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Abstract 

Global change of environment and human activity has profoundly impacted boreal forests in 

structure, dynamics and function, imposing serious challenges for maintaining forest growth and 

yield in Canada. In this thesis, I address three questions important for understanding and 

predicting dynamics of boreal forests in the face of global change: how to estimate tree biomass 

under global warming, how to maintain long-term forest plots under intensified fire disturbances, 

and what is the spatial distribution of tree density in boreal forests. I answered the three 

questions based on unprecedented datasets compiled from over 30,000 plots established since 

1949. My effort comprises three main chapters of my thesis. 

In Chapter 2, I assessed the effects of climate on tree allometric biomass equations and 

proposed to incorporate climatic factors into allometric models. I focused on five major timber 

species of Canada and built climate-based allometric models by explicitly testing the effect of 

each climatic factor, e.g., temperature, precipitation, etc. I found that the allometries of three 

species, i.e., white spruce (Picea glauca), black spruce (Picea mariana) and balsam fir (Abies 

balsamea), were not sensitive to climate, but the allometric models for trembling aspen (Populus 

tremuloides) and tamarack (Larix laricina) performed significantly better after incorporating 

frost-free period and mean annual temperature respectively into their conventional, climate-

independent allometric models. Under the modest warming scenario, if the conventional models 

for trembling aspen and tamarack were still in use in 2030, the aboveground biomass of these 

two species would be underestimated by 10% in Canada. This chapter suggests the necessity to 

proactively develop climate-based allometric equations for more accurate and reliable tree 

biomass estimation. 
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In Chapter 3, I addressed the challenge of maintaining long-term forest plots in facing 

intensified fire disturbances in northern forests. Based on 60-year fire burning data of 919 

permanent sample plots (PSPs) in Alberta, Canada, I built Cox proportional hazards models to 

quantify the effects of stand conditions and climate on plot fire hazards. The results showed that 

17% of the plots were burned with an average 28.7-year lifespan. I found that plots established 

more recently suffered higher fire hazards, and plots in the Boreal ecoregion suffered 2.85 and 

3.36 times higher risks than those in the Foothills and Rocky Mountain ecoregions, respectively. 

Higher tree species richness and density of deciduous trees were found associated with lower 

plot fire hazards, while warming increased fire hazards. Based on the estimated Cox proportional 

hazards model, I projected plot fire hazards in 2050 to be 1.63 times higher than the current level 

due to warming. This chapter emphasizes the need to consider intensified natural disturbances, 

including fire, for the maintenance of long-term forest plots. 

In Chapter 4, I attempted to model tree density variation in North American boreal forest by 

incorporating stand height into an existing biome model. By validating this biome model for 

density estimation, I identified that it underestimated tree density of 4,367 plots by 32.3%. The 

tree density model that I developed outperformed the previous biome model as judged by all 

measures of goodness-of-fit, with only 0.6% underestimation. Based on my model, I estimated 

there were 351.3 billion trees in the boreal forest of North America, compared to 211.2 billion 

estimated from the previous model. The underestimation by the previous model was equivalent 

to a missing of 14.0 trillion kg biomass. I also produced a 1-km resolution boreal tree density 

map of North America, and projected tree density distribution in 2050. This chapter updates 

understanding of the role of boreal forests in regulating forest ecosystem functions. It also 



 iv 

addresses the urgent need to improve boreal forest models to inform adaptation and mitigation 

planning. 

By modeling biomass allometry for major timber species, fire hazards of long-term forest 

plots, and tree density distribution across boreal forests, my thesis contributes to data, models 

and understanding for sustainable management of forests and the impacts of global change on 

forest ecosystems in Canada. 
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Chapter 1 Introduction 

1.1 Canadian boreal forests under global change 

Boreal forests, the second largest terrestrial biome (accounting for 28% of global forests and 

75% forests in Canada; Natural Resources Canada 2020), are teeming with a great diversity of 

life, including over 300 bird and 200 fish and mammal species (Kayes and Mallik 2020). Boreal 

forests contain approximately 800 Pg C in biomass (Apps et al. 1993), support the economy of 

countries at high latitudes (Östlund et al. 1997; Burton et al. 2006; Bogdanski 2008), and 

contribute net carbon sink to the reduction of global carbon dioxide (CO2) emission (Liski et al. 

2003). Modern silviculture practices, stand development, increased temperature and enhanced 

CO2 fertilization contributed to boreal tree growth and yield increase to certain degrees (Jarvis 

and Linder 2000; Kirilenko and Sedjo 2007; Jucker et al. 2020; Ameray et al. 2021; Burkhart and 

Yang 2022). However, the capacity of net carbon sink of boreal forests has decreased due to 

intensified negative impacts of global change in environment and human activity, making them a 

potential carbon source (Apps et al. 1993; Vanderwel, Coomes and Purves 2013; Gauthier et al. 

2015). Much evidence has shown that the overall forest growth, yield and biomass stock of 

Canada have decreased over the past half century due to forest harvesting (Burton et al. 2006; 

Bogdanski 2008) and global change (Spittlehouse and Stewart 2004; Duchesne et al. 2005; Peng 

et al. 2011; Ma et al. 2012; Lemprière et al. 2013; Chen and Luo 2015; Searls et al. 2021). 

Intensifying draught was found as a major culprit that limited tree growth and induced tree 

mortality in Canada under global warming (Balshi et al. 2009; Peng et al. 2011; Ma et al. 2012), 

which also triggered disturbances such as forest fires (Lee et al. 2002; Boulanger, Gauthier and 

Button 2014) and pest infestation (Safranyik et al. 2010; Cortini and Comeau 2020). Tree 

mortality rates were found to have increased by 4.7% per year from 1963 to 2008 across Canada 

mainly due to increasing climate change induced water stress (Peng et al. 2011). Meanwhile, 

intensifying natural disturbances, such as insect, pathogen and fire disturbances, also resulted in 

mortality increase and growth and yield decline in Canada over the past decades (Duchesne et al. 

2005; Wotton, Nock and Flannigan 2010; Gauthier et al. 2015). Taking fire disturbances as an 

example, the forest area burned, length of fire season, and number of large fires all increased 

since 1959 in Canada according to the National Fire Information Database (Lee et al. 2002; 

Hanes et al. 2018). And the national carbon emissions due to forest fire were expected to surpass 

the increase of forest carbon stock under warming and intensifying drought (Balshi et al. 2009). 
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These would not only impact the global carbon cycle, but also inevitably alter the dynamics and 

succession of boreal forests (Bergeron et al. 1998; Peng et al. 2011; Chen and Luo 2015; Zhang, 

Huang and He 2015) where stands with higher competition stress and mortality rotated faster and 

yielded less biomass (Vanderwel et al. 2016; Luo et al. 2020; Searls et al. 2021). These increased 

uncertainties in forest dynamics will further jeopardize the maintenance of forest growth and 

yield in Canada (Duchesne et al. 2005; Taylor et al. 2017). To assess such impacts and 

uncertainties, it is necessary to understand how forest dynamics and structure, such as growth, 

stand density, and the maintenance of forest stands are affected by climate change and intensified 

natural disturbances in Canada (Park et al. 2014; Gauthier et al. 2015; Trumbore, Brando and 

Hartmann 2015; Girardin et al. 2016). My thesis aims to test how climate affects biomass 

accumulation of tree species, plot fire hazards and tree density distribution across landscape to 

support sustainable growth of forests in Canada under global change.  

 

1.2 Allometric biomass equations for growth and yield estimation 

Allometric biomass equations are a major tool in supporting estimation and projection of 

forest growth and yield (Monserud 2003). These equations have been developed since the 1960s 

based on the allometric relationship between tree size, as measured by diameter at breast height 

(DBH), and height and biomass of individual trees (Pastor et al. 1984; Weiner 2004), and have 

been widely used for forest biomass estimation (Jucker et al. 2017; Réjou-Méchain et al. 2019). 

In Canada, allometric biomass equations were built for individual tree species with pooled 

biomass data by sites (Lambert, Ung and Raulier 2005; Ung, Bernier and Guo 2008), and they 

have been subsequently used for forest biomass estimation by summing the biomass per stand 

per species. Studies on forest carbon stock and growth and yield in Canada have adopted these 

equations for aboveground forest biomass estimation, e.g. Chen and Luo (2015) and Taylor et al. 

(2017). But the results and projection of these studies may be unreliable as these models were 

developed without accounting for the possible effect of climate change on tree biomass 

allometries (Lambert, Ung and Raulier 2005; Ung, Bernier and Guo 2008). Contrary to the 

conventional climate-independent allometric models, the biomass allometries are often found to 

vary among different environmental conditions (McMahon, Parker and Miller 2010; Lloyd, 

Bunn and Berner 2011; Yang et al. 2020).  
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Biophysical evidence has shown that wood density could vary considerably among trees of 

the same species when growing in different climate or habitat conditions, leading to differential 

accumulation of biomass of trees of the same size (Chave et al. 2014). It is documented that the 

wood density of deciduous trees, e.g., tamarack, growing in warmer regions is denser than those 

of the same species in colder regions (McMahon et al. 2010; Clough et al. 2017). Also, some 

trees of a species grow taller in warmer temperature than others of the same age or DBH in 

colder regions (Yang et al. 2020). However, not every tree species grows larger under elevated 

temperature (Bouriaud et al. 2004; Way and Oren 2010; Yang et al. 2020). For example, the 

volume and stem biomass of evergreen trees, such as spruce and fir, remains unchanged under 

elevated temperature (Way and Oren 2010). It is thus necessary to incorporate the variation of 

climate in allometric models to account for the effect of climate on biomass estimation (Chave et 

al. 2014; Álvarez-Dávila et al. 2017; Fu et al. 2017). By building climate-based allometric 

models for neotropical (Chave et al. 2014) and temperate trees (Álvarez-Dávila et al. 2017; Fu et 

al. 2017), these studies were able to assess and predict the possible impact of climate change on 

forest biomass. However, there is little understanding nor quantitative assessment on how tree 

biomass allometries in Canada are affected by climate and how the omission of climate from the 

allometric equations may contribute to the high estimation errors associated with the 

conventional climate-independent models (Case and Hall 2008; Silesh 2014; Xing et al. 2019). 

One of the objectives of my thesis research was to incorporate climate into the conventional 

allometric models for estimating biomass of individual tree species to account for the possible 

effect of climate on biomass estimation. My attempt was to improve the widely used Canada’s 

national allometric models developed on data collected four decades ago (Lambert, Ung and 

Raulier 2005; Ung, Bernier and Guo 2008). This study is presented in Chapter 2 of my thesis. 

 

1.3 Long-term forest inventory data 

Long-term forest data afford understanding the factors impacting forest growth and yield and 

contribute to modeling and predicting forest dynamics and biomass accumulation (Næsset 2002; 

Ahokas, Kaartinen and Hyyppä 2003; Zhang et al. 2014; Crowther et al. 2015; MacDicken 2015; 

Liang et al. 2016). Compared to airborne data, ground plots are particularly important for 

building models for accurate projection of growth, yield and forest dynamics (Hyyppä et al. 

2008; van Leeuwen et al. 2011; Wulder et al. 2012; Mahoney et al. 2018). Of these ground 
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samples, forest inventory plots with repeated censuses, such as permanent sample plots (PSPs), 

have played an increasingly important role in forest modeling in response to global change 

(Vanclay, Skovsgaard and Hansen 1995; Labrecque et al. 2006; Schepaschenko et al. 2019; 

Baker et al. 2021). Studies on forest growth, mortality, disturbances and maintenance under 

climate change in Canada were based on these long-term forest inventory plots (Peng et al. 2011; 

Ma et al. 2012; Chen and Luo 2015; Zhang, Huang and He 2015; Searl et al. 2021). In boreal 

forests, long-term inventory data in general are not as widely available as in other forest biomes 

(MacDicken 2015; Mackey, Skinner and Norman 2021). However, Canadian provincial 

permanent sample plot programs are exceptional. Established since the early 1950s, PSPs were 

designed for long-term repeated censuses of forest stands (Marshall, Lencar and Hassani 2000). 

Over 30,000 plots were established in all provinces and territories of Canada, with varied sizes 

from 100 to 8,000 m2 and census intervals from 3 to 10 years, according to provincial field 

protocols (Fortin 1983; Alberta Forest Service 2000; Marshall, Lencar and Hassani 2000; Porter, 

MacLean and Beaton 2001; Townsend 2004; Stearns-Smith and Basaraba 2006; Perron and 

Morin 2011). These plots provide exceptionally long-term forest data valuable for modeling 

forest growth and yield, monitoring forest dynamics, predicting impacts of global change, and 

informing sustainable forest management (Houghton 2005; Zhang et al. 2014; Zhang, Huang and 

He 2015; Altrell 2019; Morimoto and Juday 2019). I compiled an unprecedented dataset 

consisting of 28,604 PSPs from all provinces and territories of Canada (except Nunavut; in total 

13 jurisdictions) and Alaska of the USA. In my thesis, I used the PSPs to model plot fire hazards 

to quantify the risk of fire disturbance for the PSPs and to predict the increased fire risk of the 

PSPs in facing global warming (Chapter 3). I further used the PSPs to map tree density in the 

boreal forests of North America and address how many trees are there in the region and how 

climate change would affect tree density (Chapter 4). 

 

1.4 Maintaining forest inventory plots from disturbances 

Long-term forest plots are essential in affording data for modeling growth and yield, 

predicting impacts of global change, and making sustainable management decisions. However, 

the long-term maintenance of such plots has been a challenge given the ever-increasing 

frequency and intensity of natural and anthropocentric disturbances (Seidl et al. 2011; Frelich et 

al. 2018). These disturbances lead to faster stand rotation and higher tree mortality, and are 
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transforming an otherwise carbon sink to a carbon source with reduced growth and yield 

potential (Trumbore, Brando and Hartmann 2015). Although forest stands regenerate and set off 

new succession after disturbances, disturbed inventory plots could lose their function as 

monitoring sites. It is costly to reestablish those destroyed plots, and it also decreases or 

permanently damages the quality of the long-term data (Vanclay et al. 1995; Salvati et al. 2017; 

Baker et al. 2021). Forest plots are subject to many different disturbances. Of them, fire has 

stood out as the single most damaging regime. For example, in 2015, fire alone affected 98 

million hectares of forests globally, 58 million hectares larger than the total area affected by 

insects, pathogen diseases and severe weather events together (MacDicken 2015). In boreal 

forests, wildfires play a particularly important role in the forested landscape (Bergeron et al. 

1998; Kuuluvainen and Gauthier 2018). This role has increasingly become a problem with 

increased fire intensity, frequency, and extremity over the past decades due to the change in 

climate (Larsen 1997; Wotton, Nock and Flannigan 2010; Girardin et al. 2013; Rogeau et al. 

2016; Hanes et al. 2019). Warming reduces moisture in forest stands faster and in a greater 

extent from soil to air, piling up dry fuel for ignition and spread of fire (Wotton, Nock and 

Flannigan 2010). This trend also applies to forest plots which also contain fuel and are 

vulnerable to fire, with the expectation for shorter fire survival time of the plots. Moreover, the 

effect of warming on fire among ecoregions varies by fuel type, soil profile and tree composition 

(Cumming 2001; Tilman, Isbell and Cowles 2014; Beverly 2017). This challenges us for 

determining priority for fire management and maintenance of the plots in different regions. 

Within expectation, fire disturbance has seriously threatened the maintenance of forest 

inventory plots. Having recognized the problem of fire disturbance, PSP programs in Canada 

have particularly recorded fire disturbance in the censuses of plots since establishment (Fortin 

1983; Alberta Forest Service 2000; Marshall, Lencar and Hassani 2000; Porter, MacLean and 

Beaton 2001; Townsend 2004; Stearns-Smith and Basaraba 2006; Perron and Morin 2011). 

However, there remains surprisingly little quantitative understanding of fire hazards of the forest 

inventory plots in Canada as well as other countries, compromising our ability of protecting 

those invaluable long-term forest plots and our understanding of the magnitude and consequence 

of hazards climate change would further inflict on these plots (McRoberts, Tomppo and Næsset 

2010). I attempted to fill in this knowledge gap in Chapter 3 by modeling fire hazards of the 

PSPs in Alberta where fire disturbance is a major disturbance regime in its forests (Flannigan, 
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Stocks and Wotton 2000; Boulanger, Gauthier and Burton 2014; Rogeau et al. 2016; Mrozewski 

2018), posing increased threats to maintenance of its forest plots. Alberta has the most detailed 

records on fire disturbances on its PSPs than other jurisdictions in Canada (Alberta Forest 

Service 2000; Marshall, Lencar and Hassani 2000). The censuses of these PSPs allowed me to 

not only model plot fire hazards but also quantify the coupling effect of climatic factors. The fire 

hazards model I developed and the quantification of the hazards would support the maintenance 

and management of long-term forest plots in Alberta and also elsewhere (Monserud 2003; Altrell 

2019; Baker et al. 2021). 

 

1.5 Tree density distribution in boreal forests of North America 

Tree density (i.e., the number of trees per unit area) is a baseline forest quantity and a stand 

structure index informative to forest management (Kays and Harper 1974; Ghazoul, Liston and 

Boyle 1998; Greene et al. 1999), biodiversity maintenance (Clark and Clark 1984; Ter Steege et 

al. 2013; Chen et al. 2018; Sugiyama et al. 2018), understanding ecosystem functioning (Gram 

and Sork 2001; Tobner et al. 2014; Song and Lee 2017), and formulating climate change 

mitigation policy (Gonzalez, Tucker and Sy 2012). At the stand level, tree density has been 

found closely related to stand volume or biomass (Mohler, Marks and Sprugel 1978; Westoby 

1984; Xu et al. 2019), and tree size (White and Harper 1970). Tree density is also useful for 

modeling forest growth and yield at the landscape level (Mohammadi et al. 2010; Luo et al. 

2020). However, tree density has been documented to vary vastly across landscapes, regions and 

forest biomes (Crowther et al. 2015). For example, tree density in boreal forests can range from 

100s to 1,000s of trees per hectare (Martin 2005). This variation makes any effort of estimating 

tree density a challenge. Attempts on modeling tree density distribution have been made at the 

local (Mohammadi et al. 2010; Solarik et al. 2010; Günlü et al. 2015; Dar and Sundarapandian 

2016), regional (Gonzalez, Tucker and Sy 2012; Humagain et al. 2017), and global scales 

(Crowther et al. 2015). However, the accuracy of these estimations is poorly known, and 

knowledge about tree density in boreal forests is particularly limited (Solarik et al. 2010; 

Gonzalez, Tucker and Sy 2012). According to Crowther et al. (2015), boreal tree density was 

very difficult to estimate, and their tree density model for the boreal biome was the worst of the 

14 global biomes they developed, partly due to the lack of data and the large variation in boreal 

tree density. A key group of factors missing from their model were stand characteristics 
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depicting competition within and succession of the stands (Hart, Hart and Murphy 1989). Trees 

compete for light and nutrients and the associated mortality contributes to fluctuation in stand 

tree density (Huston 1980; Xu et al. 2019). As forest stands develop in different succession 

stages, tree density of these stands varies drastically with an initial increase, a relatively steady 

stage, and a decline by self-thinning (Reyes-Hernández and Comeau 2014). 

Indeed, tree density is subjected to the effects of many factors, including stand age, 

succession stage, size structure, topography, soil profile, climate, vegetation, and natural and 

human disturbances (White and Harper 1970; Hart, Hart and Murphy 1989; MacFarlane, Green 

and Burkhart 2000; Crowther et al. 2015), making it challenging for modeling tree density with 

limited available data across boreal forests. How each of these factors would affect tree density 

at the regional or global scale is not well quantified. In particular, we know very little how the 

ongoing and projected climate change is affecting and will affect tree density across spatial 

scales. Furthermore, how large the impact of climate change on tree density might be comparing 

against that of many other factors is highly uncertain. I dedicated Chapter 4 of my thesis to 

estimate tree density in the boreal forests of North America which account for over 40% of the 

global boreal forests (FAO and UNEP 2020). This chapter fills in an important knowledge gap 

given the importance of boreal forests in the global terrestrial system (boreal forests account for 

28% trees of global forests; Crowther et al. 2015) and their role in regulating global climate 

(Bonan, Pollard and Thompson 1992). Accurate estimation of tree density for North American 

boreal forests is thus needed for understanding tree density distribution and the impacts of global 

change on this region. 

 

1.6 Objectives 

The overall objective of my thesis is to develop models to estimate tree biomass allometries, 

plot fire risks, and boreal tree density distribution in Canada. I hypothesized that (i) some if not 

all tree species accumulate biomass differently under different climatic conditions; (ii) the 

intensifying trend and heterogeneity of fire disturbances in boreal forests under warming should 

be observed and expected for long-term forest plots in the same region; and (iii) stand tree height 

as a key stand characteristic factor should play an important role in regulating boreal tree density. 

As such, the incorporation of stand tree height in tree density model should improve the accuracy 
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of the estimation of the total number of trees in North American boreal forests. Specifically, I 

addressed the following three questions at the species, plot and biome scales. 

(i) To develop climate-based tree biomass allometric models. I was interested to determine 

whether there is an individual or a set of common climatic factors that would consistently affect 

biomass allometries across species, or, alternatively, whether species respond to climatic 

variables differently. The models I built would also address the need to develop climate-based 

allometric models for improving biomass estimation. 

(ii) To model fire hazards of forest inventory plots. I aimed to answer the question of how the 

fire hazards of forest plots in Alberta vary by their spatial locations and stand characteristics, and 

how climate warming may intensify the effect of fire risks on the survival of these long-term 

plots. The plot fire hazards model I built also quantified the challenges for long-term 

maintenance of forest inventory plots. 

(iii) To estimate tree density in boreal forests. I developed an innovative model to estimate 

boreal tree density in North America. This model took account of the effect of competition on 

stand tree density and is thus a mechanism-based model. The model addressed the question of 

how many boreal trees are there in North America, and identified stand structure and climatic 

factors key to boreal tree density. 

To address these questions, I compiled data from the Energy from the Forest Biomass 

(ENFOR) Program, and from provincial Permanent Sample Plot (PSP), the Canadian National 

Forest Inventory (NFI), the Alberta Biodiversity Monitoring Institute (ABMI), and the 

Cooperative Alaska Forest Inventory (CAFI) plots. I developed climate-based allometric 

biomass models for five major timber species (i.e., black spruce, white spruce, trembling aspen, 

tamarack, and balsam fir) sampled from 267 ENFOR sites in Canada to address question (i). To 

address question (ii), I took a survival analysis approach to model the survival time of 919 PSPs 

in Alberta from fire disturbance. Finally, I developed a stand height based model to estimate 

boreal tree density in North America to address question (iii).  

This thesis identified three species insensitive to climate in terms of biomass allometries, 

built climate-based allometric models for trembling aspen and tamarack, quantified fire hazards 

of PSPs in Alberta, and improved estimates of boreal tree density across North America. The 

three chapters also contribute to understanding how climate change may affect tree biomass 

allometries, increase fire hazards of permanent forest inventory plots, and alter tree density 
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distribution in boreal forests of Canada. Under the modest emission scenario, 10% 

underestimation of aboveground biomass would be expected for trembling aspen and tamarack, 

two major timber species of Canada, if the climate-independent allometric equations were still in 

use in 2030, five decades after biomass data collection. By 2050, fire hazards for PSPs in Alberta 

are projected to be 1.63 times higher than the current level under the present trend of warming, 

and the plots in the boreal ecoregion suffer most from fire disturbances. The number of trees in 

North American boreal forests is estimated as 351.3 billion, and the ratio of trees per person in 

the region is 67.9 thousand, 160 times higher than the global average 422 trees per person. 

Moreover, stand height, together with climate, topography and vegetation, are key factors for the 

variation of boreal tree density. This improved knowledge about tree density in boreal forests is 

important for forest managers to model and predict forest growth, yield and carbon stock, and to 

make mitigation plans for climate change. 

Because of the ever-increasing effects of global change on boreal forests, e.g., the resultant 

higher tree mortality, larger variability in stand dynamics, the increased risk of transition to 

carbon source, it is critically important to take account of the effect of climate change for 

modeling dynamics of forest ecosystems in the boreal. This thesis addresses urgent needs to 

update our understanding of ecological relationships and natural processes in shaping the 

structure and dynamics of forests in Canada. Should the current climate-independent models 

continue to be used, change of climate will likely increase the uncertainty in management 

planning and policy making. Sustainable forest management will consequently be compromised. 

With the aid of valuable long-term forest inventory plot data, it is possible, as this thesis shows, 

to develop models to improve our understanding of forest dynamics to guide management of 

forest ecosystems in the face of global change. 
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Chapter 2 Climate-based Allometric Biomass Equations for Five Major Canadian 
Timber Species 

2.1 Abstract 

Accurate estimation of forest biomass is essential to quantify the role forests play at 

balancing terrestrial carbon. Allometric equations based on tree size have been used for this 

purpose worldwide. There is little quantitative understanding on how environmental variation 

may affect tree allometries. Even less known is how to incorporate environmental factors into 

such equations to improve estimation. Here I tested the effects of climate on tree allometric 

equations and proposed to model forest biomass by explicitly incorporating climatic factors. 

Among the five major Canadian timber species tested, the incorporation of climate was not 

found to improve the allometric models for three species. For trembling aspen and tamarack, the 

residuals of their conventional allometric models were found strongly related to frost-free period 

and mean annual temperature, respectively. The predictions of the two best climate-based models 

were significantly improved, which indicate that trembling aspen and tamarack store more 

aboveground biomass when growing in warmer than in colder regions. I showed that, under the 

RCP4.5 modest climate change scenario, there would be a 10% underestimation of aboveground 

biomass for these two species if the conventional non-climate models would still be in use in 

2030. This study suggests the necessity to proactively develop climate-based allometric 

equations for more accurate and reliable forest biomass estimation. 

 

Keywords: Allometric equation, aboveground biomass, climate change, Canadian timber species, 

trembling aspen and tamarack. 

  



 20 

2.2 Introduction 

A great proportion of the estimation error of the terrestrial carbon balance arises from the 

uncertainty of forest biomass estimation (van Breugel et al. 2011). Improving estimation 

accuracy is essential for evaluating changes in global carbon cycle (Le Toan et al. 2011), 

predicting forest growth (Fang et al. 2014), carbon budget modeling (Kurz et al. 1996), and 

developing mitigation and sustainable forestry strategies (van Breugel et al. 2011). Much effort 

has been invested to improve existing models for more accurate forest biomass estimation, such 

as by further including height (Yang et al. 2020), crown dimensions (Goodman et al. 2014) and 

wood density (Ketterings et al. 2001) into “existing models”, by developing stem taper models 

and using laser scanning techniques to acquire data on stem form (McTague and Weiskittel 

2021), or by modifying the mathematical forms of the allometric models (Hame et al. 1997). Of 

them, improving tree allometric equations has been the major focus. These equations commonly 

model tree biomass in terms of the allometric relationship that links biomass to tree size and 

height (Pastor et al. 1984; Niklas 2004; Weiner 2004).  

Tree growth is subject to the effect of different abiotic conditions, such as site-specific 

heterogeneity and climatic variables, due to biophysical (White et al. 1999; Beaubien and 

Freeland 2000; Bouriaud et al. 2004; McMahon et al. 2010) and ecophysiological processes 

(Karlsson et al. 2005; Littell et al. 2008; Clough et al. 2017). Despite this recognition, it is not a 

common practice to model tree allometric growth by considering the impacts of habitat (Bond-

Lamberty et al. 2014) and climate (Lloyd et al. 2011). I found only a handful of studies that have 

examined how tree allometric relationships are affected by different environmental conditions 

and climate (Chave et al. 2014; Fu et al. 2017; Yang et al. 2020). One of the notable examples is 

the recent development of climate-based allometric equations for improving biomass estimation 

in pantropical forests (Chave et al. 2014). In that study, the conventional allometric equations 

with tree diameter, height and wood density as predictors were fitted to the observed stand-level 

biomass data. For stands where data on height are not available, a climate-for-height model, 

using temperature seasonality, precipitation seasonality and climate water deficit as predictors, is 

proposed to estimate height. Although Chave et al. (2014) offer a promising approach for 

developing climate-based allometric models, their approach does not consider the difference of 

individual species but pools biomass data across all species and applies a single allometric 

equation. This pooling of the data is necessary for species-rich tropical forests, but the bias 
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associated with this approach is unknown because species that differ in architecture and 

ecophysiology could result in starkly different responses to the effect of climate (Way and Oren 

2010). For example, in boreal and temperate forests, Jucker et al. (2017) found that pooled-

species (i.e. stand-level) allometric equations overestimated up to 30% of biomass compared to 

that estimated from the widely used individual species allometric equations developed by 

Lambert et al. (2005) in Canada. Along this line, Xing et al. (2019) showed that regional 

allometric equations could either overestimate or underestimate local stand biomass in Alberta, 

Canada, presumably due to the variation in climate and site conditions. Fu et al. (2017) is another 

example that considers the effect of climate on allometric equation for estimating biomass for 

Masson pine in Southern China. However, this single species study, including 2 dummy and 4 

climatic variables, is data demanding and seems overly complex. It is thus clear that there is a 

need to develop climate-based biomass models for individual species for understanding 

interspecific variation in the effect of climate on tree biomass accumulation and for improving 

future estimation of forest biomass (McCarthy and Enquist 2007). 

This study aims to quantify the effect of climate on aboveground biomass of five major 

Canadian timber species (i.e., black spruce, white spruce, trembling aspen, tamarack, and balsam 

fir). I focus on biomass-DBH allometries without including height because DBH-only allometric 

equations are commonly used in most regional and global studies (Peichl and Arain 2007; 

Chojnack et al. 2014; Chen and Luo 2015) partly due to the lack of height data (Marshall, Lencar 

and Hassani 2000). I first assessed the effect of climate, including temperature, precipitation and 

aridity, on the allometric equations for each of the five species in Canada to identify the potential 

climatic factors that affect the growth of these species. I was interested in finding out whether 

there is a common or a set of common climatic factors (e.g. temperature, precipitation, and 

aridity) that consistently affect growth across species, or, alternatively, whether species respond 

to climatic variables differently. I then developed allometric models by incorporating the 

significant climatic factors identified for the species. These climate-based allometric equations 

were further used to predict the impact of the projected climate scenarios on forest biomass 

estimation. The climate-based allometric models so developed are expected to improve forest 

biomass estimation in Canada and strengthen our ability of mitigation for greenhouse emission. 

 

2.3 Materials and methods 
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2.3.1 Biomass dataset 

I compiled biomass data from the Energy from the Forest Research (ENFOR) program of 

Canadian Forest Service (Ung et al. 2008). Between 1978 and 1983, ENFOR destructively 

sampled 9,454 stems of 49 commercial tree species at over 300 sites across Canada. Oven dry 

aboveground biomass (including the biomass components from stem wood, stem bark, branches, 

foliage and twigs), diameter at breast height (DBH) and height of each tree were measured in the 

field and data quality control was followed with check on possible erroneous values (Lambert et 

al. 2005; Ung et al. 2008). The sites were distributed in 10 ecozones with a wide range of 

climatic conditions from the pacific maritime in British Columbia to the boreal shield in 

Newfoundland and Labrador (Ecological Stratification Working Group 1996). Field 

measurements and site locations of each stem sampled were assembled into the ENFOR Canada 

Biomass Data (accessible online at https://doi.org/10.23687/fbad665e-8ac9-4635-9f84-

e4fd53a6253c).  

 

2.3.2 Study species 

Of the total, 5,732 stems from 45 species sampled at 267 sites had a complete set of total 

aboveground biomass measurements (hereafter referred to as aboveground biomass; AGB) and 

site coordinates. The number of sites surveyed varied from 1 to 76 (mean 13.1 and median 7) 

sites and the number of stems per species sampled ranged from 1 to 783 (mean 127.4 and median 

78). However, only five species (Picea mariana, black spruce; Picea glauca, white spruce; 

Populus tremuloides, trembling aspen; Larix laricina, tamarack; and Abies balsamea, balsam fir) 

were sampled in more than 3 jurisdictions (provinces and territories) and at more than 25 sites 

across Canada (Table 2.1; also see Table S1 for the ranges of site locations, DBH and 

aboveground biomass). The sampling locations of these five species consisted of 162 sites within 

their natural distributions in Canada (Fig. 2.1; Pavlic et al. 2007). These species are the primary 

timber species in Canada (Pavlic et al. 2007), which reportedly stock over 7 billion tons of 

biomass in the country (Power and Gillis 2001). Here I attempt to build climate-based allometric 

biomass equations for each of them. 

 

2.3.3 Climatic variables 
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I selected climatic variables based on their documented significance for tree growth 

(Vanganov et al. 1999; Friedrichs et al. 2009). In total, thirty-year annual averages from 1961 to 

1990 of 16 climatic variables (i.e., climate normal; Table 2.2; also see Fig. 2.1 for mean annual 

temperature) were used to represent the climatic conditions of those sites for the sampling period 

(1978 to 1983). All these climatic variables were georeferenced based on the site locations and 

extracted from the 4-km resolution climate grids from downscaled PRISM (Daly et al. 2008) 

using ClimateNA v6.20 (Wang et al. 2016; see Table S1 for the ranges of the 16 climatic 

variables), which are the current highest quality temporal climate data available representing the 

period over which the ENFOR data were collected. 
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Fig. 2.1 Distribution of all 162 sampling sites for black spruce, white spruce, trembling aspen, 

tamarack and balsam fir. The base map is the thirty-year mean annual temperature from 1961 to 

1990 with blue the coldest and red the warmest regions. At each sampling site, the tree species 

are represented in dark green, light green, brown, red and pink, respectively, on a stack. The 

height of each color bar represents the relative number of stems for the species sampled at that 

site. 

  



 25 

Table 2.1 Number of stems and sites (in parenthesis) sampled from each province and territory 

for black spruce, white spruce, trembling aspen, tamarack and balsam fir that have complete 

information of aboveground biomass and site location in the ENFOR Canada Biomass Data. 

Species YT NT BC AB SK MB ON QC Total 

Black Spruce 290 

(31) 

48 

(3) 

60 

(4) 

20 

(1) 

20 

(1) 

20 

(1) 

 325 

(31) 

783 

(54) 

White Spruce 354 

(46) 

56 

(3) 

100 

(11) 

20 

(1) 

20 

(1) 

20 

(1) 

 62 

(13) 

632 

(76) 

Trembling Aspen 188 

(29) 

54 

(3) 

26 

(8) 

20 

(1) 

20 

(2) 

19 

(1) 

 133 

(20) 

460 

(63) 

Tamarack  56 

(3) 

 20 

(1) 

20 

(1) 

20 

(1) 

84 

(10) 

87 

(10) 

287 

(27) 

Balsam Fir    20 

(1) 

20 

(1) 

20 

(1) 

 165 

(23) 

225 

(26) 

Note: AB – Alberta, BC – British Columbia, MB – Manitoba, NT – Northwest Territories, ON – 

Ontario, QC – Quebec, SK – Saskatchewan, and YT – Yukon. 
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Table 2.2 List of 16 climatic variables, their abbreviations and definitions extracted from 

ClimateNA v6.20 for 1961-1990 annual means per ENFOR Canada biomass sample site. The 

sources and definitions of all the 16 climatic variables are detailed in Wang et al. (2016) except 

for climate moisture index in Hogg and Schwarz (1997). 

Abbreviation Variable Definition 

MAT Mean annual temperature Mean of monthly temperature per year; °C 

MWMT Mean warmest-month 

temperature 

Mean temperature of the warmest month in each 

year; °C 

MCMT Mean coldest-month 

temperature 

Mean temperature of the coldest month in each 

year; °C 

TD Continentality Difference between MWMT and MCMT; MWMT 

– MCMT; °C 

MAP Mean annual precipitation Mean of the sum of monthly precipitation per 

year; mm 

MSP Mean summer 

precipitation 

Mean of the sum of May-to-September 

precipitation in each year; mm 

AHM Annual heat-to-moisture 

index 

(MAT + 10) / (MAP / 1000); °C mm-1 

SHM Summer heat-to-moisture 

index 

MWMT / (MSP / 1000); °C mm-1 

DD5 Degree-days above 5°C Sum of degree-days above 5°C in each year; °C 

FFP Frost-free period Length between the day of the year on which 

frost-free period begins and the day it ends; day 

PAS Precipitation as snow Sum of precipitation as snow (for an individual 

year, it covers the period between August of the 

previous year and July of the target year); mm 

Eref Hargreaves reference 

evaporative demand 

Derived from the water equivalent of the radiation 

above the atmosphere and mean daily 

temperature; mm 
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CMD Climatic moisture deficit Sum of the monthly difference between Eref and 

precipitation (if Eref is smaller than precipitation, 

the CMD of that month is 0, not a negative value); 

mm 

MAR Mean annual solar 

radiation 

Sum of the monthly solar radiation; MJ m-2 d‐1 

RH Mean annual relative 

humidity 

Derived from monthly maximum and minimum 

temperature; % 

CMI Climate moisture index Difference between annual precipitation and 

potential evapotranspiration as defined in Hogg 

and Schwarz (1997); mm 

 

2.3.4 Climate-based allometric modeling 

The conventional biomass equations developed by the ENFOR program for the Canadian 

tree species were in the common form of allometry: 

(1) 𝐴𝐺𝐵	 = 	𝑎	 × 	𝐷𝐵𝐻! 	 

where AGB is the aboveground biomass in kg, DBH is the diameter at breast height of a stem in 

cm, and a and d are two parameters controlling the intercept and slope of the equation, 

respectively.  

Because of the nested sampling structure of the ENFOR biomass data, trees of the same 

species sampled at the same site were possibly correlated. Adopting nonlinear mixed-effect 

models with site as the random term, I was able to control the site level variation and use the 

correct degrees of freedom (Dutchã et al. 2018) for inference. A random term, site, can be added 

to account for the site level variation in a or d as:  

(2) 𝐴𝐺𝐵	 = 	 (𝑎	 +	𝑠𝑖𝑡𝑒") 	× 	𝐷𝐵𝐻! 	 

(3) 𝐴𝐺𝐵	 = 	𝑎	 × 	𝐷𝐵𝐻(!	%	&"'(!)	 

To account for the possible effect of climate, I formulated the mixed-effect models (2) and 

(3) by incorporating climatic variables to Eqs. (4) - (9) as shown below. Here, I added one 

climatic variable (denoted as Climi) each time to Eqs. (4) - (9), respectively. Each of the 16 

climatic variables presented in Table 2.2 was modeled with b as the estimated coefficient of 

Clim. In total, there were 96 candidate climate-based models for each species. 
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(4) 𝐴𝐺𝐵	 = 	 (𝑎	 +	𝑠𝑖𝑡𝑒" 	+ 	𝑏	 ×	𝐶𝑙𝑖𝑚") 	× 	𝐷𝐵𝐻! 

(5) 𝐴𝐺𝐵	 = 	 (𝑎	 + 	𝑏	 ×	𝐶𝑙𝑖𝑚") 	× 	𝐷𝐵𝐻(!	%	&"'(!)	 

(6) 𝐴𝐺𝐵	 = 	 (𝑎	 + 	𝑠𝑖𝑡𝑒") 	× 	𝐷𝐵𝐻(!	%	*	×	,-".!)	 

(7) 𝐴𝐺𝐵	 = 	𝑎	 × 	𝐷𝐵𝐻(!	%	&"'(!	%	*	×	,-".!)	 

(8) 𝐴𝐺𝐵	 = 	 (𝑎	 +	𝑠𝑖𝑡𝑒") 	× 	𝐷𝐵𝐻! 	+ 	𝑏	 ×	𝐶𝑙𝑖𝑚" 	 

(9) 𝐴𝐺𝐵	 = 	𝑎	 × 	𝐷𝐵𝐻(!	%	&"'(!) 	+ 	𝑏	 ×	𝐶𝑙𝑖𝑚" 	 

The above 99 models (the 96 plus Eqs. 1, 2 and 3) for each of the five species were 

estimated using maximum likelihood from the nlme package (Pinheiro et al. 2022) in R 3.5.1 

(https://www.r-project.org/). 

 

2.3.5 Model comparison 

For each species, I compared the 99 candidate models to select the best model and identify 

climatic variables that significantly affect the allometric model (1). For this study, the ten-fold 

cross-validation approach was applied to compare the predictive ability of the candidate models 

for each species while avoiding over-fitting (Arlot and Celisse 2010). I ran 1,000 iterations for 

each of the 99 models for a species. At each iteration, I randomly extracted one tenth of the 

sample sites as the testing data and used the remaining nine tenths of the sites as the training data 

for model fitting for cross-validation. For example, tamarack had data sampled from 27 sites and 

287 stems (Table 2.1). Three of the sites were randomly selected for validation, while the 

remaining 24 sites were used for fitting (training) each of the 99 models for this species. The 

same training and testing sites were used to train and validate each of the 99 candidate models. 

Aboveground biomass was then estimated for the sites of the testing data set using DBH and 

the corresponding climatic variable that was modeled for each model. I adopted two widely used 

statistics, mean absolute error (MAE) and root-mean-square error (RMSE), for assessing the 

predictive performance of these models.  

(10) MAE	 = 	∑ |12!31!|
4

 

(11) RMSE	 = 	:∑(12!31!)
#

4
 

where 𝑦<" and 𝑦" are the estimated and the observed aboveground biomass for the ith tree, and n 

is the total number of trees in the testing data set. 
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A climate-based model was considered to be superior if it yielded a significantly lower MAE 

than that of the conventional model (1) and the two mixed-effect models (2) and (3). Also, 

considering model reliability (Wehrens et al. 2011), a superior climate-based model should yield 

lower MAE than the three competing models in no fewer than 700 times out of the 1,000 

iterations (i.e., 70% of the iterations). These repeatedly lower MAE justified the climatic 

allometric model. Because MAE varied in each training and testing data set among the 1,000 

resampling iterations, mean MAE was calculated over the 1,000 iterations for each model. One 

tail paired t-test was used to assess if a climatic allometric model had significantly lower MAE 

than the non-climatic allometric models (1), (2) and (3). This test was also repeated for RMSE.  

Further attempts were made to add more than one climatic variable to the conventional 

allometric models, but that did not improve the models. I also tried to include a second random 

term, e.g., combining the two random terms from Eqs. (4) and (5), but that did not improve the 

models either and in some cases the estimation did not actually converge. I thus just focused on 

the allometric equations of a single climatic variable and a single random term (Eqs. 4 - 9). 

 

2.3.6 Validation of the best climate-based model 

After determining the best climate-based models, I refitted them and the conventional model 

to the entire samples of trees for each species and compared the goodness of fit and the 

percentage errors (%Error, Eq. 12) between the best model and the conventional model. I then 

plotted the estimated aboveground biomass against the observed aboveground biomass for each 

species, and calculated the pseudo R2 (1 −
∑(1$%&!31'()!)

#

∑(1$%&!315$%&! 	)
#) for each model. I also performed 

likelihood ratio tests between the best climate-based model and the conventional model for 

statistical comparison.  

(12) %𝐸𝑟𝑟𝑜𝑟	 = 	 12!31!
1!

	× 	100% 

where 𝑦<" and 𝑦" are the model prediction and the observed aboveground biomass for the ith 

tree of the entire samples for the species of interest. 

 

2.3.7 Prediction error under the modest warming scenario 

I predicted the estimation biases of aboveground biomass of trembling aspen and tamarack 

(the species found sensitive to climate) in Canada in 2030 (i.e. 50 years after the collection of the 
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data) using models estimated from the ENFOR biomass data (collected between 1978 and 1983). 

I adopted the modest warming scenario, RCP4.5 (a stabilization scenario with the radiative 

forcing level fixed at 4.5 W/m2 after effort in reducing greenhouse gas emissions; Thomson et al. 

2011), to evaluate biomass prediction errors for the two species in 2030. I first derived the mean 

climatic variables (i.e. frost-free period and mean annual temperature for this study) in 2030 

from RCP4.5. I then assessed the model percentage errors (%Error, Eq. 12) by regressing 

the %Error of the conventional model (1) and the best climatic model separately against the 

selected 1961-1990 mean frost-free period and mean annual temperature for trembling aspen and 

tamarack respectively using ordinary least squares. %Error should be independent of the climatic 

variable if the model is no longer affected by the variable, but not the case for the conventional 

model (1). The %Error for aspen and tamarack biomass in 2030 was then estimated by 

substituting the RCP4.5 projected frost-free period and mean annual temperature in 2030 to the 

respective regression models. These estimated %Errors multiplying the total aboveground 

biomass stock of the two species in Canada given by Power and Gillis (2006) are the prediction 

errors if the conventional allometric model were still in use in 2030. 

 

2.4 Results 

2.4.1 Best climate-based models 

I found that the best climate-based models for trembling aspen and tamarack outperformed 

the conventional and the two mixed-effect allometric models (Eqs. 1 - 3) based on MAE and 

RMSE (Table 2.3; see Table S2 for the cross-validation result in which Eq. (5) outperforms 

equations for both species), while no significantly better climate-based models were found for 

the other three species.  

For trembling aspen, the best climate-based models is  

(13) 𝐴𝐺𝐵D = (0.0389	 + 	0.000513	 × 	𝐹𝐹𝑃) × 	𝐷𝐵𝐻6.89: 

where FFP is the frost-free period of the site where aboveground biomass is estimated. 

For tamarack, the model is  

(14) 𝐴𝐺𝐵D = (0.142	 + 	0.00613	 × 	𝑀𝐴𝑇) 	× 	𝐷𝐵𝐻6.6;< 

where MAT is the mean annual temperature. 
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Table 2.3 Paired t-test comparing the best climate-based models for trembling aspen and 

tamarack and the conventional allometric Eq. (1) and the two mixed-effect allometric models 

(Eqs. 2 and 3) based on MAE and RMSE from the 1,000-time cross validation. The mean MAE 

and RMSE of the best climate-based models (i.e. Eq. 13 for trembling aspen and Eq. 14 for 

tamarack), and the difference in MAE (and RMSE) between the best models and their 

conventional allometric models are presented together with t-test p-values. 

 Trembling Aspen - Eq. (13) Tamarack - Eq. (14) 

Mean MAE 

Mean RMSE 

21.264 

36.112 

17.318 

25.542 

vs Eq. (1) MAE: -3.404 (p<10-16) 

RMSE: -4.145 (p<10-16) 

MAE: -5.747 (p<10-16) 

RMSE: -8.029 (p<10-16) 

vs Eq. (2) MAE: -3.471 (p<10-16) 

RMSE: -4.714 (p<10-16) 

MAE: -5.270 (p<10-16) 

RMSE: -7.470 (p<10-16) 

vs Eq. (3) MAE: -4.339 (p<10-16) 

RMSE: -7.233 (p<10-16) 

MAE: -5.189 (p<10-16) 

RMSE: -7.071 (p<10-16) 

 

2.4.2 Model validation 

Goodness of fit of the best climate-based models for trembling aspen and tamarack were 

compared against the conventional model (1) as shown in Fig. 2.2. The pseudo R2 for the 

conventional models are 0.966 and 0.943 for trembling aspen and tamarack, respectively, while 

the R2 for the best climate-based models are respectively 0.978 and 0.980. The log-likelihood 

ratio tests confirmed that the best climate-based model, for both species, performed significantly 

better than the conventional model (1) when fitting the ENFOR biomass data for trembling aspen 

(likelihood ratio = 178.05, df = 2, p < 0.0001) and tamarack (likelihood ratio = 167.85, df = 2, p 

< 0.0001). 

By residual diagnosis, I found that the %Error of allometric model (1) for trembling aspen 

(Figs. 2.3a) and tamarack (Figs. 2.3c) were negatively related to FFP and MAT, respectively. 

The slope of the linear regression model between %Error and FFP for trembling aspen is -0.47 

(Fig. 2.3a), indicating that the model estimate is 4.7% lower than the actual aboveground 

biomass if the FFP increases by 10 days. Similarly, the slope for the regression between %Error 

and MAT for tamarack is -4.91 (Fig. 2.3c), indicating that there is 4.9% underestimation if the 
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MAT increases by 1°C. In contrast, the best climate-based models for both species show no sign 

of relationship with either FFP (Fig. 2.3b) and MAT (Fig. 2.3d), respectively, indicating the 

climate-based allometric models are unbiased in estimating the aboveground biomass for 

trembling aspen and tamarack. 
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Fig. 2.2 The aboveground biomass predicted by the conventional model (1) and the best climate-

based models (13) and (14) plotted against the observed aboveground biomass for trembling 

aspen (a) and tamarack (b). The black circles are the conventional model and the blue crosses are 

the climate-based models. The dashed lines are the 1:1 lines between the predicted and observed 

aboveground biomass. 
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Fig. 2.3 (a) The %Error of the conventional allometric model (1) for trembling aspen is plotted 

against FFP. The slope of the linear regression line is -0.47, significantly smaller than 0 (p-value 

< 10-13 for one-tail t-test). (b) The %Error of the best climate-based model (13) for trembling 

aspen plotted against FFP. The slope (0.12) of the regression line is not significantly different 

from 0 (p-value = 0.16 for two-tail t-test). (c) The %Error of the allometric model (1) for 

tamarack plotted against MAT. The slope (-4.91) of the regression line is significantly smaller 

than 0 (p-value < 10-15 for one-tail t-test). (d) The %Error of the best climate-based model (14) 

for tamarack plotted against MAT. The slope (-0.22) of the regression line is not significantly 

different from 0 (p-value = 0.67 for two-tail t-test). The fitted models and R2 for the four linear 

regression models are shown in each panel. 
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2.4.3 Potential underestimation under climate change 

Under the climate change scenario, RCP4.5, the mean FFP and MAT in Canada are expected 

to increase by 20 days and 2°C, respectively, in 2030 compared to the time (1978-1983) when 

the ENFOR biomass data were collected (Wang et al. 2016). If the current conventional 

allometric models (1) for trembling aspen and tamarack were still in use in 2030, a 9.5% ± 1.2% 

(20 × (0.47% ± 0.06%); from the fitted line in Fig. 2.3a) and a 9.8% ± 1.1% (2 × (4.91% ±

0.56%); from the fitted line in Fig. 2.3c) underestimation in aboveground biomass for trembling 

aspen and tamarack, respectively, in Canada would be expected in 2030. Based on the estimated 

total amounts of aboveground biomass published in the Canada’s Forest Inventory 2001 (Power 

and Gillis 2006), potential underestimation of aboveground biomass for trembling aspen would 

be 134.22 ± 16.95 million tons and for tamarack 6.00 ± 0.67 million tons in 2030 if the 

conventional biomass equations for these two species were used without considering the effect of 

climate change. 

 

2.5 Discussion 

2.5.1 Improvement of model performance 

To minimize the increasing uncertainty in predicting forest biomass under climate change 

(van Breugel et al. 2011), it is necessary to take account of the effect of climate on the 

conventional allometric biomass models (Chave et al. 2014; Fu et al. 2017; Yang et al. 2020). In 

this study, I found that incorporation of climatic variables into those conventional models did not 

improve biomass estimation for three of the five species. For the two species (trembling aspen 

and tamarack) whose allometric models were significantly modified by climatic variables, I 

found that the %Error of the conventional allometric models were significantly negatively 

correlated with frost-free period (Fig. 2.3a) and mean annual temperature (Fig. 2.3c), 

respectively, suggesting the necessity to consider the climatic variables in modeling biomass of 

these two species. After incorporating FFP and MAT, respectively, to each species, the 

correlations of the %Error of models with FFP (Eq. 13; Fig. 2.3b) and MAT (Eq. 14; Fig. 2.3d) 

were no longer significant. For black spruce, white spruce and balsam fir, I found that 

conventional allometric models are sufficient to estimate biomass and the incorporation of 

climatic variables is not needed. 
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Among all the 96 climate-based models for each species, none of them with the climatic 

variable as additive terms in Eqs. (8) and (9) is significantly better than the allometric model (1), 

which suggests that the effect of climate on tree biomass accumulation in relation to DBH 

increment are not simply additive. Instead, the best climate-based models for trembling aspen 

and tamarack both have the form of Eq. (5) where the climatic variables multiply DBH, and the 

random effect, site, is at the exponent term. The significantly positive coefficients for the FFP 

(0.000513; Eq. 13) and MAT (0.00613; Eq. 14) indicate that trembling aspen growing in areas 

with longer frost-free periods and tamarack in warmer regions maintain higher biomass than 

those trembling aspen in areas with shorter frost-free periods and tamarack in colder regions, 

respectively.  

 

2.5.2 Evidence in support for climate-based models 

Biophysical and ecophysiological evidence offers support to the best climate-based models 

for trembling aspen and tamarack (White et al. 1999; Beaubien and Freeland 2000; Bouriaud et 

al. 2004; McMahon et al. 2010; Clough et al. 2017; Yang et al. 2020) as well as the finding of 

non-significant improvement in allometric models for black spruce, white spruce and balsam fir 

(Wilson and Elling 2004; Choat et al. 2005; Way and Oren 2010; Killi et al. 2018). It is 

documented that tamarack growing in warmer regions store more biomass with denser wood 

than those in colder regions (McMahon et al. 2010; Clough et al. 2017). FFP is found closely 

related to the primary production of deciduous forest, including trembling aspen stands (White et 

al. 1999), and elongation of FFP leads to longer growing activity of trembling aspen (Beaubien 

and Freeland 2000). Notably, trembling aspen and tamarack are deciduous trees, while the other 

three are evergreen. Indeed, deciduous and evergreen trees are found to respond differently to 

elevated temperature in stem biomass growth due to differential growth rates in volume (Way 

and Oren 2010) and physiological changes in wood density (Killi et al. 2018). In general, 

evergreen trees do not show as significant increase in stem volume (determined by height and 

tamper) as deciduous trees when temperature increases (Way and Oren 2010), as evidenced by 

studies for natural forests (Yang et al. 2020) and experimental forests (Bouriaud et al. 2004). On 

the other hand, deciduous trees develop denser woods for stronger water storage and 

transportation capacity in warmer regions, while evergreen trees have lower water pressure and 

show little increase of wood density under the same warming scenario (Choat et al. 2005; Clough 
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et al. 2017). Also, evergreen trees, such as spruce, are found less sensitive to the variation of 

climatic conditions in terms of aboveground biomass accumulation than deciduous trees (Wilson 

and Elling 2004). 

 

2.5.3 Necessity for climate-based models 

Because of growth dependence on climate, allometric biomass models estimated from the 

ENFOR Canada biomass data may not reflect today’s biomass-DBH allometries, let alone 

tomorrow’s. The mean annual temperature in Canada has increased by 0.8 °C and the frost-free 

period has elongated by 8 days since the 1980’s sampling period (Wang et al. 2016) as a result of 

the effects of climate change. Given such a warming trend, the climate-based allometric models 

predict by 2030, under the modest climate change scenario (RCP4.5), near 10% underestimation 

of aboveground biomass for trembling aspen and tamarack in Canada would be expected if the 

allometric model (1) were still in use. This accounts for an estimated aboveground biomass 

deficit of 134 and 6 million tons for trembling aspen and tamarack, respectively. In addition to 

trembling aspen and tamarack, there are other deciduous timber species in Canada, such as 

maples, birches and other poplar species, whose biomass may be underestimated too by the 

conventional allometric models. Unfortunately, I do not have the data to model biomass 

allometries for these species, but expect that some (if not all) could also be sensitive to climate 

change in terms of their biomass-DBH allometries. 

This study is an attempt to develop growth-yield models that account for the effect of 

climate change. Different from previous efforts, e.g. Chave et al. (2014), I modeled biomass of 

individual species and directly incorporated climatic factors into the allometric models. The 

results show that species respond to the effect of climate differently; there is no single climatic 

factor that would universally affect growth across species. While for species-rich tropical forests 

it is necessary to model forest biomass by combining tree biomass across species as in the 

pantropical model of Chave et al. (2014), this study suggests this will likely introduce climate-

driven bias in biomass estimation, as is also confirmed by Chave et al. (2014) in which their 

climate-for-height pantropical model performs considerably worse than the height-diameter 

model (their Fig. 5). The number of tree species is much smaller in northern forests, making it 

possible to build species specific allometric models (Lambert et al. 2005; Ung et al. 2008). Here, 

I particularly suggest testing and modeling effects of climate on biomass of individual species to 
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improve estimation accuracy for tree species in Canada. It is also interesting to note that 

climatological water deficit appears to be the only climatic factor that was identified to influence 

Chave et al.’s (2014) height-diameter biomass model (although three climatic factors were found 

to influence tree height in their study). This study is consistent to this result in which only one 

climatic variable was found to affect trembling aspen and tamarack, respectively. 

 

2.5.4 Limitations and recommendations 

The lack of empirical biomass data prevents me from building climate-based allometric 

models for other species in Canada. The ENFOR biomass data is the only data I can find that 

cover sufficiently large spatial extent required for this study. Even for the ENFOR data, most 

species were only sampled for aboveground biomass at fewer than 10 sites, and site conditions 

such as vegetation condition, soil nutrition, basal area, crown class and stand top height were not 

recorded. These conditions could also alter (Weiner 2004) or interact with climate (Buechling et 

al. 2017) to affect the growth patterns of tree species. In this study, to minimize the potential 

effect of site conditions on tree growth, I included site as the random term in the allometric 

equations. It is also important to mention that genetic stock could also substantially affect tree 

growth (Zobel and Talbert 1984) and thus their allometry. In addition to site condition and 

climate, it would be necessary to consider genetic variation of trees in order to improve biomass 

estimation. However, such genetic-dependent growth data are currently not available for 

assessing genetic effect on biomass estimation. I stress the importance to collect more empirical 

field data, including genetic data, on tree biomass for developing climate-based allometric 

equations, despite the cost and labor demand for collecting such data. I would also like to 

acknowledge that the 4-km resolution for the climate data used in this study is inevitably coarse. 

That could potentially introduce some undue inaccuracy in the site-level climate data. Ideally, 

more localized climate data with higher resolution, whenever available, should be used for 

modeling forest biomass. 

 

2.6 Conclusion 

In conclusion, this study assessed the effect of climate on allometric biomass models for five 

major tree species in Canada. I found three of them were insensitive to the effect of climatic 

factors. For the other two species, Eq. (13) is identified as the best model for trembling aspen, 
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and Eq. (14) is the best model for tamarack. These best, unbiased models are corroborated by 

previous studies that show how warming impacts the growth of deciduous trees like trembling 

aspen and tamarack. Under the RCP4.5 modest climate change scenario in Canada, 10% 

underestimation of aboveground biomass would be expected if the allometric model (1) for these 

two species were still in use in 2030. There remain over 40 common tree species in Canada 

without sufficient field sampled biomass data to test whether climate-based allometric equations 

may also improve the conventional allometries. It is important to expand the ENFOR biomass 

database by collecting more empirical field biomass samples with broad geographic coverage in 

order to improve existing allometric models for predicting forest biomass under climate change. 
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Chapter 3 Modeling Fire Hazards for the Maintenance of Long-term Forest Inventory 
Plots in Alberta, Canada 

3.1 Abstract 

Long-term forest inventory plots provide important data for forest research and 

management. Maintaining such sites is a challenge as they are vulnerable to numerous 

unforeseeable anthropogenic and natural disturbances. This is particular so given the ongoing 

global change and the resultant risks of intensified disturbances. Of these disturbances, fire is the 

most important regime that dictates the dynamics of northern forests. However, little is known 

about how fire may threaten the forest inventory plots in the region. To address this question, I 

compiled data on forest fires occurred over the past six decades for permanent sample plots in 

Alberta, Canada. I employed the Cox proportional hazards model to quantify the effects of stand 

conditions and climate on the fire hazards of these plots. The results showed that 17% of the 

plots were burned, and they had an average 28.7-year lifespan, and more recently established 

plots suffered higher fire hazards. My model predicted that 15% of the plots in Alberta would be 

disturbed due to fire 30 years after plot establishment, and that prediction increased to 35% after 

50 years. The plots located in the Boreal ecoregion suffered 2.85 and 3.36 times higher fire risk 

than those in the Foothills and Rocky Mountain ecoregions, respectively. Tree species richness 

and density of deciduous trees of the plots were found to reduce their fire hazards, while mean 

annual temperature increased the hazards. By 2050, the mean fire hazards of the plots are 

projected to be 1.63 times higher than the current level as global warming persists, posing a great 

threat to the long-term maintenance of forest inventory plots. 

 

Keywords: Northern forests, Cox proportional hazards model, fire hazards, plot maintenance, 

permanent sample plots. 
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3.2 Introduction 

Long-term forest data are essential for understanding forest dynamics and functioning (Rees 

et al. 2001; Pan et al. 2011; Lindenmayer, Laurance and Franklin 2012; Zhang, Huang and He 

2015; Liang et al. 2016), quantifying and mapping temporal changes in forest resources, biomass 

and biodiversity (MacDicken 2015; Blowes et al. 2019; Chave et al. 2019; Liang and Gamarra 

2020; Besnard et al. 2021; Davies et al. 2021), predicting impacts of changes in climate (Peng et 

al. 2011; Chen et al. 2016) and land use (MacDicken 2015), and practicing resource management 

and conservation (Kangas and Maltamo 2006; MacDicken 2015; Davies et al. 2021). To collect 

such data, researchers and forest managers have established long-term monitoring plots at the 

local (Stadt, Schieck and Stelfox 2006; Alberta Agriculture and Forestry 2015), regional 

(Ribeiro, Borges and Oliveira 2004; Phillips et al. 2009) and global scales (Tomppo et al. 2010; 

Condit et al. 2014). Despite that the history of forest sampling sites could date back as far as to 

the 1860s (Spurr 1952), the use of permanent forest plots for collecting long-term inventory data 

started in the early 1900s (Munger 1946; Burgess and Robinson 1998). It is not until the 1920s 

that large scale inventory plots have been established (Tomppo et al. 2010; MacDicken 2015). 

These inventory plot programs include Alberta Biodiversity Monitoring plots (Stadt, Schieck and 

Stelfox 2006) and permanent sample plots (Alberta Agriculture and Forestry 2015), the Barro 

Colorado Island (BCI) 50-ha plot (Condit et al. 1998), and national inventory plots of Canada 

and the USA, China and many European and other countries (Smith 2002; Kangas and Maltamo 

2006; Tomppo et al. 2010). These inventory plots, together with plots established for other 

purposes, contribute to several regional and global forest plot networks, including the Amazon 

Forest Inventory Network (RAINFOR) (Phillips et al. 2009), ForestPlots.net (Lopez-Gonzalez et 

al. 2011), ForestGEO (Anderson‐Teixeira et al. 2015; Davies et al. 2021), and Global Forest 

Biodiversity Initiative (GFBI) (Liang et al. 2016). However, the maintenance of long-term forest 

plots has been a global challenge given the ever increasing natural and anthropogenic 

disturbances as well as the haphazard nature of these disturbances. This problem compounding 

with the lack of long-term funding and collaboration makes the maintenance of field plots even 

more challenging (Ribeiro, Borges and Oliveira 2004; Kangas and Maltamo 2006; Kovač et al. 

2010; Tomppo et al. 2010). While efforts have been taken to protect plots from anthropogenic 

disturbances (Kangas and Maltamo 2006), less attention has been paid to the protection of these 

plots from the bashing of increasing natural disturbances resulted from global change (Flannigan, 



 47 

Stocks and Wotton 2000; Stephens et al. 2013). This is particularly a problem for the plots at 

high latitudes where the magnitudes of change in climate are larger and the risk of natural 

disturbances is higher (Weber and Flannigan 1997; Li, Flannigan and Corns 2000; De Groot et 

al. 2003; Tymstra et al. 2007; Safranyik et al. 2010; Cortini and Comeau 2020). In this study, I 

focus on the permanent sample plots in Alberta, Canada, by assessing the existing and rising 

threats of fire disturbance to plot maintenance. 

 The permanent sample plot (PSP) network in Alberta was first established in the early 

1960s, with an initial set of near 200 plots (Alberta Agriculture and Forestry 2015). The 

provincial PSP network has since been expanded to about 1,200 plots as of today. Plots, with 

sizes varying from 200 to 2,034 m2, were established by tagging and repeatedly measuring every 

stem with diameter at breast height (DBH) larger than 9 cm every 5 to 10 years. These plots 

provide invaluable long-term data in Alberta for growth-yield modeling (Hogg et al. 2017; Yang 

et al. 2020), biomass estimation (Monserud, Huang and Yang 2006; Zhang et al. 2014), climate 

change impact assessment (Peng et al. 2011; Zhang, Huang and He 2015; Chen et al. 2016), 

biodiversity conservation (Stadt, Schieck and Stelfox 2006) and silvicultural planning 

(Metsaranta and Lieffers 2009). Over the past six decades, the PSP network has been subjected 

to the threats of many natural and anthropogenic risk factors (Alberta Agriculture and Forestry 

2015). Forest fire as measured by its intensity and frequency is a primary disturbance regime 

shaping forested landscapes in Alberta (Larsen 1997; Cumming 2001). For example, between 

2006 and 2015, on average 1,581 wildfires occurred annually, and the total area burned in this 

decadal period was equivalent to near 12% of the harvestable forests in Alberta (Beverly and 

McLoughlin 2019). Fire returns, on average, every 28 years in southern and 35 years in northern 

Alberta (Larsen 1997; Johnstone and Chapin 2006), depending on stand characteristics 

(Cumming 2001; Taylor, McCarthy and Lindenmayer 2014) and climate (Tymstra et al. 2007). 

Forest fires are expected to intensify and occur more frequently as climate becomes warmer and 

drier (Weber and Flannigan 1997; Li, Flannigan and Corns 2000; De Groot et al. 2003; Tymstra 

et al. 2007; Boulanger, Gauthier and Burton 2014; Beverly and McLoughlin 2019; Rupasinghe 

and Chow-Fraser 2021), challenging the long-term maintenance of permanent forest plots in 

Alberta. 

 Despite of the dictating role of forest fire in shaping the northern forests (Larsen 1997; 

Cumming 2001; Tymstra et al. 2007; Rogeau et al. 2016; Beverly and McLoughlin 2019) and 
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that fire damages have become more severe and fire seasons have elongated (Rupasinghe and 

Chow-Fraser 2021), there is little understanding of how fire threatens the forest plots in Alberta. 

In this study, my overall objective is to provide a quantitative assessment of the fire hazards on 

the PSPs in Alberta. To this end, I first built fire hazards models to quantify the variation of fire 

hazards across the PSPs in three ecoregions. I then identified the risk factors, including stand 

structural, compositional and climatic variables, and estimated their effects on fire hazards. 

Based on the fire hazards models that were developed, I finally projected the impact of climate 

on fire hazards of the PSPs in 2050 under a moderate emission scenario. The results of this study 

are expected to contribute to quantitative understanding of fire hazards of PSPs in Alberta and 

support the management and maintenance of long-term forest plots in the face of climate change. 

 

3.3 Materials and methods 

3.3.1 Plot data 

 This study included 1,125 permanent sample plots (PSPs) distributed in northern forests 

across the Boreal, Foothills and Rocky Mountain ecoregions of Alberta (Natural Regions 

Committee 2006). Of the total plots, 452 were established under the 4-subplot design (Alberta 

Agriculture and Forestry 2015), for which I merged the records of the four subplots at each site 

to represent a whole plot. Further, 182 plots did not have complete coordinates and another 24 

had no repeated measures, two pieces of key information needed for modeling. Consequently, 

these plots were excluded from this study, resulting in 919 plots (n = 306, 509 and 104 in the 

Boreal, Foothills and Rocky Mountain ecoregions, respectively; Fig. 3.1a). The plot dominant 

tree species in the Foothills and Rocky Mountain ecoregions include Pinus contorta (lodgepole 

pine), Picea glauca (white spruce) and Populus tremuloides (trembling aspen). And those in the 

Boreal ecoregion include Abies balsamea (Balsam fir), Picea mariana (black spruce), Picea 

glauca (white spruce) and Populus tremuloides (trembling aspen). Populus balsamifera (Balsam 

popular) and Betula papyrifera (paper birch) were common species of plots across ecoregions. 

All these 919 plots were established in forests of natural origin, with 84% of them established 

before 1990 (Fig. 3.1b). I recorded their year of establishment (𝑦=), ranging from 1960 to 2009, 

from the plot data (Alberta Agriculture and Forestry 2015). And for PSPs with no record of 

establishment year, I assigned the year of the first census to 𝑦=. I also recorded the year of the 
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last census (the most recent census; 𝑦->&') of each PSP. The distributions of 𝑦= and 𝑦->&' are 

shown in Fig. 3.1b. Of the 919 PSPs, 48% were last measured after 2010. 

 

 
Fig. 3.1. (a) Distribution of the 919 permanent sample plots (PSPs) across the Boreal (n = 306), 

Foothills (n = 509) and Rocky Mountain (n = 104) ecoregions of Alberta, Canada. Unburned and 

burned plots are displayed as blue and red dots respectively. (b) Distribution of the year of 

establishment (in grey) and last census (in black) of the 919 PSPs from 1960 to 2020. 

 

3.3.2 Fire data 

Alberta has detailed fire records at both plot- and tree-levels of all PSPs (though records for 

other types of disturbances are either incomplete or undocumented; Alberta Agriculture and 

Forestry 2015). In this study, those PSPs that were abandoned from the PSP network because of 

fire disturbance (with fire records for the plot or with over 10% trees burned in the last census) 
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were regarded as burned plots, whereas the rest were considered as unburned plots. The year of 

fire (𝑦?) of each burned PSP was then recorded. Of the 919 PSPs, I identified 152 plots (17% of 

the PSPs) were burned and counted the time between the year of establishment and the year of 

fire as persistence (or “survival”) time (= 𝑦? − 𝑦=) of each burned plot. Of the remaining 767 

unburned plots, 465 remained active by the end of the study period (which is 2019), and their 

survival times were counted as right-censored. The survival times of the other 302 plots that 

were discontinued but for reasons other than fire disturbance were also right-censored. The right-

censored survival time for each of these 767 unburned plots was counted as the years between 

the last census and establishment (𝑠𝑢𝑟𝑣𝑖𝑣𝑎𝑙	𝑡𝑖𝑚𝑒	 = 𝑦->&' − 𝑦=). I estimated the survival 

function 𝑆(𝑡), i.e., the probability a plot survived up to t years since plot establishment without 

fire disturbance (t ranges from 1 to 57 years in this study) using the Kaplan-Meier estimator 

(Lawless 2011): 

𝑆V(𝑡) = ∏ (1 − !!
4!
)":'!A' ,             (1) 

where 𝑡" is the time of the ith fire occurrence after plot establishment, 𝑑" is the number of plots 

burned at time 𝑡", and 𝑛" is the number of plots known to have survived up to time 𝑡". 

 

3.3.3 Modeling fire hazards 

 I adopted the Cox proportional hazards regression (Lawless 2011) to model the survival 

times of the 919 PSPs, which assumes proportionality (i.e., each factor imposes a constant 

impact on the hazard over time). The model has the form: 

ℎ(𝑡) 	= ℎ=(𝑡)	𝑒B**C*	%	*#C#	%	…	%	*+C+E,         (2) 

which describes the effects of explanatory variables (𝑥", i = 1, 2, …, p) on the fire hazards of a 

plot,	ℎ(𝑡), i.e., the probability of fire occurrence for a plot t years after establishment. ℎ=(𝑡) is 

the baseline hazard when every explanatory variable 𝑥" equals 0. bi is a coefficient, representing 

the change in the expected log of hazard ratio, ln( F(')
F,(')

), with a one unit change in 𝑥" given that 

other variables are fixed. A hazard ratio of 3 means that the number of burned plots under the 

given combination of explanatory variables is three time higher than that under the baseline 

condition. 

Data for 19 explanatory variables that describe stand characteristics and climatic conditions 

were compiled for the Cox proportional hazards modeling (Table S3). Variables that describe 
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plot physical characteristics include plot size, year of establishment, stand age at establishment, 

latitude, longitude, altitude, ecoregion, aspect and slope. Data on plot aspect and slope were 

extracted from LiDAR 7.5 Digital Elevation Model (DEM) (Chang and Tsai 1991). Variables 

describing stand structure of each plot include species richness of live trees with DBH > 9 cm 

(the PSP DBH cutoff; same for other variables), canopy height (mean height of 3 trees with the 

largest DBH of the plot), tree density (number of trees per hectare) and basal area (∑ GHI!
#×J
8

 per 

hectare). I also calculated the density and basal area of deciduous trees. Each of the six stand 

structural variables was the average across the censuses of each plot. In addition, I extracted four 

mean annual climatic variables for each plot from ClimateNA v7.21 (Wang et al. 2016): mean 

annual temperature (MAT), difference between mean warmest and mean coldest month 

temperature (TD), mean annual precipitation (MAP) and climate moisture index (CMI; Hogg 

and Schwarz 1997). These four variables are commonly used to model the occurrences of forest 

fires (Weber and Flannigan 1997; Flannigan, Stocks and Wotton 2000; Tymstra et al. 2007; 

Stephens et al. 2013). The collinearity of these variables was not a concern as the highest 

Pearson’s correlation of the variable pairs was < 0.8. Ecoregion was the only categorical 

variable, which allowed to detect the difference in fire hazards among the three ecoregions. All 

numeric variables were standardized to the 0-1 scale using the transformation C3C-!.
C-(/3C-!.

. I also 

fitted the model using stand structural and climatic variables at the most recent census, and their 

means during the last two censuses, and found no difference in the results (neither changed the 

list of significant factors nor the signs of their effects) from the model fitted using the averages 

across censuses. I thus only report the results of the census-averaged model in this study. 

The Cox proportional hazards models (2) for the 919 PSPs were estimated using the coxph 

function of the survival package (Therneau 2021) in R 3.6.1 (https://www.r-project.org). For 

each model, I tested the proportional hazards assumption (proportionality) using the cox.zph 

function of the same package. No evidence of non-proportionality was detected in these models 

(p-value > 0.05). The model selection was carried out using likelihood ratio tests on the nested 

models (Fan and Li 2002). I also predicted the fire hazards of PSPs in Alberta in 2050, 30 years 

after this study. I adopted the modest emission scenario (SSP245; Shared Socioeconomic 

Pathway 2 with a 4.5 W·m2 additional radiative forcing) of the 13-GCM CMIP6 ensemble 

(GCM for global climate model and CMIP6 for Coupled Model Intercomparison Project 6; 
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Mahony et al. 2022) to estimate plot fire hazards by substituting the projected plot mean annual 

temperature increase in the 2040-2060 period from the 2000-2020 baseline (extracted from 

ClimateNA v7.21; Wang et al. 2016) into the best selected model. The estimated fire hazards 

reflect how much higher fire risk the PSPs in Alberta may suffer in 2050 due to warming under 

the modest emission scenario than the current risk level. 

 

3.4 Results 

Survival times of the 919 PSPs in Alberta range from 1 to 57 years with a mean of 28.7 years 

(standard deviation 13.4 years), and those of the 152 burned plots range from 1 to 56 years with a 

mean of 25.6 years (standard deviation 15.3 years). The distribution of the survival times of the 

919 PSPs is shown in Fig. 3.2a, and the Kaplan-Meier survival probability curve for these plots 

in Fig. 3.2b. The estimated survival probability of PSPs in Alberta dropped to 0.85 30 years after 

plot establishment, then sharply decreased after 45 years, and reached 0.65 in year 50 and further 

down to 0.55 in year 57 (the end of this study). For PSPs in the three ecoregions, their survival 

curves are shown in Fig. 3.2c. The survival probability of PSPs in each ecoregion has been 

consistently above 0.8 up to 30 years since establishment. For PSPs in the Rocky Mountain 

ecoregion, the survival probability had remained above 0.75 until year 57, whereas that for PSPs 

in the Foothills ecoregion had dropped from 0.85 in year 45 to 0.58 by the end of the study. The 

survival probability for PSPs in the Boreal ecoregion dropped steadily to 0.33 55 years after 

establishment. 
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Fig. 3.2. (a) Distributions of the survival times (in years) of the 152 burned PSPs (in red) and of 

the right-censored survival times of the 767 unburned PSPs (in blue) in Alberta. (b) The Kaplan-

Meier survival curve of fire occurrence estimated for all 919 PSPs in Alberta. (c) The survival 

curves of fire occurrence estimated for the PSPs in the Boreal (in red), Foothills (in green) and 

Rocky Mountain (in blue) ecoregions. 

 

The best selected Cox proportional hazards model is presented in Table 3.1 where five 

explanatory variables are retained, including ecoregion (Boreal, Foothills and Rocky Mountain), 

year of establishment, tree species richness, density of deciduous trees and mean annual 

temperature. The estimated coefficients of the four numeric variables in Table 3.1 indicate their 

effects on fire hazards. The interpretations of their effects are as follows. Taking mean annual 

temperature as an example, for 1 degree increase in mean annual temperature, given other 

variables fixed, the probability of plot fire occurrence increases by 30.1%. This is calculated 

from (𝑒
*

0.23×<.K== − 1) × 100%, where 6.47 °C is the range of mean annual temperature across 

the 919 PSPs (i.e., the difference between the highest and lowest mean annual temperature of the 
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919 plots). This range is needed because the variable is standardized (see Table S3 for the range 

of the other numeric variables). The model also indicates that plots established more recently 

have higher fire risks than those established earlier. For example, the fire hazards of plots 

established one year later would increase by 6.6% ((𝑒
*
24×:.<9< − 1)	× 100%) than those 

established a year earlier. The Cox model also shows that tree species diversity of a plot would 

reduce fire hazards, with 36.4% reduction if one new tree species is added to the plot. The 

density of deciduous trees would also reduce fire risks, by 10.3% if the density of deciduous 

trees (with DBH > 9.0 cm) increases by 100 stems per hectare within the plot. 

 

Table 3.1. The best selected Cox proportional hazards model for the survival times of 919 PSPs 

in Alberta. The model overall likelihood ratio = 117.8 on 6 degrees of freedom with p-value < 

10-16. The Boreal ecoregion is the baseline for the Ecoregion factor. 

Factor Coefficient Standard error Z-value p-value 

Ecoregion: Foothills -1.048 0.351 -4.248 2.15 × 1039 

Ecoregion: Rocky Mountain -1.213 0.297 -3.759 1.71 × 1038 

Year of establishment 3.151 0.454 6.935 4.05 × 103<6 

Tree species richness -2.172 0.454 -4.787 1.70 × 103; 

Density of deciduous trees -2.081 0.778 -2.676 7.45 × 103: 

Mean annual temperature 1.700 0.690 2.464 1.38 × 1036 

 

The results in Table 3.1 also show that fire hazards of PSPs in the Foothills and Rocky 

Mountain ecoregions are respectively 0.35 (i.e., 𝑒3<.=8L) and 0.30 (i.e., 𝑒3<.6<:) times the risk 

level in the Boreal ecoregion, or, in other words, the fire hazards in the Boreal ecoregion are 2.85 

(i.e., <
(5*.,26

) and 3.36 (i.e., <
(5*.#*7

) times higher than the Foothills and Rocky Mountain 

ecoregions. There was a significant difference in fire hazards between the Boreal and the other 

two ecoregions (both p < 0.001), while no significant difference was detected between the 

Foothills and Rocky Mountain ecoregions (p = 0.56; t test on the estimated coefficients of these 

two ecoregions). 

Under the moderate climate change scenario of the 13-GCM CMIP6 ensemble (Mahony et 

al. 2022) that projects a 1.15 – 2.30 °C increase in plot mean annual temperature for the 2040-
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2060 period from the 2000-2020 baseline, my Cox proportional hazards model (Table 3.1) 

predicts that the fire hazards of the PSPs in Alberta would be 1.63 (ranging from 1.35 to 1.83) 

times higher than the current level given that other variables remain unchanged. The hazards 

would be 1.68 (ranging from 1.46 to 1.83), 1.61 (1.41 to 1.76) and 1.56 (1.35 to 1.71) times 

higher for those in the Boreal, Foothills and Rocky Mountain ecoregions, respectively. 

 

3.5 Discussion 

 Maintaining long-term ecological research sites has been a global challenge, yet it is 

essential for supporting ecological research and management (Rees et al. 2001; Lindenmayer, 

Laurance and Franklin 2012; MacDicken 2015; Liang and Gamarra 2020). Field sites are subject 

to numerous threats of natural and anthropogenic disturbances. Of the 919 PSPs analyzed in this 

study, 302 of them were discontinued due to unknown reasons. To my best knowledge, their loss 

could be due to many undocumented factors, such as pest infestation (e.g. Mountain pine beetle 

outbreak in the 2000s in the Foothills and Rocky Mountain ecoregions; Safranyik et al. 2010), 

lack of supporting resources for maintenance (Alberta Agriculture and Forestry 2015), and even 

erratic causes. Nonetheless, fire disturbance represents the single most important risk factor for 

the PSPs in Alberta (Alberta Agriculture and Forestry 2015) and Alberta’s forests in general 

(Larsen 1997; Cumming 2001; Tymstra et al. 2007; Rogeau et al. 2016; Beverly and 

McLoughlin 2019; Rupasinghe and Chow-Fraser 2021). This study found that the PSPs in 

Alberta have on average 28.7 years of fire survival time. This is short compared to the 28-to-35-

year mean forest fire return interval in Alberta (Larsen 1997; Johnstone and Chapin 2006) 

particularly because most PSPs were not established immediately after stand replacing fires. In 

fact, most PSPs were established in mature forests (Alberta Agriculture and Forestry 2015). This 

study also showed that the PSPs in Alberta had an estimated survival probability of 0.85 (i.e., 

15% of plots lost; Fig. 3.2b) 30 years after plot establishment, which dropped to 0.65 (i.e., 35% 

of plots lost; Fig. 3.2b) after 50 years. These are surprisingly high rates of loss of plots to fires 

given that the age of a typical old stand in Alberta is around 130 years (Morgantini and Kansas 

2003; Natural Regions Committee 2006), and these rates speak for the importance to protect the 

PSPs. In addition, fire hazards of the PSPs varied across ecoregions. The plots in the Boreal 

ecoregion suffered significantly higher fire hazards than those in the Foothills and Rocky 

Mountain ecoregions (by 2.85 and 3.36 times higher, respectively). This is consistent with the 
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general understanding that fire hazards in Alberta are higher in the Boreal ecoregion (Larsen 

1997; Li, Flannigan and Corns 2000; Rogeau et al. 2016). The non-significant difference in fire 

hazards between the Foothills and Rocky Mountain ecoregions (p = 0.56) detected in my model 

is consistent with the reported similar hazards in these two ecoregions (Natural Regions 

Committee 2006; Rogeau et al. 2016).  

 In addition to the variation among the ecoregions, I found that fire hazards were not 

associated with plot longitude, latitude, altitude, slope or aspect as none of these variables was 

selected by the Cox proportional hazards model. Instead, the Cox model indicates that fire 

hazards of PSPs were significantly dependent on the year of plot establishment, tree species 

richness, density of deciduous trees and mean annual temperature (Table 3.1). The Cox model 

predicts that the PSPs established more recently suffered higher fire risks than those established 

earlier. This might be due to two reasons. First, 43% of the PSPs established between 2000 and 

2009 were for replacing burned plots where fires occurred frequently (Alberta Agriculture and 

Forestry 2015). Second, 55% of the PSPs established in the 2000s were located in the Boreal 

ecoregion where the risks of fire occurrence are higher than those in the other two ecoregions 

(Cumming 2001; Johnstone and Chapin 2006). Both of these reasons imply that the PSPs 

established in the 2000s were exposed to higher fire hazards than those established before 2000. 

However, I did not find that plot fire hazards were related to stand age, though younger forest 

stands in Alberta are in general less likely to be burned (Taylor, McCarthy and Lindenmayer 

2014). This is probably because most PSPs are in mature forests. 

Among the many stand structure variables (Table S3), only tree species richness and density 

of deciduous trees were significantly associated with fire hazards of the PSPs in Alberta. The 

Cox model (Table 3.1) shows that the fire hazards would decrease by 36.4% by adding a new 

species to an existing plot. One possible reason for high diversity plots to have low fire risks is 

that species-rich plots may diversify fuel types and also lower fuel load (Cumming 2001; 

Beverly 2017). Another reason could be that plots with high richness are often younger (in 

contrast to stands at the old-growth stage) which are less likely to be burned (Cumming 2001; 

Johnstone and Chapin 2006; Taylor, McCarthy and Lindenmayer 2014). Species diversity is 

widely documented to be functionally important in maintaining ecosystem stability, resisting 

exotic invasions and increasing productivity (Tilman, Isbell and Cowles 2014). My result reveals 

a previously little recognized function of biodiversity in reducing forest fire hazards. Plot fire 
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hazards were also found lower with higher density of deciduous trees, consisting of trembling 

aspen, balsam poplar and white birch. This is to a great part due to that coniferous trees are better 

fuel types than deciduous trees, particularly in mixedwood stands in Alberta (Cumming 2001; 

Beverly 2017). In this study, the fire hazards of the PSPs with the highest density of deciduous 

trees (DBH > 9.0 cm; 2113 trees per hectare) are only 0.12 (𝑒36.=L<) times the fire hazards of the 

PSPs of pure coniferous trees. Considering these effects of tree species diversity and deciduous 

tree density, due attention is needed to consider tree species compositions and density of 

deciduous trees when assessing plot fire hazards. 

Apart from those effects, my model in Table 3.1 shows that mean annual temperature 

(MAT) would significantly raise fire hazards of PSPs. From 1948 to 2016, MAT in Alberta had 

increased by 1.9 °C (Zhang et al. 2019). This increase in MAT, else being unchanged, would 

have increased fire hazards of PSPs in Alberta by 64.7% as projected from my Cox model (Table 

3.1). Under the SSP245 moderate emission scenario (Mahony et al. 2022), my model projects 

that the fire hazards of PSPs in Alberta would be 1.63 times higher in 2050 than the current level. 

This is a conservative estimation as the SSP245 scenario assumes efforts in reducing radiative 

forcing and considers only medium challenges to global mitigation and adaptation (Mahony et al. 

2022). Fire hazards of the PSPs will be likely higher than this estimation as more PSPs in the 

Boreal (22%) than in the Foothills (3%) and Rocky Mountain (0%) ecoregions are projected to 

suffer >1.75 times higher risks under the SSP245 scenario in 2050. The hazards should also 

increase unevenly across the landscape because warming effect is spatially heterogeneous (Jiang 

et al. 2017) and would reduce biodiversity (Price et al. 2013) as well as intensify tree mortality 

(Peng et al. 2011), particularly of deciduous trees, e.g. trembling aspen, due to drought 

(Michaelian et al. 2011). Such a heterogeneous effect of warming on plot fire hazards would 

further challenge the maintenance of PSPs in Alberta, requiring proactive plans for those 

expecting higher risks. 

Fire disturbances are pervasive not only in Alberta but also in other regions of Canada (Lee 

et al. 2002; Johnstone and Chapin 2006; Boulanger, Gauthier and Button 2014) and globally 

(Flannigan, Stocks and Wotton 2000; Stephens et al. 2013). As such, protection of forest 

inventory plots from fire threat is both a regional and a global challenge. This study quantified 

fire hazards of forest plots in Alberta and showcased modeling of fire risks. The approach and 

the methodology demonstrated here are applicable to other regions of Canada or elsewhere, and 
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can also be applied to modeling the hazards of other types of disturbances if data were available, 

e.g. the effect of moose browsing on the PSPs in Newfoundland and Labrador where moose 

activity has been the major disturbance (Charron and Hermanutz 2017).  

 I would like to note some limitations associated with this study. The first is that data were 

not available for me to identify the causes of the 302 discontinued plots which could be 

abandoned for various reasons, e.g. pest infestation (Safranyik et al. 2010; Cortini and Comeau 

2020) and lack of supporting resources (Alberta Agriculture and Forestry 2015). Without further 

data, I was not able to identify other causes for the loss of PSPs, thus complicating the effort of 

plot maintenance. The second limitation is that fire hazards might be underestimated in my 

study, again due to two limitations of the data. One is that some of those 302 discontinued plots 

could be burned but were not recorded as so. The other is that the actual survival times of those 

152 burned PSPs could be shorter than the recorded data because plot censuses did not take place 

every year or immediately after the burns. Instead, the time intervals between two consecutive 

censuses varied from 5 to 10 years. In most cases, fires usually occurred between the last two 

censuses but were recorded and assigned to the year of last census. Note that because of lacking 

accurate locations of PSPs, it is not feasible to refer to the provincial fire polygons for historical 

fire years of these plots. To improve the fire data, a comprehensive fire scar examination should 

be conducted in future surveys, or tree ring samples be collected to more precisely date the 

occurrences of fires (Jones and Daniels 2012). 

Failing to address the threats field research plots face could increase the cost of plot 

maintenance to an unaffordable level. It is estimated that the cost of replacing lost sites could be 

3 to 5 times higher than that of maintaining existing plots (Kovač et al. 2010). Although there 

has always been an interest in establishing new plots to extend spatial coverage and increase 

sample sizes of ecological monitoring programs (Condit et al. 2014; Anderson‐Teixeira et al. 

2015; Liang and Gamarra 2020), I argue that it is equally important and is cost-effective to 

improve the maintenance of existing plots. While I recognize the practical challenges to prevent 

fire occurrences (or other disturbances), my study provides a model for identifying risk factors 

and for quantifying fire hazards of the PSPs in Alberta. For example, if our goal is to maintain a 

constant number of plots in the PSP network, the life expectancy (28.7 years) of the PSPs 

estimated from this study affords key information for plot replacement to achieve that goal. This 

information could also aid to determine census intervals to optimize data collection for plots at 
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different risk levels. On another front, forest managers and planners always face the challenge to 

distribute limiting resources to meet management needs. This study suggests that we should 

allocate more resources to protect and monitor those plots with higher fire risks (e.g. new plots 

and plots in the Boreal ecoregion) by taking a shorter census interval. To better understand post-

fire regeneration and stand dynamics, I suggest installing extra plots in fire-prone areas and stand 

types, and continuing monitoring burned stands wherever possible. In conclusion, my study is of 

value to contribute to the goal of improving the maintenance of long-term forest inventory plots 

by addressing the need to model disturbances, identifying the key risk factors and quantifying 

their impacts for maintaining the long-term forest inventory plots. 
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Chapter 4 Estimating Tree Density of North American Boreal Forest 

4.1 Abstract 

Boreal forests, the largest terrestrial biome on Earth, are highly varied in local tree density. 

Despite the recent attempt of Crowther et al. (2015) to estimate tree density in boreal forests 

from a biome-level model, accurate estimates are still lacking, leaving the question how many 

trees there are in boreal forests unanswered. In this study, I compiled tree density data from 

4,367 plots in North American boreal forest to address this question. My results showed that the 

biome model consistently underestimated boreal tree density by 32.3%, compared to a 0.6% 

underestimation of my model that incorporated stand height as a predictor. I estimated a total 

number of 351.3 billion trees in North American boreal forest compared to 211.2 billion 

estimated by the biome model. The underestimation of 140.1 billion trees is equivalent to 

missing 14.0 trillion kg biomass. I further produced a boreal tree density map of North America, 

and projected tree density distribution in 2050 under the RCP2.6, 4.5 and 8.5 emission scenarios. 

This improved knowledge about boreal tree density contributes to understanding of the role of 

boreal forests in regulating forest ecosystem functions and informs adaptation and mitigation 

planning and policy-making. 

 

Keywords: Tree density, biome model, North American boreal forest, stand height, forest plots. 
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4.2 Introduction 

Knowledge about tree density (number of trees per unit area; hereafter per hectare) at local, 

regional and global scales is critical to forest management (Kays and Harper 1974; Ghazoul, 

Liston and Boyle 1998; Greene et al. 1999), biodiversity maintenance (Clark and Clark 1984; 

Ter Steege et al. 2013; Chen et al. 2018; Sugiyama et al. 2018), understanding ecosystem 

functioning (Gram and Sork 2001; Tobner et al. 2014), and informing climate change mitigation 

(Seppälä, Alexander and Katila 2009). Underlying these multifaceted roles of tree density is the 

process of competition that drives stand dynamics and promotes the development of stand 

structure, leading to quantitative relationships between tree density and stand volume or biomass 

(Mohler, Marks and Sprugel 1978; Westoby 1984), and mean tree size (White and Harper 1970). 

Much of the foundation of growth and yield modeling and silviculture is based on managing 

stand density to minimize the negative effects of competition (Puettmann, Coates and Messier 

2009). Despite the wide importance of stand density, our knowledge about it and the factors 

responsible for its variation across landscapes remains limited. Tree density in a forest can be 

subject to as many factors as the number of trees themselves, including geography, topography, 

soils, climate, stand structure, stand age, disturbances, etc. (Huston 1980; Seidl et al. 2017). It is 

thus challenging to develop models that would capture the variation in stand density across 

forests. Crowther et al. (2015) have taken up this challenge to model global tree density at the 

biome level (thereafter the biome model). This exceptional effort led to an estimate of 3.04 

trillion trees on Earth with tree abundance estimation for each of the 14 biomes. Their model was 

developed on the assumption that stand density is determined by stand topographic and 

vegetative characteristics and regulated by climate, with a possible association with human 

development. While the biome model fills in a long-missing knowledge gap critical to the 

management of forest resources and global carbon cycling, the quality of these estimates varies 

greatly across different biomes, with particularly poor estimation for boreal forest and tundra 

biomes as evidenced in Fig. 2 of Crowther et al. (2015). 

Boreal forests are the largest biome on Earth, storing approximately 11% of global terrestrial 

carbon (Gauthier et al. 2015). Boreal forests also play important roles in maintaining 

biodiversity, mitigating climate change impacts, and supporting livelihood and economy of 

northern regions (Seppälä, Alexander and Katila 2009; Ma et al. 2012; Gauthier et al. 2015). 

Given the importance of boreal forests, knowledge about tree density and its variation in 
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distribution is necessary for sustainable management of boreal forests and policy-making 

(D’Amato et al. 2011; Brecka, Shahi and Chen 2018). However, accurate estimation of boreal 

tree density has proven to be challenging because boreal forests are one of the most heterogenous 

forest ecosystems, with stand density varying from hundreds to thousands stems per hectare 

(Brandt 2009). Crowther et al. (2015) estimated 749.3 billion trees in the boreal biome 

(accounting for 25% of the total number of trees globally), and 211.2 billion trees in North 

American boreal forest (estimated from their tree density map). However, the accuracy of this 

estimation is unknown given that the boreal biome model in Crowther et al. (2015) is one of the 

two most poorly performed models. Various reasons can contribute to the poor performance of 

their boreal biome model. Notably, lack of data and missing important explanatory variables 

from the model are two of them. The 8,688 ground plots used by Crowther et al.’s (2015) to 

build their boreal biome model only included a small set of 346 ground plots from North 

American boreal forest, despite the fact that it covers a vast terrestrial area of 627 million 

hectares. On the other hand, although stand topographic, vegetative and climatic conditions have 

been considered to dictate the formation and distribution of global vegetation (Peel, Finlayson 

and McMahon 2007), they are insufficient in capturing the local variation of tree density 

(Aussenac 2000; Weiner et al. 2001). An important process that regulates stand density is 

competition, e.g., for light (Krajicek, Brinkman and Gingrich 1961; Hart, Hart and Murphy 

1989). Tree canopy height has been widely recognized as a key stand architecture that controls 

light conditions in forests (Krajicek, Brinkman and Gingrich 1961; Hart, Hart and Murphy 1989; 

MacFarlane, Green and Burkhart 2000; Xu et al. 2019), and should be considered in modeling 

stand density. This is particularly so given that data on tree canopy height are widely available 

from both ground and airborne data. 

In this study, I aimed to estimate tree density of boreal forest of North America with 

improvement on the above shortcomings of Crowther et al.’s (2015) boreal biome model. I 

compiled a large set of data consisting of 4,367 ground plots across the region, and developed a 

stand density model that includes the effects of climate, topography and vegetative 

characteristics as well as stand height. The results would inform how tree density varies spatially 

in North American boreal forest and how many boreal trees there are in the continent. 

 

4.3 Materials and methods 
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4.3.1 Tree density data 

I compiled ground plot data from three data sources, including permanent sample plots 

(PSPs), National Forest Inventory plots (NFI, which was the data source of Crowther et al.’s 

study in North American boreal forest; Gillis, Omule and Brierley 2005) and Alberta 

Biodiversity Monitoring Institute plots (ABMI; Stadt, Schieck and Stelfox 2006). The PSPs 

consist of Canadian provincial and territorial forest inventory plot data (Bonnor and Magnussen 

1987) and the Cooperative Alaska Forest Inventory (CAFI; Malone, Liang and Packee 2009). 

These PSPs, NFI and ABMI plots together cover the North American boreal zone (Brandt 2009), 

including Alaska (the USA) and 9 Canadian provinces and territories (Fig. 4.1). To be consistent 

with Crowther et al. (2015), in this study I included alive trees with diameter at breast height 

(DBH) ≥ 10.0 cm. Plots were selected for this study if: (1) they were ≥ 100 m2 in size with 

complete coordinates, (2) there were ≥ 5 trees and field-measured height for ≥ 3 largest trees, (3) 

they were naturally regenerated without silviculture treatments (e.g., fertilizing or thinning) and 

no records of disturbances (e.g., fire, pest, landslide, flood or other extreme weather events), and 

(4) they were censused between 1999 and 2019. For plots with multiple censuses, the census 

closest to 2009 was used to minimize the within-plot temporal variation because this census is 

comparable to the ground data used in Crowther et al. (2015). The final data included 4,367 

ground plots, of which 3,829 were from PSPs, 346 from NFI and 192 from ABMI plots (Fig. 4.1; 

Table S4). 
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Fig. 4.1 Distribution of 4,367 plots in North American boreal zone (light green area; scaled at 

1:25,000,000 for N40°, W55° – N90°, W180°). The observed tree density of these plots varies 

from 110 to 4,100 stems/ha (categorized into 4 blue-to-red gradients from the lowest to highest 

density). From the left to the right, the jurisdictions are Alaska (AK), Yukon (YT), British 

Columbia (BC), Northwest Territories (NT), Alberta (AB), Saskatchewan (SK), Manitoba (MB), 

Ontario (ON), Quebec (QC), and Newfoundland and Labrador (NL). 

 

 For each plot, the following data were compiled or calculated: (1) plot location (latitude, 

longitude and elevation), (2) stand height (mean height of the tallest 3 trees), and (3) the 

observed tree density (number of trees per ha; Fig. S1a). I also extracted plot canopy height data 

from the 2006 1-km global canopy height map (Simard et al. 2011). I compiled the same set of 

20 explanatory variables of Crowther et al. (2015), that is, human development, six topographic, 

eight climatic and five vegetative variables. In this study, I included 13 additional bioclimatic 

variables (BIO; Hijmans et al. 2005) plus two stand height variables and the widely used 

normalized difference vegetation index (NDVI). The bioclimatic variables were 1970-2000 
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annual means and NDVI was 2000-2009 monthly mean. There were in total 36 explanatory 

variables in this study (see Table S5 for the descriptions of these variables, and Table S6 for a 

summary of them). In cases where data of the above variables were not available at the plot 

location, I set 10 km as the maximum radius in searching the nearest location where such data 

were available. 

 

4.3.2 Modeling tree density 

Any model aiming to describe stand tree density should consider factors that regulate stand 

density. For this purpose, I followed Crowther et al. (2015) to include human development, 

topography, vegetation and climate as predictors. I further included stand height as a proxy for 

competition because height as a measure of stand architecture plays a key role in controlling 

stand light condition (MacFarlane, Green and Burkhart 2000). My exploratory data analysis 

confirmed that stand height had a linear and quadratic relationship with stand density (Fig. S1b). 

In addition to its link to stand density, stand height was also one of the few stand architecture 

variables available in both ground measurement and airborne data. I thus proposed a linear 

mixed-effects model as: 

𝑦"M =	𝛽= + 𝛽<ℎ𝑡"M + 𝛽6ℎ𝑡"M
6 	+ 𝐻𝑈𝑀"M + 𝑇𝑂𝑃𝑂"M + 𝑉𝐸𝐺"M + 	𝐶𝐿𝐼𝑀"M + ΥM + 	𝜀"M,  (1) 

where 𝑦"M is tree density, ℎ𝑡"M is stand height, and 𝐻𝑈𝑀"M, 	𝑇𝑂𝑃𝑂"M, 𝑉𝐸𝐺"M 	and 𝐶𝐿𝐼𝑀"M are 

sets of human development, topographic, vegetative and climatic variables of the ith plot from the 

jth jurisdiction, respectively. Note canopy height was not used for parameterizing the model. The 

random intercept term ΥM (~1|Jurisdiction) was necessary for modeling the within-cluster (i.e., 

within jurisdiction) dependence of the plots (Hall and Bailey 2001). I detected heterogeneous 

variance in the residuals (𝜀"M), and thus, I used a combined variance structure that included an 

exponential function for stand height, a power function for BIO6 and an exponential function for 

BIO8. The variance structure I used in the model was of the form: varComb(varExp(form = ~ht), 

varPower(form = ~BIO6), varExp(form = ~BIO8)). Stepwise model selection both forward and 

backward was conducted based on AIC values (Bozdogan 1987). 

The mixed-effects model (1) was estimated using the density data of 4,367 plots. 

Multicollinearity was dealt with by screening pairwise Pearson’s correlations with R2 > 0.9 

among the 36 explanatory variables and between stand height and the remaining 35 variables. 

None of the 35 variables was collinear with stand height, while eight climatic variables were 
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excluded due to collinearities among them. Thus, the final dataset included BIO1, 2, 3, 5, 6, 7, 8, 

9, 15, 16 and 17, aridity index and evapotranspiration as climatic variables, and all of the human 

development, topographic and vegetative variables plus stand height.  

In addition to my model (1), two forms of Crowther et al.’s (2015) models were used in this 

study. One was their boreal biome model, which was estimated using data from 8,688 plots (346 

from North America and the remaining from Scandinavia and Siberia), with tree density 

estimates extracted from their density map. The other was the model that included the same set 

of explanatory variables as their boreal biome model, but was refitted using data from the 4,367 

plots in North America. My model (1) and Crowther et al.’s North American model were 

estimated using the lme function from the R package nlme (Pinheiro et al. 2022) in R 4.0.2 

(https://www.r-project.org), and the spatial correlation of residuals was checked using the 

Variogram function from the same package. 

 

4.3.3 Model validation 

I assessed the adequacy of the three models, i.e., model (1), Crowther et al.’s boreal biome 

model and Crowther et al.’s North American refitted model. For each of the 4,367 plots, stand 

tree density was estimated by substituting stand height and the other data to the parameterized 

model (1). Two height data were used to estimate plot tree density: one was stand height (i.e., the 

mean height of the 3 tallest trees in each plot), and the other was canopy height (extracted from a 

global canopy height map; Simard et al. 2011). The reason that I also used canopy height for 

estimation was to test the utility of this globally available height data. I thus had two stand 

density estimates for each plot, one predicted from the stand height and the other from the 

canopy height, denoted as 𝑦<& and 𝑦<N, respectively. There were also two density estimates from 

Crowther et al.’s biome model, denoted as 𝑦<O  and 𝑦<PQ, where 𝑦<O  was extracted from their 

published boreal density map (i.e., estimates of the boreal biome model) and 𝑦<PQ was estimated 

from the refitted model to the 4,367 North American plots. For each of these four estimates (𝑦<&, 

𝑦<N, 𝑦<O  and 𝑦<PQ), I evaluated their individual performances based on the following measures. 

These measures include: (1) percent bias (%bias), calculated as ∑ (12!31!)
.
!8* 	
∑ 1!.
!8*

× 100% to 

assess estimation accuracy (positive %bias means overestimation, otherwise negative %bias); (2) 

R2 between the observed and estimated density, also represented in heatscatter plots; (3) mean 
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absolute error (MAE: ∑ |1!3	12!|
.
!8*

4
) and (4) root mean square error (RMSE: :∑ (1!3	12!)#.

!8*
4

). In 

these formulas, n was the number of plots,	𝑦<" estimated density (either 𝑦<&", 𝑦<N", 𝑦<O" or 𝑦<PQ"), 

and	𝑦" the observed tree density of the ith plot. 𝑦< and 𝑦h were the mean estimated and mean 

observed density of the n plots, respectively. MAE and RMSE are in the same unit as y 

(trees/ha). 

To compare the spatial aggregations of the four estimates, I first applied the optimized Getis-

Ord GI* hotspot analysis (Getis and Ord 2010) in ArcGIS 10.3 (https://www.arcgis.com) for the 

observed density and each estimate, respectively. Hot spots were defined as plots surrounded by 

high density plots falling in the upper 95th quantile, and vice versa for cold spots (Nelson and 

Boots 2008).  

 

4.3.4 Mapping tree density and estimating tree abundance 

Upon checking the utility of canopy height for estimating stand density, I mapped tree 

density estimated from canopy height (i.e., 𝑦<N) at 1-km grid resolution (the same resolution as 

the global canopy height map) for the North American boreal zone defined by Brandt (2009). 

Note for non-forested areas where canopy height values did not exist, a density value of 0 was 

assigned. I also calculated the mean (𝑦h), standard deviation (SD) and coefficient of variation 

(𝐶𝑉 = RG
15
× 100%) of grid estimates from this map, as well as from Crowther et al.’s map (𝑦<O). 

These would allow me to compare the distributions of estimated densities of different models. 

I estimated the total number of trees in North American boreal forest across all forested grids 

of my map as ∑ (𝑦<"4
"S< × s"), where si was the size (in ha) of the ith of all n grids. I repeated this 

estimation using Crowther et al.’s map. I further calculated the biomass equivalent to the 

estimated total number of trees in the region by multiplying each by 100.0 kg. This multiplier 

was the estimated aboveground biomass of an individual tree at the mean stand DBH, 17.0 cm, 

based on the Canadian national allometric biomass equation for all tree species (Ung, Bernier 

and Guo 2008). This calculation was conservative because of the power-law relation between 

aboveground biomass and DBH (i.e., larger trees weighed disproportionally more than smaller 

ones with respect to their DBH ratio; Ung, Bernier and Guo 2008), and because of unaccounted 

belowground biomass. Like Crowther et al. (2015), I also calculated the ratio of trees per person 

by dividing the total number of boreal trees in North America by the population size of the 
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region (the sum of grid values from the Gridded Population of the World (GPWv4; 

https://sedac.ciesin.columbia.edu/data/collection/gpw-v4).  

My last analysis was to project boreal tree density in 2050 under three emission scenarios 

assuming else being equal, e.g., no change in stand height and human development (though those 

factors are likely to change). The three emission scenarios were Representative Concentration 

Pathways (RCPs) 2.6, 4.5 and 8.5 for the moderate, intermediate and severe scenarios, 

respectively (Meinshausen et al. 2011). For each RCP, the climatic variables were averages of 

the 2050 projections by 23 General Circulation Models (GCMs; Table S4; Flato et al. 2014) from 

the ensembled CMIP5 climate data (30-arc-second spatial resolution; http://ccafs-

climate.org/data_spatial_downscaling). Maps of tree density distribution and its change over the 

baseline (the current distribution) for the three emission scenarios were produced. Based on each 

map, I projected the total number of trees of North American boreal forest in 2050. 

 

4.4 Results 

 The mean (± standard deviation) of observed tree density of the 4,367 plots was 991.6 ± 

545.1, with a range of 110 – 4,100 trees/ha (Fig. S1a). The best selected model for stand tree 

density was: 

𝑦<" = −157.82 + 152.32ℎ𝑡" − 4.56ℎ𝑡"
6 + 18.23Eastness" + 	661.53NDVI" −

14.01Dissimilarity" + 11.90BIO6" − 8.42BIO8" − 8.62BIO9" ,  

where the predictors include ht (stand height), Eastness (sine of terrain aspect), NDVI 

(normalized difference vegetation index), Dissimilarity (of enhanced vegetation index; EVI), 

BIO6 (minimum temperature of coldest month), BIO8 (mean temperature of wettest quarter), 

and BIO9 (mean temperature of driest quarter). Further descriptions of this model including its 

random term and variance structure are presented in Table S8. 

 The performance tests showed that my model estimated tree density well, with 

smaller %bias, MAE and RMSE and higher R2 than Crowther et al.’s models (Table 4.1). 

Although refitting Crowther et al.’s model exclusively to North American plot data improved its 

accuracy, the refitted model still performed poorly with a R2 smaller than 0.1 (Table 4.1; Fig. 

S2). Although my model using canopy height as a predictor slightly overestimated the density by 

3.4%, it outperformed Crowther et al.’s models by all other measures (Table 4.1). This confirms 
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the usefulness of the global canopy height map (Simard et al. 2011) for estimating tree density 

distribution wherever data on ground tree height measures are not available. 

 

Table 4.1 Comparison of tree density model performance. The estimated densities include the 

two estimated from my model (1) using stand height (𝑦<&) and canopy height (𝑦<N) and the two 

from Crowther et al.’s boreal biome model (𝑦<O) and the refitted North American model (𝑦<PQ). 

The measures for model comparison include percent bias (%bias), R2, mean absolute error 

(MAE) and root mean squared error (RMSE). The units of MAE and RMSE are trees/ha. 

Model (estimate) %bias R2 MAE RMSE 

Stand height (𝑦<&) -0.6% 0.22 367.6 480.9 

Canopy height (𝑦<N) 3.4% 0.16 389.7 500.8 

Crowther Biome (𝑦<O) -32.3% 0.03 473.3 635.5 

Crowther Refitted (𝑦<PQ) -0.2% 0.09 405.7 521.0 

 

 My model estimated a total number of 351.3 billion trees in North American boreal forest, 

compared to 211.2 billion trees estimated from Crowther et al.’s biome model (Table 4.2). The 

underestimation of 140.1 billion trees by their model amounts to a missing of 14.0 trillion kg 

biomass. The ratio of trees per person was 67.9 thousand (351.3 billion trees divided by an 

estimated 5.17 million population in the region), 160 times higher than the global average that 

was 422 trees per person given by Crowther et al. (2015). The 1-km resolution tree density map 

with grid density (𝑦<N) for North American boreal forest is shown in Fig. 4.2. The spatial 

aggregation of hot and cold spots of the observed plot density, and of the estimated tree density 

by my model and Crowther et al.’s model are shown in Fig. S3. 

I projected that the total number of trees in North American boreal forest in 2050 would be 

reduced by 4.8, 1.9 and 2.1 billion from the currently estimated 351.3 billion trees under the 

moderate (RCP2.6), intermediate (RCP4.5) and severe (RCP8.5) emission scenarios, 

respectively. The projected tree density maps show an overwhelming trend of decrease in tree 

density in the Canadian Prairies and the Pacific Northwest in 2050 (Fig. S4). 
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Table 4.2 Estimated total number of trees, mean, standard deviation and coefficient of variation 

(CV) of the 1-km grid tree density estimated from my model (𝑦<N) and Crowther et al.’s boreal 

biome model (𝑦<O) for North American boreal forest. 

Model  

(grid estimates) 

Total number of 

trees (in billion) 

Mean grid tree 

density (trees/ha) 

Standard deviation 

(trees/ha) 

CV (%) 

My model (𝑦<N) 351.3 577.0 364.7 63.2 

Crowther et al.’s 

boreal biome (𝑦<O) 

211.2 346.9 262.5 75.7 

 

 
Fig. 4.2 Tree density map of North American boreal forest at 1-km resolution with grid density 

𝑦<N. 

 

4.5 Discussion 

Knowledge about tree density at local, regional and global scales is important for forest 

management, understanding functioning of forest ecosystems, and formulating resource-based 
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climate mitigation policies. However, such knowledge is often not available at the regional and 

global scales. Crowther et al.’s (2015) was the first effort to estimate the global tree density at 

the biome scale. The performance of their model varied greatly, with density in some biomes 

estimated better than in others. The poor performance of their model for the boreal biome is not 

surprising given the large variation in density in the region as shown in their Fig. 1, this study 

(Table S6), and others (Gillis, Omule and Brierley 2005; Brandt 2009). Estimated from 4,367 

plots in North America, my model (1) performed well as assessed by the goodness-of-fit 

measures (Table 4.1). 

I estimated a total number of 351.3 billion trees in North American boreal forest, 140.1 

billion (66.3%) higher than the number estimated from Crowther et al.’s model for the region 

(Table 4.2). The underestimation of 140.1 billion boreal trees in North America is equivalent to 

at least 14.0 trillion kg biomass (about 1,186 times the total emission of carbon dioxide 

equivalent due to deforestation in Canada in 2016; Natural Resources Canada 2018). If this level 

of underestimation also occurred in Scandinavian and Siberian boreal forests, after a correction, 

the expected number of trees globally in the boreal biome would be 1.23 trillion trees 

(1.663 × 0.74; where 0.74 trillion was the number of global boreal trees given by Crowther et al. 

(2015)). This underestimation of 0.49 trillion boreal trees was equivalent to 16.1% of their 

estimate of 3.04 trillion global trees. How many trees there are on Earth remains uncertain, but 

the estimate provided by Crowther et al. (2015) of 3.04 trillion is probably low considering how 

many trees were already missing from boreal forests (according to the results of my proposed 

model). 

The substantial improvement of my model over Crowther et al.’s is due to two reasons. The 

first one is ecological, by which I incorporated stand height into my model. Tree height is a key 

stand architecture that controls stand light condition (MacFarlane, Green and Burkhart 2000) and 

drives tree competition (Hart, Hart and Murphy 1989; MacFarlane, Green and Burkhart 2000) 

and thinning mortality (Westoby 1984; Reyes-Hernández and Comeau 2014). My model indeed 

identified stand height as the most important factor among the factors associated with tree 

density (Table S5). This revelation makes my model easier to interpret in mechanism. The 

second reason is statistical, by which I formulated my model as a mixed-effects model that 

allowed me to take into account the variation among jurisdictions in plot sampling design and in 

geography (Bonnor and Magnussen 1987; Gillis, Omule and Brierley 2005; Stadt, Schieck and 
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Stelfox 2006; Malone, Liang and Packee 2009). It is worth noting that this linear mixed-effects 

model does not impose any statistical burden compared to the multiple linear regression model of 

Crowther et al. (2015). 

My model shows that the effect of stand height on tree density comes from linear and 

quadratic terms (Fig. S1b). These terms indicate that stand density initially increases with stand 

height but decreases as stand becomes taller. Empirical evidence shows that when stands are 

short, canopy space is ample and competition for light is low, in favor of an initial increase in 

density (MacFarlane, Green and Burkhart 2000; Xu et al. 2019). With growing stand height, 

competition for canopy space, light, and soil nutrients builds up (Huston 1980), intensifying self-

thinning (Reyes-Hernández and Comeau 2014) and resulting in density decline. However, the 

overall relation between stand density and height might should not be specifically applied to 

infer stand height for maximum density due to highly varied abiotic and biotic stand conditions 

in North American boreal forests. In addition to stand height, my model also found plot eastness, 

NDVI, dissimilarity of EVI, and three bioclimatic variables (BIO6, 8 and 9) to be important. In 

contrast to Crowther et al. (2015), my model did not find plot latitude, elevation, northness, 

roughness, or EVI to be useful in predicting tree density. The reason the four plot topographic 

variables and EVI were not significant in my model could be that NDVI captured terrain 

vegetative variation more accurately than EVI in boreal forests (Chen 1996; Sulla-Menashe, 

Friedl and Woodcock 2016). Crowther et al. (2015) did not consider stand height nor NDVI. 

Besides these differences, my model predicted that higher minimum temperature of the coldest 

month (BIO6), lower temperature of the wettest quarter (BIO8) and lower temperature of the 

driest quarter (BIO9) were associated with higher tree density. This is expected as temperature is 

a major climatic factor related to tree growth, reproduction and mortality (Vayreda et al. 2012; 

Dulamsuren et al. 2013; Seidl et al. 2017; Lett and Dorrepaal 2018). Warmer winter (higher 

BIO6), cooler fall (lower BIO8) and milder summer (lower BIO9) stimulate boreal tree growth 

and reproduction (Vayreda et al. 2012; Lett and Dorrepaal 2018) while extreme cold (lower 

BIO6) or severe heat before snow (higher BIO8 and BIO9) would increase tree mortality (Seidl 

et al. 2017) and reduce seeding survival rates (Dulamsuren et al. 2013). Different from my 

model, mean annual temperature (BIO1) and mean precipitation of the driest quarter (BIO17) 

were selected in Crowther et al.’s boreal biome model. Human development was not significant 

in my model, which could be due to the relatively low population density in North American 
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boreal zone (as both mean and median of human development of the 4,367 plots are 0; Table 

S6). 

The three RCP emission scenarios showed varied degrees of change in tree density in 2050 

(Fig. S4). The projected 2050 total numbers of trees in North American boreal forest were 

slightly lower than the 351.3 billion estimated from my current model. However, the projection 

of change in density (Fig. S4) is more complicated than a simple decrease in total number of 

trees. In general, tree density in the Canadian Prairies and the Northwest Pacific is expected to 

decrease in 2050, regardless of the RCP emission scenarios, while the density would increase in 

Eastern Canada (Fig. S4). It is important to note, however, this impact analysis only assumes 

“else being equal” but the change in emission scenarios. This space-for-time estimation should 

be interpreted with caution as the estimated effect of climatic variables on the spatial variation of 

tree density might change by time. In reality, many other factors, and even some key factors, 

could also change over the next 30 years. For example, human development may increase and 

stand tree height could also increase due to the warming climate. 

Despite the effort made in this study, I identified that data availability and quality issues 

remain the major limitations to modeling tree density variation in boreal forests. First, the exact 

spatial coordinates of ABMI and NFI plots were not available to the public for the purpose of 

plot protection. Because of that, the spatial locations of ABMI and NFI plots are 10-km 

approximates to their published coordinates (Gillis, Omule and Brierley 2005; Stadt, Schieck and 

Stelfox 2006). This would inevitably increase uncertainty in density estimation regardless of 

which models are used. Second, there is a considerable spatial variation in the distribution of 

ground plots, with fewer or no plots in northern and remote forests (Franklin, Ahmed and 

Williams 2017). Third, although I confirmed the utility of canopy height for estimating density 

(Table 4.1), the estimation accuracy is subjected to the accuracy and resolution of canopy height 

data (as shown in Fig. S2). Also, LiDAR-based canopy height data are not as accurate as ground-

measured stand height (R2 = 0.39 between the two height variables of the 4,367 plots), especially 

at latitudes above 60°N due to extrapolation (Simard et al. 2011) and in boreal forests (Yang and 

Kondoh 2020). Fine-resolution canopy height data are not yet available for forests at high 

latitudes (e.g., 30-m canopy height data not yet available above 52°N; Potapov et al. 2021). 

Substituting canopy height in my proposed model to estimate grid tree density thus unavoidably 

introduced uncertainty that should not be ignored. Due to the lack of resources and logistic 
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support, both ground and airborne data availability and quality in boreal forests are behind those 

in temperate and tropical forests, compromising our understanding of the functions and dynamics 

of boreal forests (Liang and Gamarra 2020). The same situation occurred when I attempted to 

include additional explanatory variables from data for dominant species and soil profile, which 

poorly aligned with plot records. 

In conclusion, my model improves the estimation of boreal tree density in North America 

and sheds light on tree density of the global boreal biome. The maps of boreal tree density 

provide baseline data for modeling forest carbon stock and forest productivity, estimating forest 

biodiversity, and competition-driven dynamics of boreal forests. For example, hot and cold spots 

of plot density identified may inform the spatial aggregation of wood resources in Canada. The 

Government of Canada has made a commitment to planting 2 billion trees over the 2020-2030 

decade as a nature-based climate solution (https://www.canada.ca/en/campaign/2-billion-

trees.html). However, 2 billion planted trees only account for 0.57% of my estimated total 

number of 351.3 billion trees in North American boreal forest, speaking for the mitigation 

challenge through tree planting in the region. Considering the rapidly changing forest dynamics 

in boreal forests (Seppälä, Alexander and Katila 2009; D’Amato et al. 2011; Brecka, Shahi and 

Chen 2018), there is an urgent need for advanced and accurate models for effective adaptation 

and mitigation planning and policy-making. 
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Chapter 5 Conclusion 

The contribution of this thesis to forest ecology and management includes both conceptual 

components and technical advances. On the conceptual side, the proposal of climate-based tree 

allometric models in essence integrates the conventional allometric models with the concept of 

site condition, i.e., incorporating the climatic condition of local specific sites into the allometric 

models. Another example is the development of my tree density model by taking account of the 

effect of tree height regulated competition. The inclusion of competition makes the model 

mechanistic and improves its performance. On the technical side, my thesis quantifies how 

climate affects tree biomass allometries, plot fire hazards, and boreal forest stand density. I took 

innovative approaches (e.g., survival analysis to model fire hazards of long-term forest plots) to 

address my proposed objectives and led to important and sensible results, including that (1) 

failing to account for the variation in biomass allometries induced by climate change could result 

in 10% underestimation in aboveground biomass of two timber species in 2030, equivalent to a 

missing of 140 trillion kg biomass from the current calculation; (2) warming threatens the 

already short-lived PSPs in in Alberta (mean survival time 28.7 years) and would increase fire 

hazards of these plots in 2050 by 1.63 times higher than the current risk under the moderate 

emission scenario; and (3) both stand height and climate are important to tree density with height 

being a dominant factor driving density change. The tree density model developed in this thesis 

estimated 351.3 billion boreal trees in North America, 66.3% higher than a previous estimate in 

the literature. Below, I summarize the major findings of my thesis, state some limitations of the 

research and findings, and discuss possible future research directions following this thesis. 

 

5.1 Major contributions 

Supported by rigorous statistical methods and large forest datasets, my thesis addressed the 

three questions hypothesized in the objective Section 1.6. The major contributions are 

summarized in the following. 

In Chapter 2, I tested the impacts of climate on tree allometric equations by building 

climate-based allometric models for five major Canadian timber species based on the biomass 

data used for estimating the allometric equations in Canada (conventional equations). I found 

that three species were insensitive to climate. The climate-based allometric models for trembling 

aspen and tamarack performed significantly better than the conventional equations. I identified 
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that frost-free period and mean annual temperature were the significant climatic variables for the 

best models for trembling aspen and tamarack, respectively. Based on the climate-based models, 

under the moderate emission scenario, there would be a 10% underestimation in the aboveground 

biomass for the two species if the conventional equations were still in use in Canada in 2030. 

This chapter addresses the need to develop climate-based allometric models for more tree species 

to support forest growth and yield in Canada. 

In Chapter 3, I quantified the risks of long-term forest plots under global warming by 

modeling fire hazards of permanent sample plots (PSPs). By thoroughly examining the fire 

records of 919 PSPs established since 1960 in Alberta, I compiled plot fire data and built Cox 

proportional hazards models for the survival time of these plots. Based on the selected model, I 

identified that the PSPs established more recently with lower tree species diversity and lower 

deciduous tree density suffered higher fire risks. The plots located in the Boreal ecoregion 

suffered 2.85 and 3.36 times higher fire risks than those in the Foothills and Rocky Mountain 

ecoregions, respectively. Under the moderate climate change scenario, the fire hazards of PSPs 

in Alberta was projected 1.63 times higher than the current level. These results inform challenges 

for maintaining long-term forest inventory plots as valuable data sources for sustainable 

management under intensified fire risks in face of climate change. 

In Chapter 4, I incorporated stand height to improve the model based on 4,367 forest plots. 

My tree density model outperformed the biome model by every goodness-of-fit metric with a 

0.6% underestimation and smaller errors. The new model estimated the total number of trees in 

the region as 351.3 billion, which was 140.1 billion more trees than previously estimated. These 

missing trees were equivalent to at least 14.0 trillion kg biomass. I also produced a 1-km 

resolution tree density map for North American boreal forests, and projected tree density 

distribution in 2050 under three emission scenarios. The improved tree density model, map and 

projections are informative for understanding boreal tree density variation and forest dynamics of 

North America under global change. 

In addition to the above three major contributions, this thesis also addressed the need to 

incorporate climate into existing tree and forest models. It was also important to use the best 

available data to develop models for understanding tree growth, yield and density variation. To 

reduce uncertainty in our understanding of impacts of global change on forests, it is necessary to 

maintain existing long-term forest plots, increase sample coverage, develop proven models for 
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quantifying key forest quantities (e.g., biomass, fire hazards, and stand density), projecting forest 

dynamics, and making management and policy decisions. 

 

5.2 Limitations 

It is worth noting that the scope of my thesis is on naturally occurring and growing stands, 

rather than recently regenerated stands, given plot data availability. Despite my effort in 

compiling the best available data, there are certain limitations in each data chapter, particularly 

from ground plots (Fortin 1983; Honer and Hegyi 1990; Hayden 1995; Alberta Forest Service 

2000; Marshall, Lencar and Hassani 2000; Porter, MacLean and Beaton 2001; Townsend 2004; 

Stearns-Smith and Basaraba 2006; Malone, Liang and Packee 2009; Perron and Morin 2011; 

Bourgeois et al. 2018). Higher sampling errors were found in plot censuses during the mid 1950s 

than those censused more recently (Fortin 1983; Perron and Morin 2011). Meanwhile, a large 

proportion of plots established for forest growth and yield monitoring are located in young and 

dense forests (Honer and Hegyi 1990; Hayden 1995; Malone, Liang and Packee 2009). The 

impacts of the variation in those data qualities on data modeling and results are not known, but it 

is important to keep the issue in mind. For plot protection purposes, only approximate 

coordinates of ABMI and NFI plots were available for public use (Alberta Forest Service 2000; 

Gillis, Omule and Brierley 2005; Burrill et al. 2021). This approximation, if ignored, could result 

in substantial estimation biases (Bugmann 2001; Johnson 2006; Thompson et al. 2007; Newbold 

2010; Neyeloff, Fuchs and Moreira 2012). Although I adopted the data processing methods 

following the literature (Peng et al. 2011; Chen and Luo 2015; Zhang, Huang and He 2015; Zhu 

et al. 2018), specific issues could still arise in each data chapter. In Chapter 2, the ENFOR 

biomass data were collected nearly 40 years ago by different researchers (Lambert, Ung and 

Raulier 2005; Ung, Bernier and Guo 2008), covering limited area (Fig. 2.1) and species (Table 

2.1). These biomass data were less representative than data collected more recently for the tree 

biomass allometries under the decadal impact of climate warming. In Chapter 3, for forest 

monitoring purposes (Alberta Forest Service 2000), the 919 PSPs were not completely randomly 

sampled (Fig. 3.1). This increases uncertainty of the plot fire hazards model across the 

ecoregions. In Chapter 4, despite my extensive effort in compiling data from 4,367 plots, plot 

distribution was limited in northern forests (Fig. 4.1), increasing the estimation error in tree 

density of these stands. 
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 In addition to plot data limitations, the availability, e.g., limited data for stand architecture, 

and quality of airborne data, e.g., climate and canopy height data, could be two other concerns. 

No airborne data other than canopy height were available for depicting stand architecture, such 

as stand mean DBH, age and composition, which might be more closely related to stand density 

than height (Burkhart and Yang 2022). If such data become available, the tree density model in 

Chapter 4 could be improved by trying to incorporate these key stand factors. On the other hand, 

the historical climate data used in Chapters 2 and 3 were at the 4-km resolution (Wang et al. 

2016; Wang, Hamann and Spittlehouse 2019), lower than Daymet version 3 (Thornton et al. 

2016) and WorldClim v2.1 (Hijmans et al. 2005) data. But these higher resolution data were not 

available for the complete sampling periods of the ENFOR (1978 – 1983) and Alberta PSP (1960 

– 2020) plots. If the temporal coverages of Daymet or WorldClim data are extended in the future, 

models in Chapters 2 and 3 could be improved by fitting higher resolution climate data. Similar 

improvement for Chapter 4 could be achievable if fine resolution canopy height data were 

available in boreal forests. Canopy height data used in Chapter 4 were found only moderately 

correlated with ground measured stand height (R2 = 0.39), and their quality for the region at 

above 60°N was low compared to that at lower latitudes. Data for historical fire events, forest 

dominant species, and soil profile aligned poorly with plot records on these variables, probably 

due to the lack of the accuracy of plot coordinates and the lack of fine resolution spatial data for 

such variables. In addition, data limitations also challenged projection. Extrapolation by 

projecting tree biomass, plot fire hazards and stand density for future climate scenarios should be 

interpreted with caution because the trends may not sustain the relationships identified in the 

models (Miller et al. 2004; Peters and Herrick 2004). Meanwhile, the space-for-time estimation 

in Chapter 4 for projected tree density in 2050 should also be interpreted with caution because of 

possible effects of changes in the other factors associated with density. Because of these 

limitations, planning for forest management based on projections in this thesis should be 

practiced prudently. 

 

5.3 Future research directions 

Future research may (1) expand research scales, (2) apply new analytical methods, and (3) 

extend spatial analyses to the spatiotemporal scope. The first step forward is to model more 

species in broader area. Following Chapter 2, climate-based allometric equations for at least 30 
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individual tree species in Canada remain to be modeled. Extended spatial representability of 

these allometric equations is also possible, such as building a regional climate-based allometric 

model for trembling aspen in Canada and northwestern USA (Mitton and Grant 1996; Jenkins et 

al. 2004; Lambert, Ung and Raulier 2005; Ung, Bernier and Guo 2008). The spatial coverage of 

Chapters 3 and 4 can also be extended. Extended plot fire hazards models could be built for 

western Canada (Weir, Johnson and Miyanishi 2000; Axelson, Alfaro and Hawkes 2009; Brown 

et al. 2017) and for the North American boreal zone (Girardin et al. 2013; Boucher et al. 2018). 

The tree density model and map can be extended to the entire North America and other 

continents by compiling national forest data, such as the US Forest Inventory and Analysis 

Program (FIA) data (Burrill et al. 2021). 

 Methods of this thesis can be applied to answer a wide range of questions, such as 

belowground biomass and height-age allometries (Yang et al. 2000), risks of other types of 

disturbances for plot maintenance (Charron and Hermanutz 2017; Audley et al. 2021), and other 

forest quantities such as carbon stock, CO2 flux, growth and mortality rates, reproduction and 

regeneration (Vanderwel, Coomes and Purves 2013; Vanderwel et al. 2016; Zhu et al. 2018). 

This extension would provide deeper understanding of the impacts of global change on forest 

dynamics and support sustainable management of forests, as supplementary knowledge to the 

currently debates on net biomass change due to global change (Kirilenko and Sedjo 2007; 

Gauthier et al. 2015; Girardin et al. 2016; Burkhart and Yang 2022). 

 Last, our understanding of forest dynamics can be extended from the space-for-time 

perspective in Chapters 2 and 4 to the spatiotemporal dimension based on the repeated censuses 

from the unprecedented long-term forest data. Much work has already been done to model the 

temporal variation and trends in forest growth and mortality under global change (Peng et al. 

2011; Ma et al. 2012; Chen and Luo 2015; Zhang, Huang and He 2015; Seidl et al. 2017; Zhang 

et al. 2018, Zhu et al. 2018; Searle and Chen 2020). The extension to spatial dimension of similar 

analyses would make forest dynamics study spatiotemporal and provide a more complete 

understanding in forest dynamics (Trumbore, Brando and Hartmann 2015). In sum, future 

studies can focus on widening the research scale, applying innovative analytical methods, and 

extending the spatiotemporal dimension, following this thesis. 
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Appendices 

Table S1. Ranges of site locations, diameter at breast height, aboveground biomass and the 16 

climatic variables for black spruce, white spruce, trembling aspen, tamarack and balsam fir 

modeled in Chapter 2. 

Species Black Spruce White Spruce 
Trembling 

Aspen 
Tamarack Balsam Fir 

Longitude (°) 
140.96W - 

68.26W 

140.96W - 

65.66W 

140.85W - 

72.37W 

121.23W - 

65.67W 

115.50W - 

65.66W 

Latitude (°) 
48.84N - 

63.95N 

46.43N - 

63.98N 

46.43N - 

63.95N 

44.00N - 

61.75N 

46.44N - 

54.33 N 

DBH (cm) 1.1 - 38.4 2.4 - 57.6 1.5 - 47.2 1.9 - 44.5 1.8 - 42.4 

AGB (kg) 0.57 - 685.1 
0.89 - 

1,577.70 

0.13 - 

1,081.55 
0.42 - 938.88 0.55 - 649.02 

MAT (°C) -5.6 - 3.3 -5.2 - 7.0 -5.6 - 4.0 -3.8 - 6.6 -1.0 - 3.5 

MWMT (°C) 9.9 - 17.5 9.9 - 18.0 9.9 - 18.5 15.2 - 19.9 15.0 - 18.3 

MCMT (°C) -27.4 - -8.7 -27.6 - -0.2 -27.6 - -8.2 -26.4 - -7.4 -21.5 - -11.6 

TD (°C) 20.3 - 43.3 15.7 - 43.3 20.3 - 43.3 27.3 - 43.3 27.5 - 37.7 

MAP (mm) 281 - 983 263 - 1,822 263 - 1,238 341 - 1,137 484 - 1,160 

MSP (mm) 158 - 516 149 - 574 149 - 530 185 - 548 315 - 574 

AHM (°C 

mm-1) 
10.2 - 31.4 7.5 - 31.4 9.1 - 30.9 11.3 - 24.5 8.5 - 21.3 

SHM (°C 

mm-1) 
30.9 - 86.7 24.5 - 88.0 26.0 - 88.0 32.8 - 82.0 26.9 - 54.3 

DD5 (°C) 507 - 1,425 490 - 1,557 506 - 1,631 961 - 2,029 999 - 1,583 

FFP (day) 40 - 112 40 - 167 40 - 122 96 - 143 93 - 121 
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PAS (mm) 107 - 590 82 - 770 101 - 663 116 - 441 136 - 552 

Eref (mm) 323 - 576 323 - 644 323 - 644 354 - 688 414 - 632 

CMD (mm) 20 - 303 0 - 330 0 - 330 15 - 229 0 - 198 

MAR (MJ m-

2 d-1) 
9.1 - 12.7 9.1 - 12.8 9.1 - 12.9 10.1 - 13.6 11.8 - 12.8 

RH (%) 51 - 68 51 - 75 51 - 68 55 - 68 56 - 69 

CMI (mm) -162 - 576 -162 - 1233 -146 - 793 -123 - 600 -80 - 736 
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Table S2. Results of ten-fold cross-validation with climate-based models for trembling aspen and 

tamarack based on 1,000 iterations. Models with the highest 5 numbers of times designated as 

“good” (shown in the parenthesis) through the MAE and RMSE comparisons are under the 

column of MAE and RMSE, respectively. As an example for interpretation, FFP (715) at the first 

row under the trembling aspen-MAE column indicates that the model of Eq (4) with FFP as the 

climatic variable. It has a lower MAE than the conventional model (Eq. 1) and the two nonlinear 

mixed models (Eqs. 2 and 3) for 715 times out of the 1,000 iterations. The models in bold are the 

best climate-based models for trembling aspen and tamarack. No climate-based model for black 

spruce, white spruce and balsam fir yields lower MAE and RMSE than the conventional and the 

two non-linear mixed models for over 700 times out of the 1,000 iterations. 

 Trembling Aspen Tamarack 

Model MAE RMSE MAE RMSE 

Eq. (4) 𝐴𝐺𝐵 = (𝑎 + 𝑠𝑖𝑡𝑒" + 𝑏 ×

	𝐶𝑙𝑖𝑚") × 𝐷𝐵𝐻!  

FFP 

(715) 

FFP (620) MAT (880) MAT (839) 

Eq. (5) 𝐴𝐺𝐵 = (𝑎 + 𝑏 × 𝐶𝑙𝑖𝑚") ×

𝐷𝐵𝐻(!%&"'(!)  

DD5 

(730) 

FFP 

(754) 

MWMT 

(627) 

DD5 (707) 

FFP (721) 

MAT 

(887) 

MAT 

(871) 

MCMT 

(840) 

MAP (831) 

Eq. (6) 𝐴𝐺𝐵 = (𝑎 + 𝑠𝑖𝑡𝑒") ×

𝐷𝐵𝐻(!%*×,-".!)  

NA NA MAT (885) MAT (832) 

Eq. (7) 𝐴𝐺𝐵 = 𝑎 ×

𝐷𝐵𝐻(!%&"'(!%*×,-".!)  

DD5 

(704) 

FFP 

(731) 

FFP (629) MAT (881) 

MCMT 

(850) 

NA 

Eq. (8) 𝐴𝐺𝐵 = (𝑎 + 𝑠𝑖𝑡𝑒") × 𝐷𝐵𝐻! +

𝑏 × 𝐶𝑙𝑖𝑚"  

NA NA NA NA 

Eq. (9) 𝐴𝐺𝐵 = 𝑎 × 𝐷𝐵𝐻(!	%	&"'(!) +

𝑏 × 𝐶𝑙𝑖𝑚"  

NA NA NA NA 
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Table S3. Summary of 19 plot physical, stand characteristic and climatic variables for the 919 

PSPs in Alberta 

Type Variable Range (Median) Source 

Plot 

physical 

Plot size (m2) 200 – 2,034 (1,000) Plot records 

Year of establishment 1960 – 2009 (1984) 

Stand age at establishment (years) 18 – 262 (121) 

Latitude (° N) 49.01 – 59.73 (54.39) 

Longitude (° W) 110.1 – 119.7 (115.6) 

Altitude (m) 291 – 2,089 (980) 

Ecoregion (Categorical) Boreal (n = 306), Foothills 

(n = 509), and Rocky 

Mountain (n = 104) 

Ecoregions 

Aspect (° to North) 1.53 – 179.93 (96.3) LiDAR 7.5 

DEM Slope (°) 0 – 60 (3) 

Stand 

structural 

Tree species richness 1 – 7 (2.5) Tree records 

Canopy height (m) 3.70 – 40.24 (18.92) 

Tree density of all trees (hectare-1) 10 – 3,637 (1,050) 

Basal area of all trees (m2·hectare-1) 0.07 – 79.70 (30.51) 

Tree density of deciduous trees 

(hectare-1) 

0 – 2,113 (15) 

Basal area of deciduous trees 

(m2·hectare-1) 

0 – 50.61 (0.38) 

Climatic Mean annual temperature (MAT, °C) -2.62 – 3.85 (2.11) ClimateNA 

v7.21 Difference between mean warmest 

and mean coldest month temperature 

(TD, °C) 

22.73 – 41.00 (27.60) 

Mean annual precipitation (MAP, 

mm) 

371.6 – 1,054.1 (554.8) 

Climate moisture index (CMI, mm) -113.4 – 589.6 (23.0) 
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Table S4. Summary of 4,367 forest inventory plots analyzed in this study, consisting of 3,829 

PSPs across 10 jurisdictions, 346 NFI and 192 ABMI plots. The mean observed tree density, 

DBH and stand height (standard deviation in brackets) are presented. Alaska-AK, Alberta-AB, 

British Columbia-BC, Manitoba-MB, Newfoundland and Labrador-NL, Northwest Territories-

NT, Ontario-ON, Quebec-QC, Saskatchewan-SK, and Yukon-YT. 

 

Plot 

type 

Number of 

plots 

Mean observed tree density 

(trees/ha) 

Mean DBH 

(cm) 

Mean stand height 

(m) 

AB 321 1,035 (576) 22.0 (5.6) 19.4 (3.9) 

AK 154 823 (381) 18.5 (4.9) 14.6 (3.3) 

BC 135 1,415 (594) 17.3 (4.8) 18.2 (4.2) 

MB 158 1,056 (524) 14.4 (3.1) 13.5 (3.2) 

NL 518 1,460 (747) 15.2 (2.8) 10.7 (2.0) 

NT 26 500 (204) 25.8 (5.6) 16.9 (3.6) 

ON 739 1,096 (477) 16.3 (3.8) 15.1 (3.5) 

QC 1,320 840 (367) 15.2 (2.5) 12.4 (3.2) 

SK 230 771 (344) 23.0 (4.6) 20.6 (3.0) 

YT 228 362 (84) 16.5 (3.6) 14.5 (3.4) 

All PSP 3,829 983 (553) 16.8 (4.4) 14.3 (4.3) 

NFI 346 759 (518) 17.2 (4.7) 13.4 (4.5) 

ABMI 192 847 (498) 20.8 (7.1) 18.1 (5.4) 

Total 4,367 992 (545) 17.0 (4.0) 14.4 (4.5) 
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Table S5. Definitions and data sources for the 36 human development, topographic, stand height, 

climatic and vegetative variables used in this study. Variables used in Crowther et al.’s (2015) 

study are denoted in italics. All variables are at 1-km (30-arc-second) spatial resolution, except 

for Leaf Area Index (500-m), and for plot latitude, elevation and stand height (the accuracy of 

plot spatial location ranges from 10 m to 10 km). 

 

Type Variable Definition Reference 

Human 

Development 

Percent of 

developed and 

managed land 

Consensus prevalence of 

urban or built-up land 

cover in percentage 

Tuanmu and Jetz (2014); 

https://www.earthenv.org/landco

ver 

Topographic Latitude Plot latitudinal 

coordinate 

Plot record 

Elevation Plot altitude 

Slope Angle of inclination of 

the terrain 

USGS EROS Archive – Digital 

Elevation – Global 30 Arc-

Second Elevation (GTOPO30); 

https://www.usgs.gov/centers/ero

s/science/usgs-eros-archive-

digital-elevation-global-30-arc-

second-elevation-gtopo30?qt-

science_center_objects=0 

Eastness Sine of aspect (to north) 

Northness Cosine of aspect (to 

north) 

Roughness (TRI) Terrain ruggedness 

index (Riley et al. 1999) 

Stand height Stand height Mean height of the 3 

tallest trees at a plot 

Plot record 

Canopy height Lidar-based canopy 

height 

Simard et al. (2011); 

https://landscape.jpl.nasa.gov/cgi

-bin/data-search.pl 

Vegetative 

index 

Leaf Area Index 

(LAI) 

The Terra Moderate 

Resolution Imaging 

Spectroradiometer 

(MODIS) Vegetation 

Indices based on the 

calculation of 

radiometer reflectance 

MODIS MOD15A2Hv061; 

https://lpdaac.usgs.gov/products/

mod15a2hv061/ 

 

Enhanced 

Vegetation Index 

(EVI) 

MODIS MOD13A3v061; 

https://lpdaac.usgs.gov/products/

mod13a3v061/ 
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Normalized 

difference 

vegetation index 

(NDVI) 

bands for global 

monitoring of vegetation 

conditions 

Second-order 

texture 

measures of 

vegetative 

index 

EVI: Angular 

Second Moment 

Uniformity (orderliness) 

of EVI 

Tuanmu and Jetz (2015); 

https://www.earthenv.org/texture 

EVI: Contrast Exponentially weighted 

difference in EVI 

between adjacent pixels 

EVI: Dissimilarity Difference in EVI 

between adjacent pixels 

Climatic BIO1 Mean annual 

temperature 

Worldclim v2.1 1970-2000 

climate data; 

https://www.worldclim.org/data/i

ndex.html 

BIO2 Mean Diurnal Range 

BIO3 Isothermality 

BIO4 Temperature seasonality 

BIO5 Maximum temperature 

of warmest month 

BIO6 Minimum temperature 

of coldest month 

BIO7 Temperature annual 

range 

BIO8 Mean temperature of 

wettest quarter 

BIO9 Mean temperature of 

driest quarter 

BIO10 Mean temperature of 

warmest quarter 

BIO11 Mean temperature of 

coldest quarter 

BIO12 Annual precipitation 

BIO13 Precipitation of wettest 

month 



 125 

BIO14 Precipitation: driest 

month 

BIO15 Precipitation: 

seasonality 

BIO16 Precipitation of wettest 

quarter 

BIO17 Precipitation: driest 

quarter 

BIO18 Precipitation of warmest 

quarter 

BIO19 Precipitation of coldest 

quarter 

Aridity index Ratio between 

precipitation and ET0 

Trabucco and Zomer (2019); 

https://figshare.com/articles/datas

et/Global_Aridity_Index_and_Po

tential_Evapotranspiration_ET0_

Climate_Database_v2/7504448/5 

Evapotranspiration Penman-Monteith 

Reference 

Evapotranspiration 

(ET0) 
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Table S6. Summary information about the 4,367 plots analyzed in this study, including plot 

coordinates, census information, stand density, height and the other explanatory variables. 

 

Variable Range Median Mean Standard Deviation 

Latitude (°) 47.08 – 67.93 51.18 52.45 4.26 

Longitude (°) -150.83 – -52.77 -82.49 -89.94 25.79 

Elevation (m) 1 – 1,855 397 458.4 287.9 

     

Year of establishment 1949 – 2018 1990 1988 13.3 

Year of census 1999 – 2019 2009 2009 4.4 

Number of census 1 – 9 3 3.4 1.4 

Mean diameter at breast height (cm) 10.4 – 44.2 15.5 16.8 4.4 

Tree species richness 1 – 8 2 2.6 1.4 

Plot size (m2) 100 – 8,092 500.3 771.3 881.2 

     

Observed tree density, y (trees/ha) 110 – 4,100 900 991.6 545.1 

Estimated tree density by Crowther et 

al.’s biome model, yb (trees/ha) 

13.5 – 1,483.1 678.1 670.9 202.5 

     

Stand height (m) 1.0 – 34.8 13.8 14.4 4.5 

Estimated canopy height (m) 6 – 26 15 14.8 3.6 

     

Human development (%) 0 – 16 0 0.004 0.24 

Slope (°) 0 – 27.5 0.7 1.4 2.0 

Eastness -1 – 1 0 0.02 0.66 

Northness -1 – 1 0.06 0.03 0.75 

Terrain ruggedness index, TRI 0 – 0.917 0.131 0.204 0.192 

     

Leaf area index, LAI 0.02 – 0.60 0.30 0.22 0.12 

Enhanced vegetation index, EVI 0.032 – 0.532 0.354 0.332 0.077 

Normalized differential vegetation 

index, NDVI 

0.060 – 0.741 0.495 0.487 0.085 



 127 

Angular Second Moment of EVI, 

ASM: EVI 

0.050 – 0.543 0.073 0.085 0.037 

Contrast of EVI 0.46 – 163.72 12.86 18.03 17.08 

Dissimilarity of EVI 0.37 – 11.29 2.77 2.98 1.39 

     

BIO1, Annual mean temperature (°C) -9.55 – 5.23 0.45 0.18 1.9 

BIO2, Mean diurnal range (mean of 

monthly maximum – minimum 

temperature, °C) 

7.39 – 14.68 11.29 11.06 1.4 

BIO3, Isothermality (!"#$
!"#%

× 100) 17.2 – 37.7 24.6 25.3 3.1 

BIO4, Temperature seasonality 

(standard deviation of temperature 

× 100, °C) 

726 – 1,692 1,234 1,183 171.3 

BIO5, Maximum temperature of 

warmest month (°C) 

13.7 – 25.3 21.6 21.4 1.9 

BIO6, Minimum temperature of 

coldest month (°C) 

-32.4 – -8.0 -24.0 -22.7 4.4 

BIO7, Temperature annual range 

(BIO5 – BIO6, °C) 

27.2 – 54.7 46.1 44.0 5.3 

BIO8, Mean temperature of wettest 

quarter (°C) 

-12.6 – 17.9 13.5 12.1 4.5 

BIO9, Mean temperature of driest 

quarter (°C) 

-22.1 – 14.6 -9.4 -9.1 6.0 

BIO10, Mean temperature of warmest 

quarter (°C) 

6.6 – 17.9 14.4 14.1 1.6 

BIO11, Mean temperature of coldest 

quarter (°C) 

-27.0 – -3.5 -15.9 -15.0 3.9 

BIO12, Annual precipitation (mm) 218 – 1,746 808 795 300 

BIO13, Precipitation of wettest month 

(mm) 

34 – 173 103 102 23 

BIO14, Precipitation of driest month 

(mm) 

3 – 113 37 38 23 
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BIO15, Precipitation seasonality 

(&'()*(+*	*-./('/0)	01	2+-3/2/'('/0)
4-()	01	2+-3/2/'('/0)

) 

7.6 – 93.1 35.3 38.0 17.4 

BIO16, Precipitation of wettest quarter 

(mm) 

97 – 508 288 283 70 

BIO17, Precipitation of driest quarter 

(mm) 

14 – 369 121 128 72 

BIO18, Precipitation of warmest 

quarter (mm) 

90 – 454 279 273 63 

BIO19, Precipitation of coldest quarter 

(mm) 

20 – 477 141 150 88 

Aridity index 0.35 – 2.58 1.09 1.12 0.50 

Evapotranspiration (mm) 475 - 996 734 735.1 98.2 
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Table S7. The 23 General Circulation Models used for the projected mean climate in 2050 under 

the RCP2.6, 4.5 and 8.5 emission scenarios. 

 

Country of Sponsor General Circulation Model ID(s) Reference(s) 

Australia CSIRO-Mk3.6.0 Jeffrey and Syktus 2011 

Canada CCCMA-CanESM2 Chylek et al. 2011 

China 

 

BCC-CSM1.1 

BCC-CSM1.1(m) 

Gu et al. 2015 

 BNU-ESM 

 FIO-ESM 

 LASG-FGOALS-G2 

France IPSL-CM5A-LR 

IPSL-CM5A-MR 

Hourdin et al. 2013 

Germany MPI-ESM-LR Giorgetta et al. 2013 

Japan MIROC-ESM 

MIROC-ESM-CHEM 

MIROC-MIROC5 

Watanabe et al. 2010 

 MRI-CGCM3 

Korea NIMR-HadGEM2-AO Baek et al. 2013 

Norway NCC-NorESM1-M Bentsen et al. 2013 

UK MOHC-HadGEM2-ES Bellouin et al. 2011 

USA CESM1-CAM5 Gent et al. 2011; Knutti, 

Masson and Gettelman 

2013 

 GFDL-CM3 

GFDL-ESM2G 

GFDL-ESM2M 

 GISS-E2R 

 NCAR-CCSM4 
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Table S8. Summary of the parameterized model (1) with its random effect and variance structure. 

Fixed effects are presented in the descent order of their importance in the stepwise selection 

based on AIC. The random effects are a random slope 𝛾M by jurisdiction (~1|Jurisdiction), 

accounting for 192.26 standard deviation with the residual standard deviation 9021.33. The 

combination of variance functions is 𝜎$(ℎ𝑡, 𝐵𝐼𝑂6, 𝐵𝐼𝑂8) = 𝑒$×67.799:;|𝐵𝐼𝑂6|$×67.<%𝑒$×67.79=>?@A. 

The total number of observations is 4,367 and the number of jurisdictions is 10, leaving the 

degrees of freedom of the intercept and each predictor as 4,349. 

 

 Estimated coefficient Standard error t-value p-value 

(Intercept) -157.82 130.48 -1.21 0.2265 

Stand height 152.32 8.13 18.72 <0.0001 

Stand height2 -4.56 0.25 -18.28 <0.0001 

NDVI 661.53 109.38 6.05 <0.0001 

Dissimilarity of EVI -14.01 5.28 -2.65 0.0080 

BIO6 11.90 3.33 3.58 0.0004 

BIO8 -8.62 2.37 -3.63 0.0003 

BIO9 -8.42 2.11 -3.99 0.0001 

Eastness 18.23 9.44 1.93 0.0267 
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Fig. S1 (a) Histogram of observed tree density (y) of the 4,367 plots with mean 991.6 and 

median 900 trees/ha. (b) Locally weighted smoothing (LOWESS; Cleveland 1981) curve fitted 

to the scatterplot between observed tree density and stand height of the 4,367 plots. 
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Fig. S2 Heatscatter plots of the four density estimates (𝑦<&,	𝑦<N, 𝑦<O  and 𝑦<PQ) versus the observed 

plot tree density (y) at the log-log scale for the 4,367 plots. R2 between the estimated and 

observed density is shown at each panel. The black line is the 1:1 line. 
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Fig. S3 Hot (red dots) and cold (blue dots) spots identified by the 95th quantile of the 

distributions of observed tree density (a), estimates of model (1) by stand height (b) and canopy 

height (c), and those of Crowther et al.’s boreal biome model (d) and refitted model (e) for the 

4,367 plots (black dots if neither hot or cold spots) in the North American boreal zone. 
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Fig. S4 Maps at 1-km resolution for projected tree density of North American boreal forest in 

2050 under the RCP2.6 (a), 4.5 (c), and 8.5 (e) emission scenarios assuming other variables 

unchanged. Maps of changes of boreal tree density in North America showing the difference 

between projected density under RCP2.6 (b), 4.5 (d), and 8.5 (f) and the current estimates. There 

is an overwhelming trend of decrease in tree density in Canadian Prairies and the Pacific 

Northwest. 

 


