
PRODUCTIVITY AND PHENOLOGY OF FORESTS IN 

THE ALGONQUIN-TO-ADIRONDACKS CORRIDOR:  

CLIMATIC DRIVERS AND RECENT TRENDS 

 

 

 

by 

 

Michael Albert Stefanuk 

 

 

 

 

 

A thesis submitted to the School of Environmental Studies 

In conformity with the requirements for 

the degree of Master’s of Environmental Studies 

 

 

 

Queen’s University 

Kingston, Ontario, Canada 

(September, 2019) 

 

Copyright © Michael Albert Stefanuk, 2019 



ii 

 

Abstract 

The phenology and productivity of temperate forests has changed across eastern North America in 

recent decades. However, these changes have varied spatially and temporally. And, while climate change 

has been an important cause of these changes in forest growth, the precise influence of climate remains 

unclear. This thesis presents the results of research which 1) tested for forest growth trends that could 

indicate that forest growth has changed in response to environmental stressors; and 2) assessed climate-

growth relationships for different forest growth processes (phenology and productivity). Analysis was 

conducted at a regional scale within the Algonquin-to-Adirondacks (A2A) corridor, and at a sub-regional 

scale within the four geoclimatologically distinct ecoregions of A2A (Algonquin Highlands, Frontenac 

Arch, St. Lawrence Lowlands & Adirondack Mountains). We conducted two studies using different, but 

complimentary, methodologies. In the first study we used dendrochronology to study the growth of sugar 

maple (Acer saccharum) over a century (1912-2011). We found that sugar maple ring-widths declined 

recently in the Algonquin Highlands (- 46 mm2/year, 1993-2011) and Adirondack Mountains (- 33 

mm2/year, 1991-2011), but that climate-growth relationships with temperature, precipitation and the SPEI 

drought index were limited (response function coefficients of ± 0.3). In the second study we used remote-

sensing to study forest landscapes (i.e., pixels) over 26 years (1989-2014). We found that statistically 

significant (p < 0.05) trends in forest phenology and productivity occurred across only a small proportion 

of A2A (1-9 %), but that there was notable evidence of an extended growing season (+ 0.6-0.8 days/year) 

in the St. Lawrence Lowlands and Frontenac Arch ecoregions (25 % & 43 % respectively), driven by a 

delayed end to the growing season. Relationships between climate and forest growth were strong (pR
2 > 80 

%), and accumulated heating (> 4 0C) and chilling (< 20 0C) temperatures were the most important climatic 

variables for driving forest growth. Understanding climate-growth relationships for temperate forests in 

A2A will improve understandings of how forests have already responded to climate change, and will 

contribute to our capacity to predict how they may respond to future climate change. 



iii 

 

Acknowledgements 

Ryan Danby, thank you for your support and supervision on this thesis. You helped me to create 

something meaningful from my tangential chaos of ideas. I have come to appreciate your gentle and 

thoughtful guidance in our time working together. It seems that you care immensely about teaching, which 

has been inspiring as your student. I hope to be able to pay that inspiration forward. 

 Phoebe Jones, thank you for supporting and loving me as I have worked on this thesis. It seemed 

at times that you were more emotionally invested in it than I was! However, I suspect that is because you 

care so much about me. Your understanding, patience and encouragement have been invaluable. Chomp! 

To my family, thank you for not laughing too hard as I repeatedly said that “I’ll definitely be done 

soon”. Perhaps by the time you read this I actually will be! Also, thanks for lending me a canoe. 

To the members of the Danby Café, thank you for being such a supportive and engaged community. 

Workshopping ideas and sharing the same space with you all has been great fun.  

To my field assistants, Jeet Adhvaryu and Sam McCaul, thank you. Field work can be very 

demanding (and I am sure that I can be too!). You both rose to meet the challenge gracefully. 

To Dan Bishop, Colin Beier, and the other authors of Bishop et al. (2015) and Sullivan et al. (2013), 

thank you for allowing me to use your sugar maple ring-width dataset for Adirondack State Park. 

To the staff of Ontario Parks (Corina Brdar, Ben Chabot, Alison Lake, Lauren Trute, Joe 

Yaraskavitch and Sonje Bols) and the Queen’s University Biological Station (Sonia Nobrega) for allowing 

me access to the forests that you maintain for this thesis, and thank you for your expert guidance on the 

geography and ecology of those forests. 

To Lola Stones, thank you. We brought you home around the time that I decided to start this thesis, 

and you died the morning that I finished writing it. Swim happy, my friend. 



iv 

 

Table of Contents 

Abstract ................................................................................................................................................... ii 

Acknowledgements ................................................................................................................................ iii 

List of Tables ......................................................................................................................................... vi 

List of Figures ....................................................................................................................................... vii 

List of Abbreviations ............................................................................................................................ viii 

Chapter 1 Introduction ............................................................................................................................. 1 

1.1 Research Context ........................................................................................................................... 1 

1.2 Research Rationale ........................................................................................................................ 2 

1.3 Research Objectives ....................................................................................................................... 3 

1.4 Thesis Outline ................................................................................................................................ 4 

Chapter 2 A Century of Ring-Width Trends and Climate-Growth Relationships of Sugar Maple in the 

Algonquin-to-Adirondacks Region .......................................................................................................... 5 

2.1 Abstract ......................................................................................................................................... 5 

2.2 Introduction ................................................................................................................................... 6 

2.3 Methods ......................................................................................................................................... 8 

2.3.1 Study Area .............................................................................................................................. 8 

2.3.2 Sample Collection, Preparation and Measurement ................................................................... 9 

2.3.3 Trends in Annual Ring-Width Productivity............................................................................ 11 

2.3.4 Modelling Climate-Growth Relationships .............................................................................. 12 

2.4 Results ......................................................................................................................................... 15 

2.4.1 Chronology Characteristics ................................................................................................... 15 

2.4.2 Trends in Basal Area Increments (BAI) ................................................................................. 16 

2.4.3 Climatic Characteristics ........................................................................................................ 16 

2.4.4 Climate-Growth Relationships............................................................................................... 17 

2.5 Discussion ................................................................................................................................... 18 

2.5.1 Trends in Basal Area Increments (BAI) ................................................................................. 18 

2.5.2 Climate-Growth Relationships............................................................................................... 21 

2.5.3 Conclusions .......................................................................................................................... 23 

2.6 Tables .......................................................................................................................................... 24 

2.7 Figures......................................................................................................................................... 26 

 



v 

 

Chapter 3 Phenology and Productivity of Temperate Forests in Eastern North America: Trends and 

Climatic Drivers .................................................................................................................................... 32 

3.1 Abstract ....................................................................................................................................... 32 

3.2 Introduction ................................................................................................................................. 33 

3.3 Methods ....................................................................................................................................... 36 

3.3.1 Study Region Description ...................................................................................................... 36 

3.3.2 Forest Phenology and Productivity Indices ............................................................................ 37 

3.3.3 Forest Growth Trend Calculation .......................................................................................... 38 

3.3.4 Climatological Data Preparation ............................................................................................ 39 

3.3.5 Modelled Climate-Growth Relationships ............................................................................... 41 

3.4 Results ......................................................................................................................................... 44 

3.4.1 Forest Growth Trends............................................................................................................ 44 

3.4.2 Climatic Drivers of Variation in Forest Growth ..................................................................... 46 

3.5 Discussion ................................................................................................................................... 47 

3.5.1 Forest Growth Trends............................................................................................................ 47 

3.5.2 Climatic Drivers of Variation in Forest Growth ..................................................................... 50 

3.5.3 Conclusions .......................................................................................................................... 53 

3.6 Tables .......................................................................................................................................... 55 

3.7 Figures......................................................................................................................................... 61 

Chapter 4 Conclusions ........................................................................................................................... 66 

4.1 Summary ..................................................................................................................................... 66 

4.2 Limitations and Uncertainty ......................................................................................................... 68 

4.3 Future Research Opportunities ..................................................................................................... 71 

4.4 Implications for Temperate Forests Sustainability ........................................................................ 72 

4.5 Conclusions ................................................................................................................................. 74 

References............................................................................................................................................. 75 

Appendix A Test for differences in trend observations by detrending method ........................................ 83 

Appendix B Test for an age-related BAI trend in Sugar Maple ............................................................... 84 

Appendix C Test of correlation between ring-width index chronologies made using a conventional mean 

versus those made using principal component analysis ........................................................................... 85 

Appendix D Sample depth of ring-width chronologies ........................................................................... 86 

Appendix E Seasonal climatic means ..................................................................................................... 87 

Appendix F Climatic summary statistics and linear trends ...................................................................... 88 

Appendix G Accuracy assessment of Daymet climatological data .......................................................... 89 



vi 

 

List of Tables 

Chapter 2: 

Table 2-1: Summary data for ring width series.. ..................................................................................... 24 

Table 2-2: Summary data for regional climatological datasets.. .............................................................. 25 

Chapter 3: 

Table 3-1: Characteristics of the ecoregions of A2A.. ............................................................................ 55 

Table 3-2: Characteristics of AVHRR forest growth indices................................................................... 56 

Table 3-3: Climatic variables ................................................................................................................. 57 

Table 3-4:  Forest area with trends in growth ......................................................................................... 58 

Table 3-5: Inputs and outputs from preliminary and final RF models...................................................... 59 

Table 3-6: Variable importance in final RF models ................................................................................ 60 

 

file:///D:/Dropbox/Queen's/Thesis/The%20Document/WholeThesisRedux_v1.docm%23_Toc18428133


vii 

 

List of Figures 

Chapter 2: 

Figure 2-1: Map of parks, protected areas and ecoregions of A2A.. ........................................................ 26 

Figure 2-2: BAI and RWI chronologies ................................................................................................. 27 

Figure 2-3: Trends in BAI chronologies ................................................................................................. 28 

Figure 2-4: Annual climatic means ........................................................................................................ 29 

Figure 2-5: Moving response functions of climate-RWI relationships .................................................... 30 

Figure 2-6: Stationary response functions of climate-RWI relationships ................................................. 31 

Chapter 3: 

Figure 3-1: Map of the location, boundaries, ecoregions and land cover of A2A .................................... 61 

Figure 3-2: Flowchart of major steps in the climate-growth modelling workflow ................................... 62 

Figure 3-3: Map of forest growth trends ................................................................................................. 63 

Figure 3-4: Statistical distribution of forest growth trends ...................................................................... 64 

Figure 3-5: Partial dependence plots of important variables used in the final RF models ........................ 65 

 



viii 

 

List of Abbreviations 

A2A Algonquin-to-Adirondacks region 

AVHRR advanced very high resolution radiometer 

BAI basal area increment 

EOS end of growing season 

IncNodePurity increase in node purity 

LOS length of growing season 

NDVI normalized difference vegetation index 

pR
2 coefficient of determination (% R2) of a Random Forest model 

RF Random Forest regression 

RWI ring width index 

SOS start of growing season 

SPEI standardized precipitation evapotranspiration index 

TIN time integrated NDVI 

USGS United States Geological Survey 



 

1 

 

Chapter 1 

Introduction 

1.1 Research Context 

Temperate forests in the Northern Hemisphere are important ecologically, economically, and 

culturally, but they are sensitive to ongoing environmental change and anthropogenic disturbances. In 

addition to ongoing loss due to land-use change, the growth and health of temperate forests have been 

degraded by a multitude of factors over the last century (Millar and Stephenson 2015; Trumbore et al. 2015). 

Pollution has degraded the health of temperate forests, but the most substantial and ubiquitous 

environmental change affecting them is anthropogenic climate change. The scientific community has 

concluded unequivocally that global climatic warming has occurred at an unprecedented rate (IPCC 2013, 

2018), and eastern North America has warmed at an estimated rate of 1 0C since 1900 (Reidmiller et al. 

2018; Bush and Lemmen 2019). Although the rate of warming is not as rapid as in other parts of the world, 

forests in this region are responding to this warming and it will become increasingly important to understand 

its effects to ensure the sustainability of temperate forests as climate change continues. 

Temperate forests respond in several ways to climatic variations. Phenology (timing of growth 

events) is sensitive to small climatic variations (Richardson et al. 2013). Events such as spring green-up and 

bud-burst have advanced in parts of eastern North America (Xie et al. 2015a), while fall senescence has 

been delayed (Xie et al. 2015b), resulting in an overall increase in the length of the growing season. The 

productivity (growth rate) of individual trees is sensitive to climate, but climate-growth relationships for 

tree rings in eastern North America are inconsistent (Lane 1993; Bishop et al. 2015). Forest productivity 

has followed spring temperature trends in recent decades, both along positive and negative spring 

temperature trends (Wang et al. 2011). Climatic characteristics, as well as other environmental stressors, 

have changed over time, and that change has been non-uniform across eastern North America, which is 

reflected in the variability of forest growth change temporally and geographically. Research is required to 
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understand climate-growth relationships for phenology and productivity growth processes in temperate 

forests. 

1.2 Research Rationale 

Research attempting to understand the relationships between vegetation and climate has seen rapid 

growth in recent years. The frequency of new publications and citations regarding vegetation phenology, 

which is one of the most sensitive indicators of vegetation response to climate change, has increased 

exponentially since the 1990s (Tang et al. 2016). It is likely that phenology has gained such attention 

because of its sensitivity, but also because of advances in remote sensing technology that have enabled 

global-scale phenology studies. Productivity of whole forests can also be assessed using remotely-sensed 

vegetation indices (Wang and Weng 2014). The capacity of remote-sensing techniques to monitor 

phenology and productivity at finer spatial scales is improving, but is still limited. 

Dendrochronology – the science of using properties of the annual growth rings of trees to 

understand past environments – has been used for small-scale studies of productivity and climatic influence 

for over a century (Fritts 1976; Speer 2010). Dendrochronology can be used to examine responses in 

individual trees, which can be aggregated to the level of forest stands by sampling multiple individuals. 

With data sharing there is also an increased capacity for comparing sites at continental and global scales 

(Babst et al. 2017). 

Both remote sensing and dendrochronology have been used in eastern North America to understand 

forest growth trends and their drivers, however the tendency has been to focus on very large areas 

(continents or the globe) in remote sensing studies (e.g., Wang et al. 2011, Garonna et al. 2016), and on 

smaller areas (regional or experimental forests) in dendrochronological studies (e.g., Bishop et al. 2015, 

Nolet and Kneeshaw 2018), with only a few exceptions (e.g., Xie et al. 2015b, 2015a, Babst et al. 2019). 

Analysis at these respective scales take advantage of the strengths of dendrochronology and remote sensing, 

but they leave knowledge gaps at a medium, or regional, scale. We used both remote sensing and 
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dendrochronology to examine phenology and productivity at a regional scale, which will allow us to take 

advantage of the complimentary strengths of these two different methodologies. 

Regional studies generally focus on areas of conservation interest, such as national parks (e.g., 

Norman et al. 2017, Emmett et al. 2018). This thesis focuses on the Algonquin-to-Adirondacks (A2A) 

region of eastern North America. A2A is a continentally-significant ecological corridor, which provides 

connection across the St. Lawrence River at the Thousand Islands and across the Frontenac Arch 

(Stephenson 2001). It contains large areas of forest, and four geoclimatically distinct ecoregions, which 

makes it ideal for understanding regional forest growth trends and forest-growth relationships (see Figure 

2-1 & 3-1).  

Phenology studies have tended to focus on specific phenological events, such as the start or end of 

the growing season, but rarely both (Way and Montgomery 2015). Being as the length of the growing season 

has changed for many forest regions, and that this change could be occurring as a result of shifts in either 

the start, the end or both, examining only one phenological event does not provide a complete perspective 

on phenological shifts. We examined phenology at the start and end of the growing season, as well as the 

length of the growing season in order to form a more complete understanding of changes in A2A. 

1.3 Research Objectives 

The overall aim of this research was to examine the influence of climate on temperate forest growth. 

We had two general objectives: (1) to examine trends in forest growth, and (2) to quantify the influence of 

climate on forest growth. To address our aim, we examined climate-growth relationships for a dominant 

deciduous tree species in the region (i.e., sugar maple) using dendrochronology, and for forest areas (i.e., 

pixels) across the entire region using remote sensing. We tested for trends in forest growth (i.e., phenology 

and productivity) to determine whether forest growth was changing over time, which could indicate that 

they are responding to environmental change such as climate change. These tests were performed in the 

context of the ecoregions of A2A, which allowed us to contextualize our results with the geoclimatological 

characteristics of these ecoregions. By examining different forest growth processes (i.e., ring-width 
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productivity, forest phenology and forest productivity), at different scales with different methods (i.e., trees 

using dendrochronology, and forests using remote sensing) in different ecoregions we hope to develop a 

holistic perspective on climate-growth relationships for these temperate forests. 

1.4 Thesis Outline 

Chapter 1 introduced the context, rationale, aims and objectives of this research. Chapter 2 (in 

manuscript form) presents the dendrochronological analysis of sugar maple ring-widths, including 

methodology (site description, data collection and preparation, productivity trend analysis and climate-

growth assessment), results (productivity trends and climate-growth relationships) and discussion. Chapter 

3 (in manuscript form) presents the remote-sensing analysis of forest phenology and productivity, including 

methods (site description, data preparation, trend analysis and climate-growth modelling), results (trends 

and climate-growth relationships) and discussion. Chapter 4 presents the overall conclusions of this 

research, a discussion of the implication of our results for sustainability, limitations of the research and 

future research opportunities that this research presents. 
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Chapter 2 

A Century of Ring-Width Trends and Climate-Growth Relationships of Sugar 

Maple in the Algonquin-to-Adirondacks Region 

2.1 Abstract 

Annual growth-ring-widths of sugar maple (Acer saccharum) trees have narrowed in recent 

decades. Several environmental factors are possible causes of decline in ring-widths, including effects of 

acid deposition, pollution and climate. Climate change is of concern because changes in temperature, 

precipitation and drought conditions have affected the entirety of sugar maple’s range. However, the role 

of climate change in sugar maple decline is not clear. The objectives of this study were to: 1) test for 

productivity trends (i.e., ring-widths over time) to assess whether sugar maples are responding to 

environmental stressors; and 2) assess relationships between sugar maple ring-widths and climatic 

characteristics (temperature, precipitation and drought), or the responsiveness of sugar maple to climate. 

We constructed regional ring-width chronologies spanning a century from 1912-2011 (using 335 trees 

total). Three regional chronologies were constructed using trees sampled from within three ecoregions in 

the Algonquin-to-Adirondacks corridor (Algonquin Highlands, Frontenac Arch and Adirondack 

Mountains) to test for regional differences in productivity trends and climate-growth relationships. We used 

segmented regression to test for productivity trends, and used bootstrapped response functions to assess 

climate-growth relationships. We found that ring-width productivity declined recently in the Algonquin 

Highlands (- 46 mm2/year, 1993-2011) and Adirondack Mountains (- 33 mm2/year, 1991-2011), but not in 

the Frontenac Arch (+ 18 mm2/year, 1938-2011). Significant climate-growth relationships were few, and 

response to monthly climatic variables of temperature, precipitation and the standardized precipitation-

evapotranspiration index (SPEI) of drought were small (response function coefficients ± 0.3). Responses 

were inconsistent through time, and were stronger during some decades (response function coefficients ± 

0.6). Climate-growth relationships differed by ecoregion, though there were some similarity response 
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patterns between the Algonquin Highlands and Adirondack Mountains. Productivity declines in the 

Algonquin Highlands and Adirondack Mountains did not appear to be related to these climatic variables. 

Understanding climatic effects on sugar maples will help understand how these emblematic trees may 

respond to future climate change. 

2.2 Introduction 

Forest health is being degraded by a number of stressors on a global scale (Trumbore et al. 2015). 

Such stressors – including pollution, deforestation, altered fire regimes and timber harvesting – combine to 

exert a cumulative stress on forests. Climate change also contributes to this stress. The level of climate-

induced stress is expected to increase in temperate forests with changes in temperature, precipitation and 

drought (Millar and Stephenson 2015). Changes in the health of trees can result in changes to annual tree 

ring widths, which has shown to be related to climate at a global scale (Babst et al. 2019). However, spatial 

and temporal variability in climate-growth relationships in conjunction with continued climate change has 

made it difficult to understand these relationships in many regions. 

Climate-growth relationships also vary with tree species. Sugar maple (Acer saccharum) has been 

the focus of much research because it is arguably the most emblematic tree species in eastern North 

America; it is economically, socially and culturally valuable, and because it has exhibited ‘decline disease’ 

in parts of its range since the 1950s (Horsley et al. 2002). Symptoms of sugar maple ‘decline disease’ 

include: thinning of foliage, dieback of small twigs, chlorosis (insufficient chlorophyll production in 

leaves), early leaf senescence, decreased rates of photosynthesis and overall reductions in annual growth – 

these occur progressively over a number of years and can ultimately lead to mortality (McIlveen et al. 1986; 

Horsley et al. 2002; St.Clair et al. 2008). 

Anthropogenic greenhouse gas emissions have caused temperature and precipitation pattern 

changes in eastern North America (Huntington et al. 2009). Eastern North America has warmed linearly at 

a rate of + 0.25 ± 0.01 0C/decade since 1970, which was faster than in previous decades, and precipitation 

has also increased at a linear rate of approximately + 10 mm/decade from 1900 to 2000 (Hayhoe et al. 
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2007). These trends are highly variable depending on local geography, with topography, elevation and 

proximity to large waterbodies being highly influential (Huntington et al. 2009). Climate has been 

implicated in sugar maple declines in several locations in its range (Payette et al. 1996; Gavin et al. 2008; 

Bishop et al. 2015; Oswald et al. 2018). For example, Lane (1993) found that declines in sugar maple ring-

widths were correlated with changes in temperature and precipitation in five different stands in the western 

portion of its range. 

A variety of other biotic and abiotic factors have been considered as potential causes of sugar maple 

decline (Horsley et al. 2002). Anthropogenic pollutants that are emitted into the atmosphere are later 

deposited on forests, and can cause direct or indirect damage to trees. In the case of sugar maple, N, S and 

acid deposition are of the greatest concern because they cause leaching of essential nutrients, such as Ca, 

and mobilization of toxic metals such as Al and Mn (St.Clair et al. 2008). Cumulative changes in soil 

chemistry following pollution deposition (especially nutrient depletion) pre-dispose sugar maple trees to 

decline in combination with other stressors, such as climate change (Bal et al. 2015). Pollution can also be 

affected by climate change, specifically by altered precipitation patterns affecting pollution deposition rates 

(Huntington et al. 2009). These different potential causes of sugar maple decline are difficult to dis-entangle 

because of the associations between them, and because many of these factors act locally on specific trees 

or stands (Horsley et al. 2002). What are perhaps more concerning are the factors that exist across the 

species’ entire range, namely pollution deposition and climate change (St.Clair et al. 2008). 

The overall aim of this research was to assess how climate has affected the growth of sugar maple 

trees in eastern North America. In order to do so we first tested whether there were directional trends in 

sugar maple growth, which could indicate a response by trees to environmental change, and possibly climate 

change. We also assessed the role of climate in determining the annual variability in sugar maple growth, 

which addressed our aim directly. We conducted this research in the Algonquin-to-Adirondacks 

conservation corridor (A2A) because it contains several ecoregions, which have distinct geographic, 

ecological and climatological characteristics. Analysis was performed in the context of ecoregions because 
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these represent regions with relatively consistent characteristics that are distinct enough to enable 

meaningful comparisons across different parts of sugar maple’s central range. A2A is also a continentally-

significant ecological corridor, and its forests offer habitat with high conservation value, especially due to 

their high levels of connectivity (Stephenson 2001; Henson and Tellier 2014; A2A Collaborative 2016). 

Our two research questions were: 1) Are there trends in the annual ring-widths of sugar maples over time, 

and do these trends vary by ecoregion?; and 2) Do the annual ring-widths of sugar maples respond to air 

temperature, precipitation or drought, and do these responses vary by ecoregion or over time? 

2.3 Methods 

2.3.1 Study Area 

The A2A region (approx. 104,000 sq. km) is generally defined as including Algonquin Provincial 

Park in the northwest, Adirondack State Park in the southeast, and the regions of Ontario and New York 

that lie between these two large parks (see Figure 2-1). Three geologically, climatically and ecologically 

distinct ecoregions are found within A2A (CEC 2009; A2A Collaborative 2016): the Algonquin Highlands 

(hereafter ‘Algonquin’), the Frontenac Arch (hereafter ‘Frontenac’), and the Adirondack Mountains 

(hereafter ‘Adirondacks’). Algonquin and Adirondacks are underlain by granite bedrock formations, and 

are at substantially higher elevation than the rest of the A2A (Reed Jr. et al. 2005). Frontenac is a locally 

unique mound formation underlain by a mixture of limestone and granite bedrock (Reed Jr. et al. 2005), 

which forms the narrowest part of the connectivity corridor between Algonquin and Adirondacks. Frontenac 

is part of the larger Great Lakes Lowlands ecoregion, but is unique because of its higher elevation and 

distinct lithology (Stephenson 2001). These formations have rounded shapes, which are the result of 

repeated glacial erosion (CEC 1997). The climate of A2A is generally temperate, moderate and humid, but 

varies by ecoregion (CEC 1997). 

Forests cover approximately 60% of the land area in A2A (calculated using CEC 2010). Of these 

forests, 52% are deciduous broadleaf forests, 33% are coniferous needleleaf forests and 15% are mixed 

forests. A2A forests are relatively diverse compared to others in eastern North America (Crins et al. 2009).  
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Maples dominate deciduous forest groups, with sugar maple comprising the majority of mature trees in 

Algonquin and Frontenac (Crins et al. 2009), and sugar maple being secondary to red maple (Acer rubrum) 

in the Adirondacks (Widmann et al. 2015).  

The legacy of human land-use affects forests throughout A2A. Much of the original forests were 

cleared from Algonquin and Adirondacks for timber, and from Frontenac to create homestead farms. 

Changes in forestry practices and abandonment of farms has resulted in afforestation in many disturbed 

areas starting around 1900. Parks and protected areas were established within the A2A, partly with the 

intention of conserving forests, including Algonquin Provincial Park and Adirondack State Park (Frontenac 

Arch Biosphere n.d.; MacKay 2018). Forestry and farming are still practiced in A2A, including within the 

protected areas shown in Figure 2-1. 

2.3.2 Sample Collection, Preparation and Measurement 

Annual ring width data was obtained from samples collected from sugar maple trees within the 

Algonquin, Frontenac and Adirondacks ecoregions (see Figure 2-1). Samples from Algonquin and 

Frontenac were collected during a field campaign conducted between August and October of 2017. Samples 

were collected from within parks and protected areas under the assumption that these areas would be less 

affected by anthropogenic disturbance (e.g., Bolton et al. 2019). Areas recovering from land use legacy, 

such as forestry or farming, were identified in situ and not selected for sampling. For Algonquin, samples 

were collected from within Algonquin Provincial Park, specifically from the Swan Lake Forest Reserve and 

the area surrounding Burnt Island Lake. For Frontenac, sampling was conducted within Frontenac 

Provincial Park, the Queen’s University Biological Station, and Charleston Lake Provincial Park. These 

areas were selected because they contain a high proportion of hardwood forests dominated by sugar maple. 

Circular plots, each with a radius of 75 m, were established for sampling in Algonquin and 

Frontenac. Ten plots per ecoregion were identified in situ, with preference given to stands dominated by 

sugar maple, areas relatively distant from human development and stands with good accessibility. Areas 

with wetlands or other waterbodies were avoided, and areas at local peak elevation were favoured under the 
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assumption that higher elevation sites further from water would be more likely to be sensitive to 

precipitation (e.g., Gavin et al. 2008). Plots were located a minimum of one kilometer apart to reduce spatial 

autocorrelation. Increment cores were collected from approximately 5 trees per plot (i.e., 10 plots per 

ecoregion x approximately 5 trees per plot = approximately 50 trees per ecoregion) using a 5.15 mm 

diameter Haglöf increment borer. Samples were obtained approximately 30 to 45 cm above ground level, 

except when local topography required that a tree be sampled higher up the trunk. At least two samples 

were obtained per tree to aid in cross-dating. Only mature trees with a minimum diameter-at-breast-height 

(DBH) of 30 cm were sampled, most of which were part of the canopy layer.  

Samples from the Adirondacks were collected as part of the Adirondack Sugar Maple Project on 

two campaigns in 2009 and 2012, as reported in Bishop et al. (2015) and Sullivan et al. (2013), and recently 

used in Lawrence et al. (2018). The main difference in field methods was that a greater number of plots 

were sampled in Adirondacks (21), and a greater number of trees were sampled per plot (> 10). Thus, there 

was a greater sample depth for the Adirondacks (i.e., 21 plots x at least 10 trees per plot = at least 210 trees 

sampled; see Table 2-1). However, the methods used in sampling – as well as in sample analysis (see below) 

– were similar enough to enable robust comparison between each ecoregion. 

Samples were processed using standard dendrochronological techniques (Speer 2010). First, 

samples were removed from carrier straws and air-dried for at least twenty-four hours. Once dry, the 

samples were individually mounted on wooden sample carriers using wood glue. Mounted samples were 

sanded on a belt sander with increasing grits until the surface of each sample was smooth and growth rings 

were clearly visible. 

Mounted samples were visually cross-dated using the list method, wherein individual rings of each 

sample were counted and the apparent year of narrow ‘marker’ rings was recorded (Speer 2010). The 

position of marker rings in different samples were then checked for chronological alignment. The width of 

growth rings from samples exhibiting strong alignment were then measured using a Velmex sliding stage 

(accurate to 0.001 mm) and MeasureJ2X software (VoorTech Consulting, Holderness, New Hampshire) to 
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create a series of ring-width measurements for each sample. Multiple samples from a single tree were used 

here to identify rings that were false or absent in part of the trunk. Cross-dating accuracy was assessed using 

COFECHA software (Holmes 1983), which flags portions of measured chronologies that do not correlate 

well with other chronologies (see Table 2-1). Those series with flags were re-assessed in an iterative 

process. Only those samples that could be confidently cross-dated were retained for analysis. 

2.3.3 Trends in Annual Ring-Width Productivity 

Regional growth chronologies of basal area increment (BAI) were created to test for trends in 

annual sugar maple productivity. BAI represents the average increase in trunk diameter in a given year as 

surface area, which serves as an intuitive proxy measure of productivity (Biondi and Qeadan 2008). In a 

stable forest community BAI should hypothetically remain constant over time, so any trends in BAI would 

indicate that the growth rates of the trees represented by a given chronology have not been constant over 

time. Regional BAI chronologies were created by first calculating annual mean ring widths for each tree. 

BAI was calculated for each tree from each of these mean ring width series. Tree-level BAI chronologies 

were then merged to plot-level BAI chronologies by averaging all trees in a given plot. Finally, regional 

BAI chronologies were created by merging plot-level BAI chronologies for a given region by averaging, 

which served to weigh plots evenly against one another, ensuring that regional chronologies represented 

ring-width signals across the geography of the sampled region. Each chronology was truncated to a common 

window of 1912 to 2011. Chronologies were created using the dplR package for R (Bunn 2008; R Core 

Team 2017; Bunn et al. 2018). 

Sullivan et al. (2016) tested different methods for dendrochronological trend analysis and found 

that identifying trends using BAI chronologies compared favourably to other methods of chronology 

creation. They recommended testing different methods for the target species and focal regions. We 

performed parallel analysis using the same methods as outlined above, but using conventional detrending 

(see Speer 2010) or no detrending of ring widths, rather than BAI, and found similar results (see Appendix 

A). They also recommended looking for age-related growth-rate changes in a focal species. We performed 
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an age-effect test by calculating the BAI of chronologies aligned by age, rather than year of growth (i.e., 

pith years were aligned, labelled as year 1). BAI increased for at least 140 years, which indicates that sugar 

maple BAI trends may be age-related in A2A (see Table 2-1 & Appendix B). 

We tested ecoregional BAI chronologies for linear trends from 1912-2011. We used a segmented 

regression approach to identify ‘breakpoints’, at which time trends may shift from one stable linear model 

fit to another. Breakpoints were identified by minimizing the residual sum of squares in a segmented linear 

model with m breakpoints (m was not specified a priori to allow for selection of the optimum number of 

breakpoints) using the method of Bai and Perron (2003), as implemented in the strucchange package for R 

(Zeileis et al. 2002). Breakpoints, if present, were used to divide a chronology into discrete segments, and 

distinct trends were determined within each segment. Trends were calculated using the linear Sen’s slope, 

which is effective for minimizing the effect of outliers (Sen 1968), which are common in tree-ring 

chronologies. The significance of linear trends was established using a Mann-Kendall test (Kendall 1938), 

which was calculated using pre-whitened data following the Yue-Pilon method to ensure that data satisfied 

the assumptions of the Mann-Kendall test (Yue et al. 2002). Trend calculation and significance tests were 

performed using the zyp package for R (Bronaugh and Werner 2013). 

2.3.4 Modelling Climate-Growth Relationships 

Regional chronologies of ring-width index (RWI) chronologies were created to test climate-growth 

relationships. RWI is commonly used in dendrochronology to answer questions related to climate-growth 

relationships because it is created through the process of detrending, which is used to remove the effects of 

age and long-term trends (low-frequency variation), as well as disturbance events from the ring-width 

chronology in order to isolate a climatic signal from annual growth (Fritts 1976). RWI is unitless, and 

positive RWI values indicate greater annual growth than the mean, whereas negative RWI values indicate 

annual growth less than the mean. Regional RWI chronologies were created by first averaging annual mean 

ring width measurement series into single chronologies for each tree. Next, these tree-level series were 

detrended using a two-stage process. First, age-effects and geometric bias were removed using either a 
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modified negative exponential curve or linear model (Cook 1985). Second, series were tested for signs of 

disturbance or growth release events using criteria from Lorimer and Frelich (1989). If such events were 

identified the effect was removed using a flexible smoothing spline (Friedman 1984). Plot-level RWI 

chronologies were created by averaging the detrended series of all trees within a plot. Finally, regional RWI 

chronologies were created by taking the first eigenvector from a principal component analysis of all plots 

in a given region (sensu Bishop et al. 2015). . The first eigenvector maximizes the variance from input data 

(i.e. plot-level RWI chronologies), and thus effectively maintains important variance from RWI 

chronologies that may be have climatic. We tested the relationship between the regional principal 

component analysis chronologies and the regional conventional chronologies generated using the mean 

using Pearson’s correlation, and found strong positive relationships for all three ecoregions (see Appendix 

C). 

Climatological data were obtained from databases of point observations at meteorological stations. 

Data for Algonquin and Frontenac were obtained from the Adjusted Monthly Precipitation and 

Homogenized Monthly Temperature datasets generated by Environment and Climate Change Canada 

(Mekis n.d.; Vincent n.d.; Mekis and Vincent 2011; Vincent et al. 2012). Data for Adirondacks were 

obtained from the United States Historical Climatology Network (Menne and Williams 2009). These data 

integrate observations from multiple weather stations, and are homogenized (for air temperature) or adjusted 

(for precipitation) to a unified national standard that is comparable between Canada and the United States 

(Wang et al. 2017). Station data included monthly maximum air temperature, monthly minimum air 

temperature and monthly total precipitation. The monthly mean air temperature was calculated using these 

data (mean = (maximum + minimum) / 2). The Standardized Precipitation Evapotranspiration Index (SPEI) 

was calculated as a measure of climatological drought (Vicente-Serrano et al. 2010; Beguería et al. 2014; 

Beguería and Vicente-Serrano 2017). SPEI indicates drought through total precipitation and loss to 

evapotranspiration, and is becoming increasingly popular because it is comparable to the frequently used 

Palmer Drought-Severity Index, can be calculated using flexible rear-looking windows to capture drought 
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dynamics in different regions and can be calculated with only temperature and precipitation data (Vicente-

Serrano et al. 2010). SPEI was calculated using an 18 month rear-looking window because this produces 

similar results to the Palmer Drought Severity Index (Vicente-Serrano et al. 2010) and represents long-term 

moisture attenuation. Climatic variables were aggregated to a monthly mean (temperature), sum 

(precipitation) or interval (SPEI, unitless). 

A climatological dataset containing each climatic variable was constructed for each ecoregion by 

first selecting a focal station within each ecoregion that was proximal to sample plots, at a similar elevation 

to sampled plots and with a suitable record length (see Table 2-2). Next, any missing observations in the 

record of the focal station were filled with linear interpolation based on records from other local ‘filler’ 

stations in the ecoregion. Those observations that were missing in all records were filled using a seasonal 

Kalman filter and fixed interval smoothing using the zoo package for R (Zeileis and Grothendieck 2005; 

Moritz et al. 2015). Prewhitening – the process of converting the input time-series to white noise by 

removing the auto-regressive moving average – was applied to SPEI to remove temporal autocorrelation 

from the data. All climatic variables were standardized by centering (i.e., subtracting the mean of all values 

from each value) and scaling (i.e., dividing each value by the standard deviation of all values), which 

resulted in all variables having a mean of zero and a standard deviation of one, so that variance in each of 

the independent climatic variables were represented equally. 

The relationship between climatic variables and growth chronologies were tested using 

bootstrapped response functions (Zang and Biondi 2015). Response functions were calculated by regressing 

the dependent variable and the principal components of independent variables using 1000 bootstrapped sub-

samples. Regressing against the principal components orthogonalizes the variables, which is useful when 

working with climatic variables that are often highly collinear (Cropper 1985). Response function 

coefficients indicate temporally-explicit patterns of the sensitivity of tree ring widths to climate. Response 

functions were calculated for three-month windows offset at one-month intervals from the previous January 

through the current October (sensu Bishop et al. 2015) using all available years of data (called “stationary 
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response functions”), and for windows of 20 years (the average or total of all months in all years within a 

window) offset by 5 years (called “moving response functions”). Examining both stationary and moving 

response functions provided perspective on intra-annual and inter-decadal relationships between tree ring 

width and climate. 

2.4 Results 

2.4.1 Chronology Characteristics 

Regional chronologies of BAI and RWI were created using combined ring-width chronologies from 

individual sugar maple trees (see Figure 2-2). Sample depth was a minimum of 29 trees and 9 plots per 

region (see Appendix D). Ring-width chronologies were available from a greater number of plots and trees 

in Adirondacks, relative to Algonquin and Frontenac (see Table 2-1). Furthermore, plots in Adirondacks 

were generally spaced at a greater distance apart than in Algonquin or Frontenac. The expressed population 

signal, which is based on inter-series correlation and signal-to-noise ratio, was higher in Adirondacks (0.98) 

and Algonquin (0.96), than in Frontenac (0.91). All expressed population signal values exceeded 0.85 and 

thus were considered good representations of an infinite population (Buras 2017). 

The characteristics of BAI chronologies differed by ecoregion (see Figure 2-2). Minimum BAI 

values were found early in regional chronologies (year of minimum BAI: 1918 in Algonquin, 1951 in 

Frontenac, 1913 in Adirondacks), after which BAI generally increased with time (year of maximum BAI: 

1996 in Algonquin, 2004 in Frontenac, 1991 in Adirondacks). Mean and maximum BAI were highest in 

Algonquin (mean 1203.8 mm2, maximum 2694.1 mm2), whereas mean was lowest in Frontenac (mean 

781.4 mm2, maximum 2290.0 mm2) and maximum was lowest in Adirondacks (mean 921.8 mm2, maximum 

1584.9 mm2). 

RWI chronologies (see Figure 2-2) also differed by ecoregion. Maximum values occurred in 

Algonquin in 1996; in Frontenac in 2004; and in Adirondacks in 1937. Minimum values occurred in 

Algonquin in 1936, 1953, 1954, 1988 and 2006; in Frontenac in 1951; and in Adirondacks in 1936, 1988, 
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2000 and 2010. Inter-annual variability in RWI increased over time in the Frontenac chronology, but 

remained consistent in the Algonquin and Adirondacks chronologies. 

2.4.2 Trends in Basal Area Increments (BAI) 

We identified trends, and breakpoints in trends, in BAI chronologies from all three ecoregions (see 

Figure 2-3). Earlier portions of BAI chronologies for Algonquin trended positively (p < 0.05) from 1912–

1977 (+ 22 mm2/year) and from 1912–1954 in Adirondacks (+ 15 mm2/year). Positive trends in Algonquin 

and Adirondacks were followed by negative trends from 1993–2011 in Algonquin (- 46 mm2/year) and from 

1991–2011 in Adirondacks (- 33 mm2/year). In Frontenac there was a positive trend from 1938–2011 (+ 18 

mm2/year), which is consistent with age-related increases in BAI (see Appendix B). BAI in Algonquin from 

1978-1992, and in Adirondacks from 1971-1990 trended negatively, but linear model fit was not significant 

(p > 0.05). Similarly, BAI in Frontenac from 1912-1937 and in Adirondacks from 1955-1970 trended 

positively, but model fit was not significant. 

We examined the trends for each plot for the period following the most recent breakpoint identified 

for each ecoregion in order to assess the heterogeneity of recent BAI trends. Trends in the individual plots 

were largely consistent with trends in regional chronologies, but not entirely (results not shown). In 

Algonquin, 2 plots were trending positively (20 %), one each at Swan Lake and Burnt Island Lake. In 

Frontenac, 3 plots (30 %) were trending negatively, one each in Frontenac Provincial Park, Queen’s 

University Biological Station and Charleston Lake Provincial Park. The spatial distribution of plots with 

non-standard recent trends appeared to be even throughout the sampled regions. In Adirondacks, 4 plots (19 

%) in the southeastern part of Adirondack State Park were trending positively. 

2.4.3 Climatic Characteristics 

Climatic characteristics and trends differed by ecoregion between 1912 and 2011 in A2A (see 

Figure 2-4). Annual mean air temperatures were highest in Frontenac (7.1 0C), intermediate in Adirondacks 

(5.8 0C) and lowest in Algonquin (4.7 0C). Inversely, Algonquin received the most annual precipitation 

(1129 mm/yr.), Adirondacks received an intermediate amount (1067 mm/yr.) and Frontenac received the 



 

17 

 

least (970 mm/yr.). Mean SPEI in Frontenac was negative (-0.3, i.e., drought), while it was positive in 

Algonquin (0.1, i.e., not drought) and Adirondacks (0.2). Cumulative climatic trends (linear slope multiplied 

by length of study period), were positive for mean temperature (Algonquin = + 0.3 0C, Frontenac = + 1.9 

0C, Adirondacks = + 1.3 0C) and precipitation (Algonquin = + 163 mm, Frontenac = + 88 mm, Adirondacks 

= + 53 mm). Cumulative SPEI trends were positive (i.e., reduced drought) in Algonquin (+ 2.1) and 

Adirondacks (+ 0.3), but slightly negative in Frontenac (- 0.1). Seasonality of temperature means were 

generally consistent in all three ecoregions (see Appendix E). As expected, the coldest month was January 

and the warmest month was July in each ecoregion. Algonquin received the most precipitation during fall 

(September – November) and the least during spring (March – May), while Adirondacks received the most 

precipitation during summer (June – August), and Frontenac received the most precipitation during winter 

(December – February). 

2.4.4 Climate-Growth Relationships 

Ring-width responses to climate were inconsistent from 1912-2011 (in 20-year windows), and 

generally the response was limited with a few exceptions (see Figure 2-5). We considered responses to be 

significant if the 95 % confidence interval of the response function coefficient did not intersect zero, 

indicating that there was high confidence that the observed response was not zero response (significant 

responses marked with dots in Figure 2-5 and Figure 2-6). Most of the statistically significant responses 

coincided with relative differences in climatic conditions (relative to the study period, see Figure 2-4). For 

example, trees in Frontenac responded negatively to maximum temperatures from 1952-1971 during a 

period when maximum temperature was less than it was previously or afterwards. Responses to precipitation 

in Algonquin inverted from negative from 1912-1936 to positive from 1982-2001, which was consistent 

with the positive trend in precipitation in Algonquin (see Appendix F). Despite a prolonged drought, trees 

in Frontenac were less responsive to SPEI than in Algonquin or Adirondacks, and indeed there were no 

significant moving responses to SPEI. There were also no significant moving responses to minimum 

temperatures. Responses of trees in Algonquin and Adirondacks were largely similar (except for to SPEI, 
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to which the responses of trees in each region were the inverse of one another), while the responses of trees 

in Frontenac were distinct, especially for temperature variables in the earlier half of the study period. 

Overall stationary growth responses of ring-widths to climate were also limited (i.e., few were 

statistically significant), with a few exceptions (see Figure 2-6). The magnitude of stationary response 

functions was less than that of moving response functions (range of approximately ± 0.3, versus ± 0.6 for 

moving response functions). Again, responses of trees in Algonquin and Adirondacks were largely similar, 

while responses of trees in Frontenac were distinct, though this distinction was less apparent than for moving 

response functions because of the lesser range. Trees in Algonquin had a significant positive response to 

minimum temperature in the previous spring (March y-1—Mayy-1), a significant positive response to 

maximum temperature in late summer and early fall (August—October) and a significant positive response 

to precipitation in summer (June—August). Trees in Frontenac had a significant positive response to 

maximum temperature in the previous summer (Julyy-1—Septembery-1) and a significant negative response 

in summer (June—August). Trees in Adirondacks had a significant negative response to maximum and 

mean temperature in the previous summer (Julyy-1—Septembery-1). We observed no significant stationary 

responses to SPEI. 

2.5 Discussion 

2.5.1 Trends in Basal Area Increments (BAI) 

Annual ring-width productivity of sugar maple trees (i.e., BAI) declined in Adirondacks and 

Algonquin from the early 1990s to 2011, but not in Frontenac, which physically connects the two other 

ecoregions. The decline in Adirondacks was already identified by Bishop et al. (2015), and these results 

support their conclusions. We compared sugar maple ring-width productivity trends in Adirondacks to other 

ecoregions in A2A for the purpose of comparison based on the environmental characteristics that distinguish 

ecoregions. These characteristics, in combination with ecoregional differences in declining versus non-

declining productivity, could provide insight on the causes of observed sugar maple decline. 
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There is an emerging consensus that acid deposition in eastern North America, and subsequent 

changes to soil chemistry, have been major contributors to sugar maple decline (Horsley et al. 2002; Bal et 

al. 2015). Acid deposition results in acidification of soils (reduced pH), leaching of base cations that are 

important nutrients, and mobilization of exchangeable Al. Perhaps the most important impact of acid 

deposition is the reduction of Ca in soils, because sugar maple is highly dependent on Ca. Bishop et al. 

(2015) and Sullivan et al. (2013) both concluded that sugar maple ring-width productivity in Adirondacks 

was related to Ca availability in soils, which had been depleted in the region. Sullivan et al. (2013) also 

found that decline in sugar maple seedling regeneration and canopy condition were related to soil Ca, 

implying that the effect of Ca limitation on sugar maple was systematic. Experimental Ca fertilization in 

eastern North America has resulted in persistent increases in sugar maple ring-width productivity (Battles 

et al. 2014; Ouimet et al. 2017), which implies that Ca acts as a limiting resource. Given the evidence that 

Ca limitation contributed to decline trends in Adirondacks, and given the similarity in decline trends 

between Adirondacks and Algonquin, it is possible that Ca limitation was also a cause of decline in 

Algonquin. Algonquin and Adirondacks have similar soils, which have poor buffering capacity and are 

therefore prone to Ca-leaching by acid deposition. In contrast, Frontenac has slightly deeper, and more 

calcareous soils that would not be as affected by leaching and would have higher Ca concentrations. Ring-

width productivity declines having occurred in Algonquin and Adirondacks where soils are poorly buffered, 

but not in Frontenac where soils are calcareous, is also consistent with the hypothesis that Ca contributed 

to sugar maple decline in Algonquin and Adirondacks. 

Because we did not perform explicit tests for the causes of sugar maple ring-width productivity 

trends we are not able to make a specific conclusion as to the causes of observed declines. Furthermore, 

there are many possibilities and it is likely that a compounding of multiple stressors leads to decline, rather 

than any singular cause (Horsley et al. 2002). Several other possible causes of decline related to soils have 

been proposed. Exchangeable Al mobilization by soil acidification is commonly considered in context with 

Ca depletion (Duchesne et al. 2002; Sullivan et al. 2013; Lawrence et al. 2018), and is thought to damage 
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roots and foliage. Other metals could have similar effects, especially Mn (Watmough 2010). The deposition 

of N and S damage foliage and affect survivorship of sugar maple (Horn et al. 2018). Other nutrients, such 

as P, can also be limiting (Casson et al. 2012). At a stand-level scale pests can also cause decline through 

disturbance, most notably forest tent caterpillar (Hartmann and Messier 2008; Nolet and Kneeshaw 2018). 

The declines that we observed, and the ecoregional heterogeneity in decline illustrates that sugar maple 

populations are not in uniform decline. More research is required to assess the causes of declines, which 

could be informed by areas in which decline has not occurred. 

Age-related effects can be expected when using BAI because the diameter of a tree increases each 

year following the growth of each successive annual ring, thus successively increasing the surface area of 

wood that growth rings of equal width would contribute each year and increasing BAI each year. We 

identified such an age-BAI relationship for Sugar Maples in Algonquin and Frontenac (see Appendix B), 

and attributed positive growth trends in early portions of each ecoregional BAI chronology to age effects. 

This interpretation is consistent with that of Duchesne et al. (2003), who examined sugar maple BAI trends 

in context with age and identified declines as being different from the age-related norm. However, these 

trends could also be caused by sampling biases, as discussed by Bowman et al. (2013). We sampled only 

living trees, and slow-growing trees tend to live longer than fast-growing trees, so it is possible that rapid 

early growth rates are biased towards lower productivity by the relatively slow growth of the oldest trees 

(called ‘slow-grower survivorship bias’). The early positive BAI trends in Algonquin and Adirondacks 

could be consistent with slow-grower survivorship bias. Also, we sampled only large (> 30 cm DBH) trees, 

which likely represent a combination of slow-growing older trees and fast-growing younger trees and could 

cause an apparent recent increase in growth rates (called ‘big-tree selection bias’). The positive growth trend 

observed in Frontenac could be consistent with big-tree selection bias. The presence of age-effects and the 

possibility of big-tree selection bias prevent us from confidently concluding that the observed positive ring-

width productivity was greater than could be expected given our methods. However, the recent declines in 
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Algonquin and Adirondacks are contrary to what would be expected from age-effects or bias, thus giving 

us high confidence in these trends. 

2.5.2 Climate-Growth Relationships 

Relationships between sugar maple ring-widths and monthly climatic variables (i.e., mean, 

maximum and minimum temperature, total precipitation and the SPEI drought index) were limited in A2A 

from 1912-2011. Climate-growth relationships were strong (i.e., significant based on 95 % confidence 

intervals) during only a few months consistently during the study period (from stationary response 

functions), and in only a few decades during the study period (from moving response functions). Climate-

growth relationships differed by ecoregion, though there was some similarity between the responses of 

Algonquin and Adirondacks to temperature. Overall, the limited responses to climate imply that climate did 

not exert substantial stress on sugar maples in the ecoregions of A2A during the study period. 

The limited extent of response to climate is not surprising. Bishop et al. (2015) found a similarly 

limited response to climate in Adirondacks using the same ring-width data. There were some differences in 

the timing of significant ring-width responses to climate in Adirondacks between our results and those of 

Bishop et al. (2015). They found a negative correlation with minimum temperature in the previous summer 

whereas we found a negative response to maximum and mean temperature in the previous summer, and 

they found a positive correlation with precipitation in the previous winter. Nevertheless, the general pattern 

of stationary responses was similar despite differences in methods (i.e., we used bootstrapped response 

functions, they used Pearson’s correlation coefficients). Bishop et al. (2015) also assessed moving 

correlations with 3-month climatic means (using time varying parameter regression), and found transitions 

in responses to precipitation and minimum temperature. We assessed moving responses to annual climatic 

means (using bootstrapped response functions), and found that responses to precipitation in Adirondacks 

transitioned from negative to positive, though responses to temperature were fairly consistent over time. 

Our methods differ from those of Bishop et al. (2015) in terms of statistical methods for assessing climate-

growth relationships, and in climatological data sources (we used data from a central weather station, where 
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they used spatially interpolated climatological data specific to each plot), but our and Bishop’s results both 

indicate that climate-growth relationships were limited in Adirondacks, which re-enforces that conclusion. 

Climate-growth relationships were also limited in Algonquin and Frontenac. We had expected to 

see responses to temperature and drought during summer, as had been observed by Lane (1993), Gavin et 

al. (2008) and D’Orangeville et al. (2018). Frontenac and Adirondacks responded to maximum and mean 

temperatures in summer, which was consistent with the timing of the aforementioned observations, though 

the sign of responses was different between the two ecoregions in the previous summer (Julyy-1-September 

y-1). Lane (1993) also found opposing responses to monthly climatic variables at different sites. In this case 

these differences may be driven by the differences in environmental conditions between Adirondacks and 

Frontenac, such as elevation and climate. We observed differences in the timing and magnitude of drought 

between regions in A2A. The lack of response to the observed drought in Frontenac was surprising given 

the magnitude and duration of the drought, and that sugar maples and forests in general have responded to 

shorter-term droughts in other parts of its range (D’Orangeville et al. 2018; Nolet and Kneeshaw 2018). It 

is possible that this lack of response to drought is because SPEI is an index of drought potential (based on 

air temperature, precipitation and potential evapotranspiration) which ignores soil moisture reserves. A 

more likely explanation is that other factors were more influential for sugar maple ring-widths during the 

period of growth, which further supports the conclusion that climate-growth relationships were limited. 

The limited response of sugar maple ring-widths to climate that we observed may also be due to 

our choice of climatic variables. Payette et al. (1996) suggested that monthly mean temperature and 

precipitation may not be the most appropriate variables for assessing climate-growth relationships for sugar 

maple. Our results are largely consistent with this conclusion, which begs the question of what might be a 

better approach to assess climate-growth relationships for sugar maple. Some recent studies have 

incorporated different climatic metrics that appear promising. Relationships between sugar maple growth 

and growing-degree-days (Gavin et al. 2008) or the number of days in a month with extreme temperatures 

(Oswald et al. 2018) have been identified in other parts of the range. Sugar maple growth responses to frost 
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events (Nolet and Kneeshaw 2018), increased atmospheric water deficit (D’Orangeville et al. 2018; Kutta 

and Hubbart 2018), declines in winter snow-pack (Reinmann et al. 2019) or even to SPEI with shorter (1-, 

3- and 6-month) window sizes (D’Orangeville et al. 2018) have also been observed. It has also been 

demonstrated that climate interacts with nutrient cycling, and can exacerbate nutrient limitation (St.Clair et 

al. 2008). Perhaps the growth of sugar maples is more responsive to such climatic variables. 

2.5.3 Conclusions 

The ring-width productivity of sugar maples declined recently (since the early 1990s) in Algonquin 

and Adirondacks, but not in Frontenac, and the decline may be due to Ca depletion in Algonquin and 

Adirondacks. Climate-growth relationships were present during some months and some decades in the 

ecoregions of A2A, but ring-width responses to climate were limited overall in the region for mean monthly 

temperature and precipitation. Our work supports observed declines and climate-growth relationships in 

Adirondacks (Sullivan et al. 2013; Bishop et al. 2015), and extends them to two other ecoregions with 

different environmental conditions. Comparisons by ecoregion revealed distinctions in trends and climate-

growth relationships that would have been unknown if we focused on a single region, or may have been 

obscured if we examined all trees in A2A as a region overall. 

The climate of eastern North America has warmed in the last century (+ 0.08 0C/decade), and more 

rapidly in recent decades (1970-2000: + 0.25 0C/decade), though more of this warming has occurred in 

winter over summer (Hayhoe et al. 2007; Huntington et al. 2009). Given that climate change is projected to 

continue in the range of sugar maple (Reidmiller et al. 2018; Bush and Lemmen 2019), it is possible that 

climate change will have a more pronounced influence on sugar maple growth in the future. Such influences 

have also been observed in other tree species, such as red spruce (Gavin et al. 2008) and American beech 

(Nolet and Kneeshaw 2018) in the same areas as sugar maple, each with different climate-growth 

relationships. Understanding the effects of climate change in conjunction with other stressors on forests, 

including pollution, nutrient limitation and direct anthropogenic disturbances will be important in order to 

anticipate the future of temperate forests in changing times. 
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2.6 Tables 

Table 2-1: Summary data for ring width series. Mean inter-plot distance represents the mean 

distance between plot centroids. Inter-series correlation was calculated using Spearman’s Rank 

Correlation. AR1 represents the auto-regressive coefficient calculated at lag 1, or the degree of 

temporal autocorrelation. Signal-to-noise ratio represents the ratio of useful signal contained in a 

dataset to random noise that may be confounding. Expressed population signal represents the 

explanatory power of a growth chronology (or how well the finite samples used represent a 

theoretically infinite population), and should be interpreted like R
2
 (Wigley et al. 1984; Buras 2017). 

. Expressed population signal and signal-to-noise ratio were calculated for the full chronology span, 

and for the truncated common window of 1912-2011 [reported in square brackets]. Calculations of 

plot elevation and inter-plot distance were performed in ESRI ArcGIS 10.6, and calculations of 

inter-series correlation, auto-regression, expressed population signal and signal-to-noise ratio were 

performed using the dplR package for R (Bunn 2008; Bunn et al. 2018). Ecoregions: Algonquin = 

ALG; Frontenac = FRO; Adirondacks = ADK. 
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ALG 10 472 m 
(27 m) 

13 km 
(9 km) 

63 51 1760 -
2017 

125 y 0.50 
(0.10) 

0.73 
(0.12) 

19.86 : 1 
[22.81 : 1] 

0.95 
[0.96] 

FRO 10 139 m 

(30 m) 

22 km 

(14 km) 

52 41 1853 -
2017 

113 y 0.51 

(0.13) 

0.56 

(0.13) 

12.97 : 1 

[10.99 : 1] 

0.93 

[0.91] 

ADK 21 540 m 

(79 m) 

49 km 

(24 km) 

243 243 1728 -
2011 

108 y 0.35 

(0.14) 

0.73 

(0.13) 

25.24 : 1 

[39.40 : 1] 

0.96 

[0.98] 
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Table 2-2: Summary data for regional climatological datasets. Focal stations were used primarily to 

construct each regional climatological dataset. Filler stations were used for missing data. Note that 

separate focal stations for temperature and precipitation data were selected in Frontenac because 

Godfrey station is located closer to sample plots, but only precipitation data is available for Godfrey 

so temperature data was from Kingston station instead. Ecoregions: Algonquin = ALG; Frontenac 

= FRO; Adirondacks = ADK. Climatic variables: maximum, mean and minimum temperature = 

TMX, TME and TMN respectively, precipitation = PRT. Distance to plot metrics were calculated 

using ESRI ArcGIS 10.6. 

 Focal Station 

Mean 
Distance 

to Plots 

(SD) 

Record 

Span 

Station 

Elevation 
Filler Stations 

Missing data from focal 

station 1912-2011 (%) 

TMX TME TMN PRT 

ALG Beatrice 
74 km 1876 - 

2017 
297 m 

1-Madawaska 
0.7 0.7 0.6 3.9 

(9 km) 2-Haliburton 

FRO 

Kingston 45 km 1872 - 

2017 
93 m 

1-Brockville 
14.0 14.2 13.8 - 

(temperature) (9 km)  

Godfrey 28 km 1924 - 
2003 

160 m 
1-Kingston 

- - - 11.7 
(precipitation) (17 km) 2-Brockville 

ADK 

Wanakena 

Ranger 

Station 

48 km 
1893 - 
2014 

460 m - 0 0 0 0 
(19 km) 
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2.7 Figures 

 

Figure 2-1: Map of parks, protected areas and ecoregions of the Algonquin-to-Adirondacks (A2A). 

Sample plot locations, focal weather stations and other weather station locations are also shown. 

Ecoregion boundaries are Terrestrial Ecoregions level III from the Commission for Environmental 

Cooperation (CEC 2009). The Frontenac Arch is an elevated portion of the Great Lakes Lowlands 

ecoregion located between Algonquin and Adirondacks. Sample plots in Algonquin were within 

Algonquin Provincial Park (dashed line). Sample plots in Frontenac were within Frontenac 

Provincial Park (grey, left), the Queen’s University Biological Station (grey, middle) and Charleston 

Lake Provincial Park (grey, right), which are all located within the Frontenac Arch Biosphere 

Reserve (dashed line). Sample plots in Adirondacks were within the Adirondack State Park (dashed 

line). 
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Figure 2-2: BAI (basal area increment, left) and RWI (ring-width index, right) chronologies by 

ecoregion. Chronologies from sample plots are in grey, and combined regional chronologies are in 

black. Ecoregions: Algonquin = ALG; Frontenac = FRO; Adirondacks = ADK. 
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Figure 2-3: Trends in BAI (basal area increment) chronologies by ecoregion. Regional BAI 

chronologies are in black, and independent trend segments are shown in greyscale by segment for 

each ecoregion. Trend segments represent the linear slope in each segment. Significant trend 

segments (p < 0.05 in Mann-Kendall test) are solid lines, while non-significant trend segments (p > 

0.05) are dashed lines. Ecoregions: Algonquin = ALG; Frontenac = FRO; Adirondacks = ADK. 
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Figure 2-4: Annual climatic means by ecoregion. Climatic variables are: mean temperature (black 

line) with corresponding temperature minimum-to-maximum range (grey ribbon), total 

precipitation (dash line on second axis) and SPEI (standardized precipitation-evapotranspiration 

index, bars). Ecoregions: Algonquin = ALG; Frontenac = FRO; Adirondacks = ADK. 
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Figure 2-5: Moving response functions of climate-RWI (ring-width index) relationships by climatic 

variable and ecoregion. Functions were calculated using data from all months within a given 

window of years. Statistical significance was established using 95 % confidence intervals (not 

shown), and significant responses (i.e., where confidence intervals did not overlap 0) are marked 

with a dot. Ecoregions: Algonquin = ALG; Frontenac = FRO; Adirondacks = ADK. Climatic 

variables: maximum, mean and minimum annual average temperature (TMX, TME, TMN 

respectively); total annual precipitation (PRT); mean standardized precipitation-

evapotranspiration index (SPEI). Note that response function coefficients were calculated 

simultaneously for all climatic variables. 
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Figure 2-6: Stationary response functions of climate-RWI (ring-width index) relationships by 

climatic variable and ecoregion. Functions were calculated using data from all years for a given 

window of months. Months are from the previous (lower case) and current (upper case) year. 

Statistical significance was established using 95 % confidence intervals (not shown), and significant 

responses (i.e., where confidence intervals did not overlap 0) are marked with a dot. Ecoregions: 

Algonquin = ALG; Frontenac = FRO; Adirondacks = ADK. Climatic variables: maximum, mean 

and minimum annual average temperature (TMX, TME, TMN respectively); total annual 

precipitation (PRT); mean standardized precipitation-evapotranspiration index (SPEI). Note that 

response function coefficients were calculated simultaneously for all climatic variables. 
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Chapter 3 

Phenology and Productivity of Temperate Forests in Eastern North America: 

Trends and Climatic Drivers 

3.1 Abstract 

Temperate forests have responded to recent climate change worldwide, but the pattern and 

magnitude of response has varied, necessitating additional studies at higher spatial and temporal resolutions. 

We investigated trends in forest phenology and productivity, as well as climatic drivers of inter-annual 

variation in forest growth, across the Algonquin-to-Adirondacks (A2A) region of Eastern North America. 

We used remotely-sensed indices from the AVHRR series of sensors spanning from 1989-2014, as well as 

a suite of gridded climate data from the Daymet database spanning the same period. We compared trends 

between two highland (Algonquin Highlands and Adirondack Mountains) and two central (Frontenac Arch 

and St. Lawrence Lowlands) ecoregions in A2A, and used Random Forest regression to characterize 

climate-growth relationships in all four ecoregions. Statistically significant trends in forest phenology and 

productivity were apparent in less than 10 % of A2A forests. Where change was detected, it was 

characterized primarily by an increase in the length of the growing season (+ 0.6-0.8 days/year), mostly in 

central parts of the region. These changes were largely associated with an extension in the end of the 

growing season rather than an earlier start to the growing season. A large portion of the annual variation in 

phenology and productivity was explained by climate (pR
2 > 80 %), with variation largely driven by 

accumulated heating and chilling degree days. Only very minor relationships with precipitation-related 

variables were evident. Our results suggest that anthropogenic climate change in the A2A has not yet 

reached the point of triggering widespread changes in forest phenology and productivity, but the sensitivity 

of forest growth to inter-annual variation in temperature suggests that more temperate forest area will be 

affected by climate change if projected changes materialize. 
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3.2 Introduction 

The phenology (i.e., timing of growth events, such as bud burst) and productivity (i.e., rate of 

photosynthetic production) of temperate forests worldwide have shown to be responding to recent climate 

change (Garonna et al. 2016; Zhu et al. 2016). Climate in eastern North America has generally become 

warmer and wetter over the past century (Huntington et al. 2009; Reidmiller et al. 2018; Bush and Lemmen 

2019). Total mean annual temperature has increased by approximately 1 0C since 1901, with most change 

occurring during winter (Vincent et al. 2018). The return rate of extreme temperature anomalies, especially 

unusually high winter temperatures, has increased in recent decades (Wang et al. 2014), corresponding to 

the overall increase in temperatures, which has largely been attributed to anthropogenic forcing (Wan et al. 

2019). Precipitation totals and intensity have also increased, especially in fall and spring, and models predict 

that this trend will continue (Hoerling et al. 2016; Vincent et al. 2018). A better understanding of the 

responses of forests to these recent changes, as well as the specific climatic variables which influence their 

growth, should improve our ability to forecast future change. 

Temperate forest phenology, which is among the most sensitive indicators of environmental 

change, is responsive to temperature cues (Richardson et al. 2013). In spring, phenological progression from 

bud burst to leaf development is cued by temperature as warm temperatures accumulated over time 

(Richardson et al. 2013). In fall, progression from photosynthetically-active foliage to leaf senescence 

and/or abscission are also largely cued by temperature, but also precipitation and photoperiod (i.e., day 

length during which photosynthesis can occur), which serves as a limiting factor for end-of-season date 

(Way and Montgomery 2015). Together, dates of the start and end of the growing season determine the 

overall length of the growing season, though studies on changes in fall phenology are not as common as 

studies on changes in spring phenology (Richardson et al. 2013). Changes in temperature, especially 

accumulated growing degree-days, have been implicated in advanced spring onset, delayed fall senescence 

and overall lengthening of the growing season in temperate forests at global (e.g., Zhu et al. 2016), 

hemispheric and continental (e.g., Jeong et al. 2011), and local scales (e.g., Richardson et al. 2006).  
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Climate variables other than temperature and precipitation have been shown to affect temperate 

forest phenology. Unusual ‘false spring’ events – when spring temperatures warm early and the insulating 

snow pack melts, followed by a cold snap – have been shown to cause physiological damage in opportunistic 

tree species, thus reducing annual production and vitality (Hufkens et al. 2012). Drought may also affect 

phenology and productivity, as a drought can induce senescence and stop primary production (Way and 

Montgomery 2015). However, phenology trends are not uniform in time or space. For example, Wang et 

al. (2015) tested for turning points or rate changes in spring phenology trends over time, and found that 

spring advance had slowed since the year 2000 in the Northern Hemisphere. Dragoni and Rahman (2012) 

tested for trends and climatic drivers of fall phenology, and found that trends and temperature sensitivity 

varied spatially in the United States. 

Increases in forest productivity have also been associated with increased growing season length and 

increased air temperature (Myneni et al. 1997; Richardson et al. 2010; Zhu et al. 2016). Temperature is 

thought to drive increases in growing season length, which in turn creates a longer window in which trees 

can photosynthesize and be more productive. Broadly, trends in forest greening (i.e., productivity increase) 

and browning (i.e., productivity decrease) have been spatially and temporally heterogeneous across 

different biomes of the Northern Hemisphere, which is thought to be caused by variation in the changes to 

growing-season length trends and the environmental characteristics of each biome (Wang and Fensholt 

2017). Mekonnen et al. (2016) tested for differences in productivity trends by ecoregion, and found that 

cooler regions saw the greatest productivity increase from climate warming, but that all ecoregions in North 

America had distinct responses. In Canada and Alaska, 30 % of forests were greening and 3 % were 

browning from 1984-2012 (Ju and Masek 2016), which is generally consistent with dominant greening over 

browning across the Northern Hemisphere (Wang and Fensholt 2017).  An increase in productivity in terms 

of carbon uptake has been observed in temperate forest stands in Ontario (Froelich et al. 2015) and New 

England (Urbanski et al. 2007), following productivity increases by opportunistic tree species that were 

able to take advantage of longer growing seasons.  
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There has been substantial research documenting temperate forest phenology and productivity at 

very large and very fine scales. However, studies at intermediate regional scales have been limited. One 

such example of a regional-scale study is Emmett et al. (2018), who examined productivity trends and their 

drivers in Yellowstone National Park, and were able to contextualize their results with the geography, 

ecology and fire history of the region. Another example is Norman et al. (2017), who used a similar scale 

to examine drivers of timing of growing season start and end in the Great Smoky Mountains National Park. 

The regional scale of these studies allowed them to contextualize their results with the ecological, 

geographical and climatic characteristics of their region, and as such they provide a useful bridge between 

studies at very broad (i.e., hemispheric, continental and national) or very fine (i.e., specific trees and stands) 

scales. 

The majority of studies attempting to understand drivers of forest growth trends do so using co-

occurring trends in other environmental variables (Rodriguez-Galiano et al. 2016). For example, Yuan et 

al. (2019) examined trends in climatic variables and in NDVI globally, and found that atmospheric vapour 

pressure deficit trends switched from positive to negative around a turning point in the year 2000. This 

coincided with the direction and turning point of NDVI trends which implied that the change in vapour 

pressure deficit trends were driving the change in NDVI trends. However, this becomes problematic in the 

current climatic era because of an increasing rate of anomalous weather events (Wang et al. 2014), which 

could reduce the effectiveness of trend detection methods (Forkel et al. 2013). As an alternative, several 

studies have modeled inter-annual drivers of forest growth instead (e.g., Rodriguez-Galiano et al. 2016). By 

modelling drivers of inter-annual variation, rather than drivers of trends, climatic anomalies can be treated 

as natural experiments and thus give greater insight into the role of such extremes, to which forest phenology 

and productivity are likely to respond (Rafferty et al. 2013). 

In this study, our overarching aim was to examine the influence of climate on temperate forest 

growth at a regional scale. We examined spring, fall, and growing-season-length phenology and 

productivity in tandem in order to understand the interplay between these phenomena. We focused on the 



 

36 

 

Algonquin-to-Adirondacks region (A2A) of eastern North America, which is located at the eastern end of 

Lake Ontario. A2A was an ideal region for this research because it contains large areas of highly-diverse 

forest within an area that is sufficiently small to examine on a regional scale. Furthermore, it has four 

different ecoregions within its extent, which allowed us to contextualize our findings with the distinct 

ecological, climatological and geographical characteristics of these ecoregions. Our specific research 

questions were: (1) Are there trends in inter-annual forest phenology and productivity in the A2A, and do 

these trends vary by ecoregion?; and (2) Does climate influence the intra-annual variation in phenology and 

productivity in the A2A? 

3.3 Methods 

3.3.1 Study Region Description 

The A2A region is a continentally-significant ecological corridor located at the eastern extent of 

the Great Lakes within eastern North America (see Figure 3-1) (Stephenson 2001). It has become the focus 

of international conservation efforts because its boundaries contain large, interconnected natural areas, 

many of which are protected forests. These forests are highly diverse, even in the context of the already 

high diversity of eastern North America. The health of many wildlife species within A2A are closely linked 

to the health of the forests of A2A because of the region’s high level of habitat connectivity. 

Four geologically and climatically distinct ecoregions are located within A2A (see Table 3-1): The 

Algonquin Highlands (hereafter ‘Algonquin’), the Frontenac Arch (hereafter ‘Frontenac’), the Adirondack 

Mountains (hereafter ‘Adirondacks’), and the St. Lawrence Lowlands (hereafter ‘Lowlands’).  Much of 

Adirondacks, Frontenac and Algonquin have exposed bedrock and thin soils. Historical human settlement 

in these areas was limited by poor agricultural capacity of the soils and by topography in Adirondacks, so 

these regions have lower population densities than the Lowlands, which is heavily farmed (Stephenson 

2001).  

The land area within the A2A is large (>135,000 km2), of which 61% is forests (calculated using 

CEC 2010). Most forests are deciduous (32% of total area), dominated by maples (Acer rubrum and Acer 
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saccharum),  oak (Quercus rubra), and American Beech (Fagus grandifolia) (Crins 2002; Widmann et al. 

2015). Coniferous forests represent a smaller proportion (9% of total area), mainly in high elevation sites 

in Adirondacks and riparian areas, and are dominated by pines (Pinus strobus and Pinus banksiana), spruces 

(Picea rubens, Picea glauca, and Picea mariana), balsam fir (Aibes balsamea), eastern hemlock (Thuja 

canadensis) and white cedar (Thuja occidentalis). Communities containing a mixture of deciduous and 

coniferous species represent more area than coniferous communities alone (21% of total area). 

3.3.2 Forest Phenology and Productivity Indices 

Data products based on remotely-sensed photosynthetic activity were obtained from the United 

States Geological Survey (USGS) Earth Resources Observation and Science Center (phenology.cr.us.gov) 

to assess forest growth. These data use the Normalized Difference Vegetation Index (NDVI) to measure the 

timing and magnitude of vegetation growth in a given year (Eidenshink 2006). NDVI is calculated as: NDVI 

= (NIR – R) / (NIR + R) where NIR is the reflectance of near-infrared radiation and R is the reflectance of 

red radiation (Rouse et al. 1974). NDVI is the most commonly used remotely-sensed vegetation index 

because it provides a robust indication of the presence and ‘greenness’ of vegetation (Wang and Weng 

2014). Data products developed using the Advanced High Resolution Radiometer sensor series (AVHRR) 

were used because they present the longest available timespan (1989 to 2014), cover the entire extent of 

A2A, and have a spatial resolution (1 km2) relevant to analysis of forest landscapes. Other data sources that 

have been applied to questions such as these, such as data from Moderate Resolution Imaging 

Spectroradiometer (MODIS), offer finer spatial resolution (up to 250 m2), but were launched more recently 

and thus offer less temporal depth (2000 to present for MODIS). Thus, AVHRR was selected because the 

greater data depth should improve trend testing and offer more data for climate-growth relationship 

modelling.  

Four vegetation growth indices were selected from the variables made available by USGS. We 

selected one productivity index: time integrated NDVI (TIN); and three phenology indices: length of 

growing season (LOS), start of growing season (SOS), and end of growing season (EOS) (hereafter ‘forest 
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growth indices’). Details on each index can be found in Table 3-2. In combination, these indices represent 

forest foliage productivity (i.e., TIN), the portion of each year in which forests are growing (i.e., LOS), and 

the date of the start (i.e., SOS) and end (i.e., EOS) of the growing season, which both affect the LOS. 

Remotely-sensed phenology indices at the resolution of AVHRR do not capture distinct phenophases of 

individual plants represented within pixels, but rather a relative phenological change (e.g., SOS may 

correspond to 25% leaf expansion on 50% of trees in a given pixel) of all vegetation within a given area 

(i.e., pixel) (de Beurs and Henebry 2010). Likewise, TIN is a proxy metric of vegetation foliage productivity 

within a given area (i.e., pixel) within a growing season, which does not correspond exactly with metrics 

that would be applied to individual trees. We selected these indices because they effectively represent 

vegetation productivity and phenology at a medium spatial scale over large spatial extents. 

Data for the selected indices were compiled into geospatially explicit raster grids for analysis using 

the raster package (Hijmans 2017) for R (R Core Team 2017). Ji and Brown (2017) found that the USGS’ 

AVHRR phenology data products are biased by the effects of satellite orbital drift, and they recommend 

removing data for 1992, 1993, 1994, 1999, and 2000. As such, orbital drift effects were removed by setting 

values in the affected layers as null, which reduced the number of available years from 26 to 21 but did not 

alter the timespan of the dataset.  

Only pixels representing land dominated by forest were retained for analysis. Forested areas were 

identified by aggregating all forest classes in the 30 m resolution North American Landcover Classification 

(from CEC 2010) into a single class. AVHRR pixels that were comprised of less than 50% forest were 

removed from further analysis. 

3.3.3 Forest Growth Trend Calculation 

Linear regression was used to identify trends in forest growth indices over the course of the 26-year 

study period. Annual aggregates (mean or total, depending on the variable), as delivered in the AVHRR 

product, have been found to be suitable for identifying trends in remotely-sensed data (Forkel et al. 2013). 

Time-ordered datasets for each forest pixel were first pre-whitened using the Yue-Pilon method (Yue et al. 
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2002), wherein the series is transformed by subtracting the first autoregressive component from the series 

in order to remove temporal autocorrelation and avoid Type-1 error in trend testing (Bronaugh and Werner 

2013). As described previously, values for years affected by satellite orbital drift (1992, 1993, 1994, 1999 

& 2000) were set to null (Ji and Brown 2017). Linear models were then fit using Sen’s slope (Sen 1968), 

with the forest growth variable as the dependent variable and time (year) as the independent variable. The 

significance of models was assessed using p-values from a two-tailed Mann-Kendall significance test 

(McLeod 2011). Linear slopes were considered to be the trend for a given forest pixel. Trend tests were 

performed using the zyp package for R (Bronaugh and Werner 2013). 

3.3.4 Climatological Data Preparation 

Climatological data were obtained from the Daymet database (available from daymet.ornl.gov), 

which offers gap-free, geospatially explicit climatological datasets covering North America (Thorton et al. 

2017). Daymet datasets have a 1 km2 spatial resolution, a daily temporal resolution, and a timespan of 1980 

to 2017. These contiguous daily data were produced by interpolating daily observations from weather 

stations (Menne et al. 2012).  Daymet data was selected over other comparable sources because of the match 

in spatial resolution with AVHRR, the variety of climatic variables available in Daymet, and the high daily 

temporal resolution which allowed for direct manipulation of data to enable experimentation with various 

methods to aggregate daily data to monthly and annual intervals. 

Independent temporally and spatially specific accuracy assessment can be performed on Daymet 

data using the station-level cross-validation dataset from Oak Ridge National Laboratory (Thornton et al. 

2017). This dataset contains observed values from weather stations that were used to interpolate Daymet 

data, and the corresponding predicted Daymet values. We used these data to perform a Daymet accuracy 

assessment for minimum air temperature, maximum air temperature and precipitation amounts during the 

study period (1988 – 2014) (see Appendix G). R2 values of linear models fit to data from stations within 

A2A were approximately 0.6 for precipitation, and were > 0.9 for maximum air temperature and minimum 

air temperature. This lower R2 for precipitation is consistent with Henn et al. (2017), who compared trends 
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derived from different gridded precipitation datasets and found that Daymet tended to underestimate total 

precipitation at higher elevations. 

A variety of climatic variables are available from the Daymet database (see Table 3-3). Minimum 

and maximum air temperature (hereafter ‘minimum temperature’ and ‘maximum temperature’ 

respectively), total precipitation (hereafter ‘precipitation’), snow-water equivalents (hereafter ‘snowpack’), 

day length, and net incident shortwave radiation (hereafter ‘solar radiation’) were obtained directly from 

Daymet. These data were used to calculate several secondary climatic variables. Mean monthly temperature 

(hereafter ‘mean temperature’) was derived by calculating the mean daily temperature (mean temperature 

= (maximum temperature + minimum temperature) / 2) and averaging over the course of the month. Three 

thermal time indices – which represent the amount of heating or chilling that has occurred in a given time 

period – were calculated: accumulated heating degree days (floor of 4 0C) before the start of season 

(hereafter ‘spring heating’); accumulated heating degree days before the growing season maximum 

(hereafter ‘summer heating’); and accumulated cooling degree days (ceiling of 20 0C) between growing 

season maximum and the end of the growing season (hereafter ‘fall cooling’) (as per thresholds in 

Richardson et al. 2006). Windows for accumulating spring heating (Jan 1 to May 31), summer heating (Jan 

1 to Jul 31), and fall cooling (Aug 1 to Oct 31) were defined to accumulate heating from the beginning of 

heat accumulation in winter until the end of spring, until approximately the typical date of maximum 

greenness during summer, and following the maximum until after typical EOS. Typical date of maximum 

greenness and EOS dates were defined by the observed median date within A2A (1989 to 2014 not including 

years affected by orbital drift, results not shown). Spring heating and summer heating were derived 

separately so that temperature accumulation would not be represented beyond the time relevant to SOS (as 

summer heating would be for SOS). Accumulation periods were defined arbitrarily and unilaterally by 

calendar date in order to capture thermal time within consistent periods for intuitive inter-annual 

comparison.  
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The standardized precipitation-evapotranspiration index (hereafter ‘SPEI’) was calculated to assess 

climatological drought (Beguería and Vicente-Serrano 2017). Drought is important to consider because it 

results from temperature and precipitation conditions that could limit vegetation growth, and should be 

considered alongside these variables. SPEI is a useful drought index because it effectively models these 

conditions using only temperature and precipitation data as inputs, and has comparable results to more 

elaborate models such as the Palmer Drought Severity Index (Beguería et al. 2014). Also calculated was 

root-freeze-risk, which represents the number of days in a given year where there is potential for frost 

damage to the roots of trees (for calculation methods see Table 3-3). It has been shown that vegetation is 

sensitive to frost damage that would otherwise have been avoided by snow cover (Richardson et al. 2013). 

To the best of our knowledge no index such as this has been incorporated into a study of forest growth at 

this scale.  

All climatic variables were aggregated to a monthly or annual resolution to focus analysis on coarse 

climatic variation for the purpose of relating them to the forest growth and phenology indices (see Table 3-

3). 

3.3.5 Modelled Climate-Growth Relationships 

The relationship between climate and forest growth was modelled using random forest regression 

(RF) (Breiman 2001). RF is an ensemble machine learning method, wherein the result is the average of a 

large number of decision trees, which are constructed by recursive partitioning of bootstrap sub-samples of 

independent variables to describe variance in the dependent variable (Hastie et al. 2017). RF maintains 

spatial and temporal independence through random sampling with replacement, and ensures independence 

between independent variables by selecting the best variable to form the split at each node given a random 

subset of independent variables. The importance of independent variables can be assessed using the node 

purity metric (IncNodePurity), which is measured by taking the sum of the difference between the residual 

sum of squares before and after all splits using a given variable (Breiman 2001; Liaw and Wiener 2002). 

Rodriguez-Galiano et al. (2016) used RF regression and IncNodePurity to test climate-growth relationships 
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across Europe, and found that this method is well suited to modelling climate-growth relationships for 

forests. A graphical depiction of the RF model construction method used here is illustrated in Figure 3-2. 

Z-scores were calculated for each forest growth index to represent inter-annual variability in forest 

growth (sensu Rodriguez-Galiano et al. 2016). The Z-score for a given year is calculated by scaling 

(subtracting the 1989-2014 mean, excluding the given year, from a given observation in a given year) and 

centering (dividing scaled values by the 1989-2014 standard deviation by pixel) the original observations. 

Z-scores representing little inter-annual variation (values within 1 standard deviation of the mean: -1 to 1) 

were removed because we were primarily interested in modelling drivers of variation in forest growth, and 

Z-scores representing lesser variation were not as informative as those that we retained in that regard. The 

remaining Z-scores were used as the dependent variable in RF models for each forest growth index. We 

expect that using Z-scores will improve our ability to address our research question because Z-scores, rather 

than un-altered observations of forest growth indices, represent inter-annual variation in forest growth 

indices directly, and thus models will be informed directly by variation. Climatic variables within relevant 

temporal windows were selected a priori as independent variables in each RF model (see Table 3-5). 

RF models were constructed using the randomForest package for R (Liaw and Wiener 2002). The 

default behaviour of this package is to load all input data and working data into the system’s random access 

memory simultaneously, which together exceeded the amount of memory available. The method was 

adapted to reduce the size of input datasets and manage execution to construct RF models given our 

hardware restrictions. Input data size was reduced by randomly splitting datasets into training (75 %) and 

validation (25 %) subsets. The training dataset was used to construct a preliminary RF model using 

sequential processing, during which subsets of a forest were constructed in sequence, then combined to 

produce the preliminary model (Microsoft and Weston 2017a, 2017b). 

Genuer et al. (2010) proposed using RF’s built-in variable importance ranking mechanism to 

identify and select important independent variables with a preliminary RF model before fitting a final, more 

robust RF model using only the important variables. They argue that using such a method produces models 
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that are simpler to interpret, and more parsimonious overall. They tested this method on a variety of 

regression and classification problems using highly dimensional datasets and found that RF variable 

selection is able to reliably identify the most important variables within a dataset, and that models that used 

only important variables had greater accuracy than models using all variables. We employed this two-step 

RF modelling approach by constructing a preliminary and final model for each forest growth index. 

Preliminary models were designed to efficiently identify the 15 most important independent variables for 

each forest growth index, which were then used to construct final climate-growth models. Fifteen variables 

were selected for each model, rather than using the nested approach proposed by Genuer et al. (2010) 

because the time to run successive, computationally-intense RF models was prohibitive. We did some 

exploration of different numbers of variables and found that 15 provided a balance between model error 

and interpretability. 

RF models are relatively insensitive to changes in model parameters relative to other machine-

learning methods, but still require appropriate settings to optimize model accuracy and efficiency (Hastie 

et al. 2017 p. 588). The number of trees (ntree), minimum node size (nodesize) and number of variables 

tested at each node (mtry) can be set for RF models. The number of trees was set to 150 for the preliminary 

model and 1000 for the final model. The minimum node size was set to 0.001% of the number of 

observations in a given dataset for both models. The mtry for a given model was trained more intensively. 

Hastie et al. (2017) show that modifying mtry affects both the correlation between predictions made by 

individual regression trees and the mean squared error of the resulting RF model, and emphasize that 

modifying the mtry value affects the relative benefit of averaging trees in a forest. mtry was tuned by 

performing a 5-fold cross-validation of model root-mean-squared error (RMSE), and selecting the 

parameter with the lowest RMSE (Kuhn 2018). 

Final RF models were considered to represent the relationship between climate and forest growth. 

The strength of the models was assessed using the coefficient of determination, reported as percent of 

variance explained by a model (pR
2). The proportional IncNodePurity of the 15 most important independent 
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variables was used to assess the relative importance of variables in each model. Proportional IncNodePurity 

was calculated as a percentage for each model. The marginal influence of each important independent 

variable were plotted using partial dependence plots (Greenwell 2017; Milborrow 2018). The amplitude 

and shape of the curves in partial dependence plots indicate the influence of a variable across its range 

(Breiman 2001). 

3.4 Results 

3.4.1 Forest Growth Trends 

There was an overall increase in LOS in A2A from 1989 to 2014, with 60 % of forests exhibiting a 

positive LOS trend (longer growing season), and 30 % of forests exhibiting a negative trend (shorter 

growing season, see Table 3-4). This overall positive LOS trend was especially prevalent in Lowlands (78 

%) and Frontenac (92 %), whereas a negative overall LOS trend was prevalent in Adirondacks (50 %). 

Positive overall trends were also largely prevalent for SOS (delayed SOS) and EOS (delayed EOS) across 

the A2A (64 % and 76 % respectively). By ecoregion, the proportion of forests with positive (advanced 

SOS) and negative SOS trends was relatively even in Lowlands and Frontenac and a relatively high 

proportion of null overall trends (slope = 0) occurred there, whereas the proportion of forests with a trend 

towards delayed SOS was highest in Algonquin and Adirondacks. The proportion of forests with overall 

EOS delay was consistently high in Lowlands, Frontenac and Algonquin, but was lesser in Adirondacks (55 

% delayed overall, 31 % advanced overall).  

The spatial distribution of phenology trends was generally consistent for LOS, SOS and EOS, with 

negative trends clustered in central Adirondacks and northwest Algonquin and positive trends located 

largely near the St. Lawrence River in Lowlands and Frontenac (see Figure 3-3.a). The statistical 

distribution of LOS trends in A2A was right-skewed around 0 (see Figure 3-4, B-1), while distributions in 

Lowlands and Frontenac were left-skewed (around +0.2 to +0.4 days/year lengthening in Lowlands and 

+0.4 to +0.6 days/year lengthening in Frontenac) (see Figure 3-4, B-3:4). Overall SOS distributions were 

approximately normally distributed with mode trends on either side of zero (-0.1 to 0 days/year advanced 
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in Lowlands and Frontenac, 0 to +0.1 days/year delayed in A2A, Algonquin and Adirondacks) (see Figure 

3-4, C-1:5). Overall EOS distributions were mostly positive and left-skewed, with the exception being in 

Adirondacks, where the distribution was normal and centered around zero (see Figure 3-4, D-2). 

Productivity increased overall in approximately half of the forests in A2A, where 51 % of forests 

had a positive TIN trend (greening) and 36 % of forests had a negative TIN trend (browning, see Table 3-

4). Lowlands and Frontenac were largely greening (91 % and 86 % respectively), whereas trends in 

Algonquin and Adirondacks were biased towards browning (47 % and 45 % respectively) over greening, 

and had a larger proportion of null trends (15 % versus 3-4 % in Lowlands and Frontenac). The spatial 

distribution of TIN trends was similar to that of LOS trends, with a greater prevalence of browning pixels 

in central and northwestern Algonquin (see Figure 3-3.a). These ecoregional groups also appear in statistical 

distributions, with Algonquin and Adirondacks being normally distributed around -2 to 0 TIN/year 

(browning) (see Figure 3-4, A-2 & A-5), whereas Lowlands and Frontenac are left-skewed with a mode of 

+0.4 to +0.6 TIN/year (greening) (see Figure 3-4, A-3:4). The statistical distribution of trends in A2A 

overall is right-skewed with a mode of -0.2 to 0 TIN/year (browning) (see Figure 3-4, A-1).  

There was only a small proportion of A2A forests with statistically significant (p < 0.05) trends in 

LOS (8.6 %), EOS (7.1 %), TIN (4.3 %) and SOS (1.1 %) (see Table 3-4). Nearly all significant LOS trends 

in A2A were lengthened (> 99 % of significant pixels), and most areas with lengthened LOS trends were in 

Lowlands and Frontenac (25% and 43 % significant respectively) within approximately 100 km of the St 

Lawrence River. Some small clusters of significant LOS shortening were present in the High Peaks region 

of the Adirondacks. This is consistent with EOS trends, though the proportion of forests in each ecoregion 

and overall is lesser than for LOS except in Algonquin and Adirondacks where the proportion of significant 

EOS trends is higher than for LOS. The proportion of significant SOS trends was small in each ecoregion 

and in A2A overall (< 2%). Significant SOS trends were isolated and varied – small clusters of forests with 

delayed or advanced SOS were found in Algonquin near Pembroke, ON, in Lowlands near Camden, ON, 

in Frontenac near Brockville and Charleston Lake Provincial Park, ON, and in Adirondacks in the High 
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Peaks region. For TIN, forests with significant greening were primarily in Lowlands and Frontenac, as well 

as along the peripheries of Algonquin and Adirondacks. Forests with significant browning were situated in 

central portions of Algonquin on the Algonquin Dome, and in Adirondacks near the High Peaks. 

3.4.2 Climatic Drivers of Variation in Forest Growth 

RF models for each forest growth index were trained on different datasets, based on the forest pixels 

randomly included in the training set and the climatic variables that we predicted were important for each 

particular forest growth index (see Table 3-5). SOS was trained on the smallest temporal window (18 

months) because months after the start of season would not be relevant, while the others were trained on a 

larger window (23 months).  SOS models had the fewest training observations (N = 393,369) following 

removal of low-variance Z-scores, and the fewest independent variables (m = 151), whereas TIN had the 

most (N = 415,881, m = 197). TIN and LOS required less computational effort than SOS or EOS (mtry = 

25 vs 85 and 100 respectively). Models for TIN had the highest pR
2; 69.2 % for the preliminary model and 

86.7 % for the final model. Models for SOS and EOS expressed the highest error and lowest pR
2 in both the 

preliminary and final models. RMSE decreased and pR
2 increased from preliminary models to final models 

for all four forest metrics (Table 3-5). 

Accumulated degree-days (heating and chilling) were ranked as the most important variables in 

each final RF model (see Table 3-6). Monthly mean, minimum and maximum temperature were ranked as 

less important than annual accumulated degree-days. Other climatic variables, most notably photoperiod 

and precipitation, were not ranked as being important with the exception of precipitation (Novembery-1) 

which was ranked as important for SOS exclusively (rank: 13). Scaled variable importance in the final RF 

models ranged between 35.10 - 21.03 % for the highest-ranked variables, and between 1.00 – 1.73 % for 

the lowest-ranked variables. Accumulated degree-days were at least 1.9-times as important as the most 

important monthly temperature variables. The difference in importance between accumulated degree-days 

and monthly temperature were most pronounced for SOS and EOS (1.5-times and 2.6-times more important, 

respectively). 
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Relationships between climatic variables and forest growth were visualized using partial 

dependence plots (Breiman 2001). Thermal time indices had the greatest amplitude of partial dependence 

of the important variables for each RF model (see Figure 3-5 and Table 3-6). Accumulated heating and 

chilling had opposing relationships with TIN, in that accumulated heating changed from a positive to 

negative influence as temperature accumulation increased, while accumulated chilling became more 

positive. The inverse was true for LOS, in that accumulated heating became more positive and accumulated 

cooling became more negative (especially around 1500 0C). These opposing responses occurred around 

consistent breakpoints (1000 0C for accumulated heating and 1600 0C for accumulated chilling). Lagged 

responses differed in accumulated heatingy-1 for LOS (which was the opposite response of accumulated 

heating in the current year), and accumulated chilling for TIN (which became negative above 1500 0C). 

Accumulated heating, both current and lagged, had an increasingly negative influence on SOS with 

increased heat accumulation (though to a lesser degree for accumulated heatingy-1). Accumulated chillingy-

1 also had a negative influence on SOS up to 1500 0C. The response of EOS to accumulated heating and 

chilling were roughly similar to the response of LOS to these variables, though with lesser amplitude. 

Monthly air temperature had a positive influence on TIN and LOS, a negative influence on SOS, and an 

influence near zero for EOS. The shape of relationships for monthly variables appeared to be similar, except 

that they had different ranges along the x-axis. 

3.5 Discussion 

3.5.1 Forest Growth Trends 

Trends in the phenology of forests of A2A were towards an extended LOS (positive LOS trend) in 

parts of Lowlands and Frontenac, largely driven by a delay in EOS (positive EOS trend). There was some 

evidence for greening (positive TIN trend) in central portions of A2A and browning (negative TIN trend) 

in the highlands of Algonquin and Adirondacks, but the extent was small and scattered. The limited extent 

of statistically significant trends in A2A forests (< 10 %) suggests that phenology and productivity were 

largely stable in these forests from 1989 to 2014. 
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We found the greatest evidence for statistically significant trends (p < 0.05) in EOS and LOS 

phenology in the St. Lawrence Lowlands and Frontenac Arch, occurring in 19-27 % and 25-43 % of each 

ecoregion respectively. The magnitude of significant trends (+ 0.6-0.8 days/year for both EOS and LOS in 

both Lowlands and Frontenac, p < 0.05), as well as the spatial distribution of forest pixels with significant 

trends are consistent, and indicate that the extension in LOS that we observed was driven by a delay in EOS. 

The magnitude of significant EOS trends in Lowlands and Frontenac was higher than was reported by 

Dragoni and Rahman (2012), who found that deciduous forests in north-eastern USA showed an EOS delay 

of + 0.25 days/year from 1989-2008 using an older version of the AVHRR dataset that we used here. 

Similarly, Jeong et al. (2011) found that EOS was delayed by + 0.28 days/year from 1982-2008 across all 

temperate vegetation in the Northern Hemisphere, using AVHRR data with a coarse spatial resolution (8 

km2). These results are more consistent with our overall EOS trend in A2A (+ 0.2-0.4 days/year), which is 

methodologically consistent with the aforementioned EOS trends from the literature. Trends in EOS from 

field-based phenology observations of seven common temperate deciduous hardwood species at Harvard 

Forest (+ 0.36 days/year from 1993-2010, Jeong and Medvigy 2014) are similar to our overall EOS trend, 

indicating some agreement in EOS trends at medium and fine spatial scales. 

The consistency between LOS and EOS trends in A2A, as well as the small proportion of forests 

with significant SOS trends (1.1 %), supports the conclusion that EOS delay has driven LOS increase in 

A2A. This was somewhat surprising, as SOS advance is thought to be common in temperate forests 

(Richardson et al. 2013). Jeong et al. (2011) found SOS advance of 1.3 days/year on average for vegetation 

in the Northern Hemisphere - which is similar to our significant SOS trends in Lowlands, Frontenac and 

Algonquin (- 0.4-0.2 days/year, p < 0.05), and overall SOS trends in Lowlands and Frontenac (- 0.2-0 

days/year). They also tested whether phenology trends from AVHRR would be affected by a phenological 

shift that was thought to have occurred around the year 2000, and found that the magnitude of SOS trends 

declined when calculated from 1982 to 2008 relative to trends calculated from 1982 to 1999 while the 

magnitude of EOS trends increased. Wang et al. (2015) tested the probability that SOS trends were linear 
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or piecewise from 1982-2011, and found limited evidence of piecewise trends at a hemispheric scale but 

greater evidence at a continental or regional scale (34 % probability of piecewise model fit with a mean 

turning point in 1994 in North America, versus 62 % probability of linear fit). It is possible that SOS change 

was not captured by the trend detection method used here because of the existence of rate changes or turning 

points during our study period, and that the application of a trend detection method such as piecewise 

regression could produce different results. 

Turning points have been detected in productivity trends in North American forests. Wang et al. 

(2011) found that NDVI productivity trends from 1982-2006 switched from greening to browning in eastern 

North America following a change of spring temperature trends from warming to cooling around 1990. Our 

study period corresponds with the browning period from Wang et al. (2011), but we detected greening in 

Lowlands and Frontenac (11.5 % and 5.1 % respectively) at a rate of + 0.8 to 1.0 TIN/year, though the 

extent of significant TIN trends was limited overall (4.3 % in A2A). This is proportionately less area of 

change than was found by Ju and Masek (2016), who found that 30 % of forests in Canada and Alaska were 

greening and 3 % were browning from 1984-2012 using Landsat data. These two studies used data with a 

different spatial resolution than we used (8 km2 and 30 m2 versus 1 km2), which may have contributed to 

the differences in results. Perhaps more importantly, we considered productivity trends at a regional scale 

and compared between ecoregions (versus their national or continental scale), which allowed us to focus on 

ecologically-relevant environmental differences across a smaller area. Emmett et al. (2018) used similar 

methods to ours to examine trends and their drivers in Yellowstone National Park, and were able to 

effectively contextualize their observations with local geography, ecology and climate. Here, we were able 

to identify some evidence of browning in highland ecoregions, and greening in lowland ecoregions, but that 

productivity trends affect only a small proportion of the forests in A2A, which has greater regional 

applicability than observations at a coarser resolution or broader scale. 

Intuitively, one might expect that a longer growing season would result in greater forest productivity 

because trees have more time available in which to photosynthesize and accumulate biomass (Myneni et al. 
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1997). This phenology-productivity relationship would have important implications for atmospheric carbon 

sequestration, as increased productivity and carbon sequestration during lengthened growing seasons could 

act as a negative feedback to global climate change. Such relationships have been seen in forest plots in 

southern Ontario (Froelich et al. 2015), across eastern North America (Keenan et al. 2014), and across 

temperate ecosystems (Richardson et al. 2010). We examined TIN productivity and LOS phenology in 

tandem partly because of reports of a phenology-productivity relationship in other temperate forests. 

However, we found limited evidence of such a relationship between the two in A2A: only a small proportion 

of Lowlands and Frontenac were greening, though a larger proportion of these ecoregions had lengthened 

growing seasons. This assessment using coincident spatial distributions of only statistically significant 

trends is not an explicit test for phenology-productivity relationships. Differences in time span, spatial scale 

or area of interest between other studies and ours may have contributed to differences between our results 

and the literature. We recommend future research into phenology-productivity relationships following the 

lack of coincidence in trends that we observed in A2A. 

3.5.2 Climatic Drivers of Variation in Forest Growth 

Air temperature explained much of the inter-annual variation in forest phenology and productivity 

in A2A, which is consistent with the general consensus in the literature (e.g., Körner and Basler 2010, 

Richardson et al. 2013, Tang et al. 2016). Seasonal heating and chilling accumulation were especially 

important according to RF variable importance rankings, whereas precipitation, drought, snow pack, root-

freeze risk, solar radiation and photoperiod were not ranked as being of high importance. RF partial 

dependence plots showed that relationships between forest growth and temperature were non-linear and 

unique for different forest growth indices and temperature variables. 

A large proportion of inter-annual variation in phenology indices was explained by climatic 

variables (pR
2 > 80 % in final RF models). Accumulated heating and chilling were the most important 

variables in phenology models (65-75 % IncNodePurity) by a noticeable margin, especially for SOS and 

EOS. Generally, greater heat accumulation was associated with earlier SOS in spring, later EOS in fall and 
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longer LOS overall. Greater chilling accumulation was associated with earlier SOS in spring, earlier EOS 

in fall and shorter LOS overall. This is unsurprising, as a large body of literature has developed indicating 

that accumulated heating and chilling drives phenological development for temperate vegetation (reviewed 

in Körner and Basler 2010, Richardson et al. 2013, Tang et al. 2016). This has been demonstrated at a 

hemispheric scale using NDVI-based remote sensing methods (Jeong et al. 2011). This is consistent with 

local-scale field-based phenology observations by Richardson et al. (2006), who found that logistic models 

based on accumulated warming degree-days (> 4 0C) explained 90% of variation in spring and fall 

phenology. Similarly, Yu et al. (2016) found that models using accumulated growing degree days (> 3 0C) 

were effective for simulating phenological progression in spring and fall, but note that photoperiod was also 

important, especially in fall. 

Similar to phenology, we found that inter-annual variation in forest productivity was strongly linked 

to climate (TIN pR
2 = 87 %), and accumulated heating and chilling were the most important climatic 

variables (total 73 % IncNodePurity in final RF model). Forest productivity trends in North America have 

shown to be responsive to temperature trends (Wang et al. 2011). However, studies at different scales have 

found that different factors drive forest productivity. At a very fine scale, studies using carbon flux as a 

proxy measure of productivity found that net ecosystem productivity is strongly correlated with 

photosynthetically-active radiation in southern Ontario (Froelich et al. 2015) and Massachusetts (Urbanski 

et al. 2007). Zhu et al. (2016) found that atmospheric carbon fertilization explains much (70 %) of the global 

greening that occurred from 1982-2009, and climate change explained only a small proportion of greening 

(8 %) at a global scale using the remotely-sensed leaf-area index. It appears that there is inconsistency in 

the drivers of forest productivity when it is observed at different scales or using different methods. 

 The majority of climatic variables were not ranked important in our models. Precipitation was of 

marginal importance for SOS, while drought, snow pack, root-freeze risk, solar radiation and photoperiod 

were not ranked as being among the most important for the forest growth indices examined here. The limited 

importance of precipitation and the lack of importance of photoperiod were somewhat surprising as they 
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have been shown to be important for phenological progression in spring and fall in other temperate regions 

(Richardson et al. 2013; Way and Montgomery 2015). Precipitation is thought to provide necessary 

moisture for leaf development in spring, and photoperiod is thought to signal the timing of leaf senescence 

in fall. Snow pack, or more specifically the absence of snow pack, has been suggested as being a signal of 

the start of the growing season in high elevation or high latitude environments (Richardson et al. 2013), so 

it is not surprising that it was absent from the most important variables. However, snowpack serves to 

insulate roots from frost damage (Körner and Basler 2010). Major ‘false spring’ events, in which early 

snowmelt is followed by a cold snap, have resulted in notable root-freezing and damage in eastern North 

America in recent decades (Gu et al. 2008; Hufkens et al. 2012). We designed the root-freeze risk index to 

quantify the potential for such damage, and it was surprising that it was absent from the most important 

variables despite there being known false springs during the study period in the study area. However, these 

false springs were singular events, rather than continuous over time, so it is possible that they did not 

influence inter-annual variation over the entirety of the study period and thus were not ranked as being of 

the greatest importance. It is possible that precipitation, photoperiod and other variables that were not ranked 

as important have influenced forest phenology and productivity, but that these effects were subtle and were 

removed in the variable-selection stage following preliminary RF models. Other modelling approaches 

might be more effective for identifying these subtleties for specific variables. For example, Yu et al. (2016) 

created additive models of phenological progression of deciduous trees, and found that models that 

incorporated both accumulated degree-days and photoperiod were the most effective. We recommend future 

research use more focused modelling approaches to study the potentially subtle or ephemeral influence of 

climatic variables, like root-freeze risk. 

Rodriguez-Galiano et al. (2016) used RF regression to model climatic drivers of inter-annual 

variation in SOS and EOS across Europe, and following their success in its application recommended the 

use of RF to answer similar research questions elsewhere. They found that RF produced markedly more 

accurate models when compared with multiple linear regression. We found that RF was well suited to inter-
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annual climate-growth modelling in A2A. The ability to include large numbers of inter-correlated variables 

(which climatic variables often are; de Beurs and Henebry 2010) was especially useful in this application 

because it allowed us to select the most important climatic variables from the many that could be influential. 

The ability to show non-linear relationships with partial dependence plots was also revealing because of the 

complexity of the climate-growth relationships that we found, especially when considering lagged effects. 

For example, partial dependence plots showed that lagged and current effects of summer heating were in 

opposition to one another for LOS and EOS, implying that greater heat accumulation resulted in longer and 

later growing seasons, but resulted in shorter and earlier growing seasons the following year (see Figure 3-

5). This relationship would not have been captured with more common modelling methods which rely on 

prototypical relationship shapes (e.g., linear, exponential). We found RF modelling to be effective, 

informative and the results intuitive for modelling complex climate-growth relationships (though it is 

computationally intensive), and recommend RF for future climate-growth modelling. 

3.5.3 Conclusions 

We examined trends in forest growth indices (i.e., phenology and productivity), and used RF 

regression to model climate-growth relationships for these forest growth indices. Both forest phenology and 

productivity were sensitive to air temperature accumulation (both heating and cooling), but trends in forest 

phenology and productivity were limited in spatial extent within A2A. This suggests that, in recent decades 

within A2A, climate change has not had a profound impact on forest growth. 

The climate of eastern North America has warmed in the last century (+ 0.08 0C/decade), and more 

rapidly in recent decades (1970-2000: + 0.25 0C/decade), though more of this warming has occurred in 

winter over summer (Hayhoe et al. 2007; Huntington et al. 2009). These trends are projected to continue 

into future decades (Reidmiller et al. 2018; Bush and Lemmen 2019). Given the relationships between forest 

growth and temperature that we observed, it is likely that SOS will advance, EOS will delay and LOS will 

lengthen in a larger proportion of A2A forests in the future. These phenological changes have been 

anticipated using predictive models for forests in New England (Xie et al. 2015a, 2015b), further supporting 
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this conclusion. Our productivity model indicated that warming will have a less predictable effect on 

productivity in the future; TIN had opposing signs of response to accumulated heating and chilling in current 

and lagged years, which may result in potential productivity changes being cancelled out by lagged effects. 

The limited proportion of forests in A2A with significant trends indicates that the growth, and therefore the 

health of these forests was relatively stable in most of A2A during the study period. However, trends were 

seen in some areas (most notably an extended growing season in parts of the Lowlands and Frontenac), and 

these could affect the future vitality of these forests. As climate continues to change, it may be some time 

before the long-term implications of this change for forests are apparent. 
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3.6 Tables 

Table 3-1: Characteristics of the ecoregions of A2A. ADK = Adirondack Mountains, LOW = St. 

Lawrence Lowlands, FRO = Frontenac Arch & ADK = Adirondack Mountains. Forest area was 

calculated using ‘Landcover 2010’ (CEC 2010). Mean elevation was calculated using ‘Elevation, 

2007’ (CEC 2007). Bedrock information comes from the Geological Map of North America (Reed 

Jr. et al. 2005). Soil quality descriptions come from (Crins et al. 2009). Temperature and 

precipitation values were calculated using Daymet climatological data (Thorton et al. 2017). 

 Forest 

Area 
(km2) 

Mean 

Elevation 
(m) 

Bedrock 

 

Soil Quality 

 

Mean Annual 

Temperature 
(linear trend, 

1989-2014) 

Mean Total 

Annual 
Precipitation 

(mm)  

ADK 20,530 494 metamorphic 

plutonic 

Thin 

Nutrient-Poor 

6 0C  

(+ 0.04 0C/yr.) 

1280 

LOW 18,627 148 

inc. Tug 

Hill 
Plateau 

sedimentary Thick 

Nutrient-Rich 

7 0C  

(+ 0.04 0C/yr.) 

1090 

FRO 2,897 172 metamorphic 

plutonic 

sedimentary 

Thin 

Nutrient-Poor 

7 0C  

(+ 0.04 0C/yr.) 

1080 

ALG 41,080 302 metamorphic 

plutonic 

Thin 

Nutrient-Poor 

5 0C  

(+ 0.04 0C/yr.) 

1080 
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Table 3-2: Forest growth indices selected from the USGS AVHRR phenology database. These data 

can be accessed from https://www.usgs.gov/land-resources/eros/phenology. 

Name Abbreviation Calculation Description 

Time-integrated 

NDVI 

TIN TIN = accumulated daily NDVI 

between SOS and EOS above 

NDVI values at SOS and EOS 
(values between 0 and 100) 

Accumulated photosynthetic 

activity during the growing 

season, indicating foliage 
productivity 

Length of 

growing season 

LOS LOS = EOS - SOS Amount of time between 

spring green-up and autumn 

senescence, or the amount of 
time in a year in which trees 

are productive 

Start of season 
date 

SOS SOS = date that NDVI exceeds 
the backward-looking delayed-

moving-average trend from the 

previous 18 observations, 
interpolated within 14-day 

composites 

Green-up of vegetation. This 
does not represent a distinct 

phenophase, but general 

‘greening’ of vegetation that 
occurs in the spring. 

End of season 

date 

EOS EOS = date that NDVI becomes 

less than the forward-looking 

delayed-moving-average trend 
from the next 12 observations, 

interpolated within 14-day 

composites 

Brown-down of vegetation. 

This does not represent a 

distinct phenophase, but a 
general ‘browning’ of 

vegetation that occurs in the 

fall. 
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Table 3-3: Climatic variables used as independent variables in climate-growth models, their 

definitions, and their temporal resolution following aggregation from a base daily resolution. 

Name Definition Aggregate 

Maximum temperature Maximum air temperature at 2 m Monthly Mean 

Minimum temperature Minimum air temperature at 2 m Monthly Mean 

Mean temperature Mean air temperature at 2 m (mean of maximum and 
minimum air temperature) 

Monthly Mean 

Precipitation Depth (mm) of precipitation in water equivalent Monthly Sum 

Snowpack Weight (kg/m2) of on-ground snow, converted to 
water for measurement standardization 

Monthly Sum 

Spring heating 

 

The sum of daily temperatures above 4 0C for the 

winter and spring (Jan 1 to May 31) 

Annual Sum 

Summer heating The sum of daily temperatures above 4 0C during the 

winter, spring and summer (Jan 1 to Jul 31) 

Annual Sum 

Fall cooling The sum of daily temperatures below 20 0C during the 

summer and fall (Aug 1 to Oct 31) 

Annual Sum 

Root-freeze risk The number of days with minimum air temperatures 

below 0 0C and snow-water equivalent depth of 0 

Monthly Sum 

SPEI (standardized 

precipitation-

evapotranspiration 

index) 

Index (mean = 0, SD = 1) of moisture stress, 

calculated using a 12-month rear-looking window 

(Vicente-Serrano et al. 2010; Beguería et al. 2014) 

Monthly (within 

‘SPEI’ R package) 

Day length The amount of time between dawn and disk (sec) Monthly Mean 

Solar radiation Mean incident radiation flux density (W/m2) Monthly Mean 
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Table 3-5: Inputs and outputs from preliminary and final RF (Random Forest) models. Model 

Inputs are the independent variables considered in each model and the time period considered (y-1 

= lagged). N is the number of observations (pixels) used to train each model, and was identical for 

the preliminary and final models. m is the number of independent variables used in to each model. 

mtry is the number of randomly selected variables tested for best split at each node. RMSE is root-

mean-squared error calculated using the validation dataset. pR
2
 (pseudo-R

2
) represents the percent 

of variance explained by the model. Forest growth indices: TIN = Time-integrated NDVI; LOS = 

length of growing season; SOS = start of season date; EOS = end of season date. Climatic variables: 

TMX, TME, TMN = maximum, mean and minimum temperature; precipitation = PRT; snowpack 

= SWE; day-length = DAY; solar-radiation = SRD; standardized precipitation-evapotranspiration 

index = SPEI; root-freeze risk = RFR; accumulated heating (SOS) = AHS; accumulated heating = 

AHM; accumulated chilling = ACE. 

 Model Inputs  Preliminary Final 

 Climatic 

Variables 

Month N m mtry RMSE pR
2 m mtry RMSE pR

2 

TIN TMX, TME, 

TMN, PRT, 

SWE, DAY, 

SRD, SPEI, 
RFR, AHM, 

ACE 

Jany-1 

- Nov 

415,881 197 25 0.76 69.17 15 9 0.44 86.69 

LOS TMX, TME, 
TMN, PRT, 

SWE, DAY, 

SRD, SPEI, 

RFR, AHM, 
ACE 

Jan y-1 
- Nov 

411,987 197 25 0.90 64.72 15 10 0.57 84.06 

SOS TMX, TME, 

TMN, PRT, 
SWE, DAY, 

SRD, SPEI, 

RFR, AHS, 
AHM, ACE y-1 

Jan y-1 

- Jun 

393,369 151 100 0.86 63.34 15 13 0.62 80.26 

EOS TMX, TME, 

TMN, PRT, 

SWE, DAY, 
SRD, SPEI, 

RFR, AHM, 

ACE 

Jan y-1 

- Nov 

401,890 197 85 0.89 63.60 15 10 0.64 80.34 
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Table 3-6: Importance of climatic variables for modelling inter-annual variation in forest growth 

variables, ranked by scaled IncNodePurity. Variable importance (shown in the Imp. column for 

each final RF model) was scaled to a percentage for comparison between final RF (Random Forest) 

models. Monthly climatic variables are labelled with the corresponding month, and lagged variables 

(i.e., from the previous year) are denoted with ‘y-1’. Forest growth indices: TIN = Time-integrated 

NDVI; LOS = length of growing season; SOS = start of season date; EOS = end of season date. 

Climatic variables: TMX, TME, TMN = maximum, mean and minimum temperature; precipitation 

= PRT. 

Rank 
TIN LOS SOS EOS 

Variable 
Imp. 

(%) 
Variable 

Imp. 

(%) 
Variable 

Imp. 

(%) 
Variable 

Imp. 

(%) 

1 Acc. Heat. 21.03 Acc. Heat. 29.49 Acc. Heat. 29.71 Acc. Chill 35.10 

2 Acc. Chill. 20.19 Acc. Chill 24.36 Acc. Heat.y-1 17.86 Acc. Heat.y-1 13.27 

3 Acc. Chill.y-1 16.76 Acc. Heat.y-1 12.55 Acc. Chill.y-1 17.64 Acc. Chill.y-1 13.11 

4 Acc. Heat.y-1 14.77 Acc. Chill.y-1 8.22 TME.APR 4.08 Acc. Heat. 11.87 

5 TME.SEP 6.23 TME.SEP 4.31 TMN.DECy-1 3.53 TMN.MAR 3.67 

6 TME.OCTy-1 3.71 TME.MAY 3.48 TME.FEBy-1 3.33 TME.MAR 3.20 

7 TME.NOVy-1 2.84 TME.AUG 3.45 TMX.JULy-1 3.32 TME.SEP 3.02 

8 TME.JUL 2.41 TME.JUL 2.90 TME.MAR 3.30 TME.SEPy-1 2.83 

9 TMN.APRy-1 2.37 TME.APR 2.58 TMN.JAN 3.10 TME.NOVy-1 2.65 

10 TME.JUN 2.28 TMX.OCTy-1 1.84 TME.NOVy-1 3.06 TMX.FEBy-1 2.61 

11 TME.SEPy-1 1.74 TME.NOVy-1 1.73 TME.AUGy-1 2.49 TME.MAY 2.37 

12 TMN.AUGy-1 1.73 TME.OCT 1.50 TME.JULy-1 2.46 TME.OCT 1.88 

13 TME.AUG 1.61 TMN.APRy-1 1.42 PRT.NOVy-1 2.35 TME.FEBy-1 1.73 

14 TMN.AUG 1.18 TME.APRy-1 1.17 TMN.MARy-1 2.24 TME.APR 1.53 

15 TMN.JUL 1.15 TME.OCTy-1 1.00 TMN.FEBy-1 1.73 TME.FEB 1.17 
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3.7 Figures 

 

Figure 3-1: Map of the location, boundaries, ecoregions and land cover of A2A. Landcover classes 

are from Landcover 2010 (CEC 2010). ALG = Algonquin, LOW = Lowlands, FRO = Frontenac, 

ADK = Adirondacks.  
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Figure 3-2: Flowchart of major steps in the climate-growth modelling workflow. This procedure 

was performed four times, once for each forest growth index. Inputs were AVHRR forest growth 

indices (dependent variable) and pre-processed Daymet climatological data (independent variables). 

Forest growth indices were converted from observations to Z-scores. Relevant climatic variables 

were selected for each forest growth index. Z-scores and relevant climatic variables were combined 

to produce the preliminary dataset, which was randomly split into training and validation subsets. 

The training subset of the preliminary dataset was used to construct a preliminary RF (Random 

Forest) model. The 15 most important climatic variables were used to construct a secondary 

dataset, which was used to construct a final RF model. The mtry parameter was tuned for each 

model. Outputs from the final RF model are presented in the results. 
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Figure 3-3: Areas in the ecoregions of A2A (a.) with trends in forest growth, and (b.) with 

statistically significant trends in forest growth (p < 0.05). Note that negative values for SOS or EOS 

indicate a trend towards an earlier date, while positive values indicate a trend toward a later date. 

Forest growth indices: TIN = Time-integrated NDVI; LOS = length of growing season; SOS = start 

of season date; EOS = end of season date. 
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Figure 3-4: Statistical distribution of forest growth trends. Trend slopes are represented with bars, 

and statistically significant (p < 0.05) trend slopes are represented with dots. Forest growth indices 

are: (A) time-integrated NDVI, aka. TIN; (B) length of growing season, aka. LOS; (C) start of 

season date, aka. SOS; and (D) end of season date, aka. EOS. Ecoregions are: (1) A2A, (2) 

Adirondacks, (3) Lowlands, (4) Frontenac and (5) Algonquin.  
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Figure 3-5: Partial dependence plots of important variables used in the final RF (Random Forest) 

models. Partial dependence (i.e., the marginal influence of a given variable with the effect of all 

other variables averaged out, but not ignored) plots are grouped by variable class, and variables are 

divided by time (y = current, y-1 = lagged). For plots with no lines, the corresponding variables 

were not ranked as important by preliminary RF models and were therefore not included in the 

final RF models. Forest growth indices: TIN = time-integrated NDVI; LOS = length of growing 

season; SOS = start of growing season; EOS = end of growing season. Climatic variables: AHS = 

accumulated heating (SOS); AHM = accumulated heating; ACE = accumulated chilling; TMX, 

TME & TMN = maximum, mean & minimum temperature; PRT = precipitation. 
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Chapter 4 

Conclusions 

4.1 Summary 

Our overall aim was to examine the ways in which climate has affected the growth of temperate 

forests. We did so by first testing whether forest growth has changed over time, as changes could indicate 

that forests are responding to environmental change. Next, we assessed climate-growth relationships in 

forests directly in order to address our aim. We assessed forests both in terms of groups of ring-width 

productivity of individual sugar maple trees (Chapter 2), and phenology and productivity of forested areas 

(i.e., pixels; Chapter 3). Also, we assessed trends and ring-width productivity trends in the context of the 

ecoregions of A2A. Our intention in examining these different forest growth processes at different scales in 

different regions was to reach a more holistic perspective of the different ways that climate and forest growth 

interact in temperate regions. The following paragraphs summarize the main findings of the thesis in the 

form of responses to the main research questions. 

Ch. 2 – Q. 1: Are there trends in the annual ring-widths of sugar maples over time, and do these 

trends vary by ecoregion? 

Annual ring-width productivity of sugar maple trees declined in Adirondacks and Algonquin from 

the early 1990s to 2011, but not in Frontenac. The decline in Adirondacks was already identified by Bishop 

et al. (2015), and these results support their conclusions. There were ecoregional differences in sugar maple 

ring-width productivity trends and declines. We compared sugar maple ring-width productivity trends in 

Adirondacks to other ecoregions in A2A for the purpose of comparison based on the environmental 

characteristics that distinguish ecoregions. Soil and climatic characteristics each differ between the 

ecoregions, and Ca depletion from acid deposition in poorly-buffered soils may have contributed to declines 

in sugar maple ring-width productivity in Algonquin and Adirondacks. 
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Ch. 2 – Q. 2: Do the annual ring-widths of sugar maples respond to air temperature, precipitation 

or drought, and do these responses vary by ecoregion or over time? 

Relationships between sugar maple ring-widths and monthly climatic variables was limited in A2A 

from 1912-2011. Climate-growth relationships were consistently significant during only a few months 

during the study period, and in only a few decades during the study period. Climate-growth relationships 

differed by ecoregion, though there was some similarity between the responses of Algonquin and 

Adirondacks to temperature. Overall, the limited responses to climate imply that climatic variability did not 

influence sugar maple ring-widths substantially in A2A during the study period. 

Ch. 3 – Q. 1: Are there trends in inter-annual forest phenology and productivity in the A2A, and do 

these trends vary by ecoregion? 

Trends in the phenology of forests of A2A were towards a longer growing season in parts of 

Lowlands and Frontenac, largely driven by a delay in the end of the growing season. There was very limited 

evidence for greening in central A2A and browning in the highlands of the Algonquin Highlands and 

Adirondack Mountains. The limited spatial extent of statistically significant trends in A2A forest growth 

implies that phenology and productivity were largely stable in these forests from 1989 to 2014. 

Ch. 3 – Q. 2: Does climate influence the intra-annual variation in phenology and productivity in the 

A2A? 

Air temperature explained much of the inter-annual variation in forest phenology and productivity 

in A2A, which is consistent with the general consensus (Körner and Basler 2010; Richardson et al. 2013; 

Tang et al. 2016). Heating and chilling accumulation were especially important for both phenology and 

productivity, whereas precipitation, drought, snow pack, root-freeze risk, solar radiation and photoperiod 

were not as important. Relationships between forest growth and temperature were non-linear and unique 

for different forest growth indices and temperature variables. Our results imply that though growth of A2A 

forests appears to have been stable recently it is possible that projected temperature changes could affect 

their growth in the future. 
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4.2 Limitations and Uncertainty 

Working in A2A presented unique challenges in obtaining high-quality and reliable data because 

of the international border between Canada and the United states, which roughly bisects the region. Many 

datasets are produced up to the border on either side, but do not cross over. This same limitation has been 

observed in other regions as well (e.g., Danby and Slocombe 2005). Some international data is becoming 

available through collaborative international organizations such as the A2A Collaborative and the 

Commission for Environmental Cooperation, both of which we drew from here. However, as we discuss 

below, there are limits to this availability which increases the work that is required to understand important 

transboundary regions such as A2A. Research such as this can contribute to management of these areas, but 

such research requires data and more work is required to provide a greater depth of data, which would 

enable a greater depth of understanding and possibly better management of such regions. 

On Chapter 2 

Analysis of sugar maple ring-width productivity trends and climate-growth relationships were 

dependent on field sampling. We intended for this analysis to be representative of sugar-maple-dominated 

forests in A2A, however we can only be certain that our analysis is representative of the areas that were 

sampled. The number and location of sampling plots in the Algonquin Highlands and Frontenac Arch were 

limited by the amount of time available for sampling and the logistics of travelling to different locations. A 

greater number of plots were available for the Adirondack Mountains, and these plots were dispersed more 

evenly over a larger area than plots in the Algonquin Highlands or Frontenac Arch. Therefore, the regional 

chronologies for the Adirondack Mountains are likely more representative of the region overall than those 

for the Frontenac Arch or Algonquin Highlands. We made efforts to ensure that sampling in the Algonquin 

Highlands and Frontenac Arch would be as representative of those regions despite sampling limitations. 

We consulted with staff from Ontario Parks and the Queen’s University Biological Station in order to 

identify the areas within the parks and properties in which we conducted sampling were representative of 

sugar-maple-dominated forests that exist more broadly across these ecoregions. Notably, in the Algonquin 
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Highlands we sampled in the southwestern portion of Algonquin Provincial Park where Ontario Parks staff 

indicated that sugar maple was in greatest abundance. 

In our sugar maple ring-width productivity trend analysis we concluded that the positive ring-width 

productivity trend in Frontenac was likely age related, and therefore not representative of an actual increase 

in productivity over time. This conclusion was based on a test for age-related trends in basal-area increments 

(BAI; see Appendix B; sensu Sullivan et al. 2016), which we used as a proxy for productivity. This test 

relied on being able to confidently identify the first year of growth, called the pith. There were a limited 

number of samples in which we could confidently identify the pith (14), and we considered this number of 

samples to be sufficient in order to run the test. However, we did not consider this number to be sufficient 

to perform a reliable test to establish the slope of this age-related trend. Having the slope would have enabled 

us to compare the age-related BAI trend to the positive BAI trend in Frontenac to determine more 

objectively whether the trend in Frontenac was age-related, and if not then how much does this trend differ 

(positively or negatively) from the growth rate that would be expected based on age. We were able to 

conclude that ring-width productivity did not decline significantly in Frontenac, but it would be interesting 

to know more about how the productivity of sugar maples in the region may be responding to environmental 

change over time. 

In our climate-growth analysis we examined the relationship between variation in sugar maple ring-

widths and monthly climatic variables (i.e., temperature, precipitation and drought). However, we did not 

consider episodic climatic disturbances that may have affected growth in as few as one year of our study 

period. For example, Nolet and Kneeshaw (2018) found that sugar maple ring-widths were generally 

narrower in years with droughts or spring freeze-thaw events, and that sugar maples did not recover from 

these events as well as American beech trees in the same stand as indicated by persistently narrower growth 

rings in sugar maple. Given this recent result, it is possible that episodic climatic disturbances have a 

persistent influence on sugar maple growth. Our methods were not designed to look for such effects, and 
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may not have captured them. This may have limited our ability to effectively observe climate-growth 

relationships for sugar maple. 

On Chapter 3 

We considered climatic influences on forest growth, and considered growth trends in the context of 

ecologically, geographically and climatically distinct ecoregions, but did not consider other factors that 

forests could be responding to. Disturbance events, such as from harvest or pests, could also affect forest 

growth. For example, Emmett et al. (2018) examined the role of fire, insects and anthropogenic disturbance 

on boreal forests in Yellowstone National Park, and found that a portion (approx. 2-10 %) of statistically 

significant (p < 0.05) productivity trends that they observed could be related to these disturbances. It is 

possible that disturbance might also affect our phenology and productivity trends or climate-growth models, 

but in not considering disturbance we are not able to assess the extent to which these effects may be present. 

For sugar maple ring-width productivity we considered the possibility of, and found, changes in the 

slope of the trend over time. We did not consider such changes in forest productivity or phenology. There 

have been other studies that have found such changes in forest growth trends using remote sensing methods. 

For example, Wang et al. (2011) found that NDVI productivity trends in North America changed after a 

‘turning point’ that occurred around 1990, and many vegetated areas switched from greening to browning 

(or vice versa). The timing of the turning points found by Wang et al. (2011) and by us for sugar maple 

ring-width productivity around 1990 roughly coincide with the beginning of our study period (1989), so it 

is possible that linear slopes were stable for forest productivity at least. However, without testing for such 

changes we cannot know. 

The temporal depth and subsequently large volume of AVHRR data created challenges in data 

processing. This analysis was mainly conducted in R because it allows for customizable workflows and 

because it offers access to the randomForest package, which was integral to modelling climate-growth 

relationships (Liaw and Wiener 2002). However, the ability to work with very large datasets in R is limited 

because of the programmatic sophistication required to make code work within the memory restrictions of 
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a system. Because of these restrictions we opted to model climate-growth relationships for A2A as a whole, 

rather than by ecoregion. Given that trends and climate-growth relationships differed by ecoregion for sugar 

maples, and for forest phenology and productivity, it would have been illuminating to compare climate-

growth relationships from AVHRR by ecoregion also. Recently the ModelMap package was released, which 

offers improved memory handling for RF regression and would enable such analysis (Freeman et al. 2018). 

4.3 Future Research Opportunities 

According to the Principle of the Aggregate Tree Growth Model, tree ring widths serve as a record 

of all of the factors that affect tree growth (Speer 2010). In this study we found that sugar maple ring widths 

had a limited response to monthly temperature, precipitation and drought, which is consistent with other 

studies in the region (Payette et al. 1996; Bishop et al. 2015). Nutrient stress from soil acidification resulting 

in Ca depletion and deposition of N and S have been shown to predispose sugar maples to other disturbances 

(Bal et al. 2015). Climate change presents cause for concern for the future of sugar maple populations, and 

future studies attempting to understand the influence of climate on sugar maple growth will likely find 

similarly limited results if they use simple climatic variables as we did here. More nuanced approaches, 

such as including deposition in models (Horn et al. 2018), considering the indirect effects of climate on 

nutrient availability (Miller and Watmough 2009) may be more appropriate. Controlled experiments - like 

the recent study by Richardson et al. (2018) in which temperature was manipulated using in situ enclosures, 

or in Battles et al. (2014) where they found that amending soil Ca increased biomass production relative to 

control plots - will likely offer a better cause-effect perspective, both for climate and nutrients. Our results 

imply that climate-growth relationships for sugar maple were not direct in the past century, so studies will 

need to consider different factors affecting growth in order to better identify a climatic signal in sugar 

maples. 

Our results extend the support for the application of RF to understanding the role of multiple drivers 

on forest growth (Lebourgeois et al. 2010; Rodriguez-Galiano et al. 2016; Bonney et al. 2018). We tested a 

large number of independent climatic variables, and found that a small number of temperature accumulation 
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variables explained a large proportion of inter-annual variation in forest productivity and phenology. It 

would be interesting to extend this analysis to include other predictor variables, such as local geographic 

variables like elevation and distance to waterbodies (e.g., Bonney et al. 2018). Examining the interplay 

between different forest growth indices would also be interesting, which could be accomplished by 

including forest growth indices as independent variables in other forest growth RF models (e.g., Rodriguez-

Galiano et al. 2016). This would be especially interesting for phenology in attributing shifts in the length of 

the growing season to shifts at the start or the end of the growing season, as we attributed based on trends 

here. As big data and machine learning methods improve this type of highly-dimensional analysis it holds 

great potential to improve modelling for complex ecological processes, such as forest growth. 

We found evidence that sugar maple productivity declined in Algonquin and Adirondacks, but 

found very limited evidence from remotely-sensed photosynthetic activity that the productivity of forests 

declined overall in these regions. We had expected to see greater consistency between these two 

measurements of productivity trends because sugar maple makes up a large proportion of the forests in 

A2A. Other research has examined the relationship between ring-widths and remotely-sensed productivity, 

but results are inconsistent (e.g., Brehaut and Danby 2018). It is possible that these measurements differ 

because there is a disconnect between annual woody growth on tree stems and the apparent photosynthetic 

activity of forests as measured using satellites. We recommend that future research examine the relationship 

between regional ring-width productivity chronologies and remotely-sensed forest productivity in order to 

better understand how these measurements capture different aspects of forest growth, and the ways in which 

these aspects of forest growth may differ. 

4.4 Implications for Temperate Forests Sustainability 

Our results have broad implications for the future sustainability of temperate forests in eastern 

North America, with several important implications for environmental sustainability of these forests. The 

phenology and productivity trends that we observed, and that may continue in the future with continued 

climate warming, are likely to act in feedback loops with climate. Forest growth alters the land surface 
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albedo and carbon sequestration rates in their area, especially that of deciduous trees that develop and shed 

new foliage each year (Richardson et al. 2013). These feedbacks alter local climate, but also affect global 

climate as temperate forests are an increasingly important carbon sink (Pan et al. 2011). Furthermore, 

phenological shifts can result in timing-mismatches of growth events with wildlife, such as pollinators 

(González-Varo et al. 2013). Mismatches in pollinator-plant phenology could reduce pollination, and seed 

production, and therefore reduce the overall regenerative potential of these forests. We found that the ring-

width productivity of sugar maple, an important tree species in eastern North America, has declined. This 

decline is despite reductions in acid deposition, which resulted in soil Ca depletion and is a probable cause 

of this decline (Bishop et al. 2015). These forest-climate, forest-pollinator and maple-soil interactions could 

indicate that forests in eastern North America have responded to stress from various changes to their 

environment, which is consistent with observations of forest stress at a global scale (Trumbore et al. 2015). 

There is evidence that the range of several tree species are shifting westward (Fei et al. 2017) and northward 

(Sittaro et al. 2017) as a result of environmental change, and that this shift may not be keeping pace with 

climate change (Sittaro et al. 2017). 

The environmental sustainability of temperate forests in eastern North America also has economic 

and social implications. Forests are important to the cultural identity of many communities in eastern North 

America, including indigenous peoples. Many outdoor recreation facilities have been developed in eastern 

North America, such as Algonquin Provincial Park, Adirondack State Park and the other parks that we 

visited for tree-core sampling. Outdoor recreation offers opportunities for physical activity and 

connectedness with nature, which are valued by the public (Walsh et al. 1990). 

The social value of forests is also associated with their economic value because the forests of eastern 

North America contribute to the livelihoods of many people in the region. Arguably the most emblematic 

effect that forest change in the region has had has been the decline in maple syrup production because of 

changes in April temperatures (Duchesne et al. 2009). The effects of climate change on forests are also 

highly visible through changes in the timing and duration of fall colours, which many people travel to see 
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each year (Archetti et al. 2013). Considering the economic, social and environmental implications of forest 

change in eastern North America, it will be important to perform continued research to inform careful 

management to sustain them into the future. 

4.5 Conclusions 

By examining different growth processes (i.e., sugar maple ring-width productivity, forest 

phenology and forest productivity) using different methodologies (i.e., dendrochronology and remote 

sensing) and comparing between geoclimatically distinct ecoregions (i.e., the Algonquin Highlands, St. 

Lawrence Lowlands, Frontenac Arch and Adirondack Mountains) we were able to demonstrate different 

ways in which forests in eastern North America responded (or did not respond) to climate, and ways in 

which their growth has changed over time. We found that the growing season length increased in parts of 

the St. Lawrence Lowlands and Frontenac Arch due to a delay in the end of the growing season, and that 

the ring-width productivity of the emblematic sugar maple has declined recently in the Algonquin Highlands 

and Adirondack Mountains, but other than that growth has been relatively stable recently. Furthermore, we 

found that variation in forest phenology and productivity were largely driven by air temperature 

accumulation. All together, these results show that there is scale-, species- and process-dependent nuance 

in the responses of temperate forests to climate. Climate has warmed at an accelerated rate in temperate 

regions in recent decades (Huntington et al. 2009; IPCC 2013, 2018), and warming, as well as changes in 

precipitation patterns and increased drought are expected in the near future (Reidmiller et al. 2018; Bush 

and Lemmen 2019), so our results suggest that temperate forests will respond to future climate warming. 
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Appendix A 

Test for differences in trend observations by detrending method 

Segments and trend (i.e., linear slope) sign from trend tests on regional chronologies from raw 

measurements, conservative detrending (i.e., conversion to ring-width index and removal of 

negative exponential or linear model as appropriate) and basal area increments. Start and end 

years for each segment are listed, and the sign of trends of each segment are in brackets. 

Breakpoints for each segment were determined using a structural change test (Zeileis et al. 2002), 

and slopes were calculated using the Thiel-Sen method (Bronaugh and Werner 2013). 

 Raw measurements Conservative detrending Basal area increments 

Algonquin 1912-1935 (+) 

1936-1957 (-) 

1958-1992 (-) 
1993-2011 (-) 

1912-1935 (+) 

1936-1957 (-) 

1958-1993 (-) 
1994-2011 (-) 

1912-1970 (+) 

1971-1992 (-) 

1993-2011 (-) 

Frontenac 1912-2011 (+) 1912-2011 (+) 1912-1966 (+) 

1967-2011 (+) 

Adirondacks 1912-1970 (+) 

1971-2011 (-) 

1912-1970 (+) 

1971-2011 (-) 

1912-1970 (+) 

1971-1990 (-) 
1991-2011 (-) 
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Appendix B 

Test for an age-related BAI trend in Sugar Maple  

Sullivan et al. (2016) recommend testing for differences in mean annual growth by tree age when 

performing trend analysis, in order to differentiate between differences from typical tree growth when 

interpreting the results of trend tests. We performed this test by creating a BAI chronology in which samples 

were aligned by their first year of growth (at pith), thus shifting each individual series in time so that the 

chronologies were aligned not by time, but instead by age. This chronology was plotted below. We used 

samples in which the pith was visible because the pith represents the first annual growth increment and 

therefore allows the age to be determined. 14 samples with a visible pith were available from Algonquin 

and Frontenac. The figure below showed a general increase in BAI for the first 140 years. After this, the 

sample depth becomes low (< 5), so age-related growth patterns were not assessed after 140 years. 

 

Chronology from age-effect test. The basal-area increment chronology (line) and sample depth 

(shading) are shown by tree age. 
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Appendix C 

Test of correlation between ring-width index chronologies made using a 

conventional mean versus those made using principal component analysis 

Correlation between standard mean RWI chronologies and RWI chronologies created by taking the 

first eigenvector from principal component analysis.  Correlation was tested using Pearson’s 

correlation and the parameters of linear ordinary least-squares model fit. 

 
Pearson correlation 

coefficient 
r2 of linear model 

Residual 

standard error of 
linear model 

p-value of linear 

model 

Algonquin 0.99 0.99 0.31 < 0.00001 

Frontenac 0.99 0.97 0.41 < 0.00001 

Adirondacks 0.99 0.98 0.30 < 0.00001 
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Appendix D 

Sample depth of ring-width chronologies 

Chronology sample depth as the number of trees and the number of plots used in both RWI and 

BAI chronologies, by year. Ecoregions: ALG = Algonquin; FRO = Frontenac; ADK = Adirondacks. 
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Appendix E 

Seasonal climatic means 

Climate graphs showing mean temperature and total precipitation by month for 1912 to 2011 by 

ecoregion. Ecoregions: ALG = Algonquin; FRO = Frontenac; ADK = Adirondacks. 
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Appendix F 

Climatic summary statistics and linear trends 

Table of climatic summary statistics and linear trends. PRT is represented as mean (1912-2011) of 

the annual sum and all other variables are represented as mean (1912-2011) of the monthly mean. 

Linear trends were calculated by fitting a linear model to annual means using ordinary least-

squares regression. 1 year trends are the slope of the linear model, and 100 year trends are the slope 

multiplied by 100. Climatic variables: TMX, TME & TMN = maximum, mean and minimum 

temperature; PRT = total precipitation; SPEI = standardised precipitation-evapotranspiration 

index. Ecoregions: ALG = Algonquin; FRO = Frontenac; ADK = Adirondacks. 

 Ecoregion MAX MAX 

Year 

MEAN MIN MIN 

Year 

SD 1 yr. 

Trend 

100 yr. 

Trend 

p value 

TMX ALG 12.97 1998 10.57 8.53 1926 0.826 0.006 0.614    0.0313 

FRO 13.56 1998 11.74 9.61 1917 0.855 0.011 1.130    0.0001 

ADK 14.23 1998 12.25 8.56 1917 0.921 0.013 1.316 < 0.0001 

TME ALG 6.98 1998 4.68 2.84 1926 0.795 0.003 0.258    0.3521 

FRO 9.23 1998 7.05 4.50 1917 0.939 0.019 1.895 < 0.0001 

ADK 8.03 1998 5.76 3.10 1917 0.854 0.013 1.279 < 0.0001 

TMN ALG 0.99 1998 -1.22 -3.33 1982 0.855 -0.001 -0.063    0.8341 

FRO 4.90 1998 2.36 -0.63 1917 1.148 0.027 2.673 < 0.0001 

ADK 1.83 1998 -0.73 -2.70 1935 0.902 0.012 1.240 < 0.0001 

PRT ALG 1652.30 1985 1129.43 796.50 1958 163.315 1.633 163.315 < 0.0001 

FRO 1276.70 2011 969.78 706.50 1958 135.010 0.883 88.284    0.0587 

ADK 1356.30 1947 1066.71 821.30 1941 117.676 0.527 52.688    0.1977 

SPEI ALG 2.17 1988 0.07 -1.82 1933 0.913 0.021 2.064 < 0.0001 

FRO 2.03 1928 -0.28 -2.11 1958 0.898 -0.001 -0.073    0.8148 

ADK 4.75 2001 0.23 -1.24 1922 0.803 0.003 0.333    0.2336 
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Appendix G 

Accuracy assessment of Daymet climatological data 

Results of accuracy assessment of Daymet climatological data for A2A. Tests were performed using 

observed and predicted daily data for the beginning (1988) and end (2014) of the study period. The 

data used for validation are available from Thornton et al. (2017). Only the precipitation (prcp), 

minimum temperature (tmin), and maximum temperature (tmax) variables were available at the 

time that we performed this test. An ordinary-least squares linear model and a one-sided test of 

Pearson’s product moment correlation coefficient were used to assess the similarity between 

observed data from climatological stations and spatially corresponding predicted values from 

interpolated Daymet data. 

 Precipitation Minimum Temperature Maximum Temperature 

 1988 2014 1988 2014 1988 2014 

Number of 

Stations 
160 140 119 84 119 84 

R-squared 

of linear 

model 

0.581 0.632 0.977 0.973 0.969 0.965 

Pearson’s 

correlation 

coefficient 

0.762 0.795 0.988 0.986 0.984 0.982 

p-value of 

Pearson’s 

correlation 

< 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 
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