regions were derived using 
information from Lee and Lyon (2004), Perez-Garcia et al. (2002), and Sohngen et al. (2001); 

Differences in economic outcomes between baseline scenario and each climate 

change scenario were interpreted as the economy-wide impacts of climate change on the 

forest sector. Specific economic variables assessed in the models under each scenario 
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include: total output, gross domestic product (GDP), income, expenditures on input 

factors (labour, capital, and stumpage), trade ( exports and imports), prices, price index, 

terms of trade index (Laspeyres form), welfare (compensating and equivalent variations), 

price indices and others. In this paper, we focused on presenting results associated with 

GDP, compensating variation, trade, expenditures on labour and capital, and output 

(forestry and logging sector and total) impacts. In addition, we presented current-value 

(2006 $) GDP trends for baseline and climate change scenarios over the 2006-2051 

period and associated cumulative (2006-2051) economic impacts of climate change in 

present-value (2006 $) terms, discounted at 4% rate27
. All values were in Canadian 

billion dollar terms. 

3.4. Results 

3.4.1 GDP and welfare 

The cumulative (2006-2051) discounted GDP and welfare ( compensating 

variation) impacts are presented in Table 3.2. The majority ofregions recorded lower (in 

absolute value terms) GDP impacts with the single-region model compared to the multi

regional model under both climate change scenarios with exception of SK, US, and RW 

for selected climate change scenarios (Figures 3.la-d and Table 3.2). The differences in 

GDP impacts between model specifications were largely attributed to structural 

differences in trade specifications and their respective prices. For instance, in the multi

regional model, PE lost some of its global competitiveness with a 9.64% reduction in its 

27 This rate approximates the mean yield on long-term Government of Canada bonds over the 2005-2012 
period (Bank of Canada 2012). 
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terms of trade, which largely explained its relatively high GDP reduction of 10.53% 

under the low climate change scenario (Table 3.2). On the other hand, in the single region 

model, PE experienced a relatively low GDP reduction of 0.001 % under the same 

scenario. The SK exception was largely explained by the relatively high increase in its 

terms of trade by more than 4% under the low climate change scenario with the single 

region model, compared to a relatively lower increase of less than 2% under the same 

scenario with the multi-regional model. These gains in trade were further enhanced by 

export price gains (by more than 8% under the low climate change scenario) with the 

single-region model, compared to the multi-regional model (at only 2.73%) under the 

same scenar10. 
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Table 3.2 Regional GDP and welfare impacts of climate change in Canadian, United States 
and Rest of the World's forests {cumulative% change, 2006-2051, 4% discounted)* 

Single-region CGE Models Multi-Regional CGE Model 

Region 
Low climate High climate Low climate High climate 

change change change change 

GDP CVAR GDP CVAR GDP CVAR GDP CVAR 
Newfoundland -0.009 -0.015 0.055 0.028 2.273 -6.044 -7.566 -5.731 

Prince Edward Island -0.001 -0.004 -0.010 -0.027 -10.528 -15.389 -0.033 -1.242 

Nova Scotia 0.000 0.000 0.000 0.000 -3.177 -0.703 2.258 2.730 

New Brunswick 0.003 0.000 0.023 0.000 -8.202 -5.290 -1.781 -3.646 

Quebec 0.098 0.079 0.061 0.004 -4.702 -2.033 3.081 0.442 

Ontario 0.125 0.299 3.132 0.623 -0.486 2.724 -5.436 -2.684 

Manitoba 0.002 0.002 0.009 0.008 -2.804 -1.570 -2.868 -1.951 

Saskatchewan 6.513 4.359 6.672 4.550 2.175 5.030 -6.236 -2.705 

- Alberta -1.673 3.683 -3.548 4.614 2.319 -1.593 -4.468 2.445 
0 
w British Columbia -0.179 -0.073 -0.564 0.093 -4.641 3.741 -9.569 2.924 

Territories 0.781 -0.421 0.781 -0.422 4.746 -8.141 4.187 -0.197 

United States 0.545 0.527 0.463 0.333 -0.044 -0.472 0.937 0.416 

Rest of the World 4.142 6.128 2.512 3.724 1.139 -0.670 4.569 3.473 

CVAR represents compensating variation impact measured as a percentage of regional GDP. 



Additionally, under the single-region model, a majority of regions experienced 

marginal GDP gains with stumpage losses (Tables 3.1 and 3.2). This was in contrast with 

the multi-regional model where stumpage supply declines resulted in GDP losses, as 

expected. GDP gains in some regions were realized despite reductions in stumpage 

supply largely due to greater input factor substitution and higher stumpage price gains 

under the single-region model compared to the multi-regional model. For instance, NB 

gained 4.43% in stumpage prices under the low climate change scenario with the single

region model, while it gained only 0.20% under the same scenario with the multi-regional 

model. 

Furthermore, the regional GDP impacts under both model specifications were 

generally not directly proportional to their respective stumpage supply impacts (Table 

3 .1 ). For instance, in the single-region model under the low climate change scenario, SK 

recorded relatively high GDP gains ( 6.51 % ) from a small stumpage supply reduction (-

4.6%) compared to the US's minimal GDP gains (0.54%) with a much higher stumpage 

supply increase (13.2%). This finding was attributed to three interactive factors, which 

included: (i) the relative contribution of forestry and logging sector to regional economy 

(where regions with low forestry and logging sector contributions have lower GDP 

impacts); (ii) the initial regional foreign savings (where regions with higher initial exports 

to imports ratios are generally impacted to a larger degree); and (iii) changes in regional 

global trade competitiveness, as reflected in import/export price changes. These factors 

greatly influenced the direction and magnitude of price adjustments following climate 

change shocks. 
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Figure 3.la Regional GDP projections under baseline and climate change scenarios 
for the forestry and logging sector over the 2006-2051 period in selected regions. 
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Figure 3.1 b Regional GDP projections under baseline and climate change scenarios 
for the forestry and logging sector over the 2006-2051 period in selected regions. 

Single-region Models 

33 ., 

32 
New Brunswick 

--Baseline I 31 
~ ---Lowclimatechange 
111 30 .................................... . . ... · 
~ ' • • • • • High climate change 

129. --
28 .J 

,I • 
j 27 ·:··········-··-------------··-······------··----··--··-----··-------··-8 26 ;_ .... ___________ _ 

25 

24 .;. 

2006 2012. 201.8 2024 2030 

380 · 

360 · 

YHr 

Quebec 

2036 2042 2048 

340 .;.... __________________ _ 

320 .i ················································ · 

200 

240 
2006 2012 2018 2024 2030 2036 2042 2048 

2006 2012 2018 2024 2030 2036 2042 2048 

Multi-regional Model 

33 ., ....................................................................................................................................................... . 
New Brunswick 

i 31 + .. ".'.'.'.~~-Ba_. __ se __ li_n ___ e·-···--·--·-··-----··"'··-~PCC-····-····--·-··· 
~ - - - Low climate change « 30 , .................................................................................. ~ 

l 29 
l28 ,0 ••••••••••••••••••••••••••••••••••••••••••••••• .,.. 

§ 27 .•.........................••. , ..... ,,.. 

i 26 ,. ....... , .••. , ........... , ..... ·;;;;·;.c:·c:·························································································· 

25 .•... ~~·······················································································=··~·"··-···· ..... ~.~.--

24 ; ..... , ....... , ....... , ....... , ....... , ........ , ........ , ......... , .................. , ......... , ........ , ........ , ........ , ......... , 

2006 2012 2018 2024 2030 2036 2042 2048 

Yaar 

380 , .......................................................................................................................................................... . 

106 

Quebec 

300 

280 · 

2(,() 

240 

······························----~-~-~ ., .. 
,,,.-;_~.:-~.=--

---·~·······················------- , __ .. , 

2006 2012 2018 2024 2030 2036 2042 2048 

1100 

1000 r 
i 

900 t · 
i 

800 +·· 
I 

700 + 
! 

600 L 
i 

500 .. ! ···························,·········,········r 

Ontario 

······· 

2006 2012 2018 2024 2030 2036 2042 2048 



Figure 3.lc Regional GDP projections under baseline and climate change scenarios 
for the forestry and logging sector over the 2006-2051 period in selected regions. 
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Figure 3.ld Regional GDP projections under baseline and climate change scenarios 
for the forestry and logging sector over the 2006-2051 period in selected regions. 
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Welfare impacts, measured as compensating variation28
, varied significantly 

between the two models (Table 3.2). Most regions recorded welfare gains, albeit 

marginally, under the single-region model compared to relatively higher welfare losses 

under the multi-regional model. Welfare losses/gains were generally higher under the 

high climate change scenario and lower under the low climate change for the single

region model, except for US and RW. However, the opposite was true under the multi

regional model, where welfare losses/gains were generally lower under the high climate 

change scenario and higher under the low climate change scenario. This implied that 

under the multi-regional model, consumers had to spend more (due to higher prices) to 

attain initial utility they enjoyed prior to price changes in comparison to the single-region 

model scenarios, where they benefited in most of the regions. Consumers were therefore 

generally worse off under the multi-regional model compared to the single-region model. 

In other words, same regional stumpage supply reductions triggered greater consumer 

price increases in the multi-regional model as opposed to lower price increases/and or 

reductions in the single-region models. ON, SK and BC were the only regions with 

welfare gains in the multi-regional model, low climate change scenario. This was largely 

because they exhibited relatively higher capital price gains ( contributing to higher 

household income gains) compared to other regions, which experienced capital price 

reductions. For example, SK recorded a capital price gain of 20.76% compared to a 

reduction of 6.64% for PE. 

28Compensating variation is the amount of income that must be taken away given the new prices so that the 
utility (income) of the consumers is the same as it were originally before price change. Compensating 
variation represents a more accurate estimate of welfare than consumer surplus because the former 
accounts for income effects while the latter does not (Hicks, 1939). For more details, see Fafchamps 
(2012) and Varian (1999). 
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3.4.2 Trade 

. Regional impacts on trade (imports and exports) are presented in Table 3.3. 

Generally, the absolute value impacts were higher for the multi-regional model compared 

to the single-region model. Additionally, within each model, the high climate change 

scenario generally recorded higher trade impacts than the low climate change scenario. 

This was generally consistent with the climate change impacts on timber supplies with 

the exception of the US and RW, which had higher timber supply impacts under low 

climate change (Table 3.1). Generally, trade impacts were positive under the single

region model (though marginal) despite stumpage supply reductions, while most of the 

regions recorded trade volume reductions, which were consistent with stumpage supply 

impacts. 
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Table 3.3 Regional trade impacts of climate change in Canadian, United States and 
Rest of the World's forests {cumulative% change, 2006-2051, 4% discounted) 

Single-region CGE Models Multi-Regional CGE Model 

Region Low climate change 
High climate 

Low climate change 
High climate 

change change 

Im~orts Ex~orts Imi!orts Ex~orts Imi!orts Exi!orts Im~orts Ex~orts 

Newfoundland 0.016 0.013 -0.412 -0.325 3.620 3.280 -4.118 -6.775 
Prince Edward Island -0.002 -0.003 -0.013 -0.020 -12.208 -17.133 -0.635 -2.452 
Nova Scotia 0.000 0.000 0.000 0.000 -3.846 -2.395 -0.477 -1.225 

New Brunswick 0.000 0.000 0.000 0.000 -12.925 -9.053 0.226 0.379 
Quebec 0.260 0.274 0.278 0.293 -7.364 -4.676 9.816 8.632 
Ontario -0.318 -0.300 3.109 2.933 -9.169 -2.062 -13.518 -10.847 
Manitoba 0.016 0.016 0.058 0.060 -6.136 -4.718 -7.176 -6.455 
Saskatchewan 4.952 4.547 4.763 4.373 1.426 1.259 -4.562 -5.890 

~ Alberta 9.004 7.144 7.502 5.952 -0.863 1.397 -7.446 -7.652 ~ 

~ British Columbia -0.373 -0.404 0.940 1.018 -3.221 -3.026 -6.247 -9.313 
Territories -0.438 -0.670 -0.439 -0.671 0.928 1.899 3.390 2.737 
United States 2.589 5.672 2.262 4.957 -1.657 -8.009 -6.839 10.897 
Rest of the World 8.335 3.428 4.874 2.005 26.245 -1.981 15.923 8.828 
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It can be inferred from these findings that the multi-regional model relaxes the 

"rigidity" in the single-region model by opening up an economy into an interactive one, 

where each region reaps benefits or suffers loses based on its competitive advantage in 

the global economy as it trades with other regions. For instance, the stumpage supply 

increase in the US region boosts its export gain twofold from 4.96% with the single

region model to 10.89% with the multi-regional model under the high climate change 

scenario. On the other hand, some regions (such as ON, SK, AB, and BC) that 

experienced export gains with the single-region model see export reductions under the 

multi-regional model. These trends are explained by relative terms of trade index changes 

and initial foreign savings. Similar arguments can explain trends in other regions in both 

models. 
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3.4.3 Input factor expenditures 

Regional input factor (labour and capital) expenditure impacts are presented in 

Table 3.4. Absolute expenditure impacts were generally higher with the multi-regional 

model compared to the single-region model under both climate change scenarios across 

the regions with the exception of labour under the high climate change. Where stumpage 

supplies were reduced, most regions recorded input factor declines in the multi-regional 

model. On the contrary, many of these regions experienced input factor increases in the 

single region model. The increases in largely occur due to factor substitution. 
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Table 3.4 Regional factor input expenditures impacts of climate change in Canadian, 
United States and Rest of the World's forests {cumulative% change, 2006-2051, 4% discounted) 

Single-region CGE Models Multi-Regional CGE Model 

Region Low climate change 
High climate 

Low climate change 
High climate 

change change 

Labour Cat!ital Labour Cat!ital Labour Cat!ital Labour Cat!ital 

Newfoundland -0.461 0.000 -0.320 0.001 -0.173 -0.021 1.249 -0.043 

Prince Edward Island -0.001 0.000 -0.006 0.000 -10.385 0.184 -4.762 -0.464 

Nova Scotia -0.006 0.000 -0.050 0.000 0.401 0.014 2.119 -0.008 

New Brunswick 0.012 0.000 0.102 0.000 -2.465 0.012 -2.680 0.013 

Quebec 0.117 0.000 0.065 -0.003 -0.297 0.244 0.020 0.038 

Ontario 0.818 -0.066 4.668 -0.200 -2.016 -0.907 -2.357 -0.378 
Manitoba 0.006 -0.001 0.022 -0.002 -0.640 0.171 0.057 0.401 
Saskatchewan 8.543 -0.764 8.607 -0.771 0.132 -0.382 -0.317 0.553 

..... Alberta -5.976 3.738 -7.586 2.482 -2.787 -1.486 -0.076 -0.466 ..... 
~ British Columbia -0.388 0.045 -1.031 0.089 -0.102 -0.250 -0.097 0.420 

Territories 5.011 -0.251 5.011 -0.251 -3.462 -0.276 -0.516 -0.464 

United States 0.816 -0.037 0.352 -0.020 -0.033 -0.013 -0.091 0.043 

Rest of the World 7.362 -0.038 4.404 -0.025 0.625 0.422 1.590 -0.210 



Overall, regional variations of factor expenditure impacts were attributable to 

three main factors, including: (i) the annual labour growth rate, which varied from -

0.014% in NL to 1.88% in AB; (ii) the initial unemployment rate, which varied from 

4.4% in AB to 17.2% in NL; and (iii) the initial share ratio of input factors (labour, 

capital and stumpage) in the composite value-added. For instance, while stumpage impact 

was relatively small at 0.01 % of the composite value-added in SK, it formed 0.69% (the 

highest of all regions) of composite value-added in BC and a moderate 0.21 % in NB. 

These values significantly affected the relative changes in input expenditures realized. 

Under both models, labour expenditures were more impacted than capital 

expenditures. Unlike capital, market clearing for labour is relaxed to allow for 

unemployment (voluntary or involuntary) in labour supply. This condition made labour 

supply more responsive to external shocks in the model (specifically stumpage supply 

changes due to climate change). This explained the differences in sensitivities of the two 

input factors to climate change impacts across the models. 

3.4.4 Output 

Both forestry and logging sector and total output impacts are presented in Table 

3 .5. In general, output impacts were marginally more positive under the single-region 

model compared to the multi-regional model where they were relatively large and mostly 

negative. The differences in output under the two models were largely due to differences 

in the pattern of price changes. Under the single-region model, prices adjusted marginally 

and mostly on the positive side, while the reverse was true under the multi-regional 

model where prices adjusted mostly negatively and at relatively large proportions. For 
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instance, while MB experienced a maximum of 0.1 % increase in its domestic prices 

under the single-region model (low climate change), it experienced a loss of up to -10% 

under the multi-regional model for the same scenario, hence the significant reduction in 

its total output from the single-region model compared to the multi-regional model. 

However, the two regions of SK and US stood out in a unique away from this 

trend. In SK, forestry and logging sector output reductions in the single-region model 

were much greater than in the multi-regional model; likewise, total output was 

significantly reduced moving from the single-region model to the multi-regional model 

(from a gain of 8.61 % to a loss of -6.49% under the high climate change). The changes in 

SK under the single-region model were explained by changes of its domestic prices, 

which were in the range of more than 5% (the highest of all regions). Additionally, 

capital price in the region increased by 19%, the highest among the regions. However, 

under the multi-regional model, domestic prices decreased. Furthermore, the capital price 

decreased by -11.06% under the high climate change, hence the -6.49% total output loss. 
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Table 3.5 Regional output impacts of climate change in Canadian, United States and 
Rest of the World's forests (cumulative% change, 2006-2051, 4% discounted} 

Single-region CGE Models Multi-Regional CGE Model 

Low climate change 
High climate 

Low climate change 
High climate 

change change 
Region Forestry Forestry Forestry Forestry 

and and and and 
logging logging logging logging 
sector Total sector Total sector Total sector Total 

Newfoundland -0.065 -0.009 -0.333 -0.103 -0.726 7.105 -1.232 -3.209 

Prince Edward Island -0.008 -0.003 -0.061 -0.020 -3.133 -12.129 1.792 -2.255 

Nova Scotia 0.000 0.000 0.000 0.000 3.340 -1.992 1.995 3.380 

New Brunswick 0.000 0.000 0.000 0.000 0.660 -6.886 2.069 -1.040 

Quebec 0.327 0.156 -0.818 0.136 0.881 -1.592 1.083 5.009 

Ontario -0.087 -0.040 -0.544 3.334 4.428 4.829 -0.614 -7.099 

..... Manitoba -0.107 0.006 -0.386 0.023 0.723 -4.745 5.871 -4.358 ..... 

.....J Saskatchewan -11.925 8.374 -13.681 8.614 -2.721 1.395 -5.573 -6.490 

Alberta 0.267 4.988 -1.028 1.606 -7.741 1.624 -11.396 0.835 

British Columbia -0.419 -0.256 -3.047 -0.219 -4.405 -5.110 -10.303 -8.431 

Territories 0.341 0.094 0.322 0.094 -1.211 -3.416 -0.329 0.307 

United States 3.134 1.347 1.827 0.913 -0.670 -1.799 -1.985 -0.250 

Rest of the World 3.976 7.042 2.423 4.249 4.178 3.885 3.375 7.987 



In the US, even though climate change had a positive impact on stumpage 

supplies, the forestry and logging sector and total output declined under the multi

regional model. This was largely because of the flexible exchange rate for the regions 

coupled with import tariffs (imposed by importing regions), which made the region's 

output and exports more expensive. This impact was reflected in the region's decline in 

terms of trade index by more than 18%, accompanied by an import price increase of 

5.71 % (the highest of all regions). Therefore, other regions substituted relatively 

expensive US imports with cheaper ones from other trading partners (with output gains 

under the multi-regional model). 

3.5 Discussion and conclusions 

By translating biophysical climate change impacts on timber (stumpage) supplies into 

economy-wide economic impacts using single-region and multi-region models, this study 

has provided a number of important findings. First, the multi-regional model allowed 

each region to be more responsive to external shocks such as stumpage supply arising 

from climate change relative to the single-region model. The salient feature that 

distinguished the multi-regional model from the single-region model is how trade 

equations were formulated. In the multi-regional model, Armington substitution was 

allowed at two levels, both at aggregate and by origin and destination in (Eq. A. 20, and 

Eq. A. 22 respectively in Appendix A). Specifically, this model discriminates aggregate 

imports from domestic products at first level, then further discriminates imports from 

different origins at the second level, both as determined by quantity and price ratios. In 
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the single-region model, on the other hand, substitution is only at one (aggregate) level. 

This largely explained the differences in economic impacts observed between single

region and multi-regional models, with the multi-regional model generally recording 

greater impacts. This finding was consistent with Haddad (2009) who asserted that both 

the "inter-regional interactions and feedback effect" play a critical role in determining 

direction and magnitude of CGE model's responses to exogenous shocks. 

Another important finding was that accounting explicitly for trade between all regions 

(facilitated by prices and exchange rates, etc.) in the multi-regional model better 

accounted for behavioural responses in real-world economies. In this study, the exchange 

rate was left floating for both US and RW. Fluctuating US exchange rates by up to 6% 

made its exports more expensive to importing regions as opposed to inter-regional trade 

among Canadian regions (where regions traded at the Canadian exchange rate). The 

power of the exchange rate on price determination was well captured in the multi

regional model ( as opposed to the single-region models) where substitution in trade 

among different origins and destinations was explicitly modeled. Price elasticities, as 

contributed by floating exchange rate and substitution effects, resulted in differences in 

economic impacts between the single-region model and the multi-regional model from 

the same climate change impact on stumpage supply. Cheong et al. (2005) also found 

that when there is an unexpected fluctuation in exchange rates, exporters adjust to the 

change in the level of risk by increasing export prices and by decreasing trade volumes. 

In another related recent study, Daigneault et al. (2008) found that US competitiveness in 

the forestry and logging sector is sensitive both to strong US dollar and to weak 

currencies of its trading partners. They found that a 20% increase in value of the US $ 
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compared to all other currencies could reduce forest sector output by 4-7% in the US 

over the next 50 years. 

From this study we conclude that economic impact estimates of climate change on the 

forest sector differ substantially between the single-region and multi-regional models. 

However, the multi-regional model better reflects reality by its very nature of allowing 

for substitution of import/exports by regions of origin and destination. The importance of 

the multi-regional specification is ever more important given the current globalization 

trends in terms of trade among regions of the world today. However, the multi-regional 

model is more demanding in terms of data requirements and more complex in terms 

equations formulation and the general equilibrium solution. 

Overall, we found that economic impacts arising from climate change impacts on 

regional timber supplies are neither direct (where negative timber supplies results into 

negative economic impacts and vice versa) nor proportional to the timber supply changes 

that cause them. The economic impacts were largely influenced by regional economic 

size, structure, competitiveness, and trade patterns. The main limitation associated with 

this study is that the quantitative estimates of climate change impacts on regional timber 

supplies, which were needed as inputs in the CGE model, did not exist. Rather, 

qualitative information from the literature was used as a starting point, and ad hoc 

methods and expert opinion were used to estimate the biophysical impacts. As such, a 

more scientific approach is needed where a biophysical model is used to directly quantify 

the regional timber supply impacts of climate-induced changes on forest productivity, and 

fire and pest outbreaks and also assess the effectiveness of adaptation options. This would 

require the combined use of general circulation models, forest growth and yield models, 
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pest and fire simulation models, and forest management models for each region. In 

addition, since most of Canada's forest is managed by provincial governments, each with 

their own set of forest objectives and financial circumstances, a detailed analysis would 

be required of how these factors would be implemented in the models to estimate timber 

harvest schedules for each region. 
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3.8 Appendix 

CGE model variables, parameters, and equations 

Variable1 

Production Block 
FADoif 
FAS01 
VAD0 i 

IDEoi 
PVA0 i 

PIDoi 
PFot 
PDoi 
PDD0 i 
Xoi 
XDoi 
XDD0 i 

Household Block 
INC0 

SAH0 

CBUD0 

SBUD0 

CON0 i 
SATO 
INV0 i 

TRMT0 

UNEMP0 

CP/0 

Other Prices Block 
PPoi 
PCoi 
PX0 i 
Foreign Trade Block 

Description 

Factor input demand 

Factor supply 
Value-added input demand 
Composite intermediate input 
Value-added tax inclusive input price 
Intermediate input price 
Factor price 
Domestic output producer price (before production tax). 
Consumer price of domestic output sold to domestic markets 
Domestic dales of composite commodities 
Domestic production (output) 
Domestic output delivered to home markets 

Household total gross income 
Household savings 
Household disposable income (budget) after tax and savings 
Household discretionary (supernumerary) budget 
Household consumption demand of commodities 
Household total savings 
Investment demand for commodities 
Total import tariff revenues 
Unemployment level (Phillips curve) 
Consumer price index 

Domestic tax inclusive produceroutput price 
Domestic tax inclusive consumer price 
Composite commodities demand price 

IMPdi Composite imports 
EXP0 i Composite exports 
M Oiod Imports by d from o 
EOiod Exports by o to d 
PM di Domestic composite imports price 
P Eoi Domestic composite exports price 
PWEOiod World export price f.o.b. inclusive of export tax or subsidy 
PW M Oiod World import price c.i.f. inclusive of transportation costs 
SAF0 Regional foreign savings 
GFS Global foreign savings 
EXR0 Exchange rate 
OBJ Dummy objective variable 

a Subscripts i, andj are sets that denote sectors (i,j =I, 2, .... ,23); aSubscripts o, d are sets that denote 
regions (o, d=l, 2, .... ,13); asubscript/ is a set that denote input factors (f=l, 2, 3). 
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Parameter• 

Elasticities of substitution 

~i 

~i 

oA.oi 

aT;,; 
a}Joi 

aJ:; 
Share parameters 

r~if 
rPoi 
rAoi 

rT;,; 

~od 
Efficiency (shift) parameters 

r/J~; 
t/Ro; 
r/JA.oi 

r/JT;,; 
r/JMoi _, 
Other parameters 

IOoiJ 

1'/o 

a]oi 

lf/oi 

µHoi 

A,oi 

tmqod 

Description 

Substitution in the composite value-added function 

Substitution between the composite value-added input and the 
composite intermediate input 

Armington substitution between imports and domestic commodities 

CET substitution between domestic and export markets 

Substitution of imports of different origins 

Income elasticities of demand for commodities 

Share parameter in composite value-added input function 

Share parameter in total cost (production) function 

CES share parameter in level one of the Armington aggregation 
function 

CET share parameter in transformation function 

Share parameters in the second level of Armington aggregation function 

Shift parameter in the composite value-added input function 

Shift parameter in total cost (production) function 

Shift parameter in the first level of Armington function 

Shift parameter in transformation function 

Shift parameter in the second level of Armington aggregation function 

Technical coefficients of intermediate inputs 

Phillips curve parameter 

Cobb-Douglas share parameter (preference) for investment goods 

Budget shares in nested-LES household utility function 

Household subsistence consumption level 

Marginal propensity to save 

Import tariff rate (at the sector and region-to-region level) 

teo Export tax /subsidy rate (at the sector and region-to-region level) iod 

Dynamic Growth Path 
GRWa Initial steady-state labour growth rate 
RRR0 Real rate ofreturn on capital 
TIM Et Time period into the future from base year 2006 
G RWat Growth path for each time period 

a Subscripts i, andj are sets that denote sectors (i,j =l, 2, .... ,23); •subscripts o, d are sets that denote 
regions (o, d =1, 2, .... ,13); ); •subscript/ is a set that denote input factors (f=l, 2, 3); •subscript t is a set 
that denotes time period in years from base year 2006 (t =1, 2, 3 ... , 45). 
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Equation· Description 

Production Block 

( ta~,) Factor 

PVA ") oV,,, 
demand by 

F ADoif = -
1
- ( rf:;r Ol Eq. (A.1) firm 

~ VAD0 t 
t/J~; of 

4 

where L rVaif = 1 where f denotes labour and capital for all sectors, 
/=1 

and stumpa,qe for forestry sector only. 

(1-~;) )~' 
Value-added 
demand 

VADoi = j -
1 I ((1- rI'o, PDoi 

) PVAoi XDo; Eq. (A. 2) 

\ t/Jl'o; I 

(1-~;) Composite 

PVA ") ~. 
intermediate 

IDEoi = I -
1
- I ( rI'o, Ol Eq. (A. 3) input 

P/D. XDoi 
\ t/Po;) 

Ol 

PP0 tXD0 t = PVA0 iVAD0 i + PID0 tlDE0 t Eq. (A.4) Zero profit 
condition for 
the firm 

Household Block 
3 Household 

INC0 = L(PF0 1FAS0 1) + TRMT0 Eq. (A. 5) total gross 

/=1 income 

SAH0 = A0 ; INC0 
Eq. (A. 6) 

Household 
savings 
Household 
disposable 

CBUD0 = INC0 - SAH0 Eq. (A. 7) income 
(budget) after 
tax and 
savings 

23 Household 

SBUD0 = CBUD0 - L PCoi µHoi Eq. (A.8) discretionary 

i=l (supemumera 
ry) budget 

23 Household 

PC0 tCON0 i = PC0 t µ/l0 ; + lf/0 ;CBUD0 - LPcojµHoj Eq.(A. 9) consumption 

j=l demand of 
commodities 

SAT0 = SAH0 + SAF0 Eq. (A.10) Household 
total savings 
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PC0 i/NV0 i = al0 ; SAT0 Eq. (A.11) 
Investment 
demand for 
commodities 

23 13 Total import 

TRMT0 = LL tm0;0d (MOiodPWMOido)EXR0 Eq. (A.12) tariff 

i=1 d=1 revenues 

PF0 r~ 
CP/0 

UNEMP0~ 
FAS01 Unemployme 

-1 = 'lo -1 Eq. (A.13) 
nt level 

PF0t°fi UNEMPa°~ 
(Phillips 

CPI o FAS0 / 
curve) 

0 

where subscript/ denotes labour. 

Lf;1 PCoiCON0 / Consumer 
CPlo = 23 o o Eq. (A.14) price index 

Li=i PC0 i CON0 i 

Market Clearing Block 

23 Market L FADoif = FASor- UNEMPo Eq. (A.15) clearing for 

i=1 labour 
where f denotes labour 

23 Market L F ADoif = F AS0 t Eq. (A.16) clearing for 

i=1 capital 
where f denotes capital 

FADoif = FAS0 r Eq. (A.17) Market 

where f denotes stumpage and i denotes forestry and logging sector clearing for 
stumpage 

23 Market 
Xoi = CON0 i + INV0 i + L f 0 0 ij XDoj Eq. (A.18) clearing for 

j=1 commodities 

Forei2n Trade Block 
(a) Import side 

( raA) Domestic 
VI aA demand for 

1 PX0 i vi domestically 
XDDoi = - ( Y-4,i PDD .) Xoi Eq. (A.19) 

produced t/1A.. . Ot 
Vl goods 

(demand 
side) 

( r~·) aA Domestic 
demand for 

1 PX. Vl 

IMP0 ; = ¢A,,, ( ( 1- yA.,;) PM::) Xo; Eq. (A. 20) composite 
imported 
goods 
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13 

where L 'fMiod = 1 
o=1 

13 

PMdtlMPdi = L ( ( 1 + tmo,od) EXRdPWMOtodMO;od) 
o=1 

PWMOiod = PWEOiod 

(b) Export side 

Eq. (A.27) 

PWEOiod = ( 1 + te0;0d) (E;R ) PE0 i 
0 
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Eq. (A. 22) 

Eq. (A. 23) 

Eq. (A.24) 

Eq. (A. 25) 

Eq. (A. 26) 

Eq. (A.28) 

Eq. (A.29) 

Armington 
CES zero 
profit 
condition 
(cost 
minimization) 
CES 
aggregation 
function of 
imports by 
origins and 
destinations 

Zero profit 
condition of 
aggregated 
imports by 
origins and 
destinations 
World import 
price c.i.f. 
inclusive of 
transportation 
costs 

Domestic 
supply of 
domestic 
output 
(suooly side) 
Export 
demand for 
domestic 
output 

CET zero 
profit 
condition 
(profit 
maximization 
) 

Regional 
aggregated 
exports 

World export 
price f.o.b. 
inclusive of 
export tax or 
subsidy 



23 13 23 13 Regional 

LL (PWMOiodMOiod) = LL (PWEOiodMOido) + SAFd Eq. (A. 30) balance of 

i=l o=l i=l o=l payments 
(foreign 
savings) 

13 Global 

LsAFo = 0 Eq. (A. 31) foreign 

o=l savings 
Artificial Ob_jective Function 

Dummy 
OBJ= 1 Eq. (A. 32) objective 

variable 
Macroeconomic closures 

FAS0 f = FAS0 f 
0 Eq. (A. 33) Exogenously 

fix factor 
endowments 

SAF0 f = SAF0 f 0 Eq. (A.34) Exogenously 
fix foreign 
savings 

PFof = PFof 
0 Eq. (A. 35) Fixing the 

where f denotes labour numeraire for 
all regions 
Fixing 

-- 0 EXR0 = EXR0 Eq. (A. 36) international 

for Canadian provinces only numeraire for 
one region 

Dynamic Growth Path 

0 0 (GRWo) Real rate of 
RRR0 = PF0 f FAS0 f --0 Eq. (A. 37) return on SATO 

capital where subscript/ denotes capital factor 
SAT0 RRR 0 Eq. (A. 38) 

Growth path 
GRWot = PF FAS for each time 

of of 
period where subscript/ denotes capital factor input 
recursive 
loop run 

FAS0 f = (1 + GRW0 t) FAS0 f Eq. (A. 39) Exogenously 
where subscript/ denotes capital factor input fixing capital 

growth path 
dynamic loop 

FAS0 f = (1 + GRI,Vo)FAS0 f Eq. (A.40) Exogenously 
where subscript/ denotes labour factor input fixing labour 

growth path 
dynamic loop 

FAS0 f = FAS0 f 
0 Eq. (A.41) Exogenously 

where subscript/ denotes stumpage in forestry and logging sector fixing 
stumpage 
growth path 
dynamic loop . . .. .. 

Superscript o m a variable denote mittal eqmhbrium level; Subscripts o and dare sets that denote regions 
of origin and destinations (1, 2, .... , 13) respectively (the matrix topology of these is critical in bilateral 
trade equations); Subscripts i and} are sets and aliases that denote sectors of the economy (1, 2, .. , 23) for 
each region;Subscripts/is a set that denotes input factors (capital, labour and stumpage).); asubscript tis a 
set that denotes time period in years from base year 2006 (t =1, 2, 3 ... , 45). 
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CHAPTER4 

ECONOMIC IMPACTS OF CLIMATE CHANGE ON 
AGRICULTURAL CROPS IN CANADA: EXAMINING THE 
EXTENT OF REGIONAL AGGREGATION DIFFERENCES 

USING GLOBAL MULTI-REGIONAL CGE MODELS29 

29This chapter has been submitted as a manuscript to the Canadian Journal of Agricultural Economics 
journal for publication consideration. 
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4.lAbstract 

Economic impact analyses of climate change have often employed multi-regional 

computable general equilibrium (CGE) models where regions are expressed at the 

national level or larger. While this analysis may provide a general sense of how such a 

nation as Canada might fare on average from climate change, it does not account for the 

regional variation (inter-provincial for the case of Canada) of impacts within nations. 

Even more, such analysis may not provide accurate economic impact estimates as it does 

not account for the regional distribution of economic transactions within a nation. To 

investigate potential impact differences between regionally aggregated and disaggregated 

CGE models, we examined the potential economic impact of climate change on 

agricultural crops across Canada (CA), the United States (US), and the rest of the world 

(RW) over the 2006-2051 period using two recursively dynamic, multi-regional CGE 

models. The first was a 3-region (aggregated) model that included CA, US, and RW. The 

second was a 13-region (disaggregated) model that included 11 Canadian provinces and 

territories, US, and RW. Two scenarios were defined for each model, including: (i) a 

baseline (without climate change) scenario where economies grow based on exogenous 

labour force growth rates and endogenous capital investments; and (ii) a climate change 

scenario where the additional impacts of climate change on agricultural crop production 

were incorporated. Results indicated that the aggregated model tended to overestimate the 

GDP, income, exports and total output impacts of climate change relative to the 

disaggregated model. On the other hand, it underestimated the welfare, consumption, 

imports, terms of trade, input expenditures, and agriculture sector output impacts. These 
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findings emphasize the importance of using disaggregated models for economic impact 

analysis of climate change. 

4.2. Introduction 

The agriculture sector plays an important role in Canada's national and provincial 

economies. At the national level in 2010, the sector produced over $50 billion in output 

and directly or indirectly employed over two million people (AAFC 2012; Statistics 

Canada 201 la). In some of the Atlantic and Prairie provinces, the sector has contributed 

nearly 10% of provincial output. The sector is largest in the provinces of Saskatchewan, 

Ontario, and Alberta where provincial output values have exceeded $10 billion ($2006) 

annually. 

While most provincial agricultural sectors have experienced challenges over the 

past few decades with rising costs, depressed commodity prices, and extreme weather 

conditions, there is some indication that agricultural production in many provinces will 

increase in the future as a result of climate change (Weber and Hauer 2003). The driving 

force behind this expected outcome is the projected increase in average annual 

temperature over the next 50+ years which is expected to lengthen the growing season in 

Canada, resulting in increased crop yields (Cline 2007). 

A number of recent studies have quantified potential impact of climate change on 

crop production in Canada. These studies typically employ econometric methods (using 

crop yield or Ricardian value models) to estimate historical influence of climatic 

variables on selected crops (yields or value) in localized geographic areas, and then 

combine the results with general circulation model (GCM) climate predictions to estimate 

climate-induced impacts ( e.g., Cabas et al. 201 O; Almaraz et al. 2008; Bootsma et al. 
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2005; Weber and Hauer 2003). These studies have estimated crop yield increases in the 

range of 1 % to 115%, and crop value increases in the range of 1 % to 38%, depending on 

the type of crop and region of analysis. 

Studies that assess the potential economy-wide impacts of climate change on 

Canadian agriculture are more scant in the literature. A few studies do exist that employ 

global, multi-regional computable general equilibrium (CGE) models, with Canada 

defined as one of the regions. For instance, Zhai et al. (2009) used Cline's (2007) 

estimates of climate change impacts on crop yields in a CGE models and estimated a 

0.2% GDP loss and 0.2% welfare gain for Canada by 2080. Ronneberger et al. (2009) on 

the other hand reported a GDP gain ofless than 0.005% for Canada by 2050 as a result of 

climate-induced changes in agriculture. Furthermore, Reilly et al. (2007) estimated a 

consumption gain of 0.2% from climate change impacts on agriculture and forests by 

2100. In another study by Bosello et al. (2012), the aggregated region of Canada, Japan 

and New Zealand as a whole was projected to experience a GDP loss of 0.3% by 2050 

from such impacts. 

The CGE models studies cited above have either classified Canada as a single 

region or aggregated Canada with other countries into a single region. However, climate 

change impacts in the agricultural sector are expected to vary considerably across 

Canadian provinces and territories (Reins borough 2003; Weber and Hauer 2003 ). 

Therefore, the studies undertaken so far may not appropriately account for regional 

variation in, and vulnerabilities to, climate change in the Canadian agriculture sector. 

Furthermore, such regional aggregation may difference the economic impact estimates as 

it does not account for the regional distribution of economic transactions within a nation. 
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The objective of this study was to investigate the regional distribution of 

economic impacts of climate change on the agriculture sector across Canadian provinces 

and territories and examine the potential aggregation difference if Canadian provinces 

and territories were treated as one region. We conducted our analysis over the 2006-2051 

period using two recursively dynamic, multi-regional CGE models. The first was a 3-

region (aggregated) model that included Canada (CA), the United States (US), and the 

rest of the world (RW). The second was a 13-region (disaggregated) model that included 

11 Canadian provinces and territories, US, and RW. This study is the first to 

systematically assess the potential difference of regional aggregation in assessing 

economy-wide impacts of climate change using CGE models. 

The remainder of this article is as follows. Section 4.3 describes the structure, 

calibration, and simulated scenarios of the CGE models. Section 4.4 presents the results 

of the economic analysis. Finally, in section 4.5, a discussion of the findings, outline of 

some of the limitations and conclusions of thearticle are provided. 

4.3 Methods 

4.3.1 Model specification 

We developed two multi-regional, recursive dynamic CGE models. The first was 

an aggregated 3-region model of CA, US, and RW (AggModel); the second was a 13-

region model comprising the ten provinces of Canada, the territories, US and Rest of the 

World (DisaggModel). The Canadian regions included: Newfoundland and Labrador 

(NL); Prince Edward Island (PE); Nova Scotia (NS); New Brunswick (NB); Quebec 
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(QC); Ontario (ON); Manitoba (MB); Saskatchewan (SK); Alberta (AB); British 

Columbia (BC) and the Territories (Yukon, Northwest, Nunavut, and Enclaves (TR). 

The models were based on traditional neoclassical economic theory and similar to 

recent work by Bezabih et al. (2011), Prasada et al. (2010), Thurlow (2008, 2004), Zhang 

at al. (2005), Lofgren et al. (2002), and Ianchovichina et al. (2001 ). The models were 

deterministic in nature with assumptions of small-open-economies (price takers) and 

constant returns to scale technology for each region. The models were formulated as a set 

of simultaneous linear and non-linear equations, which define: (i) the behaviour of 

economic agents; (ii) market conditions; (iii) macroeconomic balances; (iv) intertemporal 

components; and (v) steady-state economic growth path. Model equations are presented 

in the Appendix. 

In the models, producers were assumed to maximize profits ( defined as the 

difference between revenue earned and the cost of factors and intermediate inputs) 

subject to constant returns to scale technology with three factors of production: labour, 

capital and agricultural land services. Production was specified in a two-level nest 

whereat the top level, a composite of value-added and a composite of intermediateinputs 

are smoothly substitutable in a CES function. At the bottom level, the three primary input 

factors were assumed to substitute smoothly through a CES composite value-added 

function under single primary factor nest (Winchester et al. 2006; Rutherford and Paltsev 

2000). Intermediate inputs on the other hand, were determined by fixed-shares through a 

Leontief function. 

Each region had a representative household who received income from supplying 

factors of production, and from import tariff revenues transferred to them by their 
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domestic governments (Prasada et al. 2010). Supplies of input factors were assumed to be 

fixed within a given time-period. While labour and capital were mobile across sectors, 

land services were specific to the agriculture sector (Zhai et al. 2009).Under the capital 

mobility assumption, firms could move their capital from one industry to another in 

response to different rental rates in the economy (Alavalapati et al. 1998). However, as 

described below, we allowed labour and capital supplies to grow over time, following a 

steady-state growth path as dynamics were introduced into the models ( described below). 

Household savings was assumed to be a fixed proportion of total income as 

determined by the marginal propensity to save. Disposable income for the household was 

defined as total income less savings, which was spent on consumption of commodities. 

The optimal allocation between consumption of commodities by household was through 

maximization of a Stone-Geary Utility function (a Linear Expenditure System (LES) 

function) subject to its disposable income constraint (Zhang et al. 2005; Stone 1954). 

Total savings was defined as the sum of household savings and foreign savings. 

Investment demand was determined by total savings factored by a Cobb-Douglas 

investment preference for each commodity. A Phillips curve was specified in the models 

to introduce unemployment. This explained the wage-unemployment relationship in the 

models using factor prices and supplies, and a Laspeyres consumer price index (CPI). 

Input factor supplies were exogenously determined in any given period. 

Equilibrium in the factor market required that the demand for factors equal the supply. 

Equilibrium in these markets required factor prices to adjust to ensure that demand equals 

supply. However, due to imperfect labour markets, there was unemployment (voluntary 
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or involuntary); therefore, market clearing for labour was relaxed to allow for 

unemployment. 

Equilibrium in the commodities market required that demand for commodities 

equal supply. Aggregate demand for each commodity comprised household consumption 

spending ( consumption, investment and intermediate) on domestic and imported goods. 

Aggregate supply included both domestic production and imported goods. 

With regard to foreign trade, products were differentiated according to their 

region of origin.On the demand (import) side, the domestic consumers discriminated 

between the domestically produced and imported goods in the first level of Armington 

aggregation. In the second level, consumers discriminated between imported goods from 

different regions (assumption of imperfect substitutes). Therefore, the demand between 

domestic and imported goods was determined through a CES Armington specification 

(Armington 1969). The final ratio of imports to domestic goods was determined by the 

cost minimizing decision-making of domestic demanders based on the relative prices of 

domestic goods and imports. This condition ensured that an increase in the domestic

import price ratio caused an increase in the import-domestic demand ratio. In other 

words, the demand shifted away from the more expensive source. 

A zero profit condition was applied in the models such that the total value of 

aggregated imports of a particular good in a given region equaled the total value of 

imports of that good from all other regions destined to that region (based on domestic 

import price factored by world import price, exchange rate and adjusted for any import 

tariffs). The world export price (f.o.b.) of a particular good from a particular region was 
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the same as the world import price (c.i.f.) of the same good in the receiving region from 

the exporting region. 

On the supply (export) side, the domestic outputs delivered to domestic market 

were differentiated from products produced for export by the same sector. That is, 

substitution possibilities also existed between production for the domestic and the foreign 

markets. This decision of producers was governed by a constant elasticity of 

transformation (CET) function, which distinguished between exported and domestic 

goods. 

Profit maximization drove producers to sell in those markets where they could 

achieve the highest returns. This condition ensured that an increase in the export

domestic price ratio caused an increase in the export-domestic demand ratio. In other 

words, the demand shifted towards the higher return source. The total value of the 

aggregated exports of a particular good by a particular region equaled the sum value of 

exports of that good from the region to all other regions (based on domestic export prices 

factored by world export price, exchange rate and adjusted for any export taxes or 

subsidies) .. The export price reflected the price received by the domestic producers for 

selling their output on the foreign market, while the world export price was the f.o.b. 

price that already included export tax/subsidy within. 

Regional balance of payment was achieved by equating aggregate imports with 

aggregate exports plus foreign savings at world prices (Zhang et al. 2005). The global 

trade balance was assumed to be zero to ensure that the values of bilateral trade flows 

were cleared. 
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The models were solved under the 'square matrix condition', requiring that the 

number of endogenous variables equaled the number of equations. To achieve this 

condition, the models closure had to be specified in a way to ensure mathematical 

solvability while reflecting reality and meeting the modeler's needs depending on context 

of the analysis (Lofgren et al. 2002). To achieve this, we exogenously fixed factor 

supplies and regional and global foreign savings while we allowed the exchange rates to 

adjust (with the exception that all Canadian provincial economies have their exchange 

rates tied to one another). The wage rate in each region was exogenously fixed as the 

numeraire price for each region (Zhang et al. 2005). Finally, the zero global foreign 

savings constraint was imposed to ensure that the value of global exports equaled the 

value of global imports. 

4.3.2 Model calibration 

The models were calibrated for 23 sectors in each regional economy. Canada (in 

the AggModel) and the eleven Canadian regions (in the DisaggModel) were calibrated to 

their regional economies in 2006 using data from the Statistics Canada input-output (IO) 

database (Statistics Canada 201 la). The US economy was calibrated for the same period 

using annual industry accounts IO data (USDOC 2011). Finally, the RW economy was 

calibrated using data from the Global Trade Analysis Project (first developed by Hertel 

1997) 2004 baseline IO data, and inflated to 2006. Specifically, an aggregation utility 

(GTAPAgg Package) was used to first aggregate the database into three regions (US, 

Canada and RW) and 23 sectors. We then projected the IO data for the RW to 2006 to 

match the other regions using historical world economic growth rates between 2004 and 
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2006 (World Bank 2011 ), assuming the same inter-industry technical coefficients 

between the years. 

Interregional trade flow data among the regions was established from the 

Canadian side (from which data were available). The interprovincial trade data among 

Canadian regions and their accompanying international trade data were obtained from 

Statistics Canada (Statistics Canada 2011 b ). Then, international trade data from the 

Canadian regions were further disaggregated into those for the US and R W. This was 

achieved in two steps. First, trade data between the Canadian regions and the US were 

obtained from Industry Canada (Industry Canada 2011) and assigned for the bilateral 

trade flows between the Canadian regions and the US. Second, the residual value from 

the international trade portion was assigned to RW. For the AggModel, the provincial 

data were aggregated accordingly for Canada. The regional economies were aggregated 

into 23 sectors at small (S-level) aggregation following the North American Industry 

Classification System (NAICS 2002 version), which was the most detailed and current 

data that could be obtained from Statistics Canada (201 lc) at the time of this study.30 

The three primary input factors defined in the models (capital, labour, and 

agricultural land services) were estimated as follows. Capital was estimated as the sum of 

other operating surplus, indirect taxes on products, subsidies on products, other subsidies 

on production, and other indirect taxes on production less land services expenditures 

(described hereafter). Labour was measured by wages, salaries, and supplementary labour 

30The NAICS 2002 version has 25 sectors. However, we disaggregated manufacturing [31-33] into three 
sectors: wood products manufacturing [321], pulp and paper manufacturing [322] and 'other 
manufacturing' [31-33 except 321 and 322]. We also aggregated five other service sectors into one sector: 
Other services (except public administration) [81]; Operating, office, cafeteria, and laboratory supplies [not 
NAICS defined]; Travel and entertainment, advertising and promotion [not NAICS defined]; 
Transportation margins [not NAICS defmed]; andNon-profit institutions serving households [8131] 
(numbers in parenthesis represent NAICS 2002 codes). For further details on the sectors, see Statistics 
Canada Table 381-0013 (Statistics Canada 201 ld). 

148 



income, in addition to 'mixed income' (i.e., income of unincorporated businesses). 

Agricultural land services were more difficult to define since it was not isolated as an 

input factor in the Canadian and US input-output tables. Therefore, we used factor share 

ratios of value-added in the agriculture sector to isolate associated land services 

expenditures and specified it as factor input for the Canadian regions (Echevarria 1998). 

For US and RW, we used the GTAP database where land was specified as factor input. 

In terms of parameter specifications, elasticities of substitution in the composite 

value-added function, and income elasticities of demand for commodities were obtained 

from Dimaranan et al. (2006). Armington, CET elasticities and import tariffs were 

derived from GTAP database following sectoral aggregation. For simplicity and due to 

lack of region and sector specific (in some cases) data, we assumed the same elasticities 

existed for all regions31
. 

Unemployment rate data for the Canadian regions were obtained from provincial 

labour force survey estimates (Statistics Canada 2011 e ). We estimated mean annual rates 

across all age groups from the seasonally adjusted monthly rates (both sexes). 

Unemployment rate data for the territories were missing; therefore we assumed it was 

similar to the adjacent province, Alberta. For the US, we use the annual average 

unemployment rate, civilian labour force 16 years and over (USDOL 2011 ). Due to lack 

of unemployment rate data for the RW, we assumed a worldwide average rate from 

International Labour Organization (ILO 2011) applied. Labour growth projections were 

31CGE model results are sensitive to key parameters such as elasticities. However, there is little consensus 
among CGE modelers on the magnitude of these elasticities that would be considered 'suitable' under 
various modeling conditions (Arndt et al. 2002; Partridge and Rickman 1998; Shoven and Whalley 1984). 
However, deriving elasticities from primary data for specific regions and circumstances is no mean task 
due to massive data requirements over long-term period. Modelers have tended to rely on elasticities from 
literature and even at times assign their own values using authors' judgment ( e.g., Alavalapati et al. 1998). 

149 



estimated using projected population trends (Alfsen et al. 1996). For the Canadian 

regions, we estimated average annual growth rates (percent) between 2010 and 2036 (the 

furthest point under the category) from the medium growth (M2) projection scenario 

(2006 to 2008 trends) both sexes, all ages category (Statistics Canada, 2011 f), as the 

most representative of future population trends. This was perceived to be a middle

ground estimate between the lowest and highest projected population growth rate trends 

categories. For the US, we used the annual projections from1999 to 2100 from US 

Census Bureau (USCB 2011) and annualized the growth rates. Again for the reasons 

explained earlier, we picked the middle growth series. For the RW, we used the projected 

average annual world population growth rates from 2000 to 2050 (United Nations 2004). 

The CGE models were formulated as static and solved recursively (sequentially) 

over a 45-year (2006-2051) time period. For every period, capital stock in each region 

was updated via a capital accumulation equation which was based on an endogenous 

growth rate as determined by return on capital rate and total savings. Total labour supply 

grew at a constant rate based on population growth rate forecasts (Alfsen et al. 1996), 

which was exogenously specified over time. With this, it was assumed that a growing 

population generated a higher level of consumption demand and therefore increased the 

supernumerary income level of household consumption. Also, the marginal rate of 

consumption for commodities was assumed to remain unchanged over time, meaning that 

new consumers had the same preferences as existing consumers (Thurlow 2008). 

Technological progress was assumed to be labour-augmented, so the models reached a 

steady state in the long run (Zhai et al. 2009). Finally, land services supply in the 
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agriculture sector was exogenously fixed to allow for climate change shocks in the 

agriculture sector. 

4.3.3 Model solutions and simulations 

The models were solved using the General Algebraic Modeling System (GAMS) 

software with a nonlinear programming (NLP) algorithm along with CONOPT3 solver 

(GAMS, 2012; Rosenthal 2012). 

After solving the models for the initial period equilibrium to replicate the 2006 

benchmark IO data, we simulated two economic scenarios, including: (i) a baseline (BL) 

scenario; and (ii) a climate change (CC) scenario. For the BL scenario, we simulated a 

dynamic growth path of the economy (i.e., without climate change impacts on agriculture 

sector) where economies grow based on exogenous labour force growth rates and 

endogenous capital investments. For the CC scenario, we added to the BL scenario the 

additional impacts of climate change on agricultural crops. Here, we changed agricultural 

land services supply according to crop productivity change estimates. 32 

The regional changes in agricultural land services supply considered in the 

climate c4ange simulation were based on estimates from Cline (2007) for US and R W 

regions and Weber and Hauer (2003) for Canadian regions. Specifically, Cline (2007) 

synthesized several studies using Ricardian and production function (crop) models, and 

combined these with leading GCM models climate projections to establish "preferred" 

estimates of climate change impacts on agricultural productivity for more than 100 

32Land services supply in agriculture sector was assumed to be measured in "productivity" units (Darwin et 
al. 1995). We assumed a direct and monotonic relationship between the percentage changes in crop 
productivity and land services supply (Darwin et al. 1995, 1996). 
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counties over the 2003-2080 period. In Weber and Hauer (2003), Ricardian models were 

used to estimate the impacts of climate change on Canadian agriculture across ten 

provinces over the 1995-2051 period. 

Since the analysis by Cline (2007) and Weber and Hauer (2003) employed 

different methods and projected climate change impacts over different time periods, a 

number of adjustments were required to effectively use these estimates in our analysis. 

First, we converted Weber and Hauer's (2003) projected impacts of climate change on 

agriculture productivity (measured as change in land value per hectare) over a 56-year 

period (1995-2051) into annualized percentage change impacts over a 45-year period 

(2006-2051) to match our time-frame of analysis. Second, we took Cline's (2007) 

'preferred' impact estimate for Canada as a whole, the US, and the world as a whole33
, 

measured as a change in agricultural output potential (with carbon fertilization) over a 

77-year period (2003-2080) and proportioned these impacts (i.e., the Ricardian model, 

crop model and 'preferred' estimates) over a 45-year period (2006-2051). Third, we 

adjusted the 45-year provincial Ricardian impact estimates of Weber and Hauer (2003) 

using Cline's (2007) procedure for Canada as a whole to estimate what we call Cline's 

equivalent 'preferred' provincial impact estimates. Because Weber and Hauer (ibid.) did 

not include the territories region of Canada in their analysis, we assumed this region had 

the same climate change impact as the province with the greatest impact because of its 

furthest north (higher latitude) geographic location (Mendelsohn and Reins borough 

2007). Table 4.1 provides the estimated impacts on agricultural crops used for the climate 

change simulation scenario. 

33We used climate change impacts for "World" (i.e., the entire world) from Cline (2007, Table 5.9, pg. 77) 
here to represent "Rest of the World" (i.e., the entire world minus Canada and US) in our case. 
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Table 4.1 Climate change impacts on crops and associated impacts on agricultural 
land services across Canadian regions, the United States, and the rest of the world 

(% change over the 2006-2051 period) 

Im~act on cro~s Impact on 
Region Ricardian• Crop Preferredc agricultural land 

modelsb servicesd 

Newfoundland and Labrador 16 9 6 
Prince Edward Island 15 8 7 
Nova Scotia 23 13 12 
New Brunswick 53 29 16 
Quebec 49 28 24 
Ontario 45 25 21 
Manitoba 134 75 73 
Saskatchewan 152 85 67 
Alberta 112 63 61 
British Columbia 22 12 10 
Territories 152 85 0 
Canada (weighted regional avg) 53 30 23 
United States 12 -2 5 2 
Rest of the World 2 -4 -2 -1 

• Values for Canadian provinces are climate change impacts on agricultural productivity measured as 

change in land value over 56-year period (1995-2051) from Weber and Hauer (2003) (Table 3.3, pg. 172), 

expressed as percentage changes and adjusted for 45-year period (2006-2051 ). Values for United States and 
Rest of the (World) are change in agricultural capacity with carbon fertilization over 77-year period (2003-

2080) from Cline (2007) (Table 5.9, pg. 77), adjusted for 45-year period (2006-2051). 

b Consistent data across the Canadian provinces was not available; values for United States and Rest of the 

(World) are from Cline (2007) as stated above. 

c Values for Canadian regions are estimated using the relationship between 'Ricardian' and 'Preferred' 

values for Canada as a whole, as calculated by Cline (2007). 

d Values are preferred estimates adjusted for share of crops on agriculture sector based on the percentage of 

'grains and other crops' output in the 'agriculture' sector output as defined under NAICS 2002. 

Differences in economic outcomes between the BL and CC scenarios were 

interpreted as the economy-wide impacts of climate change on agricultural crops. 

Specific economic variables assessed in the models under each scenario included: total 

output, GDP, income, household consumption, expenditures on factor inputs, trade, price 

indices, terms of trade index (Laspeyres form),compensating variation34
, and others. In 

this paper, we focused on presenting results associated with GDP, compensating 

34Compensating variation is the amount of income that must be taken away from an individual given a set 
of new prices so that the utility of the individual is the same as it was before price change. Compensating 
variation represents a more accurate estimate of welfare than consumer surplus because the former 
accounts for income effects while the latter does not (Hicks 1939). For more details, see Varian (1999) and 
Fafchamps (2012). 
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variation, income, consumption, imports and exports, terms of trade, expenditures on 

labour and capital, agriculture sector and total regional outputs impact measures. We 

presented current-value GDP trends for both BL and CC scenarios over the 2006-2051 

period in current-value (2006) terms and associated cumulative (2006-2051) economic 

impacts of climate change in present-value (2006) terms, discounted at 4% rate35
. All 

values were in Canadian billion dollar terms. 

4.4 Results 

4.4.1 AggModel 

Cumulative present value economic impacts of climate change on agricultural 

crops (2006-2051) for the 3-region AggModel specification are presented in Table 4.2. 

For present value GDP, both CA and RW experienced gains of2.32% and 0.42%, 

respectively, while US recorded a decline of 1.32%. The GDP gain in CA was largely 

explained by increased investment flows of 1.23% in addition to a 9.52% increase in 

exports and a 7.46% increase in the rental rate of capital. Even though US has positive 

climate change impact on agricultural crops, its negative GDP impacts is due to reduced 

investment flows (-1.07%) and rental rate of capital (-2.48%). On the other hand, RW 

experienced GDP gains despite its negative climate impacts on crop productivity. This 

was mainly attributed to its improved terms of trade by 7 .51 % following a relatively 

larger decline of its imports price (-9.23%) and exports price gains (3.37%). 

35This rate approximated the mean yield on long-term Government of Canada bonds over the 2005-2012 
period (Bank of Canada 2012). 
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Figure 4.1 illustrates GDP trends under the BL and CC scenario for the three 

regions using the AggModel. While CA and US regions exhibited consistent positive and 

negative GDP impacts over time, respectively, RW exhibited negative GDP impacts for 

the first decade and thereafter exhibited positive impacts. 
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Table 4.2 Regional economic impacts of climate change on agricultural crops using the 
AggModel specification ( cumulative % change, 2006-2051, 4 % discounted)8 

Economic measure 
Region Trade Factor in~uts Out~ut 

GDP CVAR Income Cons lm~ort Ex~ort TOT Labour Ca~ital Agr sect Total 
Canada 2.32 -1.28 1.45 -2.65 -2.60 9.52 -10.18 -1.77 -0.60 5.49 -0.98 

United States -1.32 -0.98 -1.21 -1.38 -0.59 2.59 -5.87 -0.08 0.20 -0.11 -2.87 

Rest of the 0.42 -0.08 0.37 0.01 6.70 2.12 7.51 -0.24 0.00 -0.09 1.94 
World 

a CV AR = compensating variation impact measured as a percentage of regional GDP; 
Cons = Household consumption of goods and services; TOT = Terms of trade; Agr sect = Agriculture sector. 



Figure 4.1 Regional GDP projections without (baseline) vs. with climate change 
impacts on agricultural crops over the 2006-2051 period using the AggModel 
specification (undiscounted, $Billion 2006) 
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In terms of welfare ( compensating variation) impacts, all three regions 

experienced present value losses at -1.28%, -0.98% and-0.08% for CA, US and RW, 

respectively, largely resulting from price index increases in all three regions ranging from 

10.25% in CA to 0.18% in US and 0.39% in RW (Table 4.2). Additionally, household 

income gains of 1.45% and 0.37% were realized by CA and RW, respectively, while a 

loss of 1.21 % was realized by US. These impacts largely resulted from regional changes 

in rental rates of capital, which increased 7.46% and 3.00% in CA and RW, respectively, 

while US recorded a reduction of 2.48%. Furthermore, household consumption was 

reduced in both CA and US by -2.65% and -1.21 %, respectively, while RW recorded a 

marginal increase at 0.01 %. These impacts were triggered by increases in composite 

demand prices for both CA and US at 2.29% and 1.75%, respectively, compared to a 

reduction in the same in RW by 9.58%. 

Both CA and US recorded import reductions of 2.65% and 0.59%, respectively, 

arising largely from increased import prices by 2.00% and 1.65%, respectively, while 

R W had a larger import gain of 6. 70% resulting from a reduction in import prices of 

9.23% (Table 4.2). All regions experienced export gains arising from export prices surge 

in their respective regions. Despite export gains in the three regions, only R W recorded 

gains in its terms of trade (at 7.51%) while both CA and US see a reduction in their 

global competitiveness (at -10.18% and -5.87%, respectively). This was largely due to 

imports becoming more expensive in both CA and US while they became less expensive 

in RW compared to exports. 

In terms of input factors, the three regions experienced reductions in labour 

expenditures, largely resulting from factor substitution following the climate-induced 
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changes in agricultural land services (Table 4.2). For capital expenditures, only CA 

recorded a reduction of 0.60% while US gained 0.20% and RW had no impact. The 

relatively greater impacts on the labour input compared to the capital input was largely 

due to imperfect labour markets, where there was additional unemployment created 

(voluntary or involuntary). 

For agricultural sector output, both CA and R W realized changes that were 

proportional and consistent with their climate-induced changes in land services (i.e., a 

sectoral output gain for CA and loss for RW) (Table 4.2). However, US had a negative 

impact on their agricultural sector output (at -0.11 %) despite a positive climate change 

impact on agricultural land services supply ( at 2% ). This result may be attributed to 

reductions in both domestic producer prices and prices of domestic output sold in 

domestic market by more than 9% in the region (while both CA and RW realize price 

gains of up to 1.63%). 

Finally, both CA and US recorded decreases in total output despite climate

induced increases in agricultural land services (Table 4.1 ). These findings were 

influenced mostly by reduced consumer demand following price increases in the two 

regions. On the other hand, RW recorded a 1.94% gain in its total output following 

climate-induced reductions in their agricultural land services largely as a result of 

increased consumption demand in the region. 
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4.4.2 DisaggModel 

Cumulative present value economic impacts of climate change on agricultural 

crops (2006-2051) for the 13-region DisaggModel specification are presented in Table 

4.3. Here, all thirteen regions experienced positive GDP impacts, which were largely 

consistent (though not proportional) with their respective climate change impacts on 

agricultural land services. The exception was RW, which recorded a GDP gain with a 

negative climate change impacts on its agricultural land services. The GDP gain in R W 

largely arises from its enhanced global competitiveness following climate change shocks 

across the regions. Specifically, RW records 16.64% gain in its terms of trade, the highest 

of all regions. 

Some regions (such as NL and BC) recorded higher proportional GDP impacts 

relative to their agricultural land services impacts, and vice versa for other regions (such 

as MB and SK) (Table 4.3). Such disproportional impacts were largely attributed to the 

magnitudes and directions of change of GDP components and their associated price 

adjustments. Particularly critical here were the changes in factor prices which influence 

competiveness in international trade. SK for instance, had one of the greatest land 

services supply gains (67%) from climate change yet it recorded a marginal (0.54%) GDP 

gain, which was largely affected by a 22. 79% reduction on its rental rate of land. BC on 

the other hand, which had a much smaller land services supply gain (10%) recorded 

much larger proportional GDP gains (6.34%) largely because of its factor prices 

increased by more than 8% for both capital and land. Similar arguments explain patterns 

in ON. 
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Table 4.3 Regional economic impacts of climate change on agricultural crops using the 
DisaggModel specification (cumulative% change, 2006-2051, 4% discounted)8 

Economic measure 
Region Trade Factor in~uts Out~ut 

GDP CVAR Income Cons Im~ort Ex~ort TOT Labour Ca~ital Agr sect Total 
Newfoundland 2.47 -0.13 -0.22 -0.23 1.19 7.54 -4.97 -0.03 0.00 -39.45 -11.27 

Prince Edward Island 0.81 -1.11 -0.17 -1.10 2.54 9.09 -2.00 -1.37 -0.10 24.03 2.12 

Nova Scotia 1.40 1.17 0.59 1.17 -2.29 3.79 -6.84 0.64 0.00 0.85 4.50 

New Brunswick 1.51 -0.35 -0.16 -0.38 2.21 10.34 -5.34 -0.24 0.00 49.60 0.60 

Quebec 0.46 0.19 -0.23 0.14 -0.63 5.77 -6.89 0.57 0.12 1.77 -0.71 

Ontario 1.01 -0.57 -0.92 -0.95 10.52 19.60 -4.21 -0.43 0.30 16.69 4.66 

Manitoba 1.33 -0.05 -0.06 -0.33 -1.94 5.06 -5.83 -0.05 -0.02 19.02 -1.44 

Saskatchewan 0.54 -0.45 -0.46 -0.89 -5.78 1.37 -5.92 -0.32 -0.02 8.46 -5.19 

Alberta 2.51 1.85 2.10 1.14 -1.24 5.66 -4.90 -0.05 -0.38 9.43 -3.91 

'"""" British Columbia 6.34 5.59 4.29 10.30 -0.88 7.96 -5.65 3.00 -0.54 -1.85 0.70 
°' '"""" Territories 0.37 -0.08 -0.05 -0.08 -11.03 -8.22 -9.37 -0.02 -0.02 -4.60 -5.51 

United States 0.59 -0.99 0.94 -1.24 7.55 -0.10 10.90 -1.16 -0.21 5.59 0.84 

Rest of the World 0.26 -0.31 -0.49 -0.69 9.76 -2.87 16.64 0.00 -0.02 -3.71 -4.42 
a CV AR = compensating variation impact measured as a percentage of regional GDP; 

Cons= Household consumption of goods and services; TOT= Terms of trade; Agr sect= Agriculture sector. 



GDP trends under both BL and CC scenarios for the 13 regions using the 

DisaggModel are illustrated in Figures 2a and 2b. Here, regions largely exhibited positive 

annual GDP impacts from climate change. Many regions exhibited short periods where 

there were relatively no impacts, and a few regions exhibited a switch from positive to 

negative (or vice versa) impacts over time. 

Welfare (compensating variation) impacts varied among the regions (Table 4.3). 

Only four regions (i.e., NS, QC, AB and BC) realized welfare gains. The highest welfare 

gain of 5.59% in BC was largely a result of a 6.54% decrease in price index in the region, 

the greatest among all the regions. On the other hand, PE had the greatest welfare loss ( -

1.11 % ), largely arising from a price index gain ( 1.41 % ), also the second highest after that 

of US (3.30%). 

Both income and consumption followed the same direction of change in each 

region except for QC and US, where they changed in opposite directions. The same 

impact direction for both variables was largely due to the fact that households' disposable 

income after savings was derived from income accrued from renting factors of production 

to firms. Household savings was modeled as a fixed proportion of total income as 

determined by marginal propensity to save. Therefore, an increase in input factor rental 

rates resulted in an increase in disposable household income. The magnitude and 

direction of impact of income was influenced by changes in factor input following factor 

substitution and their associated rental rates impacts. An important factor affecting 

income and consumption was the initial share of each factor input in the composite value

added. It is because of this that even though both labour and land services inputs decline 
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in US while they increase in BC, both regions still recorded positive income (the rental 

rate of land increase fourfold in US compared to BC). 

Figure 4.2a Selected regional GDP projections without (baseline) vs. with climate 
change impacts on agricultural crops over the 2006-2051 period using the 
DisaggModel specification (undiscounted, $Billion 2006) 
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Figure 4.2b Selected regional GDP projections without (baseline) vs. with climate 
change impacts on agricultural crops over the 2006-2051 period using the 
DisaggModel specification (undiscounted, $Billion 2006) 
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Most of the regions reduced their import demands as they relied more on 

domestic output to meet their composite demand following increased value of 

agricultural land services (Table 4.3). Also, all Canadian regions except TR had increased 

their exports. Despite the export surge, all Canadian regions lost some of their global 

competitiveness to both US and RW, as revealed by their reduced terms of trade and 

gains by the latter two regions. This implied that Canadian regions exports became 

cheaper while their imports became more expensive, in relative terms to those of US and 

RW. 

Most of the regions experienced reductions in both labour and capital input 

expenditures (Table 4.3). This was largely due to factor substitution following positive 

shocks to the agricultural land services factor input. However, as mentioned previously, 

labour impacts were relatively higher (in absolute terms) than capital because of 

imperfect labour markets. 

All the regions exhibited positive agriculture sector output impacts, which were 

largely similar in direction as the climate-induced changes in their agricultural land 

services (Table 4.3). Exceptions included NL, TR, and BC. TR in particular experienced 

negative agriculture sector output even though it had no change in agricultural land 

services due to the climate change impacts in other regions. 

Finally, five of the eleven Canadian regions experienced negative total output 

impacts despite the positive climate-induced changes in their agricultural land services 

(Table 4.3). This was mostly due to declining domestic prices as influenced by 

international market forces through inter-regional trade. NL experienced the largest 
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negative impact of total output (-11.27%), which could be attributed to its negative labour 

growth hence reducing composite value-added over time. 

4.4.3 Comparison of economic impact estimates using AggModel and DisaggModel 

A comparison of Canadian economic impacts between AggModel and 

DisaggModel are presented in Table 4.4. The potential economic impact differences 

associated with regional aggregation in CGE modeling were estimated as the difference 

between AggModel and DisaggModel impacts at the Canadian level. The AggModel 

specification estimated more pessimistic impacts for seven of the eleven economic 

measures reported compared to the DisaggModel specification. Specifically, we found 

that the AggModel produced welfare, consumption, imports, terms of trade, labour, 

capital, and agriculture sector output impact estimates that were lower than the 

DisaggModel. 

On the other hand, the AggModel specification estimated more optimistic Canada

wide impacts for four of the eleven economic measures reported compared to the 

DisaggModel specification (Table 4.4). Specifically, the AggModel produced GDP, 

income, export, and total output impact estimates that were higher than the DissagModel. 

166 



Table 4.4 Comparison of Canadian economic impacts usingAggModel and 
DisaggModel specifications ( cumulative % change, 2006-2051, 4 % discounted)8 

Economic measure AggModel DisaggModel Difference 
(3-regions) (13-regions) associated with the 

AggModel 
{ col. 2 - col. 3} 

GDP 2.32 1.70 0.62 

CVAR -1.28 0.55 -1.83 

Household income 1.45 0.43 1.02 

Household consumption -2.65 0.80 -3.45 

Import -2.6 -0.67 -1.93 

Export 9.52 6.18 3.34 

Terms of trade -10.18 -5.63 -4.55 

Labour -1.77 0.15 -1.92 

Capital -0.6 -0.06 -0.54 

Agriculture sector output 5.49 7.63 -2.14 

Total output -0.98 -1.40 0.42 
a CV AR: represents compensating variation impact measured as a percentage of regional GDP. 

Different impact estimates were also realized under the AggModel specification 

for a majority of variables in US and RW regions. Specifically, in US, the AggModel 

produced GDP, income, consumption, import, terms of trade, agriculture output, and total 

output impact estimates that were more pessimistic and the remainder more optimistic. In 

the RW, however, the AggModel produced imports, terms of trade, and labour impact 

estimates that were more pessimistic and the remainder more optimistic. 

4.5 Discussion and conclusions 

This study has provided a number of findings that are consistent with those found in 

other CGE modeling studies. For instance, we found that the estimated regional GDP 

impacts of climate-induced changes in the agriculture sector were not always 

proportional or similar in direction to their agricultural land services impacts. Zhai et al. 
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(2009) found similar results where Canada had negative GDP impacts despite its climate

induced gains in crop productivity. From our analysis, we determined that foreign rather 

than domestic impacts of climate change on crops often have the largest influence on 

GDP. Generally, the GDP impacts were smaller in percentage change terms than the 

respective change in agricultural land services. This was largely due to the relatively low 

contribution of agricultural sector to the regional economies. Iglesias et al. (2012) found 

similar trends. 

Another finding that was consistent with other literature was that GDP and welfare 

impacts do not necessarily follow a similar direction of change. Often, we found cases 

where there were GDP gains and welfare losses. Zhai et al. (2009) found similar patterns 

between GDP and welfare. This means that even though the economy may expand 

through gains from trade, household welfare ultimately will depend on the net effect of 

combination of changes in factor input demand and prices, and consumer prices. 

In general, our Canada-wide economic impact estimates under both modeling 

frameworks were larger compared to related studies. We estimated GDP impact gains of 

between 1. 70% and 2.32% for Canada over the 2006-51 period, depending on the model 

used. However, Zhai et al. (2009) estimated a GDP loss of 0.2% for the same region. 

Ronneberger et al. (2009) on the other hand found less than 0.005% GDP gains for 

Canada. 

In terms of welfare impacts in Canada, our estimates (-1.28% to 5.59% depending 

on the model used) were also larger than other studies such as Zhai et al. (2009) who 

reported a 0.2% welfare ( equivalent variation rather than compensating variation) gain. 
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For US, our estimated GDP impacts (ranging between-1.32% and 0.59%, 

depending on the model considered) were larger in magnitude compared to Zhai et al. 

(2009) who estimated GDP losses for US to be 0.1 %. Additionally, for RW, our GDP 

impacts (ranging from 0.42 to 0.26) were within those estimated by Iglesias et al. (2012) 

who reported GDP impacts ranging from -0.1 % to 0.15% for various world regions. 

These differences could be attributed to a number of factors including model 

specifications, crop impacts considered, projection time frame considered, and others. 

An important finding of this study that has not been investigated in the literature 

is that a regionally aggregation CGE model tended to produce more optimistic or 

pessimistic economic impact estimates of climate change compared to a regionally 

disaggregated model. We found that regional disaggregation tended to capture individual 

regional uniqueness in terms of economic size, structure, and trade patterns, which 

together play a critical role in regional global competitiveness, general equilibrium 

adjustment mechanisms, and ultimately economic impacts. When regions were 

aggregated they masked these factors and ultimately resulted in different economic 

impact estimates. 36 

A few limitations of this study are worth noting. For instance, we generated 

estimates of regional climate change impacts on agricultural land services from a number 

of sources (i.e., Cline 2007; Weber and Hauer 2003), using various methods. These data 

represents at best only ball-park estimates. Future work needs to be directed toward 

refining these data so that more precise economic impact estimates can be determined. 

36It is important to note here that our disaggregated model still has some level of aggregation of regions 
(i.e., the US and rest of world regions). Therefore, there remains some masking of regional uniqueness. 
Additionally, we cannot say that our disaggregated model performs 'better' than the aggregated model 
since we haven't compared our estimates to a real world scenario. This is an avenue for further research. 
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Another limitation is lack of region/sector-specific data for various parameters 

such as factor substitution elasticities across the regions/sectors. Our use of common 

elasticities across regions should be improved-upon in future studies. 

Finally, while our analysis sheds light on potential economic impacts differences 

from regional aggregation when considering climate change impacts in the agriculture 

sector, it does not account for climate change impacts on other sectors such as forestry 

energy or tourism which may augment the structure of regional economies and thus 

modify any one sector's contribution. Other studies have found these considerations to be 

important (Bigano et al. 2008). Such analysis is the intent of the authors in future work. 

Despite the above limitations, this study illustrates potential differences of economic 

impact estimates of regional aggregation in CGE modeling. It further provides the first 

estimates of provincial, economy-wide impacts of climate change on agricultural crops 

across Canada. The results from this study can be used by CGE modelers in designing 

climate change studies, and as baseline information for policy makers when planning and 

designing provincial climate change adaptation strategies in agricultural sectors in 

Canada and other regions of the world. 
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4.8 Appendix 

CGE model variables, parameters, and equations 

Variable• 

Production Block 
FADoif 
FAS01 
VAD0 i 

IDEoi 
PVA0 i 

PIDoi 
PFof 
PDoi 
PDD0 i 
Xoi 
XDoi 
XDD0 i 
Household Block 
INC0 

SAH0 

CBUD0 

SBUD0 

CON0 i 
SAT0 

INV0 i 

TRMT0 

UNEMP0 

CP/0 

Other Prices Block 

PPoi 
PCoi 
PXoi 
Foreign Trade Block 

Description 

Factor input demand 
Factor supply 
Value-added input demand 
Composite intermediate input 
Value-added tax inclusive input price 
Intermediate input price 
Factor price 
Domestic output producer price (before production tax). 
Consumer price of domestic output sold to domestic markets 
Domestic dales of composite commodities 
Domestic production (output) 
Domestic output delivered to home markets 

Household total gross income 
Household savings 
Household disposable income (budget) after tax and savings 
Household discretionary (supernumerary) budget 
Household consumption demand of commodities 
Household total savings 
Investment demand for commodities 
Total import tariff revenues 
Unemployment level (Phillips curve) 
Consumer price index 

Domestic tax inclusive produceroutput price 
Domestic tax inclusive consumer price 
Composite commodities demand price 

IMP di Composite imports 
EXP0 i Composite exports 
MOiod Imports by d from o 
E Diod Exports by o to d 
PM di Domestic composite imports price 
P Eoi Domestic composite exports price 
PWEDiod World export price f.o.b. inclusive of export tax or subsidy 
PW M Diod World import price c.i.f. inclusive of transportation costs 
SAF0 Regional foreign savings 
GFS Global foreign savings 
EXR0 Exchange rate 
OBJ Dummy objective variable 
a Subscripts i, andj are sets that denote sectors (i,j =l, 2, .... ,23); 8Subscripts o, d are sets that denote 
regions (o, d=I, 2, .... ,13); 8Subscript/ is a set that denote input factors (f=l, 2, 3). 
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Parameter• 

Elasticities of substitution 

~i 

~i 

aAoi 

G'~; 

a]y[oi 

al';,; 
Share parameters 

r~if 
Jl'o; 
rAoi 

r~i 

rMiod 

Efficiency (shift) parameters 

¢~; 
¢Po; 

t/JA.oi 

¢~; 

¢Mai 
Other parameters 

IOoiJ 

'lo 

a]oi 

lfloi 

µHoi 

Ao; 

tmqod 

teoiod 
Dynamic Growth Path and 
Recursive Loop 
GRWo 
RRR0 

TIMEt 
GRW9t 

Description 

Substitution in the composite value-added function 

Substitution between the composite value-added input and the 
composite intermediate input 
Armington substitution between imports and domestic commodities 

CET substitution between domestic and export markets 

Substitution of imports of different origins 

Income elasticities of demand for commodities 

Share parameter in composite value-added input function 

Share parameter in total cost (production) function 

CES share parameter in level one of the Armington aggregation 
function 
CET share parameter in transformation function 

Share parameters in the second level of Armington aggregation 
function 

Shift parameter in the composite value-added input function 

Shift parameter in total cost (production) function 

Shift parameter in the first level of Armington function 

Shift parameter in transformation function 

Shift parameter in the second level of Armington aggregation 
function 

Technical coefficients of intermediate inputs 

Phillips curve parameter 

Cobb-Douglas share parameter (preference) for investment goods 

Budget shares in nested-LES household utility function 

Household subsistence consumption level 

Marginal propensity to save 

Import tariff rate (at the sector and region-to-region level) 

Export tax /subsidy rate (at the sector and region-to-region level) 

Initial steady-state labour growth rate 
Real rate of return on capital 
Time period into the future from base year 2006 
Growth path for each time period recursive loop run 
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Equation 
. 

Description 

Production Block 

( rm:;) PVA ) m:; 
F ADotf = ¢,~, ( rv.,if 

Ol PF VADoi 
of 

4 
Factor demand by 

Where L rV;,if = 1 
firm 

/=1 

Where f = denotes labour, capital; and land for agriculture sector; 

(1-~i) )~' Value-added 

VADoi = I -

1 
j ( ( 1- ~; 

PDoi 
) PVAot XDo, demand 

\¢Po;) 

(1-~i) 
PVA )~' 

Composite 

IDEoi = 1-1 I (~; Ol 

PID. XDoi intermediate input 

\¢Po;) 
Ol 

Zero profit 

PP0 iXD0 i = PVA0 iVAD0 i + PJD0 i/DE0 i 
condition for the 
firm 

Household Block 
3 

INC0 = L (PF0 1FAS0 1) + TRMT0 

Household total 

f=l 
gross income 

SAH0 = A0 ;INC0 
Household savings 

Household 

CBUD0 = INC0 - SAH0 

disposable income 
(budget) after tax 
and savings 

23 Household 

SBUD0 = CBUD0 - L PCoi µ/f0 ; 
discretionary 
( supernumerary) 

i=l budget 

23 Household 

PC0 iCON0 i = PC0 i µ/f0 ; + lf/0 ;CBUD0 - LPC0iµJloj 
consumption 
demand of 

j=l commodities 

SAT0 = SAH0 + SAF0 

Household total 
savings 

PC0 ilNV0 i = al0;SAT0 

Investment demand 
for commodities 

23 13 

TRMT0 = LL tmq0 d (MO iodPW MO ido)EX R0 
Total import tariff 

i=l d=l revenues 
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PF0 1 Ii 
CP/0 

UNEMP0~ 
FAS01 

-1 = 170 -1 Unemployment 

PF0 /1i UNEMPa°~ level (Phillips 

CPI 0 FAS0 / 
curve) 

0 

where subscript f denotes labour 

Lf;1 PC0 iCON0 i0 
Consumer price 

CPio = 23 o o index Li-1 PCoi CONoi 

Market Clearing Block 
23 

L FADoif = FAS01- UNEMP0 
Market clearing for 

i=l labour 

Where f denotes labor 
23 

L FADoif = FAS0 f Market clearing for 

i=l capital 

Where f denotes cavital 
F ADoif = F AS0 1 Market clearing for 
Where f denotes land and i denotes a.ariculture sector land 

23 

Xoi = CONoi + INVoi + L J00 ij XDoj 
Market clearing for 
commodities 

i=l 

Foreie:n Trade Block 
(a) Import side 

(1-aA0;) Domestic demand 

XDD0 i = j -
1- ) ( PX ) a;4,,, for domestically 

~ __ o_i . produced goods '}(i vi PDD. Xo, 
\ r/JA.oi) Ol ( demand side) 

( 1-0-Ao;) aA. 
Domestic demand 

1 ( PX·) "' IMPoi = I - I (1- rAoi)~ Xoi for composite 
r/JA... PM0 , imported goods \ v1 I 

PX0 iXoi = PDD0iXDD0 i + PM0 i/MP0 i Armington CES 
zero profit 
condition ( cost 
minimization) 

( toMm)( ) oMm CES aggregation 
1 rMi PMdi 

MOiod = -- iod IMPdi function of imports 
tpMdi ( 1 + tmqod) EXRdPWMOiod by origins and 

13 destinations 
Where L }/M;od = 1 

"=1 
13 Zero profit 

PM.;IMP•; = L ( ( 1 + tmo,o,1) ExR.PWMo,,,.Mo,,,.) condition of 

0=1 aggregated imports 
by origins and 
destinations 
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PWMOiod = PWEOiod World import price 
c.i.f. inclusive of 
transportation costs 

(b) Export side 

( raT) 1 o1 PPoi a~i Domestic supply of 

XDDoi = - ( Y~i PDD .) XDoi 
domestic output 

t/JT. Ol 
(supply side) 

01 

(1-a~i) aT. 
Export demand for 

1 ( pp ) °' EXPoi = I - I ( 1- r~i )__.£!. XDoi domestic output 
t/JT. PEoi 

\ 01 j 

PP0 iXD0 i = PE0iEXP0 i + PDD0 iXDD0 i CET zero profit 
condition (profit 
maximization) 

13 
/ ( EXRo ) \ 

EXPoi = p~ .I PWEOiodMOiod Regional 
Ol d=l 1 + teoiod aggregated exports 

\ ) 

PWEOiod = ( 1 + teoiod) (E;R ) PE0 i 
World export price 
f.o.b. inclusive of 

0 
export tax or 
subsidy 

23 13 23 13 Regional balance I I (PWMOiodMOiod) =LL (PWEOiodMOidJ + SAFd of payments 

i=1 11=1 ;-1 11-1 ( foreign savings ) 
13 

LsAFo = 0 
Global foreign 
savings 

n-1 

Artificial Objective Function 
OBJ= 1 Dummy objective 

variable 
Macroeconomic closures 

FAS01 = FAS01 
0 Exogenously fix 

factor endowments 

SAF01 = SAF01 
0 Exogenously fix 

foreign savings 

PFof = PFof 0 Fixing the 

Where f denotes labour numeraire for all 
regions 

-- 0 EXR0 = EXR0 
Fixing international 

For Canadian region(s) only numeraire for one 
region 
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Dynamic Growth Path and Recursive Loop 

RRR0 = PF0 / FAS0 / (GRW~ )Where subscript/ denotes capital factor 
Real rate of return on 

SAT0 capital 

GRW0 t = SAToRRRo Where subscript/ denotes capital factor 
Growth path for each 
time period recursive 

PF0 tFAS0 t 
loop run 

FAS0 1 = (1 + GRW0 t) FAS0 1Where subscript/denotes capital factor Exogenously fixing 
capital growth path 
dynamic loop 

F AS0 f = ( 1 + G RW0 ) F AS0 f Where subscript/ denotes labour factor Exogenously fixing 
labour growth path 
dynamic loop 

FAS01 = FAS0 /Where subscript/denotes land services in agriculture sector Exogenously fixing 
land services growth 
path dynamic loop 

a Subscripts i, and} are sets that denote sectors {i,j =1, 2, .... ,23); 8Subscripts o, d are sets that denote 
regions (o, d=l, 2, .... ,13); ); 8 Subscript/ is a set that denote input factors (f=l, 2, 3); 8Subscript t is a set 
that denotes time period in years from base year 2006 (t =1, 2, 3 ... , 45). 

·superscript o in a variable denote initial equilibrium level; Subscripts o and d are sets that denote regions 
of origin and destinations (1, 2, . .13) respectively (the matrix topology of these is critical in bilateral trade 
equations); Subscripts i and} are sets and aliases that denote sectors of the economy (1, 2, .. 23) for each 
region; Subscripts f is a set that denotes input factors ( capital, labour and land). ); 8Subscript t is a set that 
denotes time period in years from base year 2006 (t =1, 2, 3 ... , 45) 
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CHAPTERS 

ECONOMIC IMPACTS OF CLIMATE CHANGE IN CANADA 
CONSIDERING ADDITIVE AND SIMULTANEOUS 

CHANGES IN AGRICULTURE AND FOREST SECTORS: A 
DYNAMIC, MULTI-REGIONAL CGE MODEL ANALYSIS37 

37This chapter has been submitted as a manuscript to the Climate Change Economics journal for publication 
consideration. 
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5.1 Abstract 

Computable general equilibrium (CGE) model analyses of economic impacts 

from climate change have often focused on individual impacted sectors such as 

agriculture. However, such an approach may not provide precise economic impact 

estimates since climate change will affect multiple sectors simultaneously. Furthermore, 

variable aggregate economic impact estimates may result if one were to simply add 

together individual sector impact estimates from different CGE model simulations. To 

investigate extent and nature of the potential differences, we used CGE models to 

compare the economic impacts of additive vs. simultaneous climate-induced changes in 

Canadian and other regions' agriculture and forest sectors over the 2006-2051 period. 

The CGE models used here were dynamic and multi-regional, where Canada was 

disaggregated into its provinces and territories and other regions included the United 

States and the rest of the world. Findings revealed negative additive impact differences in 

a majority of regions for five economic variables including GDP, income, imports, terms 

of trade, capital, and total output. On the other hand, positive additive impact differences 

were found in a majority of regions for four economic variables including welfare, 

consumption, export, and labour. These findings emphasize the importance of 

considering impacted sectors simultaneously when using CGE models to evaluate the 

economic impacts of climate change. 
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5.2 Introduction 

In Canada, agriculture and forestry have played important roles in the country's 

economy. At the national level in 2010, the agriculture sector produced over $50 billion 

in output and directly contributed one in eight jobs, employing over 2 million people 

(Statistics Canada, 201 la; AAFC, 2012). The forest sector contributed a further $54 

billion to national output, directly employed over 230,000 people, and was the country's 

largest net exporter with a balance of trade of over $16 billion (NRCan, 2012). 

It is projected that climate change will continue to produce a strong direct impact 

on both Canadian crops (Cline, 2007) and forests (Kirilenko and Sedjo, 2007). For 

instance, agricultural crops yield in Canada are expected to increase in the range of 1 % to 

115% by 2080, depending on the region and variety considered ( e.g., Cabas et al., 201 O; 

Almaraz et al., 2008; Bootsma et al., 2005; Weber and Hauer, 2003). On the other hand, 

timber supplies in Canada could change in the range of -30.8% to 1.6% by 2080, 

depending on the climate change scenario and region considered (Ochuodho et al., 2012). 

A few studies have estimated the economic impacts of climate change on 

agriculture or forest sectors in Canada using computable general equilibrium (CGE) 

models. For instance, Zhai et al. (2009) estimated a 0.2% GDP loss and 0.2% welfare 

( equivalent variation) gain for Canada by 2080 from climate change impacts in the 

agriculture sector. Ronneberger et al. (2009), on the other hand, reported a GDP gain of 

just under 0.005% for Canada by 2050 from climate-induced changes in the agriculture 

sector. In another study, Ochuodho et al. (2012) estimated a 0.5% to 8% GDP loss for 

Canada by 2080 from climate change in the forest sector, with substantial regional 

variation across the country. 
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While the above-mentioned studies provide important information on the 

sensitivity of the economy to changes in an impacted sector, it may not provide an 

accurate estimate of the economic impacts of climate change in that sector. Specifically, 

since climate change will affect multiple sectors simultaneously, there will be significant 

interaction effects between sectors. This interaction will effectively change the structure 

and growth of the economy over time (IPCC 2007). A focus on estimating economic 

impacts of climate change in a specific sector neglects the interaction effects, and may 

therefore lead to imprecise estimates. Furthermore, if one were to simply add together 

the individual sector impact estimates from different CGE model simulations, different 

economic impact estimates would emerge (Eboli et al., 2010). To properly account for 

such interactions, climate-impacted sectors should be assessed simultaneously within the 

economic modeling framework. Fankhauser and Toi (1996) first vouched for integration 

between different impacts of climate change, a concern later reiterated by Toi et al. 

(2000), Toi (2005), Eboli et al. (2010) and others. 

Recently, there have been a number of studies conducted that assess economic 

impacts of simultaneously-impacted sectors from climate change ( e.g., Eboli et al., 201 O; 

Bigano et al., 2008; Berrittella et al., 2006; Bosello et al., 2004; Jorgenson et al., 2004; 

Kemfort, 2002 ). However, to-date, only two of these studies have compared economic 

impact estimates produced by additive vs. simultaneous sector impact analyses. 

Specifically, Bigano et al. (2008) evaluated the global and regional economic impacts of 

climate-induced changes in sea level and tourism and found that the additive ( or, in their 

terms, disjoint) analysis produced substantially different impacts than the simultaneous 

(or, in their terms, joint) analysis. Similar findings emerged from a study by Eboli et al 
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(2010) who assessed global and regional economic impacts in five climate-impacted 

sectors (agriculture, energy, human health, tourism and sea level rise). In both studies, the 

authors emphasized that differences between additive and simultaneous analysis emerged 

due to the various sector impacts interacting with one another and affecting the 

endogenous growth mechanism in the latter treatment. Since the additive impact analysis 

did not account for these interactions, the associated economic impact estimates produced 

were different. The current research attempts to add to this literature by shedding light on 

the extent of additive difference in the context of a unique set of impacted sectors and 

reg10ns. 

The purpose of this study was to compare economic impact estimates produced by 

CGE models that consider the economic impacts of individual, additive, and 

simultaneous climate-induced changes in Canadian and other regions' agriculture and 

forest sectors. The CGE models used here were dynamic and multi-regional, where 

Canada was disaggregated into 11 provinces and territories and other regions include the 

United States (US) and the rest of the world (RW). Using this framework, the analysis 

was used to shed light on the extent of difference associated with additive (as opposed to 

simultaneous) sector impact analysis. 

The remainder of this article is structured as follows. Section 5.3 on methods 

details how multi-regional CGE models were developed, their specifications and their 

calibration. Section 5 .4 presents the results. Discussion and some conclusions are 

provided in section 5.5. 
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5.3 Methods 

5.3.1 CGE model specification 

We developed three, multi-regional, recursive dynamic CGE models for Canadian 

provinces and territories, US, and RW regions. The first model (Model 1) focused on the 

agriculture sector by incorporating agricultural land services as a primary factor of 

production, the second (Model 2) focused on the forestry and logging sector by 

incorporating stumpage as a primary factor of production, while the last model (Model 3) 

focused on both sectors simultaneously by incorporating both of the above-mentioned 

factors of production. Our models were based on traditional neoclassical economic 

theory and similar to recent work by Iglesias et al. (2012), Zhai et al. (2009), Das et al. 

(2005), and Kitwiwattanachai (2008). The models were deterministic in nature with 

assumptions of small-open-economies (price takers) and constant returns to scale 

technology for each region. The models were formulated as sets of simultaneous linear 

and non-linear equations, which define: (i) the behaviour of economic agents; (ii) market 

conditions; (iii) macroeconomic balances; (iv) intertemporal components; and (v) steady

state economic growth path. Model equations are presented in the Appendix. 

In the models, producers were assumed to maximize profits ( defined as the 

difference between revenue earned and the cost of factors of production and intermediate 

inputs) subject to constant returns to scale technology. Model 1 had three factors of 

production, including labour, capital and agricultural land services. Model 2 also had 

three factors of production, including labour, capital and stumpage. Model 3, on the other 

hand, had four factors of production, including labour, capital, agricultural land services 

and stumpage. 
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In all models, production was specified in a two-level nest whereat the top level, a 

composite of value-added and a composite of intermediate inputs are smoothly 

substitutable in a CES function. At the bottom level, the primary input factors were 

assumed to substitute smoothly through a CES composite value-added function under 

single primary factor nest (Winchester et al., 2006; Rutherford and Paltsev, 2000). 

Intermediate inputs on the other hand, were determined by fixed-shares through a 

Leontief function. 

Each region had a representative household who receives income from supplying 

factors of production, and from import tariff revenues transferred to them by their 

domestic governments following Prasada et al. (2010). Supplies of input factors were 

assumed to be fixed within a given time-period. While labour and capital were mobile 

across sectors, land services were specific to the agriculture sector following Zhai et al. 

(2009) and stumpage was specific to the forestry and logging sector following Chang et 

al. (2012).Under the capital mobility assumption, firms could move their capital from one 

industry to another in response to different rental rates in the economy. However, as 

described below, we allowed labour and capital supplies to be determined following a 

steady-state growth path as dynamics were introduced into the models. 

Household savings was a fixed proportion of total income, as determined by the 

marginal propensity to save. Disposable income for the household was its total income 

less savings, which was spent on consumption of commodities. The optimal allocation 

between consumption of commodities by households was determined through 

maximization of a Stone-Geary Utility function (a Linear Expenditure System (LES) 

function) subject to a disposable income constraint (Stone, 1954). 

190 



Total savings was defined as the sum of household savings and foreign savings. 

Investment demand was determined by total savings factored by Cobb-Douglas 

investment preference for each commodity. The Phillips curve was specified in the 

models to introduce unemployment. This explained the wage-unemployment relationship 

in the models using factor prices and supplies, and a Laspeyres consumer price index 

(CPI). 

Factor supplies were exogenously determined in any given period. Equilibrium in 

the factor market required that the demand for factors equaled the supply. Equilibrium in 

these markets required factor prices to adjust to ensure that demand equaled supply. 

However, due to imperfect labour markets, there was unemployment (voluntary or 

involuntary); therefore, market clearing for labour was relaxed to allow for 

unemployment. 

Equilibrium in the commodities market required that demand for commodities 

equaled supply. Aggregate demand for each commodity comprised household 

consumption spending ( consumption, investment and intermediate) on domestic and 

imported goods. Aggregate supply included both domestic production and imported 

goods. 

With regard to foreign trade, products were differentiated according to their 

region of origin. On the demand (import) side, the domestic consumers discriminated 

between the domestically produced and imported goods in the first level of Armington 

aggregation. In the second level, consumers discriminated between imported goods from 

different regions ( assumption of imperfect substitutes). Therefore, the demand between 

domestic and imported goods was determined through a CES Armington specification 
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(Armington, 1969). The final ratio of imports to domestic goods was determined by the 

cost minimizing decision-making of domestic demanders based on the relative prices of 

domestic goods and imports. This condition ensured that an increase in the domestic

import price ratio caused an increase in the import-domestic demand ratio. In other 

words, the demand shifted away from the more expensive source. 

A zero profit condition was applied in the models such that the total value of 

aggregated imports of a particular good in a given region equaled the total value of 

imports of that good from all other regions destined to that particular region (based on 

domestic import price factored by world import price, exchange rate and adjusted for any 

import tariffs). The world export price (f.o.b.) of a particular good from a particular 

region was the same as the world import price (c.i.f.) of the same good in the receiving 

region from the exporting region. 

On the supply (export) side, the domestic outputs delivered to domestic market 

were differentiated from products produced for export by the same sector. That is, 

substitution possibilities also existed between production for the domestic and the foreign 

markets. However, producers only differentiated output sold in domestic and foreign 

markets (i.e. they did not differentiate exports by destination). The export decision of 

producers was governed by a constant elasticity of transformation (CET) function, which 

distinguished between exported and domestic goods. Profit maximization drove 

producers to sell in those markets where they could achieve the highest returns. This 

condition ensured that an increase in the export-domestic price ratio caused an increase in 

the export-domestic demand ratio. In other words, the demand shifted toward the higher 

return source. The total value of the aggregated exports of a particular good by a 
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particular region equaled the sum value of exports of that good from the region to all 

other regions (based on domestic export prices factored by world export price, exchange 

rate and adjusted for any export taxes or subsidies). The export price reflected the price 

received by the domestic producers for selling their output on the foreign market, while 

the world export price was the f.o.b. price that already included export tax/subsidy 

within. 

Regional balance of payments was achieved by equating aggregate imports with 

aggregate exports plus foreign savings at world prices. The global trade balance was 

constrained to zero to ensure that the values of bilateral trade flows were cleared. 

A CGE model must be solved under the "square matrix condition", where the 

number of endogenous variables must equal the number of equations. To achieve this 

condition, the models closure has to be specified in a way to ensure mathematical 

solvability while reasonably reflecting reality and meeting the modeler's needs depending 

on context of the analysis (Lofgren et al. 2002). To achieve this, we exogenously fixed 

factor supplies and regional and global foreign savings while allowing exchange rate to 

adjust (with the exception that all Canadian provincial economies have their exchange 

rates tied to one another). The wage rate in each region was exogenously fixed as the 

numeraire price for each region. A zero global foreign savings constraint was imposed on 

the models to ensure that the value of global exports equaled the value of global imports. 
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5.3.2 Model calibration 

The models were calibrated to 13 regions of the global economy each with 23 

sectors defined using baseline 2006 input-output data. Canada was divided into 11 

regions including ten provinces (Newfoundland and Labrador, NL; Prince Edward Island, 

PE; Nova Scotia, NS; New Brunswick, NB; Quebec, QC; Ontario, ON; Manitoba, MB; 

Saskatchewan, SK; Alberta, AB; British Columbia, BC) and the Territories (Yukon, 

Northwest, Nunavut, and Enclaves, TR). The other two regions included US and RW. 

The eleven Canadian regions were calibrated to their regional economies in 2006 using 

data from the Statistics Canada input-output (IO) database (Statistics Canada, 201 la). 

The US economy was calibrated using annual industry accounts IO data (USDOC, 2011). 

Finally, the RW economy was calibrated using data from the Global Trade Analysis 

Project (GTAP 7) 2004 baseline IO data (first developed by Hertel, 1997). 

An aggregation utility (GT AP Agg Package) was used to first aggregate the 

database into three regions (US, Canada and R W) and 23 sectors. We then projected the 

IO data for the RW to 2006 to match the other regions using historical world economic 

growth rates between 2004 and 2006 (World Bank, 2011 ), assuming the same technical 

coefficients between years. 

Interregional trade flow data among the 13 regions was established from the 

Canadian side from which data were available. The interprovincial trade data among 

Canadian regions and their accompanying international trade data were obtained from 

Statistics Canada (Statistics Canada, 2011 b ). Then, international trade data from the 

Canadian regions were further disaggregated into those for the US and RW. This was 

achieved in two steps. First, trade data between the Canadian regions and the US were 
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obtained from Industry Canada (Industry Canada, 2011) and assigned for the bilateral 

trade flows between the Canadian regions and the US. Second, the residual value from 

the international trade portion was assigned to RW. The regional economies were 

aggregated into 23 sectors at small (S-level) aggregation following the North American 

Industry Classification System (NAICS 2002 version), which was the most detailed and 

recent data available from Statistics Canada (201 lc) at the time of this study.38 

The four primary factors of production defined in the models were estimated as 

follows. Capital was estimated as the sum of other operating surplus, indirect taxes on 

products, subsidies on products, other subsidies on production, and other indirect taxes on 

production less land services expenditures (described hereafter). Labour was measured by 

wages, salaries, and supplementary labour income, in addition to 'mixed income' (i.e., 

income of unincorporated businesses). Agricultural land services were more difficult to 

define since it was not isolated as an input factor in the Canadian and US input-output 

tables for the agriculture sector, but rather included in the finance, insurance, real estate 

and rental and leasing sector. Therefore, we used factor share ratios of value-added in the 

agriculture sector to isolate associated land services expenditures and specified it as 

factor input for the Canadian regions following Echevarria, (1998). For US and RW, we 

used the GTAP database where land was specified as factor input. Finally, stumpage was 

more difficult to define since it was not isolated as an input factor in the Canadian and 

US input-output tables. Stumpage payments for Canadian regions were embedded in 

38The NAICS 2002 version has 25 sectors. However, we disaggregated manufacturing [31-33] into three 
sectors: wood products manufacturing [321], pulp and paper manufacturing [322] and 'other 
manufacturing' [31-33 except 321 and 322]. We also aggregated five other service sectors into one sector: 
Other services (except public administration) [81]; Operating, office, cafeteria, and laboratory supplies [not 
NAICS defined]; Travel and entertainment, advertising and promotion [not NAICS defined]; 
Transportation margins [not NAICS defmed]; and Non-profit institutions serving households [8131] 
(numbers in parenthesis represent NAICS 2002 codes). For further details on the sectors, see Statistics 
Canada Table 381-0013 (Statistics Canada, 201 ld). 
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Statistics Canada's input-output tables for the forestry and logging sector, under 'other 

operating surplus' which is a component of capital (G. Jelinic, Statistics Canada, personal 

communication, 20 April 2011 ). Therefore, to isolate stumpage payments, we used total 

revenues from the sale of timber from provincial Crown stumpage data (National 

Forestry Database, 2011) as the input value and subtracted it from other operating surplus 

in the forestry and logging sector (Chang et al., 2012). For US and RW, the 'Natural 

resources' input factor within the GTAP 7 Database was assumed to represent stumpage 

payments in the forestry and logging sector. 

In terms of parameter specifications, elasticities of substitution in the composite 

value-added function, and income elasticities of demand for commodities were obtained 

fromDimaranan et al. (2006). Armington, CET elasticities and import tariffs were derived 

from GTAP database following sectoral aggregation. For simplicity and due to lack of 

region and sector specific (in some cases) data, we assumed the same elasticities existed 

for all regions39
. 

Unemployment rate data for the Canadian regions were obtained from provincial 

labour force survey estimates (Statistics Canada, 2011 e ). We estimated mean annual rates 

across all age groups from the seasonally adjusted monthly rates (both sexes). 

Unemployment rate data for the territories were missing; therefore we assumed it was 

similar to an adjacent province (Alberta). For the US, we use the annual average 

unemployment rate, civilian labour force 16 years and over (USDOL, 2011). Due to lack 

39CGE models results are sensitive to key parameters such as elasticities. However, there is little consensus 
among CGE modelers on the magnitude of these elasticities that would be considered 'suitable' under 
various modeling conditions (Shoven and Whalley, 1984; Partridge and Rickman, 1998; Arndt et al., 2002). 
However, deriving elasticities from primary data for specific regions and circumstances is no mean task 
due to massive data requirements over long-term period. Modelers have tended to rely on elasticities from 
literature and even at times assign their own values using authors' judgment (e.g., Alavalapati et al., 1998). 
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of unemployment rate data for the RW, we assumed a worldwide average rate from 

International Labour Organization (ILO, 2011) applied. 

Labour growth projections were estimated using projected population trends 

(Alfsen et al., 1996). For the Canadian regions, we estimated average annual growth rates 

(percent) between 2010 and 2036 (the furthest point under the category) from the 

medium growth (M2) projection scenario (2006 to 2008 trends) both sexes, all ages 

category (Statistics Canada, 2011 f), as the most representative of future population 

trends. This was perceived to be a middle-ground estimate between the lowest and 

highest projected population growth rate trends categories. For the US, we use the annual 

projections from1999 to 2100 from US Census Bureau (USCB, 2011) and annualized the 

growth rates. Again for the reasons explained earlier, we picked the middle growth series. 

For the RW, we use the projected average annual world population growth rates from 

2000 to 2050 (United Nations, 2004). 

The CGE models were formulated as static and solved recursively (sequentially) 

over 45-year (2006-2051) time period. For every period, capital stock in each region was 

updated via a capital accumulation equation which was based on an endogenous growth 

rate determined by the return on capital and total savings. Total labour supply was 

assumed to grow at a constant rate based on population growth rate forecasts (Alfsen et 

al., 1996), which was exogenously specified over time. Here, it was assumed that a 

growing population generated a higher level of consumption demand and therefore 

increased the supernumerary income level of household consumption. Also, the marginal 

rate of consumption for commodities was assumed to remain unchanged over time, 

meaning that new consumers had the same preferences as existing consumers (Thurlow, 

197 



2008). Technological progress was assumed to be labour-augmented, so the models 

reached a steady state in the long run (Zhai et al., 2009). Finally, land services supply in 

the agriculture sector, and stumpage in forestry sector (in the appropriate models), were 

exogenously fixed to allow for shocks in the sectors. 

5.3.3 Models solution and simulations 

The equations of each model were solved using the General Algebraic Modeling 

System (GAMS) software with a nonlinear programming (NLP) algorithm along with 

CONOPT3 solver (GAMS, 2012; Rosenthal, 2012). 

After solving the models for the initial period equilibrium to replicate the 2006 

benchmark input-output data, we simulated two main economic projections, including: (i) 

a baseline projection (BLP); and (ii) a climate change projection (CCP). For the BLP, we 

simulated a dynamic growth path of the economy (i.e., without climate change impacts 

shocks on both agriculture and forestry sectors) where economies grow based on 

exogenous labour force growth rates and endogenous capital investments. For the CCP, 

we simulated three scenarios of climate change impacts, one for each model, including: 

(i) climate change impacts on the agriculture sector, where we changed agricultural land 

services supply according to crop productivity change estimates in Model J4°; (ii) climate 

change impacts on the forest sector, where we changed stumpage supply according to 

stumpage supply change estimates in Model 2; and (iii) climate change impacts on the 

agriculture and forest sector, where we simultaneously changed agricultural land services 

~and services supply in the agriculture sector was assumed to be measured in "productivity" units 
(Darwin et al., 1995). We assumed a direct and monotonic relationship between the percentage changes in 
crop productivity and land services supply (Darwin et al., 1995; 1996). 
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and stumpage according to respective crop productivity and timber supply estimates in 

Model 3. 

The regional changes in agricultural land services supply considered in the 

climate change simulation were based on estimates from Cline (2007) and Weber and 

Hauer (2003). Specifically, Cline (2007) synthesized several studies using Ricardian and 

production function (crop) models, and combines these with leading general circulation 

models (GCM) climate projections to establish "preferred" estimates of climate change 

impacts on agricultural productivity for more than 100 counties, including Canada over 

the 2003-2080 period. In Weber and Hauer (2003), a Ricardian model was used to 

estimate impacts of climate change on Canadian agriculture across ten provinces over the 

1995-2051 period. 

Since the analysis by Cline (2007) and Weber and Hauer (2003) employed 

different methods and projected climate change impacts over different time periods, a 

number of adjustments were required to effectively use these estimates in our analysis. 

First, we converted Weber and Hauer (2003) projected impacts of climate change on 

agriculture productivity (measured as change in land value per hectare) over a 56-year 

period (1995-2051) into annualized percentage terms impacts over a 45-year period 

(2006-2051) to match our analysis timeframe. Second, we took Cline's (2007) 'preferred' 

impact estimate for Canada as a whole, the US, and the world as a whole41
, measured as 

change in agricultural output potential (with carbon fertilization) over a 77-year period 

(2003-2080) and proportioned these impacts (Ricardian, crop models and 'preferred' 

estimates) over a 45-year period (2006-2051). Third, we adjusted the 45-year provincial 

41We use climate change impacts for "World" (entire world) from Cline (2007, Table 5.9, pg. 77) here to 
represent "Rest of the World" (entire world minus Canada and US) in our case, which may not be very 
representative. 

199 



Ricardian impact estimates of Weber and Hauer (2003) using Cline's (2007) procedure 

for Canada as a whole to estimate what we call Cline's equivalent 'preferred' provincial 

impact estimates. Because Weber and Hauer (2003) left out the territories region of 

Canada, we assume this region has same climate change impact as the province with the 

greatest impact because of its furthest north (higher latitude) geographic location 

(Mendelsohn and Reinsborough, 2007). 

In estimating climate change impacts on stumpage supply for the Canadian 

regions, we followed methods and procedures by Ochuodho et al. (2012). Ochuodho et 

al. (ibid.) estimated cumulative climate change impacts on stumpage supply impacts over 

a 70-year period (2010-2080) in Canada. The total stumpage supply impacts were from 

changes to forest productivity, losses to forest fires, and losses to forest pests. In this 

study, we however considered a 45-year projection (2006-2051). To do this, we 

annualized the 70-year impacts to estimate 45-year impacts, assuming a linear trend. We 

summed the impacts from the three sources under high climate change (A2) (IPCC, 

2000), optimistic scenario (Ochuodho et al., 2012). We chose the A2 optimistic scenario 

for ease of models runs and solvability under our scenarios. 

Due to lack of consistent data and incompatibility, climate change impacts on 

stumpage supply for US and R W were estimated using a different procedure. First, we 

estimated percentage stumpage supply impacts from Lee and Lyon (2004 ), Perez-Garcia 

et al. (2002), and Sohngen et al. (2001 ). Then, we normalized the impacts to 45-year 

projection by annualized estimates then got their average. Table 1 provides the estimated 

climate change impacts on both agricultural crops and timber supply (stumpage) used to 

shock the models under CCP. 
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Table 5.1 Regional climate change impacts on agricultural 
land services and stumpage(% change, 2006-2051) 

Region 

Newfoundland 
Prince Edward Island 
Nova Scotia 
New Brunswick 
Quebec 
Ontario 
Manitoba 
Saskatchewan 
Alberta 
British Columbia 
Territories 
United States 
Rest of the World 

Agriculture Sector 
(land services) 

6 
7 

12 
16 
24 
21 
73 
67 
61 
10 
0 
2 

-1 

Forest Sector 
(stumpage)8 

-1.8 
-0.3 
-0.3 
-0.3 
2.8 
1.2 

-6.1 
-6.3 

-10.0 
-4.4 
-7.7 
14.9 
16.6 

8 lmpacts for high climate change (A2), optimistic scenario (Ochuodho et al. 2012). 

Differences in economic outcomes between the BLP and CCP in Models 1, 2, and 

3 were interpreted as the economy-wide impacts of climate change in the agriculture 

sector, the forest sector, and the simultaneous agriculture and forest sectors, respectively. 

Specific economic variables assessed in the models included sectoral and total output, 

GDP, income, consumption, investment, expenditures on factor inputs, trade, prices, 

price index, terms of trade index (Laspeyres form),compensating and equivalent 

variation, and others. In this paper, we focused on presenting results associated with 

GDP, compensating variation, trade, expenditures on labour and capital, output 

(agriculture sector, forestry sector, and total) impact measures. We presented results both 

graphically over time and using tables with cumulative (2006-2051) present-value (2006 
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dollars) percentage changes, discounted at 4%42
. All values were in Canadian billion 

dollar terms. 

To shed light on the potential additive impact difference, we added together the 

economic impact estimates associated with Model 1 and Model 2 and compared these to 

those of Model 3 (simultaneous impacts). The difference between the additive vs. 

simultaneous economic impact estimates were interpreted as the extent of additive impact 

difference when considering climate-induced changes in these two sectors. 

5.4 Results 

In Model 1, a majority of regions (i.e., PE, NS, NB, QU, SK, AB, and TR) 

experienced GDP gains (Table 5.2, column 3) along with their associated climate

induced changes in agricultural land services (Table 5.1). However, some regions (i.e., 

NL, ON, MB, BC and US) experienced GDP reductions despite increased agricultural 

land services. Furthermore, one region (i.e., R W) experienced a GDP gain despite a 

reduction in agricultural land services. Similar outcomes were observed for welfare 

(Table 5.2, column 3), income and consumption (Table 5.3, column 3), trade (Table 5.4, 

column 3), input expenditures (Table 5.5, column 3), and aggregate output (Table 5.6, 

column 2) where variables did not always change in the same direction or magnitude as 

agricultural land services. The range of impacts across the variables and regions were 

largely dependent on relative changes in prices, factor input demands, and international 

trade factors. 

42This rate approximates the mean yield on long-term Government of Canada bonds over the 2005-2012 
period (Bank of Canada, 2012). 
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In Model 2, a majority of the regions experienced GDP impacts (Table 5.2, 

column 4) which were opposite to their associated climate-induced changes in stumpage 

(Table 5.1). For instance, many regions (i.e., NL, PE, NS, SK, and BC) recorded GDP 

gains with stumpage reductions. On the other hand, both ON and US experienced GDP 

reductions despite stumpage increases. The remaining regions recorded GDP impacts that 

followed the same direction as their stumpage changes. In this category, both QC and 

R W experienced GDP gains following stumpage increases, while the remaining regions 

(NB, MB, AB, and TR) experienced GDP reductions following stumpage decreases. 

Similar patterns of mixed outcomes were observed for other economic variables 

including welfare (Table 5.2, column 4), income and consumption (Table 5.3, column 4), 

trade (Table 5.4, column 4), input expenditures (Table 5.5, column 4), and aggregate 

output (Table 5.6, column 3) where variables did not always change in the same direction 

or magnitude as agricultural land services. Again, the range and direction of impacts 

across the variables and regions were largely driven by relative changes in prices, factor 

input demands, and international trade factors. 

In Model 3, most of the regions experienced GDP gains (Table 5.2, column 6) 

with associated climate-induced changes in agricultural land services and stumpage 

(Table 1 ), with the exception of ON and Atlantic Canadian provinces (i.e., NL, PE, NS, 

and NB). The GDP reductions in the Atlantic regions were particularly significant given 

that the regions had among the lowest climate change impacts in both agriculture and 

forestry sectors. Similar outcomes were observed for welfare (Table 5.2, column 6) and 

income/consumption (Table 5.3, column 6) where a majority ofregions experienced 
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welfare, income and consumption gains (with the exceptions of PE, NS, NB, and TR for 

most of these variables). 

A majority of regions also experienced improved terms of trade under Model 3 

(Table 5.4, column 6) with associated climate-induced changes in agricultural land 

services and stumpage, with the exception of the Atlantic Canadian regions (NL, PE, NS, 

and NB). This implied that a majority of the regions were able to purchase imports at 

relatively cheaper costs compared to the income they derived from their exports. In terms 

of input expenditures impacts, again all the regions except the Atlantic Canadian regions, 

TR and US experienced increases in labour expenditures (Table 5.5, column 6). Due to 

factor substitution, both regional labour and capital impacts were of opposite signs except 

in the US where both declined. Finally, aggregate output declined in most of the regions 

except QC, MB, SK, AB, and RW (Table 5.6, column 5). 

The extent of the additive vs. simultaneous impact differences was substantial 

(Column 7, Tables 5.2-5.5; and Column 6, Table 5.6). Specifically, the additive impact 

estimates for GDP (Table 5.2, Column 5) tended to be more pessimistic (more negative 

or less positive) for a majority of regions when compared with the simultaneous impact 

estimates (Table 2, Column 6), with the exception of five (i.e., NL, PE, NS, QC, and 

AB). Therefore, the additive GDP impact estimates tended to exhibit mostly negative 

differences (Table 5.2, Column 7). Similar negative additive impact differences emerged 

for income, imports, terms of trade, capital, and total output in a majority of regions 

(Tables 5.3, 5.4, and 5.5, Column 7; Table 5.6, Column 6), with the exception of income 

in six regions (i.e., PE, NS, NB, QU, AB, and TR), imports in five regions (NF, PE, NS, 
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TR, and US), terms of trade in one region (i.e., US), capital in four regions (i.e., On, MB, 

US, RW), and total output in six regions (i.e., NL, PE, NS, QC, BC, and TR). 

Welfare impact estimates produced by additive impact analysis (Table 5.2, 

Column 5), on the other hand, tended to be more overly (more positive or less negative) 

in a majority of regions when compared with the simultaneous impact estimates (Table 

5.2, Column 6), with the exception of six (i.e., NL, MB, SK, BC, US, and RW). As such, 

these additive impact estimates tended to exhibit mostly positive differences (Table 5.2, 

Column 7). Similar positive additive impact differences emerged for consumption, 

export, and labour in a majority ofregions (Tables 5.3, 5.4 and 5.5, Column 7), with the 

exception of consumption in five regions (i.e., NF, MB, SK, US, and RW), exports in six 

regions (i.e., NB, ON, MB, SK, US, RW), and labour in five regions (i.e., MB, SK, BC, 

US, and RW). 
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Table 5.2 Regional GDP and welfare ( compensating variation, or CV AR) impacts of climate 
change on forest and agriculture sectors (cumulative% change, 2006-2051, 4% discounted)* 

Variables Additive vs. 
Model 1: Model 2: Additive Model 3: Simultaneous 

Agriculture Forest Impact Simultaneous Impact 
Sector Impact Sector Impact (columns 3+4) Impact• Difference 

( columns 5-6} 
GDP -0.32 3.23 2.91 -6.75 9.66 

Newfoundland 
CVAR -0.14 -0.84 -0.98 0.42 -1.40 

Prince Edward GDP 7.38 1.25 8.63 -4.48 13.11 
Island CVAR 11.07 1.47 12.54 -5.89 18.43 

GDP 2.68 1.95 4.63 -2.60 7.23 
Nova Scotia 

CVAR 6.23 -5.17 1.06 -10.79 11.85 
GDP 0.70 -6.78 -6.09 -2.30 -3.79 

New Brunswick 
CVAR -0.07 -0.60 -0.67 -3.46 2.79 

N GDP 4.22 5.44 9.66 4.99 4.66 0 
O'\ Quebec 

CVAR 6.50 0.65 7.15 3.77 3.38 
GDP -1.56 -10.34 -11.91 -1.60 -10.31 

Ontario 
CVAR 8.35 -4.49 3.86 0.51 3.35 

CVAR compensating variation as a% of GDP. 
•climate change impacts applied to agriculture and forest sectors simultaneously. 



Table 5.2 (Cont.) Regional GDP and welfare (compensating variation, or CVAR) impacts of climate 
change on forest and agriculture sectors (cumulative% change, 2006-2051, 4% discounted)* 

Variables Additive vs. 
Model 1: Model 2: Additive Model 3: Simultaneous 

Agriculture Forest Impact Simultaneous Impact 
Sector Impact Sector Impact (columns 3+4) Impact• Difference 

( columns 5-6} 
GDP -1.97 -2.64 -4.61 2.54 -7.15 

Manitoba 
CVAR -1.05 -2.07 -3.12 0.59 -3.71 
GDP 2.43 0.85 3.28 4.47 -1.19 

Saskatchewan 
CVAR -10.58 -1.00 -11.59 1.99 -13.58 
GDP 12.25 -3.05 9.20 8.47 0.73 

Alberta 
CVAR 6.23 4.70 10.92 2.93 7.99 

British GDP -7.06 2.43 -4.63 2.09 -6.72 
N 

Columbia 0 CVAR 0.01 3.66 3.67 4.08 -0.42 .....J 

GDP 4.81 -7.41 -2.60 1.28 -3.88 
Territories 

CVAR 12.58 -3.01 9.57 -0.89 10.46 
GDP -4.06 -1.84 -5.89 0.26 -6.16 

United States 
CVAR -2.24 1.19 -1.05 0.48 -1.53 

Rest of the GDP 0.28 2.12 2.40 4.86 -2.47 
World CVAR -4.33 -3.86 -8.20 1.26 -9.46 
CVAR compensating variation as a% of GDP. 

•climate change impacts applied to agriculture and forest sectors simultaneously. 



Table 5.3 Regional income and consumption impacts of climate change on agricultural 
cro~s and stum~age ( cumulative % change, 2006-2051, 4 % discounted} 
Region Variables Additive vs. 

Model 1: Model 2: Additive Model 3: Simultaneous 
Agriculture Forest Impact Simultaneous Impact 

Sector Impact Sector Impact ( columns 3+4) Impact• Difference 
{columns 5-6} 

Income -1.17 -0.20 -1.37 0.01 -1.38 
Newfoundland 

Consumption -0.14 -1.39 -1.54 6.18 -7.72 

Prince Edward Income 7.14 0.64 7.78 -4.87 12.65 
Island Consumption 12.24 0.67 12.91 -7.35 20.25 

Income 3.22 -2.64 0.58 -5.39 5.97 
Nova Scotia 

Consumption 6.80 -4.83 1.97 -14.37 16.33 

Income 0.40 -0.45 -0.05 -1.81 1.76 
New Brunswick C . 

onsumpt10n -0.32 -1.52 -1.85 -6.07 4.22 
N Income 4.75 1.02 5.76 3.94 1.83 0 
00 Quebec 

Consumption 8.91 1.51 10.43 3.49 6.94 

Income 1.70 -3.19 -1.49 0.69 -2.18 
Ontario 

Consumption 16.57 -10.26 6.31 -1.08 7.38 
• Climate change impacts applied to both agriculture and forest sectors simultaneously. 



Table 5.3 (Cont.) Regional income and consumption impacts of climate change on 
Agricultural crops and stumpage ( cumulative % change, 2006-2051, 4 % discounted) 

Region Variables Additive vs. 
Model 1: Model 2: Additive Model 3: Simultaneous 

Agriculture Forest Impact Simultaneous Impact 
Sector Impact Sector Impact ( columns 3+4) Impact• Difference 

( columns 5-6} 
Income -2.88 -2.11 -4.99 0.91 -5.90 

Manitoba 
Consumption -1.70 -3.01 -4.71 -1.12 -3.59 
Income 0.79 1.35 2.14 2.21 -0.06 

Saskatchewan 
Consumption -13.94 -2.40 -16.35 5.65 -21.99 

Income 12.38 1.06 13.44 3.21 10.23 
Alberta 

Consumption 12.68 1.19 13.87 4.85 9.02 

British Income -0.74 1.73 0.99 3.85 -2.86 
Columbia Consumption -3.78 4.29 0.51 0.43 0.08 

N 
Income 0 5.36 -2.33 3.04 -1.14 4.17 

\0 Territories 
Consumption 15.32 -4.36 10.96 -0.87 11.83 
Income -1.88 -0.58 -2.46 1.15 -3.62 

United States 
Consumption -3.02 2.46 -0.56 0.09 -0.65 

Rest of the Income -2.08 -1.57 -3.65 1.87 -5.52 
World Consumption -7.24 -4.72 -11.96 2.15 -14.11 

a Climate change impacts applied to both agriculture and forest sectors simultaneously. 



Table 5.4 Regional trade impacts of climate change on agricultural 
crops and stumpage( cumulative o/o change, 2006-2051, 4 % discounted) 

Region Variables Additive vs. 
Model 1: Model 2: Additive Model 3: Simultaneous 

Agriculture Forest Impact Simultaneous Impact 
Sector Impact Sector Impact ( columns 3+4) Impact• Difference 

(columns 5-6} 

Imports -2.03 1.97 -0.06 -5.95 5.89 

Newfoundland Exports 2.17 6.42 8.59 -5.45 14.05 

Terms of trade 0.18 -7.03 -6.85 -1.78 -5.06 

Imports 4.31 -1.64 2.66 -4.47 7.13 
Prince Edward 

Exports 8.45 Island 10.51 18.96 -6.58 25.54 

Terms of trade 2.97 -10.64 -7.68 -4.79 -2.88 

Imports -1.09 5.49 4.40 -3.24 7.64 

Nova Scotia Exports -0.78 18.12 17.34 -5.07 22.41 
N Terms of trade 3.35 -5.01 -1.65 -0.03 -1.62 -0 Imports -0.78 -9.72 -10.50 -2.87 -7.63 

New Brunswick Exports -1.89 -4.36 -6.24 -0.08 -6.17 
Terms of trade 1.80 -12.49 -10.69 -1.90 -8.79 

Imports -0.90 7.54 6.65 7.20 -0.55 

Quebec Exports -1.62 18.31 16.69 8.82 7.88 

Terms of trade 4.50 -4.86 -0.37 2.31 -2.68 

Imports -4.59 -19.45 -24.04 -0.85 -23.19 

Ontario Exports -12.58 -13.54 -26.12 1.29 -27.41 

Terms of trade 7.42 -16.11 -8.68 0.32 -9.01 
a Climate change impacts applied to both agriculture and forest sectors simultaneously. 



Table 5.4 (Cont.) Regional trade impacts of climate change on agricultural 
crops and stumpage( cumulative % change, 2006-2051, 4 % discounted) 

Region Variables Additive vs. 
Model 1: Model 2: Additive Model 3: Simultaneous 

Agriculture Forest Impact Simultaneous Impact 
Sector Impact Sector Impact ( columns 3+4) Impact• Difference 

{ columns 5-6} 
Imports -2.88 -3.96 -6.84 5.81 -12.65 

Manitoba Exports -2.02 3.78 1.75 5.75 -4.00 
Terms of trade 0.12 -11.63 -11.51 2.19 -13.71 

Imports -7.02 -2.87 -9.89 5.83 -15.72 
Saskatchewan Exports -2.78 3.14 0.36 3.57 -3.21 

Terms of trade 1.27 -7.64 -6.38 3.22 -9.60 
Imports 9.32 -1.84 7.48 15.51 -8.03 

Alberta Exports 11.87 4.29 16.17 8.19 7.98 
N 

Terms of trade ...... 6.46 -8.58 -2.13 5.60 -7.72 ...... 
Imports -8.32 2.75 -5.56 -0.59 -4.97 

British 
Exports 

Columbia -9.38 10.94 1.56 -3.28 4.84 
Terms of trade -2.28 -8.47 -10.76 3.65 -14.41 
Imports 8.71 -7.80 0.91 0.80 0.11 

Territories Exports 15.08 -3.72 11.37 4.72 6.65 
Terms of trade -3.40 -3.32 -6.72 11.18 -17.90 

Imports 9.00 -3.19 5.81 4.37 1.44 
United States Exports -1.95 -7.20 -9.15 -5.18 -3.97 

Terms of trade 17.00 -1.77 15.22 1.66 13.56 
Imports 14.60 6.18 20.78 31.09 -10.31 

Rest of the 
World 

Exports -5.84 1.70 -4.14 0.58 -4.72 
Terms of trade 19.70 8.63 28.33 36.93 -8.60 

• Climate change impacts applied to both agriculture and forest sectors simultaneously. 



Table 5.5 Regional input expenditures impacts of climate change on agricultural 
crops and stumpage( cumulative % change, 2006-2051, 4 % discounted) 
Region Variables Additive vs. 

Model 1: Model 2: Additive Model 3: Simultaneous 
Agriculture Forest Impact Simultaneous Impact 

Sector Impact Sector Impact ( columns 3+4) Impact• Difference 
{ columns 5-6} 

Labour 1.70 -2.58 -0.88 -1.48 0.60 
Newfoundland 

Capital -0.04 0.02 -0.02 0.03 -0.04 

Prince Labour 6.30 0.57 6.87 -2.09 8.96 
Edward Island Capital -0.30 -0.07 -0.37 0.37 -0.74 

Labour 2.78 -3.50 -0.72 -5.40 4.68 
Nova Scotia 

Capital -0.02 0.00 -0.02 0.04 -0.06 

New Labour -0.38 -0.62 -1.00 -2.51 1.51 
Brunswick Capital -0.01 0.00 -0.01 0.00 -0.01 

N Labour 3.03 -0.16 2.88 1.78 1.10 1--l 

N Quebec 
Capital -0.30 -0.12 -0.41 -0.33 -0.09 
Labour 6.47 -3.97 2.50 0.03 2.47 

Ontario 
Capital 1.36 -0.31 1.05 -0.25 1.30 

a Climate change impacts applied to both agriculture and forest sectors simultaneously. 



Table 5.5 (Cont.) Regional input expenditures impacts of climate change on agricultural 
crops and stumpage( cumulative % change, 2006-2051, 4 % discounted) 

Region Variables Additive vs. 
Model 1: Model 2: Additive Model 3: Simultaneous 

Agriculture Forest Impact Simultaneous Impact 
Sector Impact Sector Impact ( columns 3+4) Impact• Difference 

{ columns 5-6) 
Labour 0.21 -1.22 -1.01 0.46 -1.47 

Manitoba 
Capital 0.72 0.30 1.03 -0.14 1.16 

Labour -9.03 -2.22 -11.25 1.14 -12.39 
Saskatchewan C . 

1 ap1ta -1.53 -0.33 -1.86 -0.16 -1.70 

Labour 0.27 0.89 1.17 0.31 0.86 
Alberta 

Capital -2.43 -0.01 -2.44 -1.01 -1.43 

British Labour -1.52 -0.28 -1.80 0.10 -1.91 
Columbia Capital -0.35 -0.89 -1.24 -0.84 -0.40 

N 
Labour ~ 5.03 -1.20 3.83 -0.09 3.92 w Territories 
Capital -0.44 0.31 -0.13 0.29 -0.42 

Labour -0.89 0.25 -0.64 -0.46 -0.18 
United States 

Capital 0.18 0.07 0.25 -0.13 0.38 

Rest of the Labour -1.77 -2.05 -3.82 0.24 -4.05 
World Capital 0.06 -0.02 0.04 -0.22 0.26 

a Climate change impacts applied to both agriculture and forest sectors simultaneously. 



Table 5.6 Regional total output impacts of climate change on agricultural 
crops and stumpage( cumulative % change, 2006-2051, 4 % discounted) 

Additive vs. 
Region Model 1: Model 2: Additive Model 3: Simultaneous 

Agriculture Forest Impact Simultaneous Impact 
Sector Impact Sector Impact (columns 2+3) Impact• Difference 

{columns 4-5} 
Newfoundland -1.86 2.46 0.60 -0.61 1.21 
Prince Edward Island 8.19 -0.74 7.46 -3.36 10.81 
Nova Scotia 2.02 0.18 2.21 -5.27 7.47 
New Brunswick -1.88 -4.13 -6.01 -3.53 -2.47 
Quebec 3.85 4.04 7.89 4.55 3.34 
Ontario 4.18 -12.50 -8.32 -1.63 -6.69 
Manitoba -5.00 -2.07 -7.06 1.84 -8.90 
Saskatchewan -12.11 -1.26 -13.37 9.55 -22.92 
Alberta 4.98 -0.63 4.35 10.38 -6.03 

N British Columbia -7.94 9.46 1.53 -0.70 2.23 ...... 
~ Territories 9.69 -6.49 3.20 -2.62 5.82 

United States -5.53 -0.37 -5.89 -0.36 -5.53 
Rest of the World -3.33 0.72 -2.61 5.08 -7.69 

a Climate change impacts applied to both agriculture and forest sectors simultaneously. 



5.5 Discussion and conclusions 

In this analysis, we used dynamic, multi-regional CGE models to estimate the 

economy-wide economic implications of climate change in agriculture and forest sectors 

across Canadian and other regions, and also illustrated the potential differences between 

additive vs. simultaneous sector impact analyses. Specifically, we found that the additive 

impact estimates were lower than the simultaneous impact estimates in a majority of 

regions for five of our economic variables including GDP, income, imports, terms of 

trade, capital, and total output. On the other hand, we found that the opposite result 

occurred in a majority of regions for four economic variables including welfare, 

consumption, export, and labour. In eleven of thirteen regions (85%) considered, the 

difference between the GDP impacts in the additive vs. simultaneous impact analysis was 

larger than 2%. Bigano et al. (2008) found similar results in eight of sixteen regions 

(50%) in their analysis of climate-induced changes in sea level rise and tourism. The 

disparity between these two studies could be attributed to many factors including 

differences in the climate-impacted sectors considered, the CGE model and parameters 

specified, the projected timeframe of the analysis, the discount rate employed, and others. 

Eboli et al (2010) also found that the economic impacts from the simultaneous Goint) 

analysis was not a simple sum of the individual (disjoint) analyses, and argued that the 

interactions among the individual sector impacts significantly affected the endogenous 

growth mechanism. 

Regional global competitiveness played critical role in determining extent and 

direction of impacts in the simultaneous analysis. The more competitive regions tended to 
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gain more international market share to expand their outputs, while the reverse was the 

case with the less competitive regions. In this case, SK, AB and RW, came out as strong 

competitors in the global market while Atlantic Canada regions {NL, PE, NS, and NB) 

tended to be outcompeted. 

From this study we conclude that there is appreciable interaction between 

different sectors ( agriculture and forestry in our case) in a simultaneous CGE analysis of 

climate change. Simultaneous sector analysis therefore gives what can be termed as 

theoretically improved impact estimates when compared to those produced by additive 

sector analysis.43 However, some limitations remain. For instance, in our simulations, we 

used various sources of literature to define the regional climate change impacts on both 

agricultural land services and stumpage which in themselves were estimated using a 

range of methods. Future research needs to be directed towards more common 

biophysical impact estimates of climate change in the two sectors across regions to obtain 

improvements in the scenario design. Additionally, since we have not considered the full 

range of sectors affected by climate change such as tourism, sea level rise, health, energy, 

and others, our estimates remain "incomplete". Future work is needed to assess the 

biophysical impacts in these sectors across the Canada and integrate them ( along with 

estimates in other countries) into the CGE modeling framework. 

Despite the limitations, this study has showcased a reason for caution in 

interpreting individual and additive sector studies focused on climate change impact 

analysis. Further it underpins the fact that climate change effects are not sector specific 

43 We cannot say that the simultaneous sector analysis gives us 'better' estimates since we did not compare 
our model results to any real world scenario. This is an avenue for further research. 
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but rather affects many sectors of the economy, which can be accounted-for using a 

multi-regional model. 
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5.8 Appendix 

General presentation of CGE models variables, parameters, and equations 

Variable• 

Production Block 
FADoif 
FAS01 
VADoi 
IDEoi 
PVA0 i 
PIDoi 
PFof 
PDoi 
PDD0 i 
Xoi 
XDoi 
XDD0 i 
Household Block 
/NCO 
SAH0 

CBUD0 

SBUD0 

CON0 i 
SAT0 

INV0 i 

TRMT0 

UNEMP0 

CP/0 

Other Prices Block 
PPoi 
PCoi 
PXai 
Foreign Trade Block 

Description 

Factor input demand 
Factor supply 
Value-added input demand 
Composite intermediate input 
Value-added tax inclusive input price 
Intermediate input price 
Factor price 
Domestic output producer price (before production tax). 
Consumer price of domestic output sold to domestic markets 
Domestic dales of composite commodities 
Domestic production (output) 
Domestic output delivered to home markets 

Household total gross income 
Household savings 
Household disposable income (budget) after tax and savings 
Household discretionary (supernumerary) budget 
Household consumption demand of commodities 
Household total savings 
Investment demand for commodities 
Total import tariff revenues 
Unemployment level (Phillips curve) 
Consumer price index 

Domestic tax inclusive produceroutput price 
Domestic tax inclusive consumer price 
Composite commodities demand price 

IMP di Composite imports 
EXP0 i Composite exports 
M Oiod Imports by d from o 
E Oiod Exports by o to d 
PM di Domestic composite imports price 
P E0 i Domestic composite exports price 
PWEOiod World export price f.o.b. inclusive of export tax or subsidy 
PWMOiod World import price c.i.f. inclusive of transportation costs 
SAF0 Regional foreign savings 
GFS Global foreign savings 
EXR0 Exchange rate 
OBJ Dummy objective variable 
a Subscripts i, andj are sets that denote sectors (i,j =l, 2, .... ,23); 8Subscripts o, d are sets that denote 
regions (o, d=l, 2, .... ,13); 8Subscript/ is a set that denote input factors (f=l, .. , 4). 
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Parameter• 

Elasticities of substitution 

~; 

(J'~i 

aAo; 

(J'~i 

a}Joi 

(J'~i 

Share parameters 

r~if 
Y~; 

rAo; 

Efficiency (shift) parameters 

¢~; 
t/JPo; 
¢Ao; 

t/J~; 
¢Mo; 

Other parameters 

I00 iJ 

'lo 

a]oi 

lf/o; 

µHoi 

Joi 

tmo;od 

Dynamic Growth Path and 
Recursive Loop 

Description 

Substitution in the composite value-added function 

Substitution between the composite value-added input and the 
composite intermediate input 
Armington substitution between imports and domestic commodities 

CET substitution between domestic and export markets 

Substitution of imports of different origins 

Income elasticities of demand for commodities 

Share parameter in composite value-added input function 

Share parameter in total cost (production) function 

CES share parameter in level one of the Armington aggregation 
function 
CET share parameter in transformation function 

Share parameters in the second level of Armington aggregation 
function 

Shift parameter in the composite value-added input function 

Shift parameter in total cost (production) function 

Shift parameter in the first level of Armington function 

Shift parameter in transformation function 

Shift parameter in the second level of Armington aggregation 
function 

Technical coefficients of intermediate inputs 

Phillips curve parameter 

Cobb-Douglas share parameter (preference) for investment goods 

Budget shares in nested-LES household utility function 

Household subsistence consumption level 

Marginal propensity to save 

Import tariff rate ( at the sector and region-to-region level) 

Export tax /subsidy rate ( at the sector and region-to-region level) 

GRWa Initial steady-state labour growth rate 
RRR0 Real rate of return on capital 
TIM Et Time period into the future from base year 2006 
GRW9t Growth path for each time period recursive loop run 
a Subscripts i, andj are sets that denote sectors (i,j =l, 2, .... ,23); 8Subscripts o, d are sets that denote 
regions (o, d=l, 2, .... ,13); 8Subscript/ is a set that denote input factors (/=I, .. , 4). 8Subscript t is a set 
that denotes time period in years from base year 2006 (t =I, 2, 3 ... , 45). 
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Equation* 

Production Block 

4 

Where L ~if = 1 
/=1 

Where f = denotes labour and capital for all sectors, 
agricultural land services and stumpage for agriculture and 
forestry sectors only, respectively 

IDE0 i = 

Household Block 

3 

INC0 = L (PF01FAS01) + TRMT0 

/=1 

CBUD0 = INC0 - SAH0 
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(1) 

(2) 

(3) 

(4) 

(5) 

(7) 

Description 

Factor demand 
by firm 

Value-added 
demand 

Composite 
intermediate 
input 

Zero profit 
condition for 
the firm 

Household total 
gross income 

Household 
savings 

Household 
disposable 
income 
(budget) after 
tax and savings 



23 

SBUD0 = CBUD0 - I PCoi µHoi 
i=l 

23 

PC0 tCON0 i = PC0 i µH0 ; + lf/0 ; CBUD0 - I PCoj µJ!oj 
j=l 

SAT0 = SAH0 + SAF0 

23 13 

TRMTo =LL tmoiod (MOiodPWMOido)EXRo 
i=l d=l 

UNEMP0 / 

/ FAS01 

----- - 1 = 'lo 
PFo/ J 

-------1 
UNEMP0 O / 

/ CP/0 ° 
where subscript/ denotes labour 

Market Clearing Block 

23 

L FADoif = FAS0f - UNEMP0 

i=l 

Where f denotes labour 

23 

L FADoif = FAS0f 
i=l 

Where f denotes capital 

/FAS0 / 
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(8) 

( 9) 

(10) 

(11) 

(12) 

(13) 

(14) 

(15) 

(16) 

Household 
discretionary 
(supernumerary 
) budget 
Household 
consumption 
demand of 
commodities 

Household total 
savings 

Investment 
demand for 
commodities 

Total import 
tariff revenues 

Unemployment 
level (Phillips 
curve) 

Consumer price 
index 

Market clearing 
for labour 

Market clearing 
for capital 



FADoif = FAS01 (17) Market clearing 
for stumpage 

Where f denotes stumpage and i denotes forestry and logging sector 

F ADoif = F AS01 

Where f denotes land and i denotes agriculture sector 

23 

Xoi = CONoi + INVoi + L f00 ij XDoj 
j=l 

Forei2n Trade Block 
(a) Import side 

( 

)(

1- aA0 ;) .A 

1 PX . a.110; 

XDDoi = -- ( yAo; PD~i .) Xoi 
;/.,1 . Ol 
vu-io, 

13 

Where L yM;od = 1 
o=l 

13 

PMd;IMPdi = L ( ( 1 + lmO;od) EXRdPWMOwdMOtod) 
o=l 

PWMOiod = PWEOiod 

231 

(18) Market clearing 
for agricultural 
land services 

Market clearing 
(19) for 

(20) 

(21) 

(22) 

(23) 

commodities 

Domestic 
demand for 
domestically 
produced goods 
( demand side) 

Domestic 
demand for 
composite 
imported goods 

Armington CES 
zero profit 
condition ( cost 
minimization) 

CES 
aggregation 
function of 
imports by 
origins and 
destinations 

Zero profit 
condition of 

(24) aggregated 
imports by 
origins and 
destinations 
World import 

(25) price c.i.f. 
inclusive of 
transportation 
costs 



(b) Export side 

( toTo;) T . 
Domestic 

1 PP . a. oi supply of 
XDDoi = -- ( yToi PD~'.) XDoi (26) domestic output 

t/JT. Ol (supply side) 01 

( t aT.; ) aT Export demand 
1 pp. 01 

EXPoi = ¢To; ( ( 1- yT0;) PE::) XD0i (27) for domestic 
output 

CET zero profit 
PP0 iXD0 i = PE0 iEXP0 i + PDD0 iXDD0 i (28) condition 

(profit 
maximization) 

EX Poi = p~ f ( ( EX Ro ) PWEOwdMOiod) (29) Regional 
Ol d=l 1 + f eOiod aggregated 

exports 

World export 

PWEOiod = ( 1 + teoiod) (E;R ) PEoi (30) 
price fo.b. 
inclusive of 

0 

export tax or 
subsidy 

23 13 23 13 Regional 

LL (PWMOiodMOiod) =LL (PWEOiodMOidJ + SAFd 
balance of 

(31) payments 
i=l o=l i=l o=l ( foreign savings 

) 

13 

LsAFo = 0 (32) 
Global foreign 
savings 

n:1 

Artificial Ob.iective Function 
OBJ= 1 (33) Dummy 

objective 
variable 

Macroeconomic closures 

FAS01 = FAS01 0 (34) 
Exogenously 
fix factor 
endowments 

-- 0 
SAF01 = SAF01 (35) 

Exogenously 
fix foreign 
savings 

Fixing the 
-- 0 
PF01 = PF0 1 where f denotes labour (36) numeraire for 

all regions 
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-- 0 
EXR0 = EXR0 (37) Fixing 

For Canada international 
numeraire 

Dynamic Growth Path and Recursive Loop 

RRR0 

0 o(GRWo) (38) 
Real rate of 

= PF0f FAS0f --0 return on capital SAT0 

Where subscript/ denotes capital factor 

SAT0 RRR0 
Growth path for 

GRWot = PF FAS (39) each time 
of of period recursive 

Where subscript/ denotes capital factor input loop run 

Exogenously 

FAS0f = (1 + GRW0 t) FAS0f (40) fixing capital 
Where subscript/ denotes capital factor input growth path 

dynamic loop 
Exogenously 

FAS0f = (1 + GRWa)FAS0f (41) fixing labour 
Where subscript/ denotes labour factor input growth path 

dynamic loop 
Exogenously 

FAS0f = FAS0f 
0 (42) fixing stumpage 

Where subscript/ denotes stumpage in forestry and logging sector growth path 
dynamic loop 
Exogenously 

FAS0f = FAS0f 
0 (43) fixing land 

Where subscript f denotes land services in agriculture sector services growth 
path dynamic 
loop 

·superscript O in a variable denote initial equilibrium level; Subscripts o and dare sets that denote regions 
of origin and destinations (1, 2 ... , 13) respectively (the matrix topology of these is critical in bilateral trade 
equations); Subscripts i andj are sets and aliases that denote sectors of the economy (1, 2, .. , 23) for each 
region;Subscripts/is a set that denotes input factors (capital, labour, land and stumpage).); 8Subscript tis a 
set that denotes time period in years from base year 2006 (t = 1, 2, 3 ... , 45). 
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CHAPTER6 

GENERAL CONCLUSIONS 
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6.1 Introduction 

This dissertation has presented a comprehensive analysis of the economic impacts 

of climate change in both agriculture and forestry sectors across Canada and other 

regions of the world. Specific contributions included: (i) estimating the potential 

economic impacts of climate change and adaption in the forest sector across Canadian 

and other world regions (Chapters 2, 3, and 5); (ii) estimating the potential economic 

impacts of climate change in the agricultural sector across Canadian and other world 

regions (Chapters 4 and 5); and (iii) evaluating the extent of several potential 

differences associated with alternative economic impact modeling strategies when using 

CGE models, including single-region and multi-regional models (Chapter 3), regionally 

aggregated and regionally disaggregated models (Chapter 4), and single-sector/additive

sector and simultaneous sector impacts (Chapter 5). These analyses have been novel and 

have filled several critical research gaps identified in the literature. 

6.2 Summary of important findings 

Key findings of the analyses in this dissertation included the following: (i) the 

physical and economic impacts of climate change across Canadian forest and agriculture 

sectors could be substantial and varied across Canada's regions; (ii) regional 

disaggregation of regions in a CGE model tended to better capture individual regional 

uniqueness in terms of economic size, structure, and trade patterns, which together play a 

critical role in determining regional global competitiveness, general equilibrium 

adjustment mechanisms, and ultimately economic impact estimates; (iii) single-region 
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CGE models generally produce economic impact estimates that are more conservative 

(i.e., lower in an absolute sense) relative to a preferred, multi-regional model. Explicit 

international trade specifications in the multi-regional model play a key role for the 

relatively higher impact estimates from the same climate change scenario relative to 

single-region models; and (iv) single-sector and additive-sector economic impact 

analyses generally produce economic impact estimates that are more pessimistic (i.e., less 

positive or more negative) relative to those in a simultaneous sector analysis. 

The knowledge generated from this research will help guide researchers working 

on climate change impact assessments using CGE models improve their modeling 

specifications so that economic impact differences can be minimized. Additionally this 

research will help governments and policy makers make more informed decisions as they 

strive to understand, mitigate, and adapt to climate change at various levels. 

6.3 Limitations of the study and future research directions 

While this dissertation has attempted to comprehensively examine the economic 

impacts of climate change in agriculture and forest sectors in Canadian and other world 

regions, the analyses identified some limitations that provide opportunities for 

improvements in future work. While some of these limitations have been addressed 

within this research, others remain. For instance, in Chapters 2 and 3, quantitative 

estimates of climate change impacts and adaptation on regional timber supplies, which 

were needed as inputs in the CGE model, did not exist. Rather, qualitative information 

from the literature was used as a starting point, and ad hoc methods and expert opinion 

were used to estimate the biophysical impacts. As such, a more scientific approach is 
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needed where a biophysical model is used to directly quantify the regional timber supply 

impacts of climate-induced changes on forest productivity, and fire and pest outbreaks 

and also assess the effectiveness of adaptation options. This would require the combined 

use of general circulation models, forest growth and yield models, pest and fire 

simulation models, and forest management models for each region. In addition, since 

most of Canada's forest is managed by provincial governments, each with their own set 

of forest objectives and financial circumstances, a detailed analysis would be required of 

how these factors would be implemented in the models to estimate timber harvest 

schedules for each region. 

Data availability was also an issue in Chapter 4 where the regional climate 

change impacts on agricultural land services were generated from a number of sources 

using various methods to analyze crop yields. These data represented at best only ball

park estimates. Future work needs to be directed toward refining these data so that more 

precise economic impact estimates can be determined. While such analyses described 

above for crop and timber supplies would represent a significant challenge, it is urgently 

needed to better understand climate change impacts and adaptation options in Canadian 

agriculture and forest sectors. 

A number of limitations remain with the CGE modeling specifications used in this 

dissertation. For instance, a major limitation in Chapter 2 was the use of static, single

region CGE models. This economic modeling approach did not explicitly take into 

account changes in industry structures over time, or the indirect economic impacts in 

Canada from climate change effects forests in other regions of the world. Specifically, 

with regard to industry structure, the static CGE models that were calibrated to 2080, 
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assumed the same economic structure (i.e., technical coefficients remained constant) over 

time, as calibrated to the year 2004. This method, which has been used by others to 

similarly undertake their climate change impact analysis, may introduce difference in the 

estimates since economic structures are known to change over time as a result of 

technological and/or resource constraint changes. As such, the estimates presented in that 

chapter may not be accurate. These issues were largely dealt with in Chapter 3. 

A further limitation in Chapters 2, 3, and 4 is that while the analyses shed light 

on potential economic impacts of climate-induced changes in an individual sector, they 

did not account for climate change impacts on other sectors simultaneously. While this 

limitation was somewhat addressed in Chapter 5, where economic impacts of climate 

change considering individual, additive, and simultaneous changes in agriculture and 

forest sectors in Canada was studied, there remain other climate-affected sectors such as 

tourism, energy, health, and others that were not considered. Including these other sectors 

in the analysis is an area of future research. 

Generally, sensitivity analysis of key parameters in this study such as elasticities, 

labour growth rates, and real rate of return on capital could be a potential topic for future 

research. 

Overall, this dissertation has provided unique insights into advantages, pitfalls, 

and differences associated with the various CGE modeling specifications and scenarios. 

It is the intent of this author to continue to improve upon the modeling specifications to 

help policy makers improve their understanding of the economic impacts from climate 

change impacts and adaptation. 
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