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Abstract 

Climate change is expected to have marked impacts on forest ecosystems. In Ontario 

forests, this includes changes in tree growth, stand composition and disturbance regimes, 

with expected impacts on many forest-dependent communities, the bioeconomy, and other 

environmental considerations. In response to climate change, renewable energy systems, 

such as forest bioenergy, are emerging as critical tools for carbon emissions reductions and 

climate change mitigation. However, these systems may also need to adapt to changing 

forest conditions. Therefore, the aim of this research was to estimate changes in forest 

growth and forest cover in response to anticipated climatic changes in the year 2100 in 

Ontario forests, to ultimately explore the sustainability of bioenergy in the future. Using the 

Haliburton Forest and Wildlife Reserve in Ontario as a case study, this research used a 

spatial climate analog approach to match modeled Haliburton temperature and 

precipitation (via Fourth Canadian Regional Climate Model) to regions currently exhibiting 

similar climate (climate analogs). From there, current forest cover and growth rates of core 

species in Haliburton were compared to forests plots in analog regions from the US Forest 

Service Forest Inventory and Analysis (FIA). This comparison used two different emission 

scenarios, corresponding to a high and a mid-range emission future. This research then 

explored how these changes in forests may influence bioenergy feasibility in the future. It 

examined possible volume availability and composition of bioenergy feedstock under 

future conditions. This research points to a potential decline of softwoods in the Haliburton 

region with a simultaneous expansion of pre-established hardwoods such as northern red 

oak and red maple, as well as a potential loss in sugar maple cover. From a bioenergy 

perspective, hardwood residues may be the most feasible feedstock in the future with 
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minimal change in biomass availability for energy production; under these possible 

conditions, small scale combined heat and power (CHP) and residential pellet use may be 

the most viable and ecologically sustainable options. Ultimately, understanding the way in 

which forests may change is important in informing meaningful policy and management, 

allowing for improved forest bioenergy systems, now and in the future.  
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CHAPTER 1 Introduction 

1.1 Background 

Forests are a fundamental component of Ontario’s environment, resource base, economy 

and identity, as many communities rely on the ecological and social benefits provided by 

forests. Forestry is a large contributor to local, regional, and national economies. An 

emerging component of forest resources are bioenergy products, which include renewable 

electricity, heat, fuels and other chemicals, formed through the transformation of wood 

biomass. While this market remains largely undeveloped in Ontario, forest bioenergy 

production has gained popularity over the past decades. This includes increased popularity 

in bioenergy systems such as residential wood pellet heating systems, inclusion of 

bioenergy into community plans (St. Denis & Parker, 2009) and the deployment of large-

scale electricity generation from biomass, such as the Atikokan Generating Station in 

Northwestern Ontario (OME, 2013). 

Forest bioenergy, like other renewable energy sources, may provide multiple benefits over 

fossil fuel derived energy. Foremost, renewable energy may reduce carbon emissions from 

energy generation and use, and may therefore be an important climate change mitigation 

tool. Additionally, forest bioenergy may stimulate local employment and rural 

development, provide energy security, and energy price stability in the face of volatile oil 

costs (St. Denis & Parker, 2009). However, the extent to which these benefits are realized 

are often dependent on the local human and physical geography of the region in question, 
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as the broad nature of bioenergy systems allow for varying degrees of environmental, 

economic and social sustainability. Often, the ecological sustainability of bioenergy systems 

hinges on the sustainable removal of biomass from forests.   

If forest harvest operations can be managed sustainably, then forest bioenergy may be a 

renewable and sustainable source of energy for Ontarians. However, changes in climate 

caused by anthropogenic carbon sources are likely to have widespread impacts to Ontario’s 

forests. Specifically, changes in forest productivity are expected to occur (Johnston & 

Williamson, 2005). Increased temperatures can enhance forest growth, but in some 

instances may also cause drier conditions that reduce productivity (Subedi & Sharma, 

2013).  And over time, species composition may also change (McKenney et al., 2007). These 

changes in species composition and productivity may impact the environmental and 

economic benefits which communities currently derive from forests. This especially 

pertains to the burgeoning bioenergy sector, as it relies on forest biomass.  

There is substantial literature discussing the potential changes in forest composition and 

productivity in Ontario and Canada, such as research by McKenney et al. (2007) and 

Malcolm et al. (2008). Despite growing literature on forest change in relation to climate 

change, such as shifting fire regimes (see Bergeron et al., 2010; Wotton et al., 2010), and 

variable forest productivity (see Ma et al., 2012), there is still great uncertainty in how 

forest change will manifest. This includes uncertainties around modeling future climate 

changes (Price et al., 2013), as well as uncertainty in how forests will respond to these 

changes (McKenney et al., 2007). Additionally, climatic changes, and thus forest change, are 

spatially variable - the spatial uncertainty in how climate change will manifest means there 
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are considerable limitations in applying forest change estimates to a specific region 

(Pearson & Dawson, 2003), and informing downstream policy.   

 An analysis of forest change at a regional spatial resolution may inform policy and 

planning surrounding bioenergy development, ultimately examining how climate change 

may influence the future feasibility and ecological sustainability of bioenergy systems in 

the future. More broadly, landscape-scale estimates of forest change may improve adaptive 

capacity in forest management in response to changing climate, by informing best 

management practices to maximize ecosystem services and other forest benefits (Brown, 

2009). A regional scale can better incorporate regional differences.  

The aim of this thesis was to estimate changes in forest growth and forest cover in 

response to climatic changes in the year 2100, in relation to 1981-2010 climate normals. 

Estimates on the growth rates and species composition of a future forest in Ontario were 

then used to assess the feasibility of forest bioenergy operations in the future. These 

estimates were embedded in environmental, economic and social considerations 

surrounding the implementation of a bioenergy operation in Ontario. Performing such an 

analysis may inform improved planning for forest and energy resources, to ensure that 

renewable energy can be ecologically feasible in the future. This is especially important, not 

only because bioenergy has been promoted as a means towards an improved energy and 

environmental future (Lattimore et al., 2009), but also because the protection of forests 

remains an important component of the modern environmental paradigm (Kimmins, 

1997). Long term analysis of bioenergy systems within their future environmental context 

ensures greater environmental sustainability, an important step towards an effective 
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renewable energy future.  In order to address these research goals, two main objectives are 

outlined below. These objectives are addressed in two manuscripts in the following 

chapters.  

1.2 Objectives 

1. Estimate the changes in forest stand productivity and species cover in an Ontario 

forest in the year 2100, under two scenarios of climate change, compared to 1981-

2010 climate. This objective is explored in Chapter 3, and compares growth rates in 

differing regions that have similar climate to that of the estimated future climate of 

an Ontario forest. In estimating possible growth and forest cover in the forest, the 

chapter aims to forecast what a future forest may look like under two differing 

scenarios of climate change.  

2. Assess the potential impacts of future forest growth and composition on possible forest 

bioenergy operations in the region. This objective is explored in Chapter 4, and 

considers the impact of forest change on feedstocks for bioenergy operations, as 

well as taking other environmental, social, economic and political factors into 

account. This analysis focuses on available volumes, wood composition and wood 

chemistry, and attempts to place these conditions within a larger policy framework. 

These discussions are ultimately exploring the impacts of climate change on the 

feasibility and sustainability of bioenergy systems in the future.  
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1.3 Case Study 

This research aimed to estimate forest change at a regional scale in order to examine the 

future feasibility of bioenergy. To do so, this research used a case study - the Haliburton 

Forest and Wildlife Reserve Ltd. The Haliburton Forest (HF), as it is more commonly 

referred, is a privately owned forest in the Great Lakes-St. Lawrence (GLSL) forest region of 

central Ontario.  The HF contains over 30 000 ha of forest on the southern border of 

Algonquin Park. The forest is currently harvested under a selection harvest system, striving 

for improvement of land through ecologically sound practices (O’Brien, 2010). It is an 

ecotourism hub, with snowmobiling, dogsledding, camping, fishing and forest tours offered 

seasonally. The forest was the first in Canada to receive Forest Stewardship Council 

certification as a sustainable forestry operation.  

The Haliburton forest was chosen for the analysis as it is also a center for forest research, 

with ongoing work being carried out by researchers from the University of Toronto and 

Queen’s University (among others), and it has been well characterized through a series of 

permanent sample plots and other data collection exercises.  The Great Lakes-St. Lawrence 

Forest Region is a transition zone between Boreal and Carolinian forests, to the north and 

south respectively, and as many tree species are at the northern or southern limit of their 

climatic range, this area may experience strong changes in response to climate change 

(Goldblum & Rigg, 2005). 
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CHAPTER 2 Literature Review 

2.1 The role of forests in Ontario 

Forests are one of the most important resources to the Province of Ontario, covering over 

71 million hectares of land in total (OMNR, 2012). The Haliburton Forest is found in the 

Great Lakes-St. Lawrence region (GLSL) of Ontario, a transitionary forest between the 

softwood- or coniferous-dominated boreal forests of the north and the hardwood- or 

deciduous-dominated Carolinian forests to the south.  The GLSL forest covers 20% of the 

area of Ontario, about 18.2 million ha (OMNR, 2012). 

GLSL forests provide animal habitat for woodland species, including many plant and animal 

species of concern (OMNR, 2012). These forests sequester carbon through photosynthetic 

processes, playing an important role in global climate; Ontario’s 71 million ha of forests are 

estimated to hold 6.2 billion tonnes of stored carbon (Colombo et al., 2007).   Forests are 

also important for their intrinsic value, which recognizes the many ecological processes 

that occur in these landscapes are important in and of themselves, in addition to 

instrumental values such as the provision of habitat, and contributions to improved air 

quality and environmental conditions for nearby peoples (Callicott, 1984).  

From an economic perspective, forest products contribute to the municipal, provincial and 

national bioeconomy. This includes traditional forest products, such as lumber, paper 

products and other compressed particle wood products. Meanwhile, newer outputs like 

modern bioenergy have recently emerged as a new source of revenue for the forestry 

industry. Of Ontario’s forested lands, approximately 69 576 ha were harvested in 2013, 
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which corresponds to a harvest volume of over 9.9 million m3 (NRCan, 2016). As forests are 

often valued for their natural beauty, forested regions are also integral to outdoor 

recreation and tourism economies, incurring value to smaller communities, small business 

owners and governments (Browne & Hunt, 2007).  

In 2014, forest related activities provided over 50 800 employment opportunities in 

Ontario (NRCan, 2016), most situated in forest-dependent communities. These 

communities are often situated in remote areas and have fewer other economic options to 

support vital community functions. Unfortunately, the Ontario forestry industry has been 

in decline for the past decade (Mabee & Mirck, 2011), which has had a negative impact on 

these forest-dependent communities in Ontario. In a recent example, the Resolute Forest 

products pulp mill in Iroquois Falls, ON announced its closure in December 2014, 

terminating 180 positions (Resolute Forest Products, 2014). This downturn is often 

attributed to a declining demand for newsprint and other paper products, as the global 

economy shifts away from paper towards electronic devices, as well as greater competition 

from other lumber producing countries (Mockler & Robichaud, 2011). 

2.2 Climate Change in Ontario 

Ongoing changes in climate caused by anthropogenic carbon emissions are expected to 

have widespread impacts on Ontario forests.  According to the Intergovernmental Panel on 

Climate Change (IPCC), humans have influenced global climate through greenhouse gas 

emissions, causing increasing temperatures, variability in precipitation and more extreme 

weather events (IPCC, 2014).  In 2010, 78% of global emissions were derived from fossil 

fuel use and industrial processes (IPCC, 2014). Global temperatures are expected to rise 
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anywhere between 0.3-4.8°C in the year 2100 relative to 1986-2005 levels, causing 

irreversible changes to human and natural systems (IPCC, 2014). Regionally, this 

temperature increase is expected to vary, with estimates of greater warming at higher 

latitudes (IPCC, 2014). 

The extent of this change will hinge greatly on the future greenhouse gases (GHG) emitted 

over the next century. To quantify possible future outcomes in emissions, the IPCC has 

developed new emissions scenarios, known as Representative Concentration Pathways 

(RCPs). The new RCP emission scheme quantifies future GHG change in terms of its 

radiative forcing on the global climate system (expressed in watts/m2). Quantifying 

scenarios as a radiative forcing value allows for multiple socio-economic scenarios to play 

out and may include climate change mitigation and policy options (Moss et al., 2010). The 

main radiative forcing scenarios are RCP8.5, RCP6.2, RCP4.5 and RCP2.6, each number 

value referring to the additional radiative forcing associated with that scenario in relation 

to pre-industrial levels; the higher the value of radiative forcing, the greater the extent of 

carbon emissions and global change (Riahi et al., 2011). Two scenarios of interest are 

RCP8.5 and RCP4.5. RCP8.5 is associated with the high carbon emissions, and refers to 

socio-economic conditions of high global population, modest rates of technology 

improvements, high GHG emissions, few climate change mitigation policies and greater use 

of fossil fuels as they are more economically feasible (Riahi et al., 2011). In contrast, RCP4.5 

is the mid-low range emission scenario, and refers to a socio-economic state in which 

energy use declines over the next century, there is increasing prevalence of renewable 

energy, large scale carbon capture and storage technology, increasing afforestation, and 
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with climate change mitigation policies in place; these all contribute to a scenario of 

increasing emissions at the beginning of the century, but an eventual decrease and 

stabilization over time (Thomson et al., 2011).  

Under these two emission scenarios, it is expected that Ontario climate will change 

considerably. According to the IPCC’s fifth assessment report, under the RCP4.5 scenario, 

annual temperature in Ontario is expected to be 2-3°C warmer and annual precipitation to 

be 0-10% higher in 2081-2100 (IPCC, 2013); the RCP8.5 scenario expects increases in 

annual temperature of 5-7°C warmer in central Ontario, with annual precipitation to be 10-

20% higher in 2081-2100 (IPCC, 2013).   At a smaller scale, there will be regional 

differences across the province in both temperature and precipitation.  

As climate is a strong control on the distribution of trees (McKenney et al., 2007), these 

changes in temperature and precipitation are estimated to have major impacts to the 

composition and health of future forests in Ontario. In turn, these changes to forests may 

have further repercussions on downstream forest products and services. 

2.3 Forest change in response to climate 

2.3.1 Disturbances 

Disturbances refer to a broad range of negative shocks to forest ecosystems. Major 

disturbances relevant to Ontario forests include forest fire, drought, insects and diseases – 

all of which will likely be influenced by changing climate. Disturbances can cause significant 

episodes of tree mortality, impacting forest structure and dynamics. Increased 

temperatures can cause greater evapotranspiration from forests, reducing water 
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availability to trees. If a forested region is not receiving sufficient precipitation inputs to 

restore this moisture loss, that forest may be subject to drought. These conditions cause 

trees to reduce productivity, and eventually, if the decrease in productivity is severe, it may 

result in reduced tree health or significant episodes of tree mortality.  

Droughts may also impact forests indirectly. Reduced moisture conditions place stress on 

forests, making them more susceptible to further damage or mortality. For example, forest 

dryness in response to drought makes biomass more readily burnable, and thus increases 

the risk of forest fire (Bergeron et al., 2010; Wotton et al., 2010). Increasing temperatures 

are also associated with shorter winters, and thus, longer warm seasons; it has been 

estimated that not only will the average fire season be longer under new climate conditions 

(Wotton & Flannigan, 1993), but the burn rate as well as the area burned are expected to 

increase in some regions of Canada (Bergeron et al., 2010).  Next, trees under drought 

stress may also be more easily attacked by insects and disease (Hogg et al., 2002). This may 

be worsened as warming temperatures may allow for insects from southern regions to 

migrate northwards much faster than trees can adapt, because insects have high genetic 

variability, short life cycles and increased mobility (Price et al., 2013). Furthermore, low 

winter minimum temperatures have historically regulated insect population (Dale et al., 

2001). Since Ontario warming is expected to be disproportionally higher in the winter 

season (IPCC, 2014), insect populations may increase without sufficient annual winter 

dieback (Dale et al., 2001).  

The extent of drought disturbance varies spatially and by species. For example, both aspen 

(Populus tremuloides Michx.) and black spruce (Picea mariana Mill.) trees have exhibited 
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growth declines in relation to drought (Girardin et al., 2008), while trees at the species 

range margin are more at risk of disturbance (Hampe & Petit, 2005). Disturbances are 

expected to have impacts to forest regions, especially as changes in climate in Ontario 

provide increasingly suitable conditions for disturbances to occur. Changes in disturbance 

regimes are expected to impact forest cover and act as a catalyst for forest change (Sykes & 

Prentice, 1996). Unfortunately, disturbance events are difficult to predict as they are 

spatially and temporally variable.  

2.3.2 Forest growth and productivity 

Forest productivity refers to the growth of forests. Forests sequester atmospheric carbon, 

which is then converted to biomass via photosynthetic metabolic processes.  The rate at 

which trees grow is influenced by a variety of factors, including temperature, moisture 

availability, light availability, age of the individual trees, nutrients, soil conditions, 

competition between species and other factors, causing varying productivity rates between 

different regions and species. Many of these influences are considered non-climatic factors, 

and play a considerable role in biomass productivity at the stand level. Unfortunately, non-

climatic factors are quite complex to quantify.  

Forest productivity is also expected to change in response to climate change.  Drought 

conditions reduce the net primary productivity of trees (Kljun et al., 2006); therefore, 

growth may be limited in regions of Ontario where future moisture is limited (Subedi & 

Sharma, 2013). In a study of Canadian aspen forests, a reduction in mean annual stem 

growth of 33% was observed after an extended drought period (Hogg et al., 2008).  
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In regions where precipitation and soil moisture are sufficient, increasing temperatures 

may promote increased growth in forests (Wu et al., 2014). Increased temperatures 

translate to an extended growing season length, which allows more time for greater annual 

growth (Wu et al., 2014). Increasing temperatures and a higher atmospheric carbon 

dioxide (CO2) concentration may also enhance rates of photosynthesis (Curtis & Wang, 

1998; Peng & Apps, 1999). It is important to note that this enrichment may be limited by 

other factors, such as soil conditions and other stressors on trees which may result in 

response to changing climate (Price et al., 2013).  

The extent to which forest productivity will change in response to changes in climate is 

highly variable because localized changes in growing conditions are spatially variable and 

quite complex, especially as non-climatic factors also play a role in the future productivity 

of tree species. Additionally, climatic shifts may cause trees to become maladapted to the 

region in which they are growing, thereby reducing health and productivity (Aitken et al., 

2008), and by allowing other species to outcompete existing trees (Caplat et al., 2008).  

Research regarding changes in forest productivity at the landscape level in response to 

climate is fairly limited in Ontario. Parker et al. (2000) have estimated that most forests, 

excluding the poorest growing sites, will experience an increase in productivity. Others 

forecast that biomass in Ontario and the remaining eastern Boreal Forest region will 

remain relatively similar to current productivity – this research forecasts increased growth 

in future stands, but that enhanced productivity may be offset by higher mortality rates 

(Ma et al., 2012). It is also estimated that some species will experience productivity gains, 

while other species may decline in Ontario. For example, Subedi and Sharma (2013) 
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estimate that the future Ontario climate will favour the radial growth of jack pine (Pinus 

banksiana Lamb.) in certain Boreal regions.  

2.3.3 Species distribution 

Ontario forests tend to be conifer-dominated in the Boreal region to the North, with a 

greater proportion of deciduous trees in the Carolinian forest along the north shores of 

Lakes Erie and Ontario. The GLSL Forest Region is in between both of these zones, and 

consists of a mix of softwood and hardwood trees. Common species in the GLSL forest 

region are deciduous trees including sugar maple (Acer saccharum Marsh.), northern red 

oak (Quercus rubra L.), yellow birch (Betula alleghaniensis Britton), and American beech 

(Fagus grandifolia Ehrh.), as well as coniferous species such as eastern white pine (Pinus 

strobus L.) and eastern hemlock (Tsuga canadensis L.).   

 Changes in climate, downstream disturbance patterns and forest productivity will further 

impact species composition within a forest stand. Trees, in response to change, will “adapt, 

migrate or die” (Aitken et al., 2008); all of these factors play a role in shaping the 

composition of the forest, as the distribution of a species is controlled by mortality, growth 

and dispersal rates (Hansen et al., 2001). If environmental factors are changed, trees may 

become unsuited to that environment, and may have trouble re-establishing populations or 

competing with better suited species (Caplat et al., 2008), causing eventual decline in the 

region. This maladaptation of existing species to new environmental conditions, coupled 

with increasing frequency and severity of disturbance events in the future, may cause rapid 

tree mortality and may change the forest landscape (Sykes & Prentice, 1996). For example, 

in the Great Lakes region of Michigan, field research by Abrams and Scott showed that 
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conifer stands were often replaced by hardwoods after clear-cut and fire (1989). And, as 

seedlings are most impacted by disturbance than full trees, regeneration of species that are 

no longer suited to the region may be difficult (Aitken et al., 2008; Fisichelli et al., 2014). 

A body of research points out that temperate forest species currently found to the south of 

HF in the Carolinian forest regions may eventually flourish in changing GLSL forests, as 

their growth is best suited to warming conditions (Malcolm et al., 2002; Hamann & Wang, 

2006; Aitken et al., 2008; McKenney et al., 2011). However, southern tree species that do 

not currently exist in a given forest region cannot migrate as fast as climate is warming; 

this slow movement of tree migration is due to a lack of seed sources, barriers to seed 

dispersal, unfavourable soil conditions, the extended length of time required to reach 

sexual maturity, habitat fragmentation and other impacts limiting species movement 

(Aitken et al., 2008). Instead, actual tree migration rates are estimated around 10-

50km/year (Iverson et al., 1999; McLachlan et al., 2008). Therefore, with the loss and gain 

of different tree species, changes to forest composition may be expected over the period of 

a century or longer. These changes may be expected to diverge from historical forest 

succession patterns.   

From an ecology standpoint, many tree species are estimated to undergo a reduction in 

suitable range; the decline of one species may cause subsequent impacts to other tree and 

animal species through changes in mutualistic or competitive relationships. With these 

shifts in tree abundance, there are concerns that there will be a loss of species biodiversity 

(Malcolm et al., 2002), which may subsequently enhance disturbance susceptibility. 

However, should northward tree migration of species be achieved, Ontario’s future climate 
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may be suitable to a wider range of tree species, with some regions in Ontario predicted to 

be suitable to 60 new tree species (McKenney et al., 2011). 

2.3.4 Modelling forest change  

Many researchers use Species Distribution Models (SDMs) to estimate future tree species 

cover. SDMs are widely used empirical models that predict the presence/absence of a 

particular species in a given area through statistical probabilities based on environmental 

predictors (Guisan & Thuiller, 2005). SDM models have been used to determine regional 

impacts of climate change on forest biodiversity (Midgley et al., 2003). Unfortunately, these 

models have difficulty incorporating competition and non-climatic factors (Loehle & 

LeBlanc, 1996; Guisan & Thuiller, 2005). Furthermore, they require a large quantity of data 

to validate the statistical models (Pearson et al., 2002).  

A common SDM targeting broad forest changes are Climate Envelopes (CE). CE models 

attempt to map range shifts by estimating theoretical future species ranges in relation to 

climate. CE mapping techniques are based solely on the climatic range of species, thus, with 

warmer temperatures in northern regions, the theoretical range (and thus the CE) for 

many tree species should shift northwards. In fact, many CE models estimate that most tree 

species ranges will shift northward by hundreds of kilometres (Overpeck et al., 1991; 

Hamann & Wang, 2006; McKenney et al., 2011). Using a climate envelop approach, 

McKenney et al. (2011) estimated that the CE centre point of most North American tree 

species will shift northwards of between 300km and 700km over the next century. They 

also found that 72 of 130 studied tree species were estimated to undergo a reduction in 

suitable range (McKenney et al., 2011).  
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In reality, future species composition change is much more complex than theoretical 

climate envelopes. Although the theoretical range of trees will shift dramatically, trees are 

likely unable to migrate at the same rate as climate is warming (Aitken et al., 2008). CE 

mapping is a more theoretical approach that is better applied to a broad scale analysis of 

future forest composition (McKenney et al., 2011). At the localized scale, non-climatic 

factors may play a more dominant role in specific tree distributions.  

Previous work in the Haliburton region by Malcolm et al., (2008) attempted to model forest 

change in response to climate over the next century using a climate envelope approach, 

determining theoretical species distributions under 3 General Circulation Models (GCM) 

and 2 emissions scenarios. This research found that it could identify species that would 

likely exist in the future, outlining trees into three groups: first, ‘winners’ are species that 

are currently rare in the region, but are expected to gain more presence over the century; 

‘losers’ are species that are in the region currently, and will likely decline over time; and 

last, ‘stayers’ are species that are currently in the region and will likely remain in the region 

(Malcolm et al., 2008). This research also found that projecting fine scale future 

dominances of tree species in the Haliburton region may not currently be feasible as non-

climatic factors were not included in larger scale CE models (Malcolm et al., 2008). This 

research intends to examine growth of species that are expected to exist in the region in the 

year 2100 from Malcolm’s report (‘winners’ and ‘stayers’). Also, while Malcolm’s report 

outlined the probability that a given species would exist in the region in the future, this 

thesis also estimated the proportions of tree species in the future.  
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Next, mechanistic, or process based models, which relate forest growth to ecological 

processes, have gained popularity in literature. These forest simulation models can project 

changes in forest structure including species distribution and growth. The Forest 

Vegetation Simulator (FVS), originally produced by the United States Forest Service (USFS), 

simulates stand change over time and can provide future estimates of many common 

growth parameters (Woods & Robinson, 2008). The FVS model has been calibrated to 

Ontario (FVSOntario), however, it requires improvements, especially as it pertains to 

simulating mortality (Larocque et al., 2008). Unfortunately, FVSOntario requires extensive 

individual tree data to simulate stand change, which makes its use in this research limited. 

The LANDIS-II model, and its predecessor LANDIS, are also simulation models that can be 

used to model forest change (Mladenoff, 2004; Scheller & Mladenoff, 2007). LANDIS-II is a 

landscape level succession model (100km – 1000km), that includes disturbances and other 

spatial processes (Mladenoff, 2004). LANDIS-II also has the ability to track productivity, 

mortality and biomass accumulation in stands over time (Scheller & Mladenoff, 2007). 

Many researchers have used the model to estimate future forest composition and growth, 

including forest change in Wisconsin (He et al., 1999) and a small region in northern 

Minnesota (Xu et al., 2009). However, as LANDIS-II is a succession based model, and the 

region of interest (Haliburton) is a privately owned managed forest, it is possible that the 

managed stands may not track unmanaged forest succession, as management will occur in 

HF, especially in response to climatic changes. The model has recently developed climate 

change modules (Scheller & Mladenoff, 2007), which may make LANDIS-II more suitable to 

climate change scenarios. While process based models can better incorporate non climatic 
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variables, it requires vast amounts of data to calibrate, and are thus highly complex (Guisan 

& Thuiller, 2005; Aitken et al., 2008).  

The climate analog method is another feasible way to estimate future growth and forest 

structure, without using modeling software. Analogs use current or historical climatic 

information as an analog of possible future climate (IPCC, 2001). This often refers to 

temporal climate analogs, where climate reconstructions are often produced from 

Holocene fossil evidence (IPCC, 2001). Temporal climate analogs may provide insight into 

how tree communities change in response to climate, however, as climatic changes are 

occurring from different processes, the outcomes on current tree communities may be 

different. Also, as it depends on fossil evidence, the quality and quantity of available data 

for a specific region may be poor.  

In this research, spatial climate analogs are likely more useful to determining changes in 

productivity in the Haliburton Forest in response to climate change. The spatial climate 

analog method determines regions that currently have a similar climate to that of the study 

region in the future (IPCC, 2001). This method assumes that Haliburton in the future could 

resemble these analog regions. The climate analog method is useful in analyzing the 

impacts of forest change  (WICCI, 2011), as there is often large amounts of data available 

because it comes from present-day data. This method has been used in forests in Wisconsin 

to make predictions on potential changes in forest structure (WICCI, 2011). Climate 

analogs have been used successfully to develop predictions of agricultural yield under 

different climate scenarios (Bergthorsson et al., 1988; Easterling et al., 1993). Climate 

analogs cannot produce exact scenarios of change, but rather, may be beneficial in giving an 
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array of potential changes in forest growth under different conditions in a particular 

region.  Other influences on growth, such as soils and forest management may influence the 

extent to which forest change mirrors its spatial climate analog; this can be addressed by 

exclusively including analog regions that have similar non-climatic realities. Forest change 

analysis from climate analogs is further complicated as certain regions in the future may 

experience ‘no-analog’ communities and climates, where novel environmental conditions 

occur (Williams & Jackson, 2007). However, these ‘no-analog’ communities are expected to 

occur more frequently in tropical and sub-tropical regions, as tropical temperatures are 

already at a maximum (Williams & Jackson, 2007); while ‘no-analog’ regions are still likely 

in Ontario in the future, there may be greater continuity between regions to the South and 

Haliburton in the future, as species migrate northward.  

The use of spatial climate analogs is suitable to Ontario as it is within a large continent and 

north of continuous similar forest ecosystems; this means that not only may the study area 

and the spatial analogs share climatic similarities, but there is also connectivity and feasible 

migration corridors between the study area and its analog regions. Additionally, since the 

Haliburton Forest is a managed forest where the presence of species is controlled to some 

degree, the role of non-climatic factors in species distribution may be reduced, making the 

spatial analog more method suitable to estimating changes in forest growth over time. Last, 

using climate analogs as a way to describe and estimate future environmental conditions 

can help meaningfully communicate the impacts of climate change because it is grounded is 

real places, and may be more effective in motivating the public to respond to change 

(Retchless, 2014).  
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Climate analogs provide another method of projecting forest change. While mechanistic 

and SDM models are used more frequently in the literature, using a climate analog can 

complement outcomes from these different models, and together, may provide more robust 

forest change projections. This is especially fitting for this research as previous analysis of 

forest change in the Haliburton region by Malcolm et al., (2008) used a climate envelope 

approach; the addition of a climate analog can further compare growth in tree species.  

Essentially, the climate analog method attempts to use space as an analog of time, which 

falls within Space-For-Time theory on estimating change in ecosystems (Pickett, 1989). 

This method has arisen because long-term studies often are not feasible for technical 

reasons. There are some issues in using the Space-For-Time method, largely because there 

are a multiple of factors that differ between analogs and the site of interest, which influence 

the way in which regions develop over time (Pickett, 1989). However, this method can be 

successful when the goal of the study is to infer general trends in change (Pickett, 1989); 

for this reason, the climate analog method is used - not to derive specific tree growth and 

forest composition estimates - but to infer general trends in how tree growth and species 

composition may change.  

2.4 Bioenergy  

2.4.1 Bioenergy landscape in Ontario  

Changes in forest productivity and species distribution may impact the sustainable use of 

forest products in the future, because forests may fall under greater stress and access 
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volumes of wood may no longer be viable. In particular, these changes may influence the 

emerging bioenergy sector in Ontario.   

Forest bioenergy products include renewable electricity, heat, solid and liquid fuels and 

other chemicals formed through the transformation of wood biomass. While bioenergy can 

be produced from various carbon-containing sources, including agricultural crops, 

municipal solid waste and algae, the focus of this research is on bioenergy produced from 

wood biomass. Forest feedstocks for bioenergy can include standing wood, wood residues, 

wood pellets, wood chips, sawdust and other wood components. These feedstocks are then 

transformed by a variety of different conversion processes, including thermochemical, 

biochemical and traditional combustive platforms. For example, wood can be transformed 

into energy products through gasification, in which biomass is super-heated in the absence 

of oxygen to produce a gas that can be further refined to make electricity and other 

products (Gonzalez et al., 2012); however this technology is not yet commercially feasible 

(Mabee & Mirck, 2011). More commonly, bioenergy systems in Ontario use solid fuel in the 

production of heat and electricity, often in the forestry industry, in a process known as 

combined heat and power (CHP).  

While bioenergy production in Ontario remains largely undeveloped, its role in Ontario’s 

energy production is growing. In 2013, bioenergy from wood and other biomass sources 

made up 1% of Ontario’s electricity supply at 2 TWh, produced from 300  MW of installed 

capacity (OME, 2013). The Atikokan Generating Station is Ontario’s first large scale 

electricity generation facility. The Atikokan Generating Station, which once combusted coal, 

is now a 205 MW facility using wood pellets and can theoretically produce enough 
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electricity to power 15 000 homes each year (OME, 2013). Similarly, the Thunder Bay 

Generating Station is commencing electricity production from wood pellets (OPG, 2015). 

There are concerns, however, that these biorefineries are expensive, each operating for less 

than one month per year (Office of the Auditor General, 2015). This may be because of 

feedstock needs, as well as because these operations are often only used when excess 

power is needed (Office of the Auditor General, 2015). Other critiques on these large scale 

bioenergy systems are that they require great amounts of feedstock that may not be 

feasible to pull from Ontario forests (Wolf, 2012). Wood biomass is also gaining 

prominence at a smaller scale - pellet stoves combust densified wood pellets to provide 

decentralized heat to individual households and buildings. Increasingly, forest bioenergy 

systems of varying size are being included into community energy plans (St. Denis & 

Parker, 2009).  

Despite bioenergy’s modest growth, these systems are often limited by their economic 

costs, with high feedstock costs often described as a limiting factor (Wolf, 2012). While 

energy production from wood residues can provide additional economic return from forest 

harvest, the return is much smaller than other higher value added products (Mabee, 2013). 

Additionally, the current price of fossil fuels is much lower than bioenergy, making it 

difficult for bioenergy to compete with other energy sources (McCormick & Kaberger, 

2007). As there is little policy surrounding biomass energy development, this cost barrier is 

aggravated (Mabee, 2013).   
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2.4.2 Energy sustainability  

The emergence of bioenergy systems in Ontario is part of a larger global push for greater 

energy sustainability; this encompasses energy generation that comes from renewable 

sources to ensure that energy can be created in perpetuity, it encourages reduced energy 

demands from users and it promotes efficiency in energy use (Lund, 2007). This approach 

to energy systems also aims to minimize damage to surrounding social and ecological 

structures, with the intent of ensuring viable energy generation into the future (Lund, 

2007).  Under this definition, the use of fossil fuels cannot be considered sustainable, 

because global oil supply is finite and it has strong impacts on global climate systems and 

ecological systems (Neves & Leal, 2010). Unfortunately, fossil fuel energy remains 

approximately ¾ of Ontario’s primary energy (OME, 2013), making the addition of 

alternative energy systems into Ontario’s energy mix ever more critical.   

Bioenergy systems and other renewable energy systems present an important path 

forward for Ontario. Foremost, as fossil fuels are a finite resource, there will be a need for a 

new fuel source in the future. Thus, increasing the share of renewable energy is critical to 

ensure stable energy production over time. Additionally, bioenergy may provide a strong 

stimulus to rural development: bioenergy feedstocks are often in remote areas, and in turn 

may create economic activity in rural regions. In fact, the Atikokan Generating Station 

created more than 150 new jobs, 200 temporary construction positions and maintained 

existing employment in the forestry sector in Northwestern Ontario (OME, 2013). This is 

especially beneficial in forest-dependent communities considered vulnerable to forestry 

sector decline (Reed et al, 2014). Bioenergy systems may also provide a stable energy 
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source to off-grid communities, such as many Aboriginal communities in Northern Ontario 

(Krupa, 2012).  

Bioenergy is largely considered a renewable source of energy under the theory that wood 

harvested for energy will replace itself over time. From a carbon emission perspective, 

when wood is combusted for energy, the carbon content in that wood is immediately 

released into the atmosphere.  As forest biomass will eventually regenerate, however, it is 

theorized that the new forest will absorb the same amount of carbon initially released; this 

carbon time lag is known as the ‘carbon debt’. While bioenergy production can be produced 

from a wide array of wood feedstocks, harvest and sawmill residues are often considered 

the most viable for energy production. Harvest residues are the remaining components of 

trees that are left on site to decompose after removal, and include branches and other 

woody material. Sawmill residues are additional woody material left after milling.   The use 

of residues in bioenergy means that full standing trees are not devoted to energy 

production, there are lesser emissions in relation to the use of fossil fuels, and there is a 

shorter debt in relation to other wood feedstock (McKechnie et al., 2011; Zanchi et al., 

2012). Disturbance wood, which refers to wood that is damaged beyond use in traditional 

wood products, may also be a viable energy feedstock (Lamers et al, 2014). 

While bioenergy production may displace the use of fossil fuel energy, there is concern that 

other ecological and carbon emission related issues may hinder its effectiveness as a 

renewable energy system.  Beyond the carbon debt, which may take considerable time to 

be repaid (McKechnie et al., 2011), emissions also arise from the transportation of 

bioenergy feedstocks (Godard et al., 2013). Systems must therefore be appropriately sited 



 

 

25 

between feedstock and energy users to minimize carbon emissions. Placing emissions 

aside, soils, water quality, biodiversity and forest productivity may be put at risk if 

bioenergy systems are not properly planned to match the surrounding forest ecosystem 

(Lattimore et al., 2009). Many of these concerns come from using excessive harvest 

residues and downed woody debris (DWD) from the forest floor, as biomass residues are 

important in returning nutrients to soils and protecting soils from exposure and carbon 

loss (Lattimore et al., 2009). Exploitation of these biomass residues may impact soil carbon, 

forest health and productivity. However, it has been estimated that 41%-59% of residues 

would be left on site due to technical and economic restraints (Ralevic et al., 2010). 

Similarly, while there are also concerns that soil carbon emissions may arise from the 

disruption and exposure of soil from excessive biomass removal, this source of carbon 

emissions was estimated to be only minor under sustainable harvesting for bioenergy 

systems (Cowie et al., 2006).  

Therefore, local feedstock availability, bioenergy supply chain logistics, along with many 

other regional forest characteristics ultimately influence the extent of ecological impact 

from bioenergy systems. In response, much bioenergy research has been devoted to 

determining sufficient feedstock availability to ensure the sustainability of operations (Gan 

& Smith, 2011; Alam et al., 2012; Calvert & Mabee, 2014). Similarly, a lot of research has 

also been devoted to analyzing socio-economic and ecological impacts of bioenergy. For 

example, Guest et al. (2011) analyzed the sustainability of CHP facilities for their carbon 

output; Janowiak and Webster (2010) reviewed many ecological impacts of bioenergy 

production; Neves and Leal (2010) examined socio-economic indicators of bioenergy 



 

 

26 

sustainability in local energy planning. Clearly, long-term planning and sustainability are 

central in a great amount of bioenergy research.  Yet, research on bioenergy impacts is 

often concerned with current day conditions. It often extends these impacts to the future, 

but does not consider the new impacts under altered conditions. There is a need for a long-

term approach to energy sustainability analysis, especially as climatic and environmental 

conditions are expected to change (Kimmins, 1997). Despite this lack of research attention, 

bioenergy resources over time is a major concern in the viability of an energy project 

(Calvert, 2011). Therefore, analysis on future sustainability of bioenergy systems as it 

responds to changes in climate is critical to ensure long-term viability of energy operations.  

2.5 Policy  

Energy policy in Ontario is slowly creating a demand for forest bioenergy products as a 

climate change mitigation tool. Ontario’s Green Energy Act first called for an increase in the 

share of renewable energy production in province, as well as the phasing out of coal 

electricity (Green Energy Act, 2009). The phase-out of coal helped propel the bioenergy 

industry, as this move ultimately led to the use of wood pellets at the Atikokan Generating 

Station, a former coal-fired facility (OPG, 2015). With such projects, Ontario’s bioenergy 

focus has been predominantly on large scale projects (Wolf, 2012). Current estimates (as of 

2013) place bioenergy capacity at 300 MW in Ontario (OME, 2013). Ontario’s Long Term 

Energy Plan, released in 2013, plans to expand renewable energy production and capacity 

by 20 000 MW over the period from 2013-2032 (OME, 2013). Within this, bioenergy 

increases are forecasted to be rather small, with a contribution of 2% to total future energy 

production in the province in 2032 – up from its current contribution of 1% (OME, 2013).  
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While energy policy is increasingly calling for bioenergy production as a mitigation tool for 

climate change, consideration for climate change adaptation in forestry policy is minimal 

(Brown, 2009). Most policy currently in place in Ontario calls for sustainable forest 

management under the Crown Forest Sustainability Act (Crown Forest Sustainability Act, 

1994); the legislation does not make any reference to bioenergy, but would likely be the 

most relevant document in terms of planning for forest bioenergy (Roach & Berch, 2014). 

Adaptation to climate change has been introduced into Ontario forest policy, such as the 

2015 Forest Management Guide for Silviculture in the Great Lakes-St. Lawrence and Boreal 

Forests of Ontario (OMNRF, 2015). The guide states that forest managers should foster 

ecological resilience through techniques that maintain biodiversity, protect sensitive sites, 

use local seed and maintain structural complexity in forest stands, and are encouraged to 

be flexible and minimize risk (OMNRF, 2015). Despite broad recommendations, most stand 

management is based off historical tree characteristics and historical stand growth; 

therefore, as forests change with climate, predictions and management may become more 

inaccurate (Colombo, 2008). In response, Puddister et al. (2011) stress the need for 

adaptive planning in bioenergy resources to safeguard ecological and socio-economic 

sustainability.  

This disconnect between energy mandates and forestry policy response to climate change 

presents multiple challenges to successful implementation of bioenergy systems in Ontario. 

Namely, without sufficient information on forest change, forest managers cannot prepare 

for the future forest conditions, including preparing and facilitating the use of excess fibre 

for energy production. Furthermore, in failing to examine the future environmental context 
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of bioenergy systems, it remains uncertain if new forest conditions can provide a 

sustainable source of biomass to a bioenergy system. Without estimations of future 

conditions, it may be difficult to plan and adapt forest management and bioenergy 

production to new conditions.    

2.6 Uncertainty in estimating climate change impacts 

The policy disconnect between climate change mitigation and adaptation may be related to 

great uncertainties in how forests will respond to climate change at a landscape scale.  

Much of the uncertainty surrounding future forest composition is due to uncertainties in 

future climate. While GCMs are very complex, they cannot exactly estimate future changes 

to the climate system. There are a multitude of uncertainties in these models, especially 

pertaining to clouds, terrestrial water balances and heat exchange at oceans (Price et al., 

2013). In these models, there is greater confidence in estimates of warmer winters at 

higher latitudes (IPCC, 2014). Conversely, there is greater uncertainty in the spatial and 

temporal variation in future precipitation, especially as there will likely be more extreme 

weather events (IPCC, 2014).  

There is also uncertainty in how complex forest systems will respond to these changes. 

Most research to date has examined one facet of change in particular, or have looked at 

changes across a broad region. Understanding broad trends in forest change is critical in 

understanding fundamental relationships in changing forests, and can be very useful to 

higher level planning at the international or national scale.  
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However, research at such a broad scale is often too coarse to be applicable in forest 

management (Pearson & Dawson, 2003). In some applications, provincial scale climate and 

forest change data may be sufficient to make forest management decisions. For example, 

provincial climate envelope data was used to estimate regions where conservation 

reserves may be necessary for forest biodiversity protection (Crowe & Parker, 2011). 

However, even at the provincial scale, it is difficult to infer localized climatic impacts, as the 

scale is too large. Forest change literature explains that forest impacts will vary in different 

regions, but cannot further estimate where these changes will occur (Williamson et al., 

2009).  

Despite being associated with greater uncertainty, regional estimates of forest change and 

its downstream impacts on bioenergy feasibility may better inform policy and management 

in comparison to a coarser scaled analysis.  

2.7 Combining forest change and bioenergy feasibility research 

There has been some research regarding regional forest change in the GLSL region of 

Ontario. Goldblum and Rigg (2005) estimate changes to forest growth and structure for 

specific species in the GLSL region using tree ring data and the influence of multiple climate 

variables; Subedi and Sharma (2013) developed similar research in the Boreal forest. 

Higher resolution forest change studies have been conducted outside of Ontario, including 

work that looked at regional level impacts of climate change to forests in Germany 

(Karjalainen et al., 2002; Lasch et al., 2002). Significant amounts of research have been 

done on landscape scale forest regions in North America (Iverson et al., 1997; He et al., 

1999; Johnston & Williamson, 2005; Xu et al., 2009).   
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On the energy side, significant research has examined landscape level feasibility of 

bioenergy and biomass procurement. In Ontario, this has been achieved by Alam et al. 

(2012) in Northwestern Ontario using spatial analysis to map forest biomass supply, and 

by Wolf (2012) in the GLSL region. Beyond Ontario, work by Gan and Smith (2007) 

analyzed bioenergy feasibility in East Texas for an area of about 48 000km2, while de Jong 

et al. (2007) looked at carbon mitigation of bioenergy in 11 000 ha of forest in central 

Mexico.  

At the time of writing, while landscape level analysis has been achieved for future forest 

change and of bioenergy independently, the two have not been combined into a single 

analysis for a given region. Future agricultural bioenergy feasibility has been studied: some 

research has looked at changing bioenergy outputs in the future, not based on climate 

change, but on changes with energy demands and food supply (Haberl et al., 2011), while 

other research focuses on future distribution of agricultural crops in relation to climate in 

both the UK and Europe (Tuck et al., 2006; Bellarby et al., 2010). The role of climate and 

future bioenergy feedstock procurement was also analyzed for forest plantations (Hastings 

et al., 2014). However, forest plantations and agricultural plots are managed stands, with 

their location and species mix controlled; in contrast, biomass from natural forest residues 

are subject to a greater and more complex extent of change under changing climate. And, 

while both Parker et al. (2000), Millar et al. (2007) and Brown (2009) have analyzed the 

role of forest change in future forest management, this analysis is not directly related to 

bioenergy feasibility.  
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Overall, bioenergy systems are mostly discussed as a climate change mitigation tool and 

carbon emissions reduction strategy, and seldom discussed from an adaptation standpoint: 

how bioenergy systems will need to adapt to changing climate, or whether it can operate 

sustainably in the future. It is here then, that this research is placed: to estimate future 

forest change, so as to better estimate the future sustainability of bioenergy systems. 

Estimates of future forest change at the landscape level can improve adaptive capacity in 

forest management in response to changing climate, especially by predicting the feasibility 

and sustainability of future bioenergy operations, and the inclusion of bioenergy systems in 

Ontario’s energy mix. It can also inform forest managers on best practices, and can be used 

to plan for ecosystem services, conservation and other planning needs (Millar et al., 2007; 

Brown, 2009).  

2.8 Summary  

Ontario’s forests will likely be impacted by changes in climate. Changes in temperature and 

precipitation may stimulate growth of some species, decline in others, while 

simultaneously causing an underlying northward migration of tree species. These changes, 

combined with local influences, will alter the composition of forests in Ontario. Ontario’s 

bioeconomy and the burgeoning bioenergy sector, which relies on available forest biomass, 

will likely be impacted by this change in forests.  

Previous research regarding forest change specific to Ontario has reported on a broad scale 

due to uncertainty in possible changes. While this information is critical for a broad 

understanding of changing forests, the scale is too large to be used meaningfully in forest 

management and energy planning. Landscape level estimations of forest change have been 
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reported in the literature, often using species distribution models, or mechanistic 

simulation models. Both models have varying degrees of success in estimating future 

conditions, but unfortunately these require great amounts of local data to calibrate the 

model.  

Meanwhile, there has been significant research regarding bioenergy sustainability, 

including feedstock availability, ideal species for combustion and broad regions of interest. 

And while bioenergy research acknowledges a shift in climate, this acknowledgement is 

from a mitigation perspective. It is seldom linked to how bioenergy systems may need to 

adapt to achieve meaningful sustainability under new forest conditions.   

This thesis intends to bridge landscape level forest change with bioenergy sustainability. 

Building on the Malcolm et al. (2008) report on potential future species in the Haliburton 

Forest, this research used a climate analog approach to make estimates on future forest 

composition and bioenergy feasibility in the future, to ensure that these systems work to 

reduce environmental impacts.   
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CHAPTER 3 Climate-induced Forest Change 

3.1 Introduction  

It is well documented that global climate is changing in response to anthropogenic carbon 

emissions. In Ontario, Canada, this change in temperature has been estimated to reach up 

to 5-7°C by the year 2100 under the highest emissions in eastern North America (IPCC, 

2013). A major contributor to these emissions are the combustion of fossil fuels for heating, 

fuel, electricity and other energy needs.  

These changes in climate will have significant impacts to forests in Ontario. Possible 

changes include impacts to forest productivity and species composition, while disturbances 

such as drought, fire, insect and disease outbreaks are expect to increase in prevalence and 

intensity (Dale et al., 2001). This is because increasing temperatures with variable amounts 

of precipitation will increase evapotranspiration, making forests drier and more 

susceptible to drought, which can render trees susceptible to further disturbances (Hogg et 

al., 2002). Meanwhile, forests with sufficient water supply may experience increasing 

growth rates due to an increased growing season length, as well as enhanced 

photosynthesis rates from warmer temperatures and increasing atmospheric CO2 (Curtis & 

Wang, 1998).  These changes in productivity and disturbance regimes, along with other 

climatic factors will ultimately influence species composition in a given stand: existing 

trees may become ill-suited to the existing region, while incoming tree species may thrive 

under new conditions, especially when disturbances act as a catalyst to these changes 

(Aitken et al., 2008; Skyes & Prentice, 1996). Most forest change research estimates a 

northward migration of tree species as their climate range shifts northward; however, 
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trees cannot migrate as fast as climate is warming due to long reproduction cycles, barriers 

to seed dispersal, among other issues (Aitken et al., 2008). Additionally, non-climatic 

factors, such as competition, predation, soils and tree genetics may also play a role in 

changing tree species compositions (Price et al., 2013). These factors add uncertainty in 

quantifying future forest conditions.  

Unfortunately, there is still great uncertainty into how forests in Ontario will evolve over 

time at the landscape scale. Forest change research in Ontario is often applied at broad 

scales, including theoretical range shifts of tree species via climate envelopes by McKenney 

et al. (2007; 2011) and Crowe and Parker (2011). While many researchers have used 

process based or statistical models to simulate the future forest, few have done so in 

Ontario.  

Further research on landscape scale forest change in Ontario can better estimate future 

environmental conditions, and may inform best practices on forest management and policy. 

Therefore, the objectives of this research are to estimate the changes in forest productivity 

and the subsequent changes in composition and species cover for a forest in Ontario in the 

year 2100, under two scenarios of climate change. This research used a climate analog 

approach to produce a speculative outlook on landscape level forest change for a given 

region in Ontario. In developing this method, it can then be applied to other forest regions 

in Ontario to better understand how a specific forest may change over the next century, 

and can better inform effective planning and policy measures.  
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3.2 Methods 

3.2.1 Case study – Haliburton Forest 

This research is focused on the Haliburton Forest and Wildlife Reserve Ltd (HF), a 

privately-owned forest of over 30 000 ha in central Ontario. The forest is managed under a 

single tree selection cut system, prioritizing disturbed or unproductive wood with the aim 

of maintaining unmanaged ecological processes within the harvest (Cockwell & Caspersen, 

2014). Sugar maple is a dominant tree species in the forest, and is critical to harvest 

operations (Cockwell & Caspersen, 2014).  

Previous research by Malcolm et al. (2008) reported on the role of climate change in 

potential changes in tree communities in HF. This work used a climate envelope model to 

determine the probability that a variety of tree species could exist in the forest in the year 

2100. Building upon Malcolm’s report, this research analyzes growth rates of tree species 

considered to be prevalent in Haliburton in the future. The following species examined in 

depth in this research are: sugar maple (Acer saccharum Marsh.), red maple (Acer rubrum 

L.), black cherry (Prunus serotina) and northern red oak (Quercus rubra L.). While American 

elm (Ulmus americana L.) was considered a species of interest in Malcolm’s report (2008), 

there is no elm yet in the Haliburton region and it therefore was excluded from the 

analysis. Growth was analyzed using a climate analog approach, where estimates for future 

Haliburton climate are matched to regions currently exhibiting a similar climate. Forest 

growth in these regions was then used as an analog of potential future forest growth in 

Haliburton.  Potential change in forest cover was also assessed by comparing the tree 

species mix in Haliburton and its climate analog regions.  
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3.2.2 Future Haliburton climate 

First, estimates of future Haliburton climate in the year 2100 were retrieved from the 

Canadian Regional Climate Model (CRCM4), derived from the Canadian Earth System Model 

(CanESM2) at a geographic coordinate grid resolution of 0.22° (about 25km2). A regional 

climate model was chosen as it could provide a higher resolution climate projection. From 

the CRCM4 model, estimated monthly average temperature (T-AVG) and total precipitation 

(PR-TOT) for the Haliburton region were retrieved for the year 2100 under two climate 

scenarios: RCP4.5, corresponding to mid-low range future carbon emissions, and RCP8.5, 

referring to high, business-as-usual, carbon emissions. The scenarios correspond to new 

emission scenarios set out by the IPCC, referring to the amount of radiative forcing (W/m2) 

in the atmosphere, relative to pre-industrial levels.  This data was retrieved from 

Environment Canada’s Canadian Centre for Climate Modelling and Analysis via 

http://www.cccma.ec.gc.ca/data/data.shtml (CCCMA, 2015). The retrieved data was then 

amalgamated into annual and seasonal data, because it is likely that future climate will not 

fit exact monthly estimations; seasonal and annual averages may better account for 

discrepancies in future climate. These two future climate estimates for Haliburton are 

hereby referred to as HF RCP4.5 and HF RCP8.5. 

3.2.3 US climate analogs 

Future Haliburton climate data was then matched to current climate stations exhibiting 

similar monthly temperature and precipitation values – these stations are future 

Haliburton’s ‘climate analogs’. To match future Haliburton climate to these analogs, annual 

and seasonal climate normals (years 1981-2010) for T-AVG and PR-TOT were retrieved for 



 

 

37 

all climate stations in Northeastern United States. This data was retrieved from National 

Oceanic and Atmospheric Administration (NOAA) Climate Data Online at 

https://www.ncdc.noaa.gov/cdo-web/ (NOAA, 2015). This retrieval returned data from 

hundreds of climate stations across the Northeast US. The US stations were matched to 

future Haliburton climate using the criteria described in Table 3.1.  

Table 3.1 Criteria for matching climate data 

 T-AVG PR-TOT 

RCP4.5 
Selected stations within 2°C of HF 
RCP4.5 (annual and seasonal) 

Selected stations within 200mm of 
HF RCP4.5 (annual) 

RCP8.5 
Selected stations within 3°C of HF 
RCP8.5 (annual and seasonal) 

Selected stations within 300mm of 
HF RCP8.5 (annual) 

 

These criteria were chosen in order to obtain sufficient yet manageable amounts of data. 

The scenarios used different filtering queries because matching stations to HF RCP4.5 

returned an excess of similar stations, where a smaller range could return a more 

manageable number of climate stations. The filtered stations were then considered HF 

RCP4.5 and HF RCP8.5’s climate analogs. The stations were then mapped in ArcGIS.  

3.2.4 Analog forest growth comparison 

3.2.4.1 Matching analog stations to analog forests  

Next, tree growth in current HF was compared to tree growth in climate analog regions. To 

begin, climate analog stations needed to be correlated to surrounding forest data. To do 

this, the full USFS Forest Inventory and Analysis (FIA) data was retrieved for each US State 

and county in which a climate analog station exists (via http://www.fia.fs.fed.us/) (USFS, 

2015). The FIA contains individual tree data from field surveys and modeling on forest 
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plots across the United States. Tree level data for the four tree species of interest was 

retrieved within the state and county of a climate analog. For every tree in the retrieved 

forest plots, species, state and county data was accompanied by the latitude and longitude 

of the forest plot, net stem volume in cubic feet (VOLCFNET), tree diameter at breast height 

(DBH), tree height, physiographic class, disturbance class, ecoregion and surrounding 

forest cover. Each entry represents one tree in a given year; therefore, there are multiple 

entries for an individual tree corresponding to recorded data for that measurement year. 

To examine forest plots as close to the climate analog stations as possible, only forest plots 

within 0.125° latitude x 0.125° longitude of the climate analog’s stations geographic 

coordinates were used. For privacy reasons, many FIA forest plots undergo ‘fuzzing and 

swapping’, where a forest plot’s geographic coordinates are switched to that of a similar 

forest plot in the same county, or, the geographic coordinates are only given to the nearest 

mile (USFS, 2015). This is likely to have little influence on the results as the plots are 

swapped based on their similarity. Individual trees with less than three years of recorded 

data were removed, so as to better examine growth over time (eg, a volume record in year 

2000, 2005 and 2010); tree records prior to 1998 were removed as these were a part of the 

periodic FIA inventory, which used a different forest plot code and could not be correlated 

to more recent plots (USFS, 2015).   
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3.2.4.2 Mean annual tree growth  

First, this analysis seeks to examine if there are significant differences in tree growth rates 

between Haliburton and analog conditions. To do this, changing tree volume was compared 

between each scenario.  

Tree growth values for the species of interest were calculated using VOLCFNET, by looking 

at the changing in volume over multiple time records, shown in equation (1).  

𝑇𝑟𝑒𝑒 𝐺𝑟𝑜𝑤𝑡ℎ =
(𝑉𝑂𝐿𝐶𝐹𝑁𝐸𝑇2− 𝑉𝑂𝐿𝐶𝐹𝑁𝐸𝑇1)

(𝑦𝑒𝑎𝑟2−𝑦𝑒𝑎𝑟1)
       (1) 

This calculation was repeated for the same tree between separate volume records; tree 

growth values were averaged again to produce a mean growth rate for each tree. Mean 

annual tree growth values are in m3/tree/y. It should be noted this represents 

merchantable stem volume growth.  

Haliburton volume growth data was retrieved from HF management staff (O’Brien, 2010). 

US tree growth data was then compared to current Haliburton growth using regression 

statistics: this includes an overall comparison of tree growth by species between RCP8.5 

and RCP4.5 analogs and Haliburton trees using analysis of co-variance (ANCOVA) to 

account for differences in tree DBH; the role of climate variables in explaining variation in 

growth within a species using multiple regression; a Moran’s I index and geographically 

weighted regression (GWR) to infer the role of geographical positioning in the differences 

in growth rates. The following statistical tests are described in Table 3.2. 
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Table 3.2. Description of statistical tests used in growth comparison 

Growth 
parameters 

Test Description Assumptions 

Mean 
annual tree 
growth 
comparison 
within and 
between 
regions  

ANCOVA & 
Tukey Test  

Analysis of Co-variance – 
compares mean tree growth by 
independent categorical 
variables (analog scenarios), 
while controlling for the effect of 
another continuous variable 
(DBH).  
Tukey Test – Compares the 
growth means controlled for 
DBH (Least squares mean) from 
ANCOVA to determine which 
categorical pairs are 
significantly different  
 

- The relationship 
between DBH and analog 
scenario are independent 
of one another  
- the relationship 
between the variables is 
linear  
- variances are similar 
between groups  
- the slopes of the 
regression lines should 
be similar (between DBH 
and growth)  
 
 

The role of 
climate 
variables in 
growth  

Multiple 
Regression 

Looks at how multiple 
continuous independent 
variables (latitude, longitude, T-
AVG, PR-TOT, DBH) interact 
with mean growth rates 

- linear relationship 
between dependent and 
independent variables  
- no spatial 
autocorrelation  
- no multicollinearity in 
independent variables  
- Residuals are normally 
distributed  

Examining 
the role of 
spatial 
dependency 
in growth 
rates 

Moran’s I 
& 
GWR 

Moran’s I: After a regression, 
examines the residuals from the 
regression line to determine any 
spatial patterning to residuals  
Geographically Weighted 
Regression – fits individual 
regression for each data point. 
Further strengthens regression 
models by accommodating 
regional differences; can be used 
to examine spatial 
autocorrelation (how spatiality 
of points influences the 
dependent variable) 

- Recognizes that the 
spatiality of data may 
influence the outcome; 
GWR attempts to control 
for this and strengthen 
regression 
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Merchantable mean annual tree growth of core species was compared between current HF, 

RCP4.5 and RCP8.5 regions using ANCOVA. This test can control for an additional 

independent continuous variable: DBH was chosen in this test, as the size of the tree has 

shown to be linearly correlated with growth (Table 3.5). If significant differences were 

observed in the ANCOVA, it was followed by a Tukey test to determine which regions were 

significantly different. A critical assumption of ANCOVA is that the co-variate (DBH) 

behaves statistically similar in relation to tree growth between each scenario; this 

assumption was met for sugar maple, red maple and black cherry (Appendix A-1). This 

assumption was not met for northern red oak – therefore only a one-way ANOVA was 

completed for northern red oak, and the role of DBH was not assessed. Another assumption 

of ANCOVA is that the variances between groups are equal; using Levene’s test, it was 

found that red maple and northern red oak did not have homogenous variance (Appendix 

A-1) – however, this is often not of issue if the sample sizes are similar. Therefore, average 

growth is analyzed by plot because this reduces issues with unequal sample sizes of trees 

between groups.  

In this analysis, analog regions were chosen because they represent similar temperature 

and precipitation to estimated future Haliburton climate. Since one of goals of this research 

was to examine if there are any differences in growth rates between these regions, it must 

also be assessed if the chosen climate variables, are, in fact correlated to tree growth. A 

multiple regression was performed to examine the role of variables in tree growth. 

Variables chosen were DBH, latitude, longitude, annual mean temperature and annual total 

precipitation. A multiple regression was performed for RCP4.5 and RCP8.5 data 
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individually, as well as a combined regression across all regions. As this analysis has a 

spatial component, the role of spatial dependency (how the geographic location of a data 

point influences its outcome) also needed to be addressed. This was addressed using 

Moran’s I index, a test that examines residuals after a regression in relation to other nearby 

data points. A GWR was also used: this test gives individual regression parameters to each 

individual data point. This accounts for spatial dependency in the data, and attempts to 

improve the fit of the model.  

3.2.4.3 Forest cover proportion in aboveground biomass 

Forest cover - expressed as the percentage of total aboveground biomass of tree species in 

the region - was compared between HF and the climate analog forests.  Aboveground 

biomass was chosen because it accounts for the size of trees in the proportion of forest 

cover, but also because it may be useful for forest managers to better inform wood 

products. This analysis examined the same analog forest plots as in section 3.2.4.1, but 

rather than analyzing only the core species, it is concerned with all species. First, the mean 

DBH of every tree was calculated by averaging the DBH from each tree record. Mean DBH 

per tree from FIA and Haliburton inventory was used to determine tree aboveground 

biomass using species specific equations, as summarized by Ter-Mikaelian and Korzukhin 

(1997). Next, total aboveground biomass of each species was calculated by summing the 

biomass of each tree of each species within a given scenario, and expressing it as a 

percentage of total aboveground biomass of all species in the region. It should be noted that 

all trees in each scenario were pooled to examine biomass across the entire region; plots 

were not examined individually. This calculation was performed from HF, RCP4.5 and 
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RCP8.5 forests. This comparison was performed to speculate on future species composition 

by assuming that forest cover in the climate analog forests could theoretically represent a 

possible future forest cover in Haliburton in the year 2100. Of course, future forests are 

unlikely to mimic exact climate analog forests due to the workings of non-climatic factors. 

For this reason, the current forest aboveground biomass and analog forest aboveground 

biomass represent boundaries for potential changes in forest cover: current Haliburton 

cover represents no change in forest cover in the future, and analog forest cover represents 

a full transition to analog forest cover. This changing forest cover is represented in a 

continuous graph to depict an array of outcomes in future forest composition, varying by 

the extent of retention of initial HF forest cover.  

3.2.4.4 Forest annual growth increment  

Last, the total merchantable annual growth increment (TAI) (m3/y) was calculated for core 

species in both Haliburton and the RCP4.5 and RCP8.5 analog forests, using growth 

calculations summarized in section 3.2.4.2. TAI explored possible changes in total annual 

merchantable growth of the species of interest across the total HF region. TAI was 

calculated using the following formulas: 

𝑆𝑡𝑜𝑐𝑘𝑖𝑛𝑔 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 =
 𝑛𝑡𝑟𝑒𝑒𝑠

𝑝𝑙𝑜𝑡

𝑛𝑠𝑢𝑏𝑝𝑙𝑜𝑡𝑠∗ 𝜋𝑟𝑠𝑢𝑏𝑝𝑙𝑜𝑡
2 

       (2) 

𝑇𝐴𝐼 = 𝑚𝑒𝑎𝑛 𝑎𝑛𝑛𝑢𝑎𝑙 𝑔𝑟𝑜𝑤𝑡ℎ𝑡𝑟𝑒𝑒 ∗ 𝑠𝑡𝑜𝑐𝑘𝑖𝑛𝑔 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 ∗ 𝑡𝑜𝑡𝑎𝑙 𝑎𝑟𝑒𝑎ℎ𝑎    (3) 

Where stocking density refers to the number of stems per hectare, which is a factor of 

ntrees/plot (number of stems per plot), divided by the area of a forest plot, in hectares. Plot 

area was calculated by determining the area of each individual subplot as a factor of rsubplot 
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(radius in hectares), then multiplied by the nsubplot (number of subplots in each plot).  TAI is 

a factor of mean annual tree growth, in m3/tree/y, multiplied by the stocking density 

calculated in equation (2) and the total area of the Haliburton forest, in hectares. TAI was 

calculated using the values displayed in Table 3.3. 

In Haliburton and in FIA data, forest plots are designed as a set of three or four circular 

subplots. Plot radius was retrieved from the FIA database for RCP4.5 and RCP8.5 scenarios; 

HF plot radius was retrieved from the Haliburton Permanent Sample Plot (PSP) Report 

(O’Brien 2010) – each area was then converted to hectares.  Next, ntrees/plot represents the 

mean number of trees of each core species per plot, and was calculated by averaging the 

number of trees of a given species within each forest plot in each scenario, including plots 

that did not have any record of that species. In this way, stocking density represents 

changing forest cover between Haliburton and its climate analogs as species prevalence 

changes between HF, RCP4.5 and RCP8.5 forest plots.   

Table 3.3. Data used in determining TAI (m3/y), by species and scenario 

  HFa RCP4.5b RCP8.5b 

rsubplot (m)  11.38 7.32 7.32 

nsubplots  3 4 4 
ntrees/plotc Sugar maple  

N. red oak 
Red maple  
Black cherry  

11.6 
1.25 
1.35 
0.2 

1.82 
2.26 
6.48 
3.58 

3.53 
0.99 
2.02 
1.19 

Mean annual 
tree growth 
(m3/tree/y)c 

Sugar maple  
N. red oak  
Red maple  
Black cherry  

0.005 
0.005 
0.004 
0.005 

0.008 
0.017 
0.006 
0.010 

0.006 
0.023 
0.012 
0.007 

a.  Data for HF retrieved from O’Brien (2010) 
b.  Data for RCP4.5 and RCP8.5 retrieved from USFS FIA (USFS, 2015) 
c. Annual average tree growth retrieved from results of section 3.2.4.2. Trees/plot calculated 
through FIA and HF inventory. Values are rounded in this table, but not in calculations 
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Next, equation (3) expanded mean annual growth per tree for a given species by 

multiplying by the stocking density, giving mean annual species growth per hectare; 

multiplying by the total forest area gave the TAI over the whole area. The TAI calculation 

was performed for each core species individually within each analog scenario, and is 

displayed as a range of change: HF TAI represents no change in increment, which is shown 

as tending towards analog TAI, which represents a full growth transition. As both species 

abundance and individual tree growth may change in different ways, the TAI equation was 

manipulated in various ways:  

1. Growth was held constant to HF rates, but stocking density tended to analog conditions;  

2. Stocking density remained constant, but tree growth tended towards analog rates;  

3. Both tree growth and stocking density tended towards analog conditions.  

This exploration of future TAI is not representing change over time, but is instead a 

snapshot of the possible conditions in the year 2100. Using climate analogs as a means of 

estimating future forest growth assumes that current tree growth rates in RCP4.5 and RCP8.5 

climate analog regions are considered to be theoretical potential future tree growth rates in 

HF under that future scenario, respectively. As mentioned, the future forest will not mimic 

analog forests, but this instead acts as a guide for potential changes in the region over the 

century.  
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3.3 Results  

3.3.1 Matching climate analogs 

The estimated future seasonal average temperature (T-AVG) and annual and seasonal total 

precipitation (PR-TOT) under both emission scenarios (RCP4.5 and RCP8.5) were derived 

for the region of the Haliburton Forest (45.29N, -78.64E) from CRCM4. These values are 

combined with Haliburton temperature and precipitation climate normals for the years 

1981-2010 (retrieved from Environment and Climate Change Canada via 

http://www.weather.gc.ca/). This comparison is summarized in Figure 3.1 and Figure 3.2, 

with the complete data table available in Appendix A-2. 

According to the CRCM4 climate model, annual T-AVG is estimated to be 4.98°C warmer 

than current normal in the year 2100 under the HF RCP4.5 scenario, while annual T-AVG is 

estimated to be 8.74°C warmer for HF RCP8.5. Annual PR-TOT is expected to decrease by 

220mm in HF RCP4.5 and by 240mm in HF RCP8.5. Seasonally, T-AVG for HF RCP4.5 and 

HF RCP8.5 both increase proportionately throughout the year, while estimated seasonal 

PR-TOT is significantly more variable. Fall PR-TOT is estimated to decrease in both RCP4.5 

and RCP8.5.   
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Figure 3.1 Seasonal average temperatures (T-AVG) in the Haliburton forest 

Normal (1981-2010) seasonal average temperature are displayed in green. Estimated 
seasonal average temperatures, derived from CRCM4, under climate scenarios RCP4.5 and 
RCP8.5 are displayed in orange and red, respectively.  

 

Figure 3.2. Seasonal total precipitation (PR-TOT) in the Haliburton Forest 

Normal (1981-2010) PR-TOT displayed in green; estimated seasonal PR-TOT under climate 
scenarios RCP4.5 and RCP8.5 are displayed in orange and red, respectively.  

Estimated future Haliburton climate was then compared to US climate stations, matched 

based on similar annual and seasonal temperature and precipitation variables. The closest 

matching climate stations were considered the HF climate analog stations, mapped in 

Figure 3.3.  The average latitude of RCP4.5 climate analogs is 41.45°, and 37.43° for RCP8.5, 
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corresponding to a difference of 3.5° and 7.8° of latitude in comparison to HF, respectively. 

These results are slightly greater than estimated climate envelope shifts of over 300km by 

McKenney et al. (2007). RCP4.5 climate analogs are spread out along Ohio, Pennsylvania 

and New York State. RCP8.5 stations are clustered in two distinct zones, one in southern 

Illinois and Indiana, and the second zone in Maryland. Due to limited FIA data in the state of 

Maryland, there is no associated tree growth data presented in this research; however, 

Maryland climate analogs are presented on the map in Figure 3.3 to examine the spatial 

relationship of future HF climate and its climate analogs. 

Figure 3.3 Map of climate analogs matched to estimated future HF conditions 

HF RCP4.5 climate analogs are dispersed through northern Ohio, Pennsylvania and 

Michigan. HF RCP8.5 climate analogs are dispersed through Illinois, Indiana and Maryland. 

 



 

 

49 

While the climate analogs were chosen because they represent the closest recorded climate 

to future estimated Haliburton climate, there is still uncertainty in how future climate will 

change, especially as it pertains to future precipitation. For this reason, a range of analogs 

were chosen to represent an average of climate possibilities, described in Appendix A-3 

and Appendix A-4, with their distribution in relation to HF demonstrated in Appendix A-6. 

The range of precipitation values in climate analogs is far more variable than the range of 

average temperature values (Appendix A-6), so as to capture greater precipitation 

outcomes possible in HF in the year 2100.  

Climate stations were then matched to nearby forest plots. There were 137 analog forest 

plots for RCP8.5 conditions, and 92 analog forest plots for RCP4.5 conditions.  

3.3.2 Average Change in Growth rates, by Scenario  

Growth of core species was compared between current HF, RCP4.5 and RCP8.5 regions, 

using ANCOVA and accounting for the role to DBH in tree growth. A one-way ANOVA, which 

does not include the role of DBH, was used for northern red oak because the role of DBH 

was statistically different across the different groups (Appendix A-1).    

In comparison to current annual average sugar maple growth in HF of 0.005m3/tree/y, 

average sugar maple growth in RCP4.5 regions was significantly higher at 0.011m3/tree/y, 

but was not significantly different in RCP8.5, with an average growth rate of 

0.006m3/tree/y. This may equate to an increase in sugar maple growth in future under 

RCP4.5 scenarios, but may mean similar growth rates under a future RCP8.5 scenario. 

Black cherry growth was not significantly different in all three scenarios with current HF 
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growth rates at 0.004m3/tree/y, RCP4.5 growth rates at 0.011m3/tree/y and RCP8.5 

average rate of 0.007m3/tree/y. It is important to note that although the mean growth rate 

seems quite different between current HF and RCP4.5 for black cherry, in this instance, it 

may be more applicable to look at the least squares mean, which factors in the role of tree 

diameter as black cherry are much smaller in HF. Similarly, red maple growth was found 

not to be significantly different between all three scenarios; HF growth rates were recorded 

at 0.004m3/tree/y, while RCP4.5 and RCP8.5 mean tree growth rates are 0.008m3/tree/y 

and 0.008m3/tree/y, respectively. Northern red oak tree growth was significantly greater 

in both RCP4.5 (0.026m3/tree/y) and RCP8.5 (0.027m3/tree/y) scenarios in comparison to 

current growth in HF at 0.005m3/tree/y, which may point to the possibility of greater 

northern red oak growth in HF in the future.  

Table 3.4 Comparison of annual tree growth rates of species between analog scenarios 

  ANCOVA / ANOVA Tukey test 
  Mean Growth r2 P value LS Meana P value (vs HF) 

Sugar maple rcp4.5 0.011 0.279 0.012 0.010 0.006 
rcp8.5 0.006   0.007 0.132 
Haliburton 0.005   0.003  

Red maple rcp4.5 0.008 0.039 0.366 0.008  
rcp8.5 0.008   0.008  
Haliburton 0.004   0.004  

Black cherry rcp4.5 0.011 0.283 0.593 0.010  
rcp8.5 0.007   0.008  
Haliburton 0.005   0.012  

Northern 
red oak 

rcp4.5 0.026 0.567 <0.001 0.026 <0.001 
rcp8.5 0.025   0.025 <0.001 
Haliburton 0.005   0.005  

a.  Least squares mean is the mean annual tree growth (m3/tree/y) adjusted for differences in DBH 
within each scenario. 
Tree growth rates were averaged by plot (m3/tree/y) using ANCOVA and Tukey test. P values less 
than 0.05 denote regions where species growth is significantly different than in current HF. Because 

northern red oak did not satisfy all ANCOVA assumptions, a one-way ANOVA was used. 
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Figure 3.4 Comparison of mean annual tree growth (m3/tree/y) by scenario 

Green bars describe actual measured volume growth; orange bars denote least square mean 
accounting for differences in DBH. 

Tree growth rates by plot were also compared between species within a given scenario, 

again using ANCOVA to account for differences in tree diameter (Appendix A-5). In 

Haliburton, tree growth rates were considered statistically similar between all the species 

of interest. In RCP4.5 and RCP8.5 regions however, northern red oak had significantly 

higher tree growth rates compared to the other species, with a mean growth rate of 

0.026m3/tree/y in RCP4.5 and 0.025m3/tree/y in RCP8.5.  

Since there are a multitude of possible climate futures, each with distinct tree growth 

outcomes, the range of growth of each species per scenario was recorded; trees were 

grouped by diameter size (Appendix A-7). 
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3.3.3 Changes in forest cover, by climate scenario 

In addition to growth, forest cover was analyzed in each region (HF, RCP4.5 and RCP8.5). 

Haliburton is predominantly a sugar maple/beech/birch forest, with some hemlock and 

other conifers interspersed within stands, as well as northern red oak, ash and eastern 

white pine found on dry south facing hilltops (O’Brien, 2010). RCP4.5 climate analog 

regions are comprised of maple/beech/birch stands, with increasing oak/hickory forest 

stands to the south, and interspersed with some conifer species (Eyre, 1980). RCP8.5 

regions are predominantly oak/hickory forests, with some oak/pine forests (Eyre, 1980). 

Tree species in this region are often more southern and temperate species.  

Tree species composition was calculated for Haliburton RCP4.5 and RCP8.5 regions, shown 

in Figure 3.5 and Figure 3.6. The composition was expressed as the percent of aboveground 

biomass of each tree species in the region. It is important to note that biomass equations 

were unavailable for some minor species and were therefore not included in the analysis; a 

list of excluded species can be found in Appendix A-10. However, the species excluded 

generally formed a minor part of the forest.  Assuming that the current forest cover in 

analog regions represents a theoretical forest cover in Haliburton in the future, this 

analysis depicts change as a continuous variable, bounded by current HF forest cover 

(which represents no change in forest cover), and analog forest cover (which represents a 

full transition to analog conditions). Between these boundaries, forest cover is depicted as 

the extent of retention of original HF forest cover. For example, a 50% retention refers to a 

scenario where 50% of the original forest cover remains over the course of the century, 

while 50% underwent changes towards the RCP4.5 analogs. Tree species that make up 
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more than 5% of total forest cover in either Haliburton or in the climate analog are 

represented individually on the graph; other species are amalgamated into ‘commercial 

hardwoods’ and ‘commercial softwoods’ in HF, and ‘other future species’ in RCP4.5 and  

RCP8.5 – a full list of these species is in Appendix A-9. 

In Figure 3.5 and Figure 3.6, full transition into both RCP4.5 and RCP8.5 climate analog 

scenarios sees the decrease of many HF tree species. In Figure 3.5, if climate change is 

conducive to transitioning HF towards RCP4.5 forest cover, northern red oak, red maple 

and black cherry have the potential to proliferate, each theoretically reaching over 10% of 

aboveground biomass in the full transition scenario. Sugar maple, currently the most 

prominent species in the forest, shows declines in forest cover in relation to current HF; 

despite this decline, sugar maple is still an important species in a full transition scenario. 

Softwoods also have the potential to decline. Eastern hemlock and other commercial 

softwoods as a whole may also decline to only 2-3% of the forest. In its place, chestnut oak, 

green ash and white oak, along with other northward migrating species could theoretically 

occupy a portion of the forest. In a full transition scenario, new species may occupy 

approximately 40% of total aboveground biomass.  
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Figure 3.5 Potential shifts in HF forest species mix (RCP4.5 climate analogs) 

 
Figure 3.6 Potential shifts in HF forest species mix (RCP8.5 climate analogs) 
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Figure 3.6 depicts theoretical change in forest cover in HF, by comparing current forest 

cover to that in RCP8.5 analog regions. Should a full transition occur under RCP8.5 

conditions, there is the potential for larger reductions in existing Haliburton species. With 

the exception of northern red oak, black cherry and red maple, most HF tree species are 

expected to be less prevalent under RCP8.5 conditions. Sugar maple may decline to only 

9% of total forest biomass, while many tree species may decline to 0-1% under a full 

transition scenario. Commercial softwoods could also decrease from 22% of current forest 

biomass to approximately 2% of the future forest in a full transition scenario. Like RCP4.5, 

this scenario could also experience migration of white oak, chestnut oak, yellow poplar, 

black oak and hickory into the region. These new species could theoretically make up over 

66% of the forest cover in a full transition scenario.  

In reality, HF will likely not grow to be identical to RCP4.5 or RCP8.5 analog forests due to 

other physical differences in the landscape and non-climatic factors that influence growth. 

Additionally, migration rates of non-native species into Haliburton occur at a very slow 

rate; proliferating throughout the forest is likely to take a considerable amount of time.  

Similarly, the phasing out of HF species would also take considerable time, especially as 

many species will only become unsuited to the climate later in the century, as climate 

warming is a gradual process. The retention scenarios instead are an intermediate between 

current HF forest cover and the full transition scenario and may reflect a more plausible 

portrayal of future conditions. Species composition may not track these estimates exactly, 

but these estimates may provide a guide for theoretical species composition under RCP4.5 

and RCP8.5 conditions.  
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3.3.4 Total annual increment  

Both merchantable tree growth, as well as forest cover may change over the century, and 

looking at each independently may not fully capture possible change in the forest. The total 

annual increment (TAI), expressed in m3/y relates tree growth across the whole HF region 

as it transitions towards analog growth rates. Species abundance was represented within 

TAI through the stocking density of the core species. TAI was calculated according to 

methods in section 3.2.4.4. Figure 3.7 below represents the possible changes in TAI for each 

core species in each climate scenario. The combined TAI of all core species is represented 

in Figure 3.8. Each graph shows a range of potential TAI in the year 2100, starting with no 

change (current HF TAI), moving towards a forest transition to climate analog conditions. 

Again, forest change in Haliburton will likely not produce exact climate analog conditions; 

instead, each graph represents a range of possible growth increment outcomes for each 

species. 

According to Figure 3.7, the RCP4.5 scenario sees a wide range of future growth for sugar 

maple. As shown by the green line, the sugar maple growth increment could see increases if 

its abundance does not decline. However, should sugar maple abundance decline, then it is 

possible that the total sugar maple increment may also decline. Similarly, in RCP8.5, sugar 

maple annual increment in the Haliburton region may drop should tree growth and forest 

cover decline as predicted. In Figure 3.7, the annual total growth increment for northern 

red oak may increase, as both tree growth and forest cover are anticipated to increase; this 

rise in increment is greater in RCP4.5. Next, red maple and black cherry are also both 

expected to increase should tree growth and forest cover rise. Again, the extent of this is 
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largely dependent on the degree to which the Haliburton forest transitions toward its 

analog forests. Under RCP8.5 conditions, black cherry increase is likely to be minimal, and 

will likely remain the smallest growth of the core species.  

 

Figure 3.7 Total annual increment (m3/y) of selected species in HF by climate scenario 

Each individual graph represents three possible routes of change:  TAI when influenced by 
tree growth only; TAI when influenced by change in species abundance only; TAI when 
influenced by both tree growth and abundance. The line represents possible TAI according 
to the extent of forest change from no change (left) to full transition to analog (right).  

 

According to Figure 3.8, cumulative total annual increment of merchantable growth is 

estimated to increase in most change scenarios. First, if growth rates change and forest 

cover of the core species remains similar to current conditions, the cumulative TAI may 

increase under both RCP4.5 and RCP8.5 conditions. If only forest cover transitions towards 

analog proportions but growth rates do not significantly change, the TAI may decline in 
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RCP8.5 but marginally increase in RCP4.5 conditions. The drop largely comes from a 

decline in sugar maple prevalence in the forest. Last, should both forest cover and tree 

growth resemble climate analogs in the year 2100, there is possibility for a total increase in 

both RCP4.5 and RCP8.5 cumulative total annual increment for the four core species. These 

graphs represent a range of possible changes to forest annual increment – it should be 

stressed these graphs are not a function of time, as all graphs represent possibilities in the 

year 2100, but rather an explanation of what the increment could be if the forest 

increasingly resembled analog regions. 

TAI Growth change only 
Forest cover change 

only 
Both growth and forest 

cover change 

RCP4.5 
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Figure 3.8 Cumulative total annual increment (m3/y) by climate scenario 

Graphs represent three possible routes of change in TAI: accounting for only change in tree growth; 
only accounting for change in forest cover; and change in both tree growth and forest cover. Each 
acts as a range of possible TAI outcomes, with current conditions on the left, and full transition to 
analog conditions on the right.  
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3.3.5 Climate influence on tree growth 

When analyzing the role of climate variables and annual tree growth, it was found that 

annual climate variables often did not play a consistent role in determining tree species 

growth under a multiple regression involving annual T-AVG and PR-TOT, latitude, 

longitude and DBH (Table 3.5). When combining data across all climate scenarios, T-AVG, 

PR-TOT and latitude may have influence on growth for sugar maple and red maple, but not 

significant influence on black cherry and northern red oak. Instead, DBH was found to have 

a significant correlation to annual tree growth in northern red oak, sugar maple and black 

cherry. The multiple regression done individually on RCP4.5 and RCP8.5 plots represents a 

smaller range of temperature and precipitation values, thus, it is possible this climatic 

range was too small to exhibit any role of broad climate variables in growth; however, even 

when all scenarios, including Haliburton are combined, the role of climate and geographic 

variables still did not follow a clear trend in this study.  

Moran’s I index was used to examine how the spatial distance between data points 

influences the relationship between the independent variable and the dependent variable. 

Geographically weighted regression was also used to improve the fit of the regression 

model, intended to explain variance that may be related to potential spatial 

autocorrelation. Spatial autocorrelation was not evident in the data (Appendix A-8). The 

GWR did not improve the fit of the model (Appendix A-8). Therefore, the lack of correlation 

between T-AVG and PR-TOT and mean annual tree growth in the multiple regression may 

point to the role of non-climatic factors in controlling tree growth at the stand level. 
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Additionally, a lack of observed spatial autocorrelation in the data may mean that the 

influence of climate variables on mean annual tree growth is consistent across all regions.   

Table 3.5 Temperature and precipitation in relation to tree growth  

Species   RCP4.5 RCP8.5 Combined (inc. HF) 

   Independent 
Variables 

r2 RMSEb p 
value 

r2 RMSE 
p 
value 

r2 RMSE 
p 
value 

Sugar 
Maple 

DBHa 0.479 0.007 0.007 0.32 0.007 0.001 0.352 0.005 0.001 

Latitude    0.137   0.967   0.001 

Longitude   0.405   0.885   0.350 

T-AVG (ann)   0.209   0.087   0.009 

PR-TOT (ann)     0.345     0.134     0.001 

Red 
maple 

DBH 0.181 0.011 0.242 0.174 0.016 0.318 0.107 0.012 0.436 

Latitude   0.013   0.609   0.052 

Longitude   0.157   0.089   0.066 

T-AVG (ann)   0.929   0.393   0.006 

PR-TOT (ann)     0.092     0.268     0.006 

Black 
cherry 

DBH 0.491 0.009 0.001 0.232 0.019 0.016 0.297 0.013 0.001 

Latitude   0.137   0.643   0.351 

Longitude   0.116   0.43   0.33 

T-AVG (ann)   0.179   0.383   0.243 

PR-TOT (ann)     0.433     0.646     0.342 

N. red 
oak 

DBH 0.686 0.155 0.001 0.649 0.016 0.001 0.597 0.015 0.001 

Latitude   0.362   0.897   0.191 

Longitude   0.116   0.359   0.004 

T-AVG (ann)   0.572   0.728   0.879 

PR-TOT (ann)     0.931     0.13     0.477 

a.  Average tree diameter at breast height, by plot  
b Root mean square error  
Multiple regression incorporating mean annual temperature, total annual precipitation, 
geographic coordinates and accounting for tree diameter in relation to mean tree growth, 
averaged by plot (m3/tree/y) for selected species. Regression is divided by climate analog 
regions, and a combined analysis to look at species across the climate gradients.  
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3.4 Discussion  

3.4.1 Influence of disturbance on forest growth  

Although forest disturbance and mortality was not explicitly analyzed under future climate 

conditions, disturbances may have a large influence on future forest cover (He et al., 2002). 

Current disturbance regimes in Haliburton are predominantly weather related, including 

wind and ice damage, with some insect and disease disturbance (O’Brien, 2010). Due to fire 

suppression, fire damage is very infrequent in the GLSL forest region (Thompson, 2000). As 

temperature warms and precipitation declines under both scenarios of change, there may 

be lesser water inputs into forest soils, which may ultimately translate into greater 

increases in drought conditions, which may further encourage other disturbance.   

While the role of drought is difficult to assess, weather and insect related disturbances are 

likely to increase (Candau & Fleming, 2011; Dale et al., 2001). According to HF RCP4.5 and 

HF RCP8.5 climate estimates for the year 2100, winter average temperature is estimated to 

hover near 0°C, which may allow greater opportunities for freeze/thaw cycles. These 

freeze/thaw cycles can be very detrimental to trees, especially yellow birch (Bourque et al., 

2005), and it may increase forest mortality for many years (Remblay et al., 2005). 

Additionally, more extreme weather may allow for greater wind damage to trees. Insect 

disturbance is also expected to increase: spruce budworm outbreaks are projected to occur 

within the next century, with outbreaks estimated to be on average 6 years longer and 15% 

more severe than historically recorded (Gray, 2008). Furthermore, new disease and insect 

outbreaks are possible under new climate regimes as insect migration and reproductive 

cycles are much faster than that of trees (Dale et al., 2001).  
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Although it is difficult to quantify due to the stochastic nature of forest disturbance, these 

disturbances are expected to accelerate forest change influenced by changing climate. 

There will likely be a loss of unsuited species as climate-favoured trees eventually thrive 

and outcompete in the region (Aitken et al., 2008).  In the case of Haliburton, this may 

mean a loss of conifer species as their theoretical climate range shifts north of HF, while 

existing and new hardwoods thrive in the region. Spruce and balsam fir, both of which are 

currently in the forest, may decline as they are drought intolerant species (Peters et al., 

2015) and they are both susceptible to spruce budworm (Gray, 2008). Throughout the past 

century, there has been a decline in conifers and increasing abundance of hardwoods 

(Pinto et al., 2008). The role of disturbance in shifting forest cover from conifer to 

hardwood dominated species has been documented in Great Lakes forests in Michigan 

(Abrams & Scott, 1989). Treefall gaps may play a role in this forest cover change, as new 

species can propagate in an otherwise mature forest, and may help establish northward 

migrating species (Leithead et al., 2010). Also, treefall gaps may aid in proliferation of red 

maples (Leithead et al., 2010), which may be a possible route for red maple expansion 

projected. While the loss of conifer trees in HF is likely under climate change, disturbances 

are also expected to damage hardwoods in the forest as well.  

The extent of forest disturbance will likely be different under RCP4.5 and RCP8.5. It is 

estimated that the role of disturbance may be greater under RCP8.5 conditions as increased 

temperatures causing greater evapotranspiration, as well as more extreme weather events 

may allow for greater disturbances to forests. Plus, a larger change in climate also means 
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that some tree species are even further unsuited to future conditions, putting their survival 

at risk (Aitken et al., 2008).  

3.4.2 Estimates of Future Forest Composition 

3.4.2.1 HF under RCP4.5 Conditions 

Sugar maple is likely to remain the dominant species in Haliburton in the year 2100 as it is 

currently a critical species to the forest. Sugar maple growth rates have the possibility to 

increase from its current rate of 0.005m3/tree/y to up to 0.011m3/tree/y, almost a doubled 

growth rate from currently measured. However, there is a possibility that sugar maple 

abundance may slightly decline, as it is less prevalent in analog regions, as displayed in 

Figure 3.5. In Figure 3.7, the TAI of sugar maple may possibly increase or decline, 

depending on the extent of forest cover loss. This discrepancy highlights that growth rates 

of individual trees are not the sole control of species composition in a region, but factors of 

competition and disturbance, among other influences, may affect the extent of tree species 

cover. In the case of sugar maple, it is possible that there is competition in RCP4.5 regions 

by other more temperate species that are not yet present in Haliburton; therefore, 

competition forces will likely act differently in Haliburton over the next century and sugar 

maple may fare better than it currently does in the RCP4.5 regions.  

Northern red oak is also estimated to become an important tree species in the region. It 

may proliferate throughout the forest as its growth rates are expected to significantly 

increase over the century, estimated up to an average of 0.026m3/tree/y, which is almost 

six times the rate of growth currently ongoing in HF. The total annual increment of 
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northern red oak is estimated to increase as the Haliburton region transitions to analog 

conditions. Should the future Haliburton forest resemble RCP4.5 analogs, with less of the 

original forest retained, northern red oak total annual increment may be larger than that of 

sugar maple. Currently, northern red oak tree growth is fairly limited in the HF, with trees 

predominantly found only on southern facing hillslopes (Dey & Parker, 1996). RCP4.5 may 

provide suitable growing conditions for northern red oak to thrive, allowing oak 

outcompete lesser suited species. This fits with estimates of forest cover, where northern 

red oak is expected to increase over the next century (Figure 3.5).  

In line with estimates by Malcolm et al. (2008), black cherry and red maple are estimated to 

be important species in the HF region, however, not as dominant as sugar maple and 

northern red oak. While results of the growth comparison do not show significant 

differences in growth rates between current HF growth and tree growth in RCP4.5 regions 

for both black cherry and red maple, both species show increasing prevalence in 

percentage of aboveground biomass if the Haliburton forest begins to transition towards 

that of RCP4.5 analog forests. Even at 50% retention of the original Haliburton forest, red 

maple is estimated to jump from 1.88% of the total aboveground biomass to over 8% of the 

total biomass; similarly, black cherry prevalence may increase by over 5% (Figure 3.5). The 

total annual increment for each species is expected to increase, more so for red maple; the 

extent of this increase depends on how much future Haliburton resembles the analog 

forests.  This increase in red maple and black cherry may be because both species are 

pervasive and drought tolerant, capable of withstanding competition and disturbance 

(Peters et al., 2015).  
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Secondary species currently in the Haliburton forest will likely remain; this includes other 

hardwoods such as beech, birch, as well as conifers such as eastern white pine and eastern 

hemlock. Figure 3.5 shows a potential loss in forest cover in most secondary species, but 

the extent of this reduction is dependent on a variety of factors that cannot be estimated 

from comparison of forest cover alone. Certain conifers species in the forest may decline 

more markedly than others; this is because the GLSL region is currently the southern edge 

of the range of most Boreal species. However, it is unclear the extent to which the 

prevalence of these species will change, and may be influenced by disturbances, discussed 

in 3.4.1. It is likely that most species will remain, at least in part, in the HF in the year 2100.    

3.4.2.2 HF under RCP8.5 Conditions 

 Like RCP4.5, estimated changes under RCP8.5 climate see sugar maple remaining a 

dominant part of the forest. However, in RCP4.5 where sugar maple growth rates are 

expected to increase, RCP8.5 growth rates were found to be statistically similar to that of 

current HF growth at 0.005-0.006 m3/tree/y. This trend is supported by Figure 3.6, where 

the portion of sugar maple in a full transition RCP8.5 scenarios decreases to only 9% of 

forest biomass. Again, a full transition scenario is unlikely, but the portion of sugar maple 

may decrease to some extent over the century, as the TAI for sugar maple in the year 2100 

increasingly declines under scenarios of increasing forest change (Figure 3.7). It is possible 

that sugar maple growth rates in RCP8.5 analog regions are not higher because there is 

greater competition by species better suited to the RCP8.5 region; however, if these species 

do not currently exist in Haliburton, sugar maple growth may be less inhibited, and may 

not decline to the same extent. Despite the potential fall in growth increment, sugar maple 
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is expected to remain a dominant part of the forest in the future because it is currently the 

most dominant species in the region, and it will take considerable time for declining growth 

rates to impact species distribution on a landscape scale.  

Growth rates of northern red oak are expected to increase significantly, from 

0.005m3/tree/y to 0.025m3/tree/y in RCP8.5. The total annual increment of northern red 

oak sees increases as the forest shifts to resembling analog regions in the year 2100. 

Therefore, northern red oak may proliferate throughout the forest, especially as warmer 

temperatures may favour oak seedlings (Fisichelli et al., 2014), and subsequently 

outcompete other existing species. In Figure 3.6, northern red oak is a larger component of 

the forest in RCP8.5 regions, which is a possible outcome for Haliburton in the future.   

Again, red maple and black cherry are estimated to remain important components of the 

forest, but their growth rates are not expected to be any larger than current rates in HF 

(Table 3.4). Despite statistically similar growth rates, red maple may have potential to 

increase in the coming century as shown in Figure 3.6, where red maple are more prevalent 

in RCP8.5 regions, and in Figure 3.7 where total annual increment of red maple may 

increase. Black cherry, on the other hand, may not increase to the same extent, with only 

minimal increases in the TAI and forest cover estimated in the future (Figure 3.6; Figure 

3.7). The extent of increase in both red maple and black cherry may be larger because they 

may outcompete other species in the region that are experiencing decline. 

Secondary species in the forest are also expected to be similar to that estimated under 

RCP4.5; these include American beech, yellow birch, eastern white pine, white ash, 

ironwood and hemlock. The abundance of each species will differ from that estimated 
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under the RCP4.5 scenario, as greater climate changes and the possibility for increased 

disturbances will likely impact certain trees to a different extent. Of these secondary 

species, there will likely be a larger decrease in softwoods under an RCP8.5 future, as these 

tree species may become even more unsuited to new climate conditions, ultimately causing 

greater tree stress. There is very little overlap of conifer species that exist in both RCP8.5 

regions and in Haliburton, with the exception of eastern white pine and hemlock (Figure 

3.6). Therefore, with stressed trees and a greater probability for disturbance, it is possible 

that the HF may experience a higher degree of tree mortality, especially in balsam fir, 

spruce and other conifers due to drought and other disturbances. This follows work by 

Ollinger et al., showing spruce decline under highest warming scenarios (2008).  

In its place, many hardwood tree species would be climatically suitable to the future 

Haliburton region under RCP8.5 conditions. White oak, yellow poplar and hickory species 

could thrive in the region, as demonstrated in Figure 3.6 under a full transition scenario. 

However, it is unlikely that within the century new species can migrate and proliferate to 

the extent in which they currently occur in RCP8.5 analog regions. Instead, if introduced, 

these species would likely thrive, but their relative abundance would likely be much lower 

in the year 2100.   

Ultimately, the future forest outlook under RCP8.5 conditions is similar to that of RCP4.5, 

only that certain species, often softwoods, are estimated to see sharper declines. The loss of 

species may point to greater forest stress, and lower forest biodiversity.  
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3.4.3 Constraints on estimating future forest growth and species cover 

The results of multiple regression show inconsistent correlation between individual tree 

growth and annual temperature and precipitation (Table 3.5). This follows other research 

that coarse scale climate variables can predict growth trends at a large scale, but tree 

growth at the stand level is influenced by other non-climatic factors (Pearson & Dawson, 

2003).  Non-climatic factors may explain the discrepancies between the comparison of 

forest cover in Haliburton and its climate analog forests (Figure 3.5; Figure 3.6) and the 

observed growth rates between these regions (Table 3.4). One of particular importance is 

the reduced proportion of sugar maple in RCP4.5 regions, despite a significantly higher 

growth rate in the RCP4.5 region in comparison to HF. Red maple, on the other hand, is 

currently thriving in RCP4.5 analog regions despite similar growth rates to current 

Haliburton Forest. Non-climatic factors may play a complex role in the mismatch between 

growth rates and prominence. For red maple, this mismatch has been exhibited in what is 

known as the red maple paradox, an interesting phenomenon in the US forests where red 

maple has become a prominent species; while still not well understood, red maple is a 

generalist species and can fare well in many growth conditions (Abrams, 1998).   

Unfortunately, at the tree level, it is difficult to determine which factors are playing a role 

as the scale is too small to be accurately represented from the available forest data. This 

highlights the need for analysis of non-climatic factors in future forest outlooks at the 

landscape level.  In this case, it would be ideal to have growth information for all species in 

both Haliburton and in analog regions to better infer on competition between trees, which 

can inform a more robust discussion on non-climatic factors in a forest stand. 
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Another important factor is the role of soil conditions in future tree growth. Forest soils 

play an important role in holding water, warmth and nutrients (Lafleur et al., 2010). 

Throughout the next century, changing environmental conditions may alter soil 

characteristics in Haliburton, ultimately influencing growing capabilities. Forest litter and 

DWD are important in the development of soils, and may change under changing forest 

conditions as new species inhabit the region (Baldwin et al., 2000). Additionally, soils differ 

between Haliburton and both climate analogs regions; Haliburton soils are often shallow, 

well-drained soil on granite bedrock, with gentle topography gradients (Cockwell & 

Caspersen, 2014). Meanwhile, according to USFS ecoregions, soils and topography in 

RCP4.5 analog regions are often udic and well-drained, they are relatively flat with low 

lands near Lake Erie, and more undulating with a wider range of soils in Allegheny regions 

of Pennsylvania; soils in RCP8.5 analog regions are often well drained to moderately well-

drained with a deep, medium texture, adequate moisture, on flat ground (McNab & Avers, 

1994). Therefore, while tree growth in analog regions is used to model future potential 

growth in HF, these growth rates may not be realized, because they originate from different 

soil and growing conditions. Similarly, species are often confined to specific physiographic 

forest zones, such as hilltops and swamps, and may not proliferate to other regions despite 

greater proportions in analog regions.  

Forest management can also impact forest composition over time. Climate is warming at a 

greater rate than tree species can migrate (Malcolm et al., 2002; McKenney et al., 2007), 

meaning there may be a disconnect between what can theoretically thrive in HF and what 

exists in actuality. In some instances, this disconnect may negatively impact forest 
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biodiversity (Malcolm et al., 2002). Assisted migration addresses this need by planting 

theoretically suitable species into the region. There is considerable overlap of tree species 

in RCP4.5 to that of Haliburton; therefore, under RCP4.5 conditions, assisted migration 

would likely not be needed to maintain biodiversity in the forest. In RCP8.5 regions 

however, there is less overlap of tree species with that of Haliburton. Should disturbance 

and species loss in future HF occur under RCP8.5 conditions, assisted migration may be an 

important management tool to ensure the migration of trees into their theoretical ranges. 

This may allow for improved forest productivity, maintenance of biodiversity and would 

facilitate forest cover change (Malcolm et al., 2002); however, opposition to assisted 

migration suggests that introducing novel organisms into a forest ecosystem may pose a 

threat to forest health (Allen & Humble, 2002).  

Forest harvest can also impact future stand composition. Selective harvest makes gaps in 

the forest canopy, allowing species to propagate in an otherwise mature forest (Leithead et 

al., 2010). While this can allow for enhanced growth for some species, harvest can also 

negatively impact forest productivity by causing damage or reducing DWD, which is 

important in returning nutrients to soils, and thus plays a role in forest productivity over 

time (Powers et al., 2005). Forest harvest acts as a disturbance on the landscape, which can 

reshape the way in which forest growth returns, and may influence the decline of boreal 

softwoods (He et al., 2002). Ultimately, forest management will influence the future 

outcome of a forest stand; it is important to see that management actions and forest change 

are an iterative feedback, and impacts should be continually assessed to ensure best 

outcomes (Lasch et al., 2002). 
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Last, CO2 emissions may also play an important role in future forest development. 

Unfortunately, the role of atmospheric carbon could not be incorporated into the climate 

analog model. Enhanced CO2 conditions expected with climate change may augment 

photosynthesis rates. 

Incorporation of soil, forest management, atmospheric carbon and other non-climatic 

factors into the analysis is difficult, as their role in growth is very complex, and there is still 

uncertainty in how these factors may change over the century.  These factors are beyond 

the scope of this research, but it should be noted their influence is not benign - these 

present interesting and critical points of future study to incorporate in landscape scale 

forest change research.  This could accompany more robust forest change modelling using 

other climate variables such as growing degree days, a mechanistic model to estimate 

future forest conditions and using multiple GCMs to infer on future climate in Haliburton.   

3.4.4 Study Implications / Conclusions 

Forests are expected to change with climate change in the Haliburton region. Under a mid-

range carbon emission future (RCP4.5), HF may only see gradual changes in forest 

composition, with the increase of northern red oak, black cherry and red maple, modest 

changes in sugar maple, the decline of conifers, as well as the potential for the 

establishment of temperate hardwoods such as white oak. Under more intense carbon 

emissions future (RCP8.5), HF may experience more marked changes, as trees become 

more unsuited to the environmental conditions, coupled with increasing disturbances and 

extreme conditions; this may translate to increases in northern red oak, potential decline in 

sugar maple, and a greater loss of conifer species.  
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Estimates on future change can be useful to forest managers, planners and policy makers. 

These estimates can place bounds on the sort of ecological changes that may occur in the 

region, which may allow for more directed management. As discussed, forest biodiversity 

may be influenced as tree species propagate or decline in a given region (Malcolm et al., 

2002). This can have impacts on forest health, because with reduced species richness often 

comes lesser resilience to impending insect, disease and drought disturbances, as well as 

compromised ecological services and animal habitats (Frank & McNaughton, 1991; Hansen 

et al., 2001).   

These changes to forest structure may impact forest-dependent communities in Ontario, by 

raising questions of resource sustainability and the subsequent impacts to local economies. 

With improved information on forest conditions, HF and other forest managers can make 

inferences on silviculture and best management practices. Estimates of future forest 

change may also be of use for forest policy, especially since most forest policy and 

management is based on historical stand growth (Colombo, 2008), which may become 

increasingly inappropriate to apply to changing forest conditions. Similarly, estimates on 

future forest growth can improve bioenergy planning and the sustainability of operations, 

ensuring that bioenergy systems are matched to estimated future feedstock characteristics 

and availability, which may reduce its ecological impacts, now and through time.  
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CHAPTER 4 Future Bioenergy Outlook  

4.1 Introduction  

This analysis builds off the previous manuscript which set potential estimates on future 

forest composition in the Haliburton region, and looks at the impacts of these changes on 

bioenergy systems. 

 Global dependence on fossil fuels is one of the largest carbon intensive activities 

contributing to ongoing global climate change (IEA, 2015). For this reason, there is 

momentum to increase the share of renewable energy generation in Ontario and around 

the world. Renewable energy is often defined as a critical part of sustainable energy 

development, along with energy savings and system efficiency (Lund, 2007). 

Among other renewable energy sources, forest bioenergy is gaining prominence in Ontario. 

Bioenergy uses forest fibre to produce energy through a variety of transformation 

processes, including biological and thermochemical reactions and traditional combustion 

pathways to produce electricity, heat, fuels and other chemicals. According to 2013 

estimates, bioenergy and other renewable energy sources are planned to make up 20 000 

MW of production in the year 2032 in Ontario (OME, 2013).  

Bioenergy and other renewable energy sources are considered a way of mitigating climate 

change by reducing carbon emissions from energy production and use. For forest 

bioenergy, this concept is often controversial because it releases emissions through the 

combustion of forest biomass – an important sink in the global carbon cycle (Holtsmark, 

2012). The underlying assumption with biomass energy is, however, that forests eventually 
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regenerate, and even though the carbon contained within the forest biomass is initially 

transferred to the atmosphere, new forest growth will eventually re-absorb that carbon, 

while simultaneously displacing the carbon that would have come from fossil fuel sources; 

this lag between carbon emissions and carbon savings is referred to as the carbon debt 

(McKechnie et al., 2011). However, the UN considers bioenergy a renewable energy source 

if forest land is harvested using sustainable management practices, forest land and carbon 

stocks do not decrease over time, local policies and guidelines are followed, and carbon in 

downed woody debris and soils is retained (UNFCC, 2006).  

Locally specific planning is critical in order to successfully plan for bioenergy systems that 

harmonize forest health, climate change mitigation and energy production (Creutzig et al., 

2015). Not only do bioenergy operations need to be optimized geographically between 

feedstocks and energy users (Calvert, 2011), but the local geographies of a region – climate, 

infrastructure, social support, land use – are critical to the degree in which bioenergy 

projects can be successful (Calvert et al., 2014). While this concept of spatial or local 

differences in bioenergy sustainability is often considered in energy planning, temporal 

feedstock sustainability is often overlooked (Calvert, 2011). The availability of feedstock 

through time ultimately determines whether or not a project can be successful – that is, 

without enough available biomass in the future, useful amounts of energy cannot be 

extracted.  

Unfortunately, analysis of temporal sustainability in bioenergy systems is complex, as 

forests are dynamic biogenic systems that change over time. This becomes especially 

relevant in an age where changes in climate are expected to have marked impacts on 
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forests in Ontario, including changes in growth, shifts in species composition and an 

increasing threat of disturbance to trees (Dale et al., 2001; Hogg et al., 2002; McKenney et 

al., 2011). Climate change means that forest conditions are also changing; and while 

bioenergy is often considered a climate change mitigation tool, bioenergy systems may also 

need to be adapted to new forest conditions (Figure 4.1).  

 

Figure 4.1 Research framework: adaptation of bioenergy to regional landscapes  

To date, little research has examined the sustainability of forest bioenergy systems over 

time under future scenarios of climate change. A large body of research is dedicated to 

determining the sustainability of forest bioenergy under current conditions, but do not take 

climate-induced forest change into consideration (Gan & Smith, 2007; Guest et al., 2011; 

McKecknie et al., 2011; Werhahn-Mees et al., 2011). Looking forward, some research has 

examined bioenergy potentials in the UK and Europe for agricultural crops under climate 

change (Sims et al., 2006; Tuck et al., 2006; Bellarby et al., 2010; Hastings et al., 2014). 

Similarly, Hastings et al. (2014) examined agroforestry bioenergy potentials in the UK. 

Agroforestry and agriculture are managed environments, however, where crop placement 

is controlled, and these studies only matched crops to their climate suitability. In contrast, 
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bioenergy from harvest and milling residues come from mostly naturally occurring forests. 

Although these forests can be managed to some extent, forest succession and other factors 

in addition to climate change also have control over the state of future forests. While many 

studies have alluded to the need to combine forest bioenergy sustainability with forest 

change research (Parker et al., 2000), at the time of writing, this has not yet been 

performed. Additionally, analysis of future bioenergy feasibility may be more successful at 

a geographic scale that is meaningful to both forest managers and energy planning; a scale 

that emphasizes both the local geography, but considers the end use of energy (Calvert & 

Mabee, 2014). Analyzing the way in which bioenergy systems may operate under future 

conditions is important to ensure that these systems work as a truly renewable energy 

system; to remain not only feasible in terms of sufficient supply of energy feedstock, but to 

also minimize the impacts on the surrounding forests and peoples. This concept becomes 

especially relevant as forests are changing and may be subject to considerable stress (Dale 

et al., 2001; Aitken et al., 2008), but also as the modern environmental paradigm sees the 

health of forests as critical for human and animal needs (Kimmins, 1997). In Ontario, while 

energy policy has called for increasing production of forest bioenergy, forest policy has 

only minimally incorporated climate change into planning, and has little mention of 

modern forest bioenergy as a new end product (Roach & Berch, 2014). Therefore, 

analyzing future bioenergy sustainability may establish links between both forest and 

energy policy, with hopes of enhancing energy planning for a meaningful and effective 

renewable energy future. 
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This chapter assesses the impact of future forest change on bioenergy feasibility in the 

future. It first addresses considerations for future bioenergy feasibility, including possible 

future feedstock characteristics, ecological impacts of bioenergy and biomass volume 

availabilities. Next, these considerations inform possible implications for the future 

bioenergy landscape, and its downstream policy needs. This investigation seeks to better 

understand the sustainability of bioenergy under a new, and potentially stressed, forest 

ecosystem.   

4.2 Future Bioenergy Considerations  

4.2.1 Possible forest composition 

It is well established that climate change will impact forests. The specifics of this change, 

however, are highly uncertain (Millar et al., 2007).  Forest change is very locally dependent, 

with regional characteristics influencing growth, disturbances and other non-climatic 

factors. An analysis of potential forest cover change in the Haliburton Forest and Wildlife 

Reserve, Ontario, Canada was performed in the previous chapter.  

According to the previous analysis in Chapter 3, under both a high carbon emission 

(RCP8.5) and mid-range carbon emission future (RCP4.5), northern red oak is expected to 

proliferate throughout the forest. Currently, northern red oak occupies mainly dry hilltops 

within the region (Dey & Parker, 1996). With the possibility of enhanced future growth 

coupled with greater stress in other species, northern red oak may extend its range to 

other more fertile sites.  
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Sugar maple growth rates may become significantly higher under mid-range carbon 

scenario future, but under a high emission scenario, growth may minimally decline. 

Alternatively, it is also possible for sugar maple abundance to increase should it out-

compete other species impacted by disturbance. Regardless, sugar maple is expected to 

remain an important component of the forest.  

Red maple and black cherry both did not have significantly different growth rates in 

comparison to current growth in the region. However, each is expected to withstand 

climatic changes, as they are both tolerant species that are thriving in regions currently 

experiencing similar climate to that of Haliburton in the future. Red maple in particular, is a 

tolerant species that has both many generalist characteristics (Abrams, 1998), and may 

proliferate in the region over the century, as it has done recently in the Northern United 

States (Dey & Parker, 1996).  

Other secondary softwoods are expected to decline. This includes red pine, balsam fir, and 

tamarack; eastern white pine and eastern hemlock may experience some decline, but likely 

to a lesser extent. These species are expected to become un-suited to new climate 

conditions, may have increased difficulty reproducing and may also be more susceptible to 

disturbances. The extent of the decline is highly dependent on the species in question and 

severity of disturbances in the region over the century; however, it is likely that these 

species will not disappear completely.  

In its place, incoming species could theoretically thrive in the region in the year 2100, 

including white oak, yellow poplar and hickory. These species may not be able to migrate 

northward naturally within the century, as tree migration rates are estimated at 
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approximately 10-50km/century (Iverson et al., 1999; McLauchlan et al., 2008). Therefore, 

the presence of incoming species is dependent on forest management and assisted 

migration. However, in choosing to plant new species, managers must also decide to reduce 

planting vulnerable softwoods, which bring many ethical and ecological considerations that 

could play a large role in shaping future forests.  

For the purpose of this analysis, tree species have been separated into three groups. First, 

vulnerable species are those in Haliburton expected to decline over the century; core 

species, are the main species that are expected to do well; last, are the potential opportunity 

species, which may only exist in the region if planted. These designations are similar to that 

by Malcolm et al. (2008) in the Haliburton region. Under both potential forest scenarios, it 

is likely there will be a shift in forest cover: a mixedwood forest may slowly transition 

towards becoming a more hardwood dominated region. 

In terms of bioenergy, harvest and milling residues may continue to be ideal feedstocks, 

because they are often viewed as ‘unused’ biomass in the forestry supply chain, presuming 

that sufficient biomass is left on site to replenish nutrients to soil (Paré et al., 2011). 

Harvest residues refer to additional biomass beyond the merchantable stem wood that is 

often burned during harvest or left in the stand; milling residues are sawdust and other 

biomass residues that arise through wood processing. Some milling residues are destined 

for pulp and paper production and some residues are used in industrial energy production. 

As the demand for paper products declines, the need for residues in pulp and paper may 

also decrease, representing a possible source of biomass for energy production (Mabee & 

Mirck, 2011).  However, for the time being, milling residues are often considered 
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unavailable for energy due to competition for their use (Calvert & Mabee, 2014). From an 

industry perspective, these residues may represent an unused and low cost feedstock for 

bioenergy, and are also associated with fewer carbon emissions (McKechnie et al., 2011).  

4.2.2 Feedstock chemistry  

The possible transition of forests in the region towards increasing hardwood dominated 

forest cover and declining softwoods has implications for bioenergy. Hardwoods and 

softwoods have different physical and chemical combustion characteristics, with 

hardwoods being considerably more complex chemical structures (Tillman et al., 1981). As 

bioenergy feedstocks, the nature of the wood may influence the chemical outcomes of the 

biorefining process. The main differences between hardwoods and softwoods as they 

pertain to bioenergy feedstock are displayed in Table 4.1, summarized from Cabral (2015), 

a database of wood chemical composition estimates from a variety of difference sources.  

All wood is made up of cellulose, hemicellulose, and lignin. Cellulose is a simple 

polysaccharide, and is an important fibre in many wood products. Hemicelluloses are more 

complex, and are made up of multiple different sugars. Notably, mannose, arabinose and 

xylose are all hemicelluloses that have interesting uses beyond traditional wood products. 

For example, xylose can be refined into xylitol, a sugar with applications in food additives. 

Future core species have higher hemicellulose proportions (20.23-40%) than softwoods, 

made up by greater components of xylose (15-17%) (Table 4.1). This may point to the 

possibility for new value added products to be extracted from the biorefining process in the 

future. Last, lignin is a chemically complex polymer that acts as a ‘glue’ in wood structure. 

Softwoods often have a higher lignin content than hardwoods (Demirbas & Demirbas, 
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2009). While the structure of lignin makes it difficult to use in many traditional wood 

products, lignin is very carbon rich, giving species with greater lignin components a  higher 

heating value, and thus a greater energy content for bioenergy (Demirbas & Demirbas, 

2009; Telmo & Lousada, 2011).  

Table 4.1 Wood chemical composition of critical species in HF  
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Northern Red Oak 43.0 24.6 17.3 24.4 4693 0.6 
Sugar Maple 45.4 20.2 15.6 23.57 4682 0.6 
Red Maple  44.1 30.7 17.1 25.2 4739 0.5 
Black Cherry  45.0 40.0   4649 0.5 
Yellow poplar  48.2 23.7 15.1 16.3 4589 0.4 
American beech 46.3 29.2 18.6 21.8  0.6 
White oak  20.0   26.5  0.6 
Black oak  48.0    4543 0.6 
Eastern White Pine 45.3 27.9 14.4 24.3 4854 0.4 
Eastern Hemlock  42.9 25.1 5.0 32.1 4936 0.4 
Softwood (av) 43.3 23.6 6.4 29.3 4884 0.4 
Hardwood (av) 44.9 26.4 16.3 22.8 4608 0.5 

This data is derived from Cabral (2015), a database compiling multiple sources on wood 
chemistry. Cellulose, hemicellulose and lignin percentages do not add to 100% because 
they are averages from a variety of sources, and extractive content is not included. Species 
of interest to the Haliburton region are shown. 

Harvest residues may be more appropriate to use in energy production for both 

environmental and economic reasons (McKechnie et al., 2011; Moriana et al., 2015). The 

chemical composition of residues is quite variable, and is thus not included in the above 

table. Unfortunately, these chemical differences between stem wood and residues add 

further complexity to their use in biorefining. Harvest residues present a greater challenge 

as they are composed of branch wood, foliage and other additional tree biomass, all with 
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differing chemical profiles. Like softwoods, harvest residues often have a larger component 

of lignin (Moriana et al., 2015), giving them a higher heating value.  

Next, specific gravity is a way to measure the density of wood. The core species each have 

relatively higher specific gravities than vulnerable softwood species, with sugar maple and 

northern red oak having an average specific gravity of 0.58, while eastern white pine and 

hemlock have specific gravities of 0.43 and 0.38, respectively (Table 4.1). Dense biomass is 

ideal for bioenergy production because it means lower volumes of feedstock to be 

transported, which in turn equates to reduced transportation costs and fossil fuel inputs 

needed to move the feedstock. This is ideal for producers because transportation costs 

remain one of the largest barriers to bioenergy commercialization (Miao et al., 2013), while 

increased fossil fuel use diminishes the climate change mitigation potential of a bioenergy 

operation (McKechnie et al., 2011). And since transportation of biomass - either to a 

biorefinery, a pellet mill or to the consumer – is inevitable, the use of hardwood feedstock 

may provide reduced costs and other fuel needs.  

Low ash content is ideal for bioenergy production. Hardwoods and softwoods have an 

average ash content of 2.7% and 1.7%, respectively, although these values vary between 

species (Demirbas & Demirbas, 2009). Harvest residues have a variable ash content, 

ranging from 1.6-4.7% (Acquah, 2010; Moriana et al., 2015).  Ash content is problematic in 

both solid and liquid fuel platforms because ash can buildup in machinery, which not only 

requires consistent cleaning and removal, but may also cause machinery corrosion (Acda & 

Devera, 2014). Unfortunately, available feedstock for bioenergy in Haliburton will likely be 

higher in ash, as it may be predominantly hardwood residues.  
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Last, moisture content of the feedstock is a large hurdle in energy production because 

energy is required to evaporate water during combustion (Tillman et al., 1981). Green 

wood typically has a moisture content of 50-60% (IEA, 2007). Harvest residues may have a 

greater moisture content than stem wood (Acquah, 2010), which may require further 

drying measures in order to have useful feedstock for bioenergy.  

Future energy feedstock from core species present both opportunities and challenges for 

bioenergy production in the future. These chemical characteristics may ultimately dictate 

what biorefining technology is most feasible.  

4.2.3 Ecological issues in residue removal  

Bioenergy under a climate change future also presents additional ecological implications.   

Currently, bioenergy is not free of environmental challenges. The issue most frequently 

discussed are the associated greenhouse gas emissions – this makes sense, as bioenergy’s 

recent surge in interest is largely to find a replacement for fossil fuels. Studies have focused 

on life cycle assessment of emissions from woody biomass systems (see McKechnie et al., 

2011), associated emissions from soil carbon (see Cowie et al., 2006) or in regionally 

specific emission studies (see de Jong et al., 2007).  

While the use of harvest residues provide benefits from a carbon emissions perspective in 

relation to standing wood (McKechnie et al., 2011), this more extensive harvest may cause 

further pressure in forest stands. This is especially true under a climate change regime, 

where forests may become more stressed under changing conditions. Lattimore et al. 

(2009) have provided a review into the extent of these potential ecological impacts, 
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including major causes and potential alternatives. The following sections describe these 

issues in brief.  

One of the greatest ecological concerns of bioenergy is the impact of forest harvest on soils. 

Using forest residues for energy means that these biomass components do not decay within 

the forest itself, which may limit nutrients and essential elements that are returned to the 

forest soils (Paré et al., 2013). Therefore, exploiting forest harvest residues may influence 

future growth of forests (Werhahn-Mees et al., 2011). However, there are constraints to the 

extent of biomass that can be removed; Ralevic et al. (2010) estimate that 41-59% of 

residues cannot be taken for technical reasons, which may be enough to maintain forest 

health (Alam et al., 2012). Forest soils may also be impacted through compaction and 

erosion during harvest, which in turn may cause a loss of soil organic matter and a release 

of soil carbon (Powers et al., 2005); this may not only cause reductions in forest 

productivity, but may also be a carbon emission source depending on the extent of forest 

structure change (Powers et al., 2005; Cowie et al., 2006). Therefore, in the long term, it 

would be counterintuitive to exploit residues if it impinges on the long term health of 

forests, because forest health is critical to the viability of a bioenergy project.  

Bioenergy and its associated forest harvest present some issues to animal health in forests.  

Downed woody debris and forest residues are important habitat for a variety of small 

mammals, birds and microorganisms (Bowman et al., 2000; Simard, 2001; Thompson et al., 

2003; Gunnarsson et al., 2004). In the Haliburton forest and many parts of the Great Lakes-

St. Lawrence forest region, the harvest method is predominantly selection cut or 

shelterwood harvest (Wolf, 2012), which removes less biomass from a given forest stand. 
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Instead, these issues are often more prevalent in clearcut harvest systems and intensive 

forest harvest, but the concept remains key to residue removal: taking too much fibre may 

be potentially damaging to forest biodiversity and forest health. 

It is also important to recognize that as climate warms, there is the possibility for 

synergistic impacts between harvest and climate pressures. First, these synergistic impacts 

may make forests more susceptible to damage from insects and disease, especially if 

reductions in nutrient inputs from residue harvest reduce plant growth; this can make 

forests further susceptible to climate related disturbance. Additionally, climate change may 

cause precipitation to fluctuate, with both droughts and flooding expected (IPCC, 2014). 

These impacts may mean significant stress to trees; and, coupled with forest harvest may 

act twofold to negatively impact forests.  

These synergistic impacts of harvest and climate will, in turn, impact the feasibility of 

bioenergy. As disturbance will cause mortality in many trees, the extent may be severe 

enough to reduce annual timber availability and cause disruptions in bioenergy output 

(Mabee et al., 2006; Pyörälä et al., 2013). Uncertain moisture regimes add a layer of 

volatility to bioenergy feedstocks and energy production in the future (Stone et al., 2010).  

Ultimately, forests and bioenergy should not be considered as separate entities, but two 

pieces of an inextricably linked feedback loop, each influencing the other. Forests are 

critical to human and non-human life in many ways beyond forest harvest and energy 

production: water filtration, tourism, carbon sequestration, spiritual connection, food and 

recreation among a long list of positive benefits Ontarians enjoy from forests (Browne & 

Hunt, 2007; Janowiak & Webster, 2010). These benefits, along with the intrinsic value of 
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forests, places the need for a way to harmonize intrinsic ecological value with forest 

derived resources (Callicott & Mumford, 1997).  

Deeper ecological sustainability becomes especially critical in energy planning as the 

ultimate goal of bioenergy is considered against its alternative: non-renewable fossil fuels. 

The goal of alternative energy is clearly for environmental benefits and emission 

reductions - but at what point is the process of making bioenergy still a beneficial energy 

form if it creates other ecological damage? The full impacts of bioenergy harvest are not 

fully known, and the extent of bioenergy harvest impacts through time may never ever be 

fully realized (Thiffault et al., 2010).  However, while there are inevitable downsides to 

forest harvest and bioenergy production, the negative environmental impacts from keeping 

the fossil fuel status quo may be far worse, especially as social pressures are calling for 

increasing renewable energy generation (McLachlan, 2007; Puddister et al., 2011) 

4.2.4 Sustainable forest management  

One way to harmonize both ecological and resource sustainability is through sustainable 

forest management (SFM). In its essence, SFM refers to management systems where forest 

health is a high priority and wood harvest is designed to model ecological principles of 

forest growth and succession. Basics of SFM call for conservation of diversity, protection of 

water and soils, maintenance of soil and forest carbon, management to enhance forest 

growth, all while allowing for forest benefits to flow to both human and other living 

components of the ecosystem (Helms, 1998; Floyd et al., 2001). Critical to SFM is the need 

for strong environmental and resource policy to ensure compliance by stakeholders in the 

harvest and bioenergy supply chain (Volk et al., 2004). The goals of SFM are not to exclude 
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forest harvest, but to ensure that human intervention in forests does not degrade forests 

over time.  

Future bioenergy can be a part of sustainable forest management if operations can align 

with these principles of upholding ecological health. In practice, this means that bioenergy 

systems must not exploit forest fibre, but remove an amount that keeps sufficient biomass 

residues on site for nutrient return, maintains forest connectivity and maintains forest 

structure. This may include avoiding mature legacy trees for habitat (D’Amato et al., 2011), 

or ensuring harvest is lower than the annual growth increment (Calvert, 2011). It is 

imperative that harvest focuses on multiple different species that can withstand removal, 

which may mean the core species as expressed in section 4.2.1. At the same time, however, 

it is critical to ensure that these species are not put a risk by extensive use. In doing so, 

managers can maintain forest species and genetic diversity, which in turn fosters greater 

resilience to shocks (Frank & McNaughton, 1991).  

Often times, removal of forest biomass can actually improve forest conditions, while 

simultaneously supplying fibre for forest products or energy production. For example, pre-

commercial thinnings and biomass removals that take an appropriate amount of fibre from 

the forest can reduce competition for space, nutrients and light between trees, and may 

enhance forest growth in certain forest regions (Thompson et al., 2003). This is the impetus 

for shorter harvest intervals currently ongoing in the Haliburton forest (Cockwell & 

Caspersen, 2014). Commercial thinning and disturbance wood removal can reduce the 

spread of insect and disease, and can also provide fibre for energy (Mabee et al., 2006). In 
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fact, the use of disturbed wood in energy production is one of the key considerations for 

salvaging mountain-pine beetle infested stands in British Columbia (Lamers et al., 2014).  

Bioenergy harvest is not feasible everywhere, especially as climate change increases stress 

in certain regions. In the Great Lakes-St. Lawrence region, this may point to conserving 

vulnerable species, should they decline over time with climatic changes. Forest biodiversity 

should be maintained or enhanced as best as possible, especially since slow migration rates 

of new incoming trees my result in biodiversity loss if assisted migration does not occur 

(Malcolm et al., 2002). It is also critical to conserve forest regions for non-human life, as it 

will also be increasingly stressed by impending climate change, with most animal and tree 

species expected to see population and range declines in the short term (Currie, 2001; 

McKenney et al., 2011). Overall, harvesters may avoid sites that are more susceptible to 

damage from residue harvest (Paré et al., 2011), including sites with low soil carbon and 

low phosphorus (Thiffault et al., 2011). In order to meaningfully provide bioenergy within 

a sustainable forest management framework, associated policies must balance competing 

factors of resource use and forest conservation (Puddister et al., 2011).    

4.3 Implications for future bioenergy production  

4.3.1 Feedstocks 

These changes in forest cover and changing climate regimes ultimately have implications in 

bioenergy feasibility. These changes are expected to be mirrored in harvest residues, which 

may continue to remain an ideal bioenergy feedstock for ecological and economic reasons.  
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First, the increasing prevalence of hardwoods with a decline in softwoods may cause shifts 

in forest age structure. Vulnerable species currently growing in the region will age, but may 

see increasing difficulty in reproducing over the course of the century, or may not be 

preferentially planted. If this occurs, it is possible that remaining softwoods in the region 

will be predominantly mature. Incoming species brought in via assisted migration would 

only be suitable in the latter end of the century, and in 2100, may be predominantly 

younger trees. In this case, it is possible that mostly the core species would occupy the mid-

age class in the region. From a commercial standpoint, it may not be ideal to harvest the 

older softwoods as they may be legacy species that are best left in the forest for providing 

habitat and other services (D’Amato et al., 2011); the incoming species may not yet be 

commercially viable as they may be too small or too few to be an economical harvest 

choice. This leaves only the mid-age core species available for harvest.  

This age structure presents a number of issues to both forest harvest and bioenergy 

production. First, the number of commercially available species would be reduced to 

primarily the core species, as they will predominantly occupy an age suitable for harvest. 

Currently, HF harvests all 24 tree species in the region, each used for a different end 

product, such as eastern hemlock destined for home construction (Haliburton Forest and 

Wildlife Reserve, 2015). Therefore, a smaller number of harvestable trees may influence 

local wood markets, with variability in wood availability, as well as modified forest product 

outputs.  

There is possibility that a smaller amount of viable commercial species in the region, 

coupled with pending disturbances, may influence availability of biomass for energy 
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production. On one hand, increasing disturbance, while bad for traditional forest products, 

often means a glut of wood that is damaged beyond use in traditional wood products, and 

instead may be best used in energy production (Dymond et al., 2010). On the other hand, 

disturbance wood is only a short term feedstock source and is largely unpredictable, 

making it an unreliable feedstock. Climatic impacts may also mean reduced harvesting in 

general, which in turn means lesser harvest residues that can be extracted for energy 

production. Therefore, future bioenergy production may be impacted by fluctuations in 

residue availability. In response, forest managers and bioenergy planning should be aware 

of the possibility of feedstock shortage, and plan to keep biomass reserves or other 

strategies in place to deal with shortage.  

Overall, this shift in forest cover ultimately means that hardwood residues may be the most 

widely available feedstock for bioenergy production. The availability of softwood residues 

may decline over the century as softwood harvest declines, with the intent of conserving 

conifers to maintain ecosystem integrity, biodiversity and the ecosystem services 

associated with these species. Some stem-wood, both softwood and hardwood, may be 

available due to disturbance mortality. Ultimately, feedstock availability may fluctuate, and 

will require flexible use of wood biomass in bioenergy.   

4.3.2 Volume availability  

Biomass feedstock availability is critical to the future success of bioenergy operations. 

Although tree growth and forest productivity may change in response to climatic changes 

in the region, biomass availability for bioenergy production may not necessarily increase.  

Results in Figure 4.2 and Table 4.2 demonstrate the possible ways in which regional forest 
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growth may respond to such climatic change (see CHAPTER 3 for an in-depth discussion on 

forest growth). Figure 4.2 below shows that increasing growth is possible for the core 

species. The cumulative total annual increment (TAI) of merchantable growth for core 

species, expressed in m3/y, may increase under both RCP4.5 and RCP8.5 conditions. The 

extent of this increase in TAI depends on the extent to which the Haliburton forest mirrors 

its analogs in the year 2100. The increment under RCP4.5 conditions in the future is 

estimated to be higher than the possible increment of core species under RCP8.5 

conditions.  

The TAI of sugar maple is estimated to decline under both RCP4.5 and RCP8.5 conditions, 

despite significantly higher tree growth rates in RCP4.5 regions (Figure 4.2). Where sugar 

maple makes up the majority of the growth increment currently in HF, it may be replaced 

by growth in northern red oak and red maple if the forest shifts towards its analog regions.  

 

Figure 4.2 Comparison of current and possible growth in the Haliburton region  
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Table 4.2 Mean tree growth for core species in HF and analog regions  

Plot mean tree growth 
(m3/tree/y) 

HF RCP4.5 RCP8.5 

Sugar maple  0.005 0.008 0.006 

Northern red oak  0.005 0.017 0.023 

Red maple 0.004 0.006 0.012 

Black cherry  0.005 0.010 0.007 

 

Despite potential changes in TAI in the future, biomass availability will not track core 

species growth exactly. Future analysis of biomass availability is influenced by a variety of 

factors, as discussed below.   

As previously described in section 4.2.1, there is also expected to be a decline in some 

vulnerable species. While the estimated rates of growth for vulnerable species are not 

examined in this research, this could mean that the annual growth increment of vulnerable 

species may be only contributing a small amount to the future total annual increment, and 

that core species are preferentially harvested from these regions by the end of the century. 

In the future, it is possible that declining forest health may also cause managers to reduce 

the extent of forest harvest; this, in turn, would mean lesser residues available for 

extraction in bioenergy. Additionally, climatic change may cause greater biomass loss via 

mortality. In fact, Ma et al. (2012), estimated that future biomass in eastern Canadian 

forests would resemble current amounts, as increasing growth rates are offset by 

increasing mortality. Moreover, there is an ecologically sustainable level of harvest residue 

removal (Paré et al., 2011). The recommended amount of harvest removal may change 

with climate change: if forests become increasingly stressed, greater amounts of residues 

may need to be left on site to maintain forest health. Leaving more residue in the forest 
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may allow for greater nutrient return to forests and protection of soils, among other 

benefits of leaving residues on the ground (Lattimore et al., 2009).   

Overall, with the possible increase in growth increment under both RCP4.5 and RCP8.5 

conditions, there is some potential for greater biomass availability, but any other impacts 

to forest health may limit this availability of biomass for bioenergy production. Therefore, 

the nature of the biomass, in terms of species, age and size may change, as discussed in 

section 4.3.1, but there may not be significant increases in feedstock availability for 

bioenergy.  Mid-range emissions (RCP4.5) may be more conducive to greater biomass 

availabilities for bioenergy. In contrast, higher emission scenario (RCP8.5) may be 

associated with modest increases in growth, but may also be subject to greater disturbance 

in comparison to RCP4.5. 

From current HF forest harvest volumes, there is approximately 1.9-2 odt/ha of harvest 

residues accessible for bioenergy (Wolf, 2012; Calvert & Mabee, 2014). Wolf (2012) points 

out that this amount over a region of similar size as Haliburton could not support a large 

scale biorefinery, and instead is best suited to smaller scale of 1 MWth or 500 kWe – 2 

MWe. Large scale facilities, in comparison, require greater amounts of feedstock that may 

not necessarily be available in the future. Therefore, if future biomass availability remains 

similar to that of today, these small scale technologies may also be the most feasible. If 

biomass availability does, in fact, increase by the end of the century, this change will not 

occur immediately; available biomass volumes would need to be harmonized between 

current day levels and estimated future levels, meaning that larger sized operations may 

not be feasible for considerable time. Instead, available harvest residues for bioenergy 
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production should be closely monitored through time, to ensure that the scale of bioenergy 

operations are the best match to available feedstock volumes.   

In the face of uncertain feedstock volumes, opting for small scale energy generation follows 

the precautionary principle, whereupon if there is are unknown risks presented, then those 

risks should be avoided as a precaution. Choosing small scale generation reduces the risk 

surrounding future bioenergy operations, not only of in terms of potential forest 

degradation, but also reduces the risk that energy systems cannot be adequately supplied 

by local feedstock.  

4.3.3 Feedstock chemistry   

Along with available volumes, the chemical characteristics of the feedstock also dictate the 

optimal technology used in biorefining. Biochemical conversion pathways, which use 

enzymatic hydrolysis to breakdown sugars into ethanol, are greatly hindered by lignin, and 

are thus best suited to hardwoods (Cheng & Timilsina, 2011; Daystar et al., 2015). 

Thermochemical conversion of fuels uses gasification or pyrolysis to heat feedstock 

without oxygen to produce a gas, which is then further reduced into fuel and energy; this 

process is not inhibited by lignin and can thus support both hardwoods and softwoods 

(Daystar et al., 2015). Similarly, traditional combustion can support multiple feedstock 

sources, but as mentioned, high heating value and low ash content is ideal.   

Another considerable hurdle in matching biomass feedstock to bioenergy platforms is that 

bioenergy systems work best if the feedstock is homogeneous (Calvert & Mabee, 2014). 

Physical and chemical homogeneity allows for easier handling of the feedstock, great 
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efficiency, as well as greater consistency in outputs. Unfortunately, hardwoods and 

softwoods are different enough that they cannot be combined easily in bioenergy 

production (Calvert & Mabee, 2014). However, while heterogeneity is an issue, it is not an 

impossibility.  

At first glance, the increasing abundance in hardwood feedstock over time may point to the 

possibility of biochemical liquid fuels as a viable method bioenergy production because it 

works best with hardwood feedstock (Cheng & Timilsina, 2011). Unfortunately, 

biochemical pathways are still greatly limited by their costs, as enzymes and feedstock are 

expensive (Cheng & Timilsina, 2011). Additionally, life cycle assessment has linked liquid 

fuel production from wood to be associated with greater carbon emissions (McKechnie et 

al., 2011). Last, biochemical lignocellulosic fuel production could likely only be feasible at 

larger economies of scale; larger plants will require greater feedstock input – feedstock 

volumes that may not be feasible to pull from stressed forests, as discussed in section 4.3.2. 

Despite this increase of hardwood stands over time, it is important to note that this shift is 

likely to only occur in the later part of the century as it will take considerable time for 

softwoods to decline in the region. Even then, softwoods stands may be more susceptible to 

disturbance, and in turn, there may be increased availability of disturbance wood. This 

means that while feedstock availability over time will tend towards a greater amount of 

hardwood residues, softwoods may also be available for bioenergy over the century. 

Therefore, while it is critical not only to match bioenergy systems to future conditions, it 

must also be harmonized with current feedstock availability, so that the sustainability of 

bioenergy systems is relatively consistent over time. In this light, biochemical platforms 
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may face issues matching changing feedstock availability to the narrow feedstock 

requirements.  

Thermochemical breakdown of wood biomass can produce energy and fuels. Further 

thermochemical refining of wood does provide some benefits: it can accommodate a larger 

range of feedstock (Daystar et al., 2015), meaning it can also access the range of wood 

available in the region; it can also produce other products that can allow for additional 

revenue streams. Like the biochemical pathway, thermochemical conversion is also limited 

by its costs (Cheng & Timilsina, 2011) and is not yet commercially viable (Mabee & Mirck, 

2011). Biomass conversion to ethanol has lower reported efficiency in conversion, which, 

when assessing its role as a climate change mitigation tool, may not be sufficient enough to 

provide meaningful carbon reductions. Additionally, like the biochemical pathway, 

thermochemical conversion requires significant feedstock inputs that may be difficult to 

access in a sustainable manner (Mabee & Mirck, 2011). This is especially important to 

consider, as an increasingly stressed forest in response to climate change may not be able 

to handle an increase in extraction to support a biorefinery.   

Instead, a more viable technology would be one that can handle a greater range of 

feedstock, while also being an efficient energy source, and can function at a small scale, as 

discussed in section 4.3.2. Combined heat and power facilities are a viable technology, 

running on solid wood feedstock to produce both heat and electricity at greater efficiency.   

Another option may be to make wood pellets from a blend of available feedstock in 

consistent proportions (hardwood, softwood and residues). Pelletizing biomass produces a 

homogeneous intermediate, that can also benefit from the use of multiple fibre sources 
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(Calvert & Mabee, 2014). The composition of wood type in the pellet can gradually change 

over time to match wood availability in the region, allowing for a technology and feedstock 

that can remain suitable to both the current and future forest conditions.  

Blending may allow for a usable feedstock that is better chemically and physically suited to 

energy production. Foremost, pelletizing increases the bulk density of the feedstock, and 

thus further reduces energy costs and emissions associated with transport (Miao et al., 

2013). Pellets will have to reach an industry standard, which may be an issue with such 

feedstock variability. The processing of biomass into pellets will require more energy input 

and further supply chain complexity, which may another hurdle to commercialization. If 

this can be overcome, the use of pellets means that multiple available wood sources can be 

incorporated, allowing producers to access greater economies of scale (Calvert & Mabee, 

2014).  

4.3.4 Technology implementation  

Overall, climate change in central Ontario’s Great Lakes-St. Lawrence Forests will influence 

bioenergy outcomes over the next century. Bioenergy feedstock in the region will likely be 

a mix of hardwood and softwood residues, shifting towards a greater portion of hardwood 

residues over time, and with intermittent availability of disturbance wood, both hardwood 

and softwood. The physical and chemical characteristics of this biomass, along with volume 

availabilities and current bioenergy costs and realities mean that likely the most applicable 

platform is solid fuels in the production of heat and power. For off-grid residential heating, 

this could come from pellet stoves; for larger, although still small scale (1 MW) industrial or 

commercial needs, the use of CHP facilities may be a suitable technology. It is unlikely that 
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large scale energy generation could be sourced from the Great Lakes-St. Lawrence region in 

an environmentally sustainable manner, as larger production requires great amounts of 

biomass, which may not be available from future forests, under both scenarios of climate 

change. Instead, small scale generation may be the best under current and future forest 

conditions, especially as it requires lesser transportation distances.  

Pellets may be best used in residential heating furnaces. The Haliburton County has a lower 

population density (Statistics Canada, 2011), with many residents already using off-grid 

energy systems, and many seasonal cottages relying on traditional firewood heating; for 

these households, home pellet furnaces may be a viable energy source. Pellet furnaces have 

an average efficiency of 75-80% (Mabee & Mirck, 2011). Pellets can be applied to a variety 

of bioenergy applications beyond individual home furnaces, and may therefore be a new 

product stream for wood fibre in the region. 

CHP facilities are also more flexible to feedstock heterogeneity. CHP facilities have an 

approximate conversion efficiency of 70-80%, which is higher than many other forms of 

bioenergy (Mabee & Mirck, 2011). These operations can also run on pellets, and can thus 

be integrated with residential heating; although it is not limited to pellet feedstock. From 

an emission perspective, CHP systems are best at a smaller scale (Paré et al., 2011; Creutzig 

et al., 2015), however, local emissions may be higher (Guest et al., 2011). CHP systems are 

likely best used to power small industrial needs or small community buildings, such as 

hospitals (Wolf, 2012).  

In combination, residential pellet heating and CHP facilities providing heat and energy on a 

small scale represent a potential path forward in a future of climatic change. Each 



 

 

99 

represent smaller feedstock requirements that may cause lesser disturbance to forest 

stands which may be more viable under future available volumes, especially if sourced 

from residues. These pathways also have greater energy conversion efficiency.   

Of course, these technologies are not without their hurdles, especially as their 

implementation beyond the forestry sector is relatively new. For residential pellet stoves, 

prospective users are hesitant about inconsistent supply, while producers for pellets are 

unsure if there is an adequate market (Jannasch et al., 2001); this issue of competing forces 

has been cited as a potential barrier for pellet development (Calvert & Mabee, 2014). 

However, the high efficiency of wood pellet stoves and increasing availability of pellets are 

contributing to the growing pellet market in Ontario (Jannasch et al., 2001). For rural 

residents, pellets may also be the least expensive energy form where natural gas is 

unavailable (Jannasch et al., 2001). There is existing pellet capacity in the Haliburton region 

(OMAFRA, 2015); this may help local producers find an avenue for excess forest residues. 

Unfortunately, there are some cost barriers to residential pellets, especially in regions 

where natural gas is available (Jannasch et al., 2001). It is possible that over the course of 

time and the growing popularity of wood pellets, that their value increases to a point in 

which procurement costs can be overcome (Wolf, 2012). Regardless, economic issues must 

be overcome before these systems can be viable.  

CHP, on the other hand, has been extensively used in the forestry sector, with 39 CHP 

facilities across Canada in 2011 (Bradley, 2012); independent CHP facilities are less 

common, but there are 16 across Canada in 2011, and their focus is predominantly on 

electricity (Bradley, 2012). CHP technologies can make use of idled or closed mill 
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infrastructure in the region, which could not only provide stimulus to regions where 

closures have occurred, but also reduce upfront capital costs. However, connecting small 

scale energy projects to an energy network may equate to greater infrastructure costs and 

lower economies of scale (Wolf, 2012). Regardless, in Ontario, small scale CHP is often 

considered one of the most viable forms of bioenergy, from both an environmental and 

economic perspective (Guest et al., 2011; Paré et al., 2011; Wolf, 2012).  

Small scale energy generation may allow for other benefits to be realized. While such 

benefits can flow from large scale generation, many smaller operations can distribute 

benefits across regions, fostering community resilience, providing employment and 

economic stimulus to rural areas, as well as providing access to energy (Creutzig et al., 

2015). 

4.4 Policy implications 

In order for these bioenergy technologies to be deployed successfully within a sustainable 

management framework, strong policy support is needed at a variety of governance levels. 

Currently, forest management in Ontario is directed under the Crown Forest Sustainability 

Act (CFSA) (Crown Forest Sustainability Act, 1994). The CFSA informs forest harvest 

through overarching policy, and through specific planning manuals on forest management, 

information, forest operations and scaling. Management is divided into geographic 

management units, which is harvested by companies and groups of companies that hold 

Sustainable Forest Licenses. The CFSA already does a fairly good job at fostering 

sustainable forest management principles in Ontario, as its main objective calls for health 



 

 

101 

and productivity in managed forest, while protecting biodiversity and ecological integrity 

(Crown Forest Sustainability Act, 1994).  

Despite this, many critics believe that Canada is not yet equipped with sufficient safeguards 

to ensure that bioenergy development does not exploit forests, causing more ecological 

harm than good (Bradley, 2012). While this critique is highly contested, it does highlight a 

potential need for policy changes in response to a growing bioenergy sector in a time of 

climate change.  

First, amendments to the CFSA could improve legislation by including policy on the impacts 

of climate change. Currently, very little policy in the CFSA, both legislative and at the 

management level is incorporating climate change into forest policy. There is mention of 

the potential impacts of climate change in the Planning Manual under CFSA, as well as the 

Forest Management Guide and the Silvicultural Guides associated with the CFSA (OMNR, 

2009; OMNRF, 2015). The silvicultural guides in particular acknowledge the need for 

management to focus on climate change, and calls for the use of best management practices 

(OMNRF, 2015). To improve this, overarching policy should explicitly define climate 

change as a potential stressor to forests. CFSA could include further direction on dealing 

with stressed forests and may consider altering allowable harvest amounts in stressed 

regions. What is especially critical, is the need to stress policies and management 

techniques that are flexible and adaptive, to reduce synergistic impacts to forests from both 

harvest and climate change.  

Amendments to the CFSA could also include a clear definition of bioenergy as an emerging 

bio-product, defined under a climate change regime. Currently, bioenergy is not explicitly 
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stated in the CFSA (Crown Forest Sustainability Act, 1994; Roach & Berch, 2014). While 

there are relevant policy measures within the act that influence bioenergy harvest, these 

are not geared directly to bioenergy production. Along with a definition, CFSA could also 

include specific management guidelines to ensure bioenergy works within a sustainable 

forest management framework, such as the strategies mentioned in section 4.2.4. 

Amendments should also include a guide on determining forest stands where bioenergy 

harvest should not occur. Other jurisdictions are adding sites and soil conditions that are 

unsuitable to residue removal, however, Ontario has yet to incorporate limitations to 

residue harvest specific to bioenergy production (Titus et al., 2013). Therefore, the CFSA 

could be amended to include measures that discourage residue harvest on forest sites that 

are sensitive to removal (Thiffault et al., 2011). In order to ensure minimal ecological 

impacts from bioenergy harvest, the CFSA could also include a maximum allowable level of 

residue removal from forests sites. This technique has been applied in Sweden and Finland, 

with a maximum residue removal rate of 20% and 30%, respectively (Paré et al., 2011). 

Although these values often fall just short of what is likely ecologically and technologically 

feasible, a maximum harvest policy may go further in improving the public image of 

bioenergy. 

4.4.1 Critical policy recommendations 

While there are certainly more specific policy prescriptions needed to ensure bioenergy 

sustainability at the management level over time, these amendments may improve 

overarching environmental policy safeguards in bioenergy deployment. Other policy 

prescriptions may be necessary to broadly tackle the way in which energy and sustainable 
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forest management interact in policy. While many of these concepts are implemented in 

various accounts within the CFSA, they should be highlighted as core considerations for 

future bioenergy generation in a climate change future.  

First, local context must be key to policy, planning and management. The relative 

sustainability of bioenergy systems are tied to the availability of feedstock, as well as socio-

economic factors and values in the region (Dymond et al., 2010). It is important that policy 

measures that consider local conditions, both current and future are put in place before 

bioenergy projects are developed; this may increase viability of these projects in the long 

term, as they ensure that the surrounding environment is not exploited, and that local 

people realize the benefits of bioenergy production (Puddister et al., 2011). In fact, it is the 

hope that energy systems can be integrated with both the surrounding ecology and the 

greater social fabric. For example, within a strong local planning framework, community 

monitoring of both climate and bioenergy impacts on forests can involve community 

members in a meaningful way (Fraser et al., 2006), by safeguarding forests from 

exploitation and by providing opportunities to local people.   

In addition to improving community inclusion, greater emphasis on monitoring should 

also be mandated in all harvested forests, to assess impacts from both bioenergy 

harvest and climate change. Strong monitoring is key to ensuring that these impacts can 

be dealt with in an appropriate and timely manner (Thiffault et al., 2015). Greater 

monitoring can also be coupled with more frequent reassessment periods for bioenergy 

planning and policies. This may allow robust knowledge from long term monitoring to be 

translated back into policy to ensure forest health in Ontario.  



 

 

104 

Small scale generation is likely the most feasible in a climate change future . Small 

bioenergy project size within the new paradigm shift for decentralized energy, where 

energy generation is focused on smaller, community projects and away from large scale 

energy generation. Small scale projects may be best, not only for realizing socio-economic 

benefits of energy systems, but also may be the most efficient as they require lesser 

feedstock requirements and lesser transportation needs (Creutzig et al., 2015). Of course, 

decentralized energy cannot work for all regions, such as some urban centers or regions 

without sufficient resources for energy production, and decentralized energy systems may 

also not be able to access economies of scale (Searcy & Flynn, 2010). However, in the 

Haliburton region and many other regions of Ontario, small scale energy generation may be 

suitable, as there is no existing large scale infrastructure and it can provide stimulus to 

local economies. It is important that bioenergy targets in Ontario match sustainable 

availability (Wolf, 2012). Energy policies should be realistic about what can be produced, 

and what systems are most feasible from both an environmental and socio-economic 

perspective. 

Last, it is important to note that there is still uncertainty in how forest change will unfold 

over the century. Therefore, policies chosen to address both climate change and bioenergy 

production must also be flexible to new changes in environmental conditions, socio-

economic influences and growing scientific knowledge; it should continue to embrace 

adaptive management as a defining sustainable management principle. Policy should be 

continually reassessed, so that forest managers are not bound to specific practices that may 

be at odds with the way in which forest change progresses over time (Johnston & Hesseln, 
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2012). This concept is already acknowledged within the Crown Forest Sustainability Act, as 

it pertains to climate change action (Crown Forest Sustainability Act, 1994), but, adaptive 

management in forest harvest should also be extended to residue harvesting for bioenergy.  

4.5 Limitations and Next Steps  

While this analysis of the impact of forest change on future bioenergy production is 

important in planning for future energy production, it is essential to remember these 

estimates of future forest change are speculative. There are still uncertainties in the nature 

of forest change in response to climate. This means that the prescriptions mentioned above 

to adapt bioenergy production to changing conditions are conditional on whether these 

forest changes, in fact, occur. Should forest change manifest in a different manner, then 

some planning and policy measures may no longer be appropriate. Additionally, it is 

possible that the policy impacts mentioned may no longer be relevant by the end of the 

century as different socio-economic realities may allow for different technology or a 

completely different policy landscape in general.  

However, future conditions can never be known with certainty before they happen. But 

that does not mean policy makers, forest managers and energy producers should not 

inform current actions to ecological conditions (both current and future) as best as 

possible, to provide the most effective energy generation with the least environmental 

harm. For this reason, most policy measures call for bioenergy to be adaptive, follow best 

management practices and place great emphasis on monitoring. Here, the precautionary 

principle in regards to future bioenergy development is critical. Uncertainties in future 

conditions and estimating forest change means there are uncertainties in estimating 
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bioenergy feasibility under new conditions. Taking precautionary measures, such as opting 

for small scale operations, better safeguards forests and accounts for discrepancies in 

modelling forest change. Therefore, these research outcomes are relatively broad; but as 

conditions play out over the course of time, specific policy and planning actions should be 

developed to better serve both forest and energy management needs.  

Additionally, implementation of sustainable forest management strategies will be 

dependent on the region in question. For example, the case study used in this research was 

based on Haliburton Forest and Wildlife Reserve, a private forest that already implements 

principles of sustainable forest management, especially as it has Forest Stewardship 

Council certification (Cockwell & Caspersen, 2014). In this analysis, it seems easy to 

incorporate ecological principles into bioenergy generation, because it already exists as 

such. For other regions of Ontario, it may be more difficult to implement sustainable 

bioenergy strategies for a variety of socio-economic reasons. Again, the local conditions are 

needed to fully address the ecological sustainability of energy production.  

Building on this concept, these impacts to bioenergy are only focused on this area and the 

surrounding Great Lakes-St. Lawrence Forest Region. The implications for bioenergy can 

be applied to forests in the surrounding region that may likely experience similar changes 

in response to climate change and exist within the same socio-economic realities. However, 

there may be some issue in applying these findings to other forest regions in Ontario and 

beyond.  Forest change and bioenergy production need to be locally specific.  

Instead, this research can act as a platform for further research to look at how other 

regions in Ontario and elsewhere may change over time, and what that means for locally 
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relevant bioenergy production. Further study could analyze bioenergy feasibility in 

different regions across Ontario, including Boreal regions. It could also examine deeper 

socio-economic context of bioenergy development, and more specific downstream policy.  

This can allow for strengthened ideas on how to adapt the emerging bioeconomy to 

changes across the province, creating an energy sector that is diverse and resilient.  

4.6 Summary 

Future bioenergy development may have to adapt to local climatic changes. In doing so, 

these systems can work under greater ecological and socio-economic sustainability. This 

research estimates that bioenergy feedstock will be predominantly hardwood residues by 

the end of the century, with sufficient volumes to support pellet production for residential 

home heating, or a CHP system for industrial or institutional needs. Small scale bioenergy 

may be the most effective, as it requires lower biomass removal from forest, which could 

potentially cause lesser damage, especially in a stressed forest. Removal of this biomass 

should continue to follow sustainable management principles. 

So long as environmental services are not inhibited, then additional positive social benefits 

could also be realized from these technologies. This is especially important in forest-

dependent regions, which have experienced negative economic shocks in the wake of the 

decline of the forestry sector in Ontario. In Ontario, pulp and paper demand declines have 

caused the closure of 11 facilities (Mabee & Mirck, 2011). In these communities, bioenergy 

development may be a positive addition to the community, especially in terms of job 

creation. Additionally, moving towards off-grid pellet systems and small scale CHP can help 

foster energy self-sufficiency in these communities. Access to affordable energy is 



 

 

108 

important to basic human needs and social life (Neves & Leal, 2010); community control of 

resources can lead to community empowerment. Policy safeguards are necessary to ensure 

that ecological impacts are minimized, and that these benefits can be realized (Creutzig et 

al., 2015). Policies and planning must be flexible, emphasize monitoring of change in 

forests in response to both climate and bioenergy harvest, and be planned to match local 

conditions.  

Clearly, there is possibility for benefits from these energy systems, but also ecological risks.   

If bioenergy systems can be adaptive to change, working within the local ecological and 

socio-economic fabric, then they can be a useful tool in providing a renewable energy 

future to Ontarians.  

  



 

 

109 

CHAPTER 5 Conclusions  

5.1 Anticipated forest change in Haliburton, Ontario  

Forests are expected to change in Ontario over the course of the century. Landscape level 

estimates of forest change can be useful to forest managers in planning for a new forest 

future. Therefore, this thesis has estimated landscape level forest change in Haliburton, 

Ontario using a climate analog approach, where predictions of future climate were matched 

to present day climate stations that are currently exhibiting similar climate. This analysis 

was done separately for two different scenarios of change: RCP8.5, a business as usual 

scenario with higher carbon emissions and fossil fuel use, and for RCP4.5, a mid-range 

emission scenario that sees carbon mitigation tools and renewable energy systems in place 

(Riahi et al., 2011; Thomson et al., 2011).  

In each scenario, Haliburton was matched to forest regions with a similar analog climate. 

Mean annual tree growth and TAI for core species (sugar maple, northern red oak, red 

maple, and black cherry) was compared between these forests and the current Haliburton 

forest. Aboveground biomass forest cover (%), was also compared between current 

Haliburton forest cover and its’ analog forests. Last, the analysis looked at other regression 

statistics: the influence of climate in growth changes, and the role of spatiality within 

differences in forest growth.  

This analysis assumed that these analogs could represent possible future changes for the 

Haliburton forest. Of course, forest change will not track towards its analog forests exactly; 

instead, the role of non-climatic factors, disturbances, soil differences, forest management 
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and natural succession patterns will also influence the way forest change plays out over 

time.  

Regardless, projections for future climate see that the core species may increase over time. 

Possible growth rates for black cherry and red maple may be statistically similar to current 

levels, as they are hardy species and may fare well in response to disturbance and 

competition. Northern red oak is estimated to increase substantially. It is currently limited 

to dry upland sites, but may be more successful in other forest stands over the century. 

Last, sugar maple be more variable: under RCP4.5, it may marginally increase, while under 

RCP8.5 it may see declines. Regardless, as it is such a dominant species currently, it is 

anticipated to remain dominant by 2100 as trees are slow growing species.  

Meanwhile, many conifers may see declines as they become less suitable to warmer 

climates. This may be exacerbated by forest disturbances, which may more heavily impact 

stressed and maladapted species, especially as they may not be able to reproduce following 

a disturbance. Again, tree species are slow growing, therefore it is likely that conifers may 

not be lost completely by the end of the century. New southern species could theoretically 

thrive in the region under different climate but many could likely not migrate naturally into 

the region within the century. Instead, the extent of new species will be dependent on 

assisted migration and management in the forest.  

While this method did not produce exact outcomes of forest change, projections on how a 

forest may change over time can be useful to forest managers and future policy and 

planning decisions.  
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5.2 Forest change implications for future bioenergy generation  

Currently, forest bioenergy and other renewable energy sources are largely considered as 

climate change mitigation tools. Energy systems may also have to adapt to climatic change, 

as changes in forest composition may influence the feasibility of bioenergy production in 

the future.  

Anticipated changes in forest composition may mean that available feedstock for bioenergy 

may change. First, wood residues are likely best for energy production as they are 

currently unused in the biomass supply chain and are associated with fewer carbon 

emissions (McKechnie et al., 2011; Paré et al., 2011).  Under climate change scenarios, the 

nature of harvest residues may change in a number of ways. The age of trees may be 

different; the average age of conifer residues may increase as current trees age over the 

century, but have difficulty reproducing with changing climate. New deciduous species 

coming in from the south may increase, although they may be still young. Core species may 

occupy all age classes. The proportion of hardwoods in the forest may increase; available 

bioenergy feedstock may undergo a shift to predominantly hardwood residues, along with 

both hardwood and softwood disturbance wood.  

It is anticipated that available biomass volumes for bioenergy will remain similar to current 

biomass volumes. The growth increment of core species may increase under RCP4.5 and 

RCP8.5 conditions. However, while there may be some slight increase in biomass growth, 

this does not necessarily equate to increased biomass for energy production. In a climate 

change future, greater biomass may need to be left on site for maintaining forest health, 
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while reduced forest health may mean declining harvests in general, and thus less residues 

available for energy. Therefore, volumes may remain static.  

Suitable technologies to the region may change as the feedstock tends towards increased 

hardwood residues. It is not only important to match the technology to future feedstocks, 

but technologies must also be harmonized with current feedstock availability. Therefore, 

the best technology to invest in today may be one that can handle both current and future 

wood sources.  

This need for feedstock flexibility, matched with uncertain change in biomass availability 

means that small scale solid fuel generation may be the best way to meet both current and 

future bioenergy sustainability. Residential pellet heating could mean that multiple 

feedstock sources are combined into a homogeneous feedstock that is suitable to the 

region. CHP may also be useful for larger industrial or institutional buildings in the region. 

Each of these technologies are more efficient and fit well within the socio-economic 

landscape of the region.  

As many ecological issues with bioenergy systems arise from the harvesting of residues, it 

is imperative that these systems are placed within a sustainable forest management 

framework. Additionally, forestry and energy policy should be flexible to changes and new 

information, while emphasizing the need for decentralized energy generation and local 

planning. In this way, bioenergy systems in the future can work within the larger regional 

social, economic and ecological context, and provide energy in a meaningful way to local 

residents. In doing so, bioenergy systems can find balance between climate change 

mitigation and other ecological considerations.  
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5.3 Key outcomes 

Ultimately, bioenergy systems must be well suited to their local geography through time in 

order to be effective, not only in reducing carbon emissions, but also in providing positive 

benefits to surrounding peoples, with minimal ecological damage.  

To inform future decision-making, the following key outcomes are presented:  

1. Forest change in the Haliburton region may see a marginal decline in sugar maple, 

while northern red oak, red maple and some black cherry are likely to increase. 

There is also potential for declines in softwood species.  

2. Feedstock type and overall availability for bioenergy will fluctuate over the century, 

gradually tending towards hardwood residue availability; technologies that can 

focus on a wide range of feedstocks may be best.  

3. There is possibility for increasing growth in core species under scenarios of climate 

change – its availability for bioenergy, however, is still uncertain. In central Ontario 

forests, small scale forest bioenergy projects may be the best scale to safeguard 

forests from ecological harm, while providing meaningful benefits to communities. 

Residential pellet heating and small CHP may be ideal; planners should look towards 

these technologies in the region before large scale biomass deployment. 

4. Forestry and energy policy should be adaptive - flexible to new scientific 

information, changing forest conditions and socio-economic realities. Emphasis 

should be placed on monitoring to inform downstream policy; this can allow for 
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forest and energy management that is better tailored to new conditions and may 

allow for greater success in bioenergy deployment. 

5. Local ecological, social, economic and other factors should be core considerations in 

energy planning. While this is often examined spatially, temporal sustainability 

should become a critical factor in energy decision making. This is especially 

important in a future of climate change.  

Analyzing the relationship between energy and its surrounding geography is critical in a 

time of climate and forest change. It is the hope that future forest change projections can 

strengthen policy, planning and management surrounding renewable energy development 

in Ontario, with the aim of providing meaningful, long term energy sustainability.  
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Appendix A – Tree Growth Supplementary Tables 

Appendix A-1 Tests of ANCOVA assumptions 

P values associated with different ANCOVA tests. Homogeneity of variance ensures that categorical 
groups have similar variance. This assumption can be violated, only if sample sizes are similar. 
Homogeneity of regression slopes ensures that the role of covariate interacts similarly with the 
dependent variable across each categorical group. For both tests, a P value less than 0.05 denotes 
that the assumption has been violated.  

 
Sugar maple Red maple 

Northern red 
oak 

Black cherry 

Homogeneity of Variance 
(Levene’s test) 

0.197 0.009 0.001 0.198 

Homogeneity of Regression 
Slopes (role of co-variate) 

0.393 0.311 0.001 0.686 

Appendix A-2 Comparison of current (1981-2010) and future climate normals for HF 

Current climate normal for HF for years 1981-2010, compared to estimated temperature and 
precipitation variables for the year 2100 from CRCM.  
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cu
rr

en
t 

H
F

 

H
F

 R
C

P
4

.5
 

H
F

 R
C

P
8

.5
 

H
F

 R
C

P
4

.5
 

H
F

 R
C

P
8

.5
 

cu
rr

en
t 

H
F

 

H
F

 R
C

P
4

.5
 

H
F

 R
C

P
8

.5
 

H
F

 R
C

P
4

.5
 

H
F

 R
C

P
8

.5
 

Annual  5.6 10.58 14.34 4.98 8.74 1056 835.49 815.62 -220.51 -240.38 

Winter -7.7 -0.35 0.58 7.35 8.28 250.9 257.47 235.87 6.57 -15.028 

Spring 4.73 7.58 13.08 2.85 8.35 247.6 237.6 184.03 -10 -63.57 

Summer 18.1 22.68 27.35 4.58 9.25 250.8 158.11 239.33 -92.69 -11.47 

Fall 7.37 12.38 16.35 5.02 8.98 306.7 182.30 156.38 -124.4 -150.32 

January -9.7 -1.45 -1.65 8.25 8.05 89.8 53.57 80.35 -36.23 -9.45 

February -7.8 -0.55 2.15 7.25 9.95 66.4 96.77 48.38 30.37 -18.02 

March -2.7 1.45 7.85 4.15 10.55 71.1 53.57 53.57 -17.53 -17.53 

April 5.1 6.35 11.55 1.25 6.45 78.7 103.68 103.68 24.98 24.98 

May 11.8 14.95 19.85 3.15 8.05 97.8 80.35 26.78 -17.45 -71.02 

June 16.8 19.05 28.15 2.25 11.35 90.6 77.76 51.84 -12.84 -38.76 

July 19.3 24.05 26.55 4.75 7.25 82.2 26.78 80.35 -55.42 -1.85 

August 18.2 24.95 27.35 6.75 9.15 78 53.57 107.14 -24.43 29.14 

Sept 13.8 20.15 24.45 6.35 10.65 100.2 51.84 25.92 -48.36 -74.28 

Oct 7.3 11.95 16.25 4.65 8.95 97.2 26.78 26.78 -70.42 -70.42 

Nov 1 5.05 8.35 4.05 7.35 109.3 103.68 103.68 -5.62 -5.62 

Dec -5.6 0.95 1.25 6.55 6.85 94.7 107.14 107.14 12.44 12.44 
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Appendix A-3 Temperature and precipitation range in RCP4.5 climate analogs 

Average temperature (T-AVG) and total precipitation (PR-TOT) variables for RCP4.5 climate 
analogs are based on similarity to estimated future Haliburton climate, retrieved from NOAA for 
years 1981-2010. 

RCP4.5 T-AVG (°C) PR-TOT (mm) 

  Annual Winter Spring Summer Fall Annual Winter Spring Summer Fall 

Max 11.50 0.17 10.89 22.68 12.89 1033.27 257.45 281.69 320.29 290.32 
Min 9.28 -2.61 7.28 20.67 10.56 782.32 112.01 190.50 158.11 182.30 
Range 2.22 2.78 3.61 2.02 2.33 250.95 145.44 91.19 162.18 108.03 

 

Appendix A-4 Temperature and precipitation range in RCP8.5 climate analogs 

Average temperature (T-AVG) and total precipitation (PR-TOT) variables for RCP8.5 climate 
analogs are based on similarity to estimated future Haliburton climate, retrieved from NOAA for 
years 1981-2010. 

RCP8.5  T-AVG (°C) PR-TOT (mm) 

  Annual Winter Spring Summer Fall Annual Winter Spring Summer Fall 

Max 15.61 3.56 15.44 27.35 16.67 1279.66 313.69 388.87 339.85 324.87 

Min  13.28 0.58 12.11 24.33 14.33 815.60 188.98 184.02 239.32 156.21 

Range 2.33 2.97 3.33 3.02 2.33 464.06 124.71 204.85 100.53 168.66 

 

Appendix A-5 Comparison of tree growth within each scenario 

Compares plot average tree growth (m3/y) within each scenario using ANCOVA and Tukey test. 
Northern red oak showed significantly higher growth in RCP4.5 and RCP8.5 than all other species. 
American elm data unavailable for Haliburton because there are currently no American elm trees in 
the region.  

    Haliburton RCP4.5 RCP8.5 

Mean 
Growth 

 
 

Sugar maple 0.005 0.011 0.006 

Black cherry 0.005 0.011 0.007 

Red maple 0.004 0.008 0.008 

Northern red oak 0.005 0.026 0.025 

ANCOVA 
& Tukey 

test 
Sig diff growth? None 

Oak sig higher than 
all other species 

Oak sig higher than 
all other species 
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Appendix A-6. Climate analog and estimated Haliburton climatic range, RCP4.5 and RCP8.5  

Graphs below show the temperature and precipitation distribution exhibited by the climate analog 

stations, annually and seasonally. Estimated temperature and precipitation from the CRC4 model 

for Haliburton is shown by the red ‘x’.  
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Appendix A-7 Tree growth range by species and by diameter class 

Range of plot average tree growth (m3/y) in each scenario, by species in DBH size classes of <20cm, 
20-40cm, 60cm and >80cm. Blanks denote a tree size class that does not exist for that species in 
that scenario.  

    DBH (cm) High Low Average 

Red 
Maple 
  
  
  
  
  
  
  

rcp4.5  20 0.022 -0.021 0.003 

 40 0.047 -0.033 0.011 

rcp8.5 20 0.013 -0.001 0.005 

 40 0.031 -0.012 0.012 

 60 0.040 -0.033 0.003 

Haliburton 20 0.007 -0.001 0.002 

 40 0.011 0.001 0.006 

 60 0.026 0.026 0.026 

Sugar 
maple  
  
  
  
  
  
  

rcp4.5  20 0.013 0.003 0.008 

 40 0.017 -0.001 0.010 

 60 0.042 0.042 0.042 

rcp8.5 20 0.011 0.000 0.003 

 40 0.043 -0.024 0.008 

Haliburton 20 0.002 0.001 0.002 

 40 0.010 0.003 0.006 

Black 
cherry 
  
  
  
  
  
  
  
  

rcp4.5  20 0.018 -0.003 0.005 

 40 0.048 -0.013 0.011 

 60 0.046 0.029 0.037 

rcp8.5 20 0.009 -0.002 0.003 

 40 0.047 -0.062 0.007 

 60 0.068 0.068 0.068 

Haliburton 20 0.007 0.004 0.005 

 40 0.007 0.007 0.007 

 60 0.000 0.000 0.000 

NRO 
  
  
  
  
  
  
  
  
  
  

rcp4.5  20 0.022 0.006 0.013 

 40 0.067 0.000 0.022 

 60 0.105 0.035 0.070 

 80 0.067 0.067 0.067 

rcp8.5 20 0.005 0.001 0.003 

 40 0.028 0.002 0.014 

 60 0.095 0.009 0.039 

 80 0.084 0.066 0.075 

Haliburton 20 0.002 0.002 0.002 

 40 0.008 -0.003 0.004 

  60 0.016 -0.002 0.006 
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Appendix A-8 Analysis of spatial autocorrelation in the growth data 

Additional testing using Moran’s I index to determine spatial autocorrelation exists in the data.  
Geographically Weighted Regression is run to better fit the model account for spatial 
autocorrelation in results. Each GWR was run for temperature and precipitation separately in 
relation to mean annual growth per plot by species. The high p value suggests little spatial 
autocorrelation in the data; GWR could only look at one individual variable at a time, and it was 
thus difficult to apply.  

  Sugar maple 
plot 

Red maple 
plot 

Black cherry 
plot 

N. red oak 
plot 

Moran’s  
I index 

Spatial autocorrelation 
(p value) 

0.840 0.617 0.684 0.685 

GWR  
T-AVG  

R2 0.098 0.021 0.019 0.021 

Spatial autocorrelation 
(p value) 

0.756 0.899 0.839 0.773 

GWR  
PR-TOT  

R2 0.073 0.031 0.036 0.038 
Spatial autocorrelation 
(p value) 

0.735 0.651 0.807 0.695 

 

Appendix A-9 Species within amalgamated forest cover groups in section 3.2.3 

Haliburton Species RCP4.5 Species RCP8.5 Species 
Commercial 
Hardwood 

Commercial 
Softwood 

Other Future Species Other Future Species 

White birch  Eastern white pine  Black willow Black willow 
White ash Red spruce Mockernut hickory Green ash  
Black ash White spruce Yellow poplar Mockernut hickory 
Largetooth aspen Eastern white cedar Black oak American elm 
basswood Balsam fir Bitternut hickory  Shagbark hickory 
Ironwood  American elm  Scarlet oak 
Pin cherry  Shagbark hickory Pignut hickory  
Trembling aspen  Black ash Eastern red cedar 
  chokecherry Southern oak  
  Red pine  Loblolly pine 
  Pitch pine  
  Jack pine   
  Norway spruce  
  Scarlet oak   
  Pignut hickory  
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Appendix A-10 Species excluded from analysis of changing forest cover, section 3.2.3 

These species were excluded due to small species presence in the data or a lack of biomass equation 
availability 

RCP4.5 Species RCP8.5 Species 
Ailanthus Ailanthus Post oak  
American Chestnut American holly Red mulberry 
American sycamore American sycamore River birch 
Apple Apple Sassafras 
Black locust Black locust Serviceberry 
Black walnut Black walnut Shingle oak  
Blackgum Blackgum  Shortleaf pine  
Boxelder Blackjack oak  Silver maple  
Cucumbertree Boxelder Silver elm  
Eastern cottonwood Bur oak  Sourwood 
Flowering dogwood Cherrybark oak  Striped maple  
Hackberry Chinkapin oak  Swamp chestnut oak  
Hawthorn Common persimmon Swamp white oak  
Honey locust Cucumbertree Sweet birch  
Larch Downy hawthorn  Sweetgum  
Pin oak  Eastern cottonwood Virginia pine 
Sassafras Eastern redbud Water tupelo 
Scrub oak  Flowering dogwood White mulberry 
Service berry Hackberry Willow oak  
Silver maple  Honeylocust  Winged elm 
Slippery elm  Osage orange Yellow buckeye 
Sweet birch Paulownia  
Sweet cherry Paw paw  
White mulberry Pin oak   

 

 


