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ABSTRACT 
 

 

AN INVESTIGATION OF THE RELATIONSHIP BETWEEN LONG-TERM FOLIAR DECLINE 
ASSESSMENT AND ANNUAL GROWTH OF SUGAR MAPLE IN ONTARIO, CANADA. 

 

 

Laura Benakoun         Advisor:  

University of Guelph, 2016         Ze’ev Gedalof 

 

This thesis presents an investigation of the relationship between visual signs of foliar decline, as 

represented by a long-term observational index, and annual radial growth of sugar maple (Acer 

saccharum Marsh.) in unmanaged forests in Ontario, Canada.  Dendrochronological records from 24 sites 

across central and southern Ontario were examined for signs of declining growth, with associated visual 

decline assessments from 1990-2011 examined for predictive or reactive evidence of observed growth 

patterns. Foliar decline was found to be moderately predictive of future growth decline, showing 

correlations 2-3 years in advance of radial growth declines in 46% of plots.  In contrast, 25% of sites also 

showed 2 or more years of correlation between increasing foliar damage and increased growth, although 

the mechanism responsible for this is unclear. Climate models showed that variation in radial growth was 

significantly correlated to climate in most study sites.  When the effects of climate on growth were 

removed, the foliar decline / radial growth relationship changed and generally became less predictive. The 

relationship of growth patterns, foliar condition and site conditions showed no clear pattern across all 

study sites, suggesting site-specific interactions play an important role in growth dynamics.  Overall, 

sugar maple populations in Ontario show declining growth over the past several decades, although rates 

of decline vary.  The analyses conducted in this study suggest visual assessments of foliar health may be 

most useful as a predictive management tool once a baseline sensitivity of each plot to foliar condition 

has been established. 
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CHAPTER 1: INTRODUCTION AND OVERVIEW OF RESEARCH 
 

A chilly winter visit to a sugar shack or a colourful  autumn drive through Ontario’s Algonquin 

Park demonstrate the charismatic nature of sugar maple (Acer saccharum Marsh.) dominated 

forests, and illustrate some of the valuable contributions the species makes to society beyond 

being a mere source of timber.  In 2015, North American forests made up 16% of global forest 

cover (Keenan et al. 2015), with sugar maple covering approximately 9% of the hardwood land 

on the continent (Burns and Honkala 1990). Additionally, it is estimated that Canadian maple 

syrup exports alone account for $100 million CAD annually (Munier 2012).   Concerns have 

arisen that changing climatic conditions may result in shifts in tree species range and 

composition, as well as loss of species diversity  in these forests in future (McKenney et al. 

2007a; 2007b). As individual trees are unable to move themselves to more favourable conditions, 

it is likely that range shifts will occur through both establishment in new areas and the decline or 

death of trees in areas no longer suitable.  The importance of determining the health of forests is 

not exclusive to modeling the future however- concerns over forest decline in North America 

(and indeed worldwide) have been ongoing for decades (Chevone and Linzon 1988; Schall et al. 

1998; Kandler and Innes 1995). 

A fundamental issue with determining levels of decline in forests is the means by which one 

defines decline, and how it is tracked.  The most straightforward definition of decline may be 

persistent, decreasing annual growth (as opposed to short-term decreased growth as a result of 

resource diversion to masting, where tree resources are diverted to reproduction rather than 

adding stem volume), but measuring this growth directly for large areas of forest may be difficult 

and expensive, requiring a large investment in both monitoring equipment (such as 
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dendrometers, extensive increment core sampling, etc.) and technician time. Trees experiencing 

decline often demonstrate it visually through changes to crown condition (Horsley et al. 2002). 

Visual assessment of tree condition provides a low-investment and non-destructive monitoring 

method, and has been used in many regions as a means of assessing decline by proxy (Tkacz et 

al. 2013; Badea et al. 2011; Zarnoch et al. 2004).  There thus exists a need for a quantifiable 

means of relating visual decline and annual growth patterns, to inform forest management while 

fitting within operational cost constraints. 

In 1985, the Ontario Ministry of Environment established the Ontario Forest Biomonitoring 

Network, a series of 110 hardwood forest plots designed to track the health and decline of 

hardwood species in the province.  Plots were established in areas of hardwood forest that were 

mature, undisturbed and located away from point sources of pollution (Davis et al., n.d.). 

Hardwood tree species in these plots are assessed for the main visual symptoms of decline : leaf 

chlorosis (yellowing), undersized leaves, fine twig dieback and branch death.  Each of these 

parameters is given a weighted value from which a numeric "Decline Index" value is calculated. 

While originally developed to investigate the effects of regional air pollution and acid deposition, 

the Decline Index is currently being investigated for its ability to inform on climatic change and 

forest dynamics (Davis et al, n.d.) 

Research objectives and broad methods 
The objectives of this research are to evaluate the decline status of sugar maples in Ontario, to 

assess the ability of a visual assessment method to predict or inform on the status of decline, and 

to investigate whether site conditions or climatic factors affect the relationship between visual 

and cambial signs of decline or decline patterns themselves.  To meet these objectives, several 

avenues needed to be pursued: 



 
 

3 
 

1. Historical data on the Ontario Forest Biomonitoring Network (OFBN)’s Decline Index 

plots were collected and prepared for analysis, selecting only plots that had been 

designated (by the OFBN) as having lower levels of human interference and randomly 

selecting a subset of 23 from the total 111 currently available. 

2. Annual radial growth increments were measured from approximately 20 randomly-

selected maples within identified plots, and various other site characteristics were also 

collected. 

3. These two data sets were analyzed for relationships through time to investigate the 

relationship of the foliar assessments (DI) to basal area increment (BAI, the total annual 

radial wood volume increase in a given year).  The BAI were also analyzed 

independently to determine the growth trends in all plots. 

4. Site characteristics were investigated for their potential relationships with exhibited 

decline in the plots. 

The thesis that follows is divided into three portions. The first is a literature review introducing 

the concepts of dendrochronology, forest decline on a local and global scale, and the various 

methods of evaluating such decline.  The second portion of the thesis is a manuscript, covering 

the research methods and results in more detail than above, with an overview of findings and 

discussion.  The final portion includes a reflection and deeper discussion on the findings and 

discusses broader applications and future areas of research building off of the work covered here. 

 

LITERATURE REVIEW 

Globally, forests provide a multitude of services: food, fuel, carbon sequestration, biodiversity 

conservation and even improved mental well-being (Morita et al. 2007; FAO 2010). In 2005, 
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total forest revenue averaged 4.5 USD per hectare, while non-wood forest products (NWFPs) 

totaled at least 18.5 billion USD in the same year.  Despite this, global net forest loss was 

estimated at around 5.2 million hectares per year (FAO 2010).  Climatic change is anticipated to 

affect forests in many ways, including playing an important role in the migration of various tree 

species and their ability to persist in their current ranges or expand to new territory (McKenney, 

et al. 2007; Zhu et al. 2014; Zhu et al. 2012).  While the effects of climate change (such as 

increases in temperature and changes in patterns and amounts of precipitation) are expected to 

occur worldwide, the severity of the effect is not expected to be uniformly distributed.  The 

Intergovernmental Panel on Climate Change (IPCC) predicts that warming will be greatest over 

land and at most high northern latitudes (Session et al. 2011 section 3.2.2). Canadian forests may 

thus be at risk from these anticipated effects, precipitating the need for a clear understanding of 

current and future forest health. 

One anticipated effect of warming climate is a shift in acceptable temperature ranges for various 

tree species. In North America, McKenney and colleagues (2001) modeled a potential northward 

shift of 700 kilometres on average for many tree species, with 25 species projected to have a 

northward shift of between 7 and 10 degrees of latitude.  Other studies, such as Iverson et al. 

(2008), concur that range migration will occur, although there are some variations in the degree 

of shift anticipated.  In contrast, Zhu et al. (2014) found that while recruitment of juveniles was 

greater in warmer and wetter conditions, there was little evidence for a migration of the tree 

species’ ranges. A 2004 study by Kellman (2004) showed that maple seedlings were able to 

establish in northern boreal forests in Ontario, provided the seed was transported there. The 

success of trees’ settling into new ranges does not rest on climate alone, however: Iverson and 

colleagues also note that some factors, including insect infestations such as Emerald Ash Borer 
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(Agrilus planipennis Fairmaire) are not wholly predictable in models and may significantly alter 

outcomes from the modeled predictions (Iverson et al. 2008).  These contrasting results and 

uncertainties make it challenging to manage forests in order to preserve forest species. 

Understanding the causes of decline in trees will allow for better planning to take into account 

the anticipated stressors on current and future growth. 

 

FOREST DECLINE- AN OVERVIEW 

While forest decline has been reported for centuries (Tomlinson 1990; Ferretti et al. 2013) 

decline has been a global concern since the early 1980s (Kandler and Innes 1995; Bussotti and 

Ferretti 1998; Horsley et al. 2002).  This observed decline has not been limited to one section of 

the planet, with decline occurring for a variety of reasons in North  and South America (e.g. 

Chevone and Linzon 1988; Rodríguez-Catón et al. 2016; Gavin et al. 2008; Horsley et al. 2002; 

Manna and Rajchenberg 2004; Haavik et al. 2015), in various parts of Europe (Tomlinson 1990; 

Schall et al. 1998; Klap et al. 2000; Innes and Schwyzer 2005; Sánchez-Salguero et al. 2012), 

and the South Pacific and Asia (Mueller-Dombois 1990; Ryan et al. 2004; Liu et al. 2013).  The 

multi-species forest decline in Germany prompted the use of the term "Waldschaden" ("novel 

forest damage") and led to predictions of massive European forest decline and death in the near 

future (Tomlinson 1990; Kandler and Innes 1995) however, such a massive-scale die-off has not 

materialized (Kandler and Innes 1995).  More recently however, the background levels of forest 

decline appear to have increased in parts of North America (Allen et al. 2010; Payette et 

al.1996), although evidence is mixed (Gravel et al. 2011; Parker and Craig 2002), possibly due to 

how forest health is defined and evaluated.  The decline of forests continues to be a topic of 

concern and of study, both on a broad, multispecies scale (Parker and Craig 2002; Kandler and 
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Innes 1995; Wardle et al. 2004; Ryan et al. 2004, etc.) as well as the examination of the health 

and decline of specific species, notably including sugar maple (Acer saccharum) in North 

America (Duchesne et al. 2002; Ryan et al. 1994; Payette et al. 1996; Manna and Rajchenberg 

2004).   

 

CAUSES OF TREE AND FOREST DECLINE 

Current knowledge indicates a number of different causes of tree decline worldwide; however, 

the relative importance of each varies dependent on location, community and species while 

human bias may also play a role in the identification of decline and its causes.  Below, an 

overview of research into the broad categories of decline causes and stressors is discussed. 

 

Direct anthropogenic causes 

Globally, pollution from industry has been implicated as one of the major causes of forest-wide 

decline (Schall et al.1998; Tomlinson 1990; Gytarsky et al. 1995; Battles et al. 2014).  These 

pollutants include acid-forming emissions such as SO2, NOX as well as ground-level O3, which 

causes tissue damage in trees (Mclaughlin et al. 2000; Miller and Watmough 2009).  The 

deposition of metals due to smelting has also been recognized as an important factor in tree 

decline, however, this effect has been found to be localized to the immediate vicinity of the 

emission source (Gytarsky et al. 1995; Gordon and Gorham 1963; Gorham and Gordon 1960).  

Nevertheless, a relationship between acid deposition and the impacts of metals on tree health 

exists.  Godbold and Hüttermann (1994) showed a decline in root elongation in Picea abies ((L) 

Karst.) as a result of exposure to mercury, cadmium and zinc (individually and in combination), 

and cadmium was shown to have increased uptake when soil pH was low. Additionally, studies 
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of smelter pollution by Gorham and Gordon (1960; 1963) found that distance from smelting 

activity not only impacted soil chemistry but controlled tree species’ abilities to grow, excluding 

some from areas proximate to the smelter or its plume. While early research was concerned with 

the effects of acid precipitation on forests (Cogbill 1976; Tomlinson 1990; Likens et al. 1996; 

etc.), the hypotheses as to the nature of the impacts of acid deposition have changed over time. 

While the focus early on was on the direct effects of acid, it was later revealed that the impact of 

changing pH on sensitive soils played a larger role in the decline of trees such as sugar maples, 

due to the accelerated loss and leaching of base cations (minerals that raise the pH of soil such as 

Ca, Mg and K) (Horsley et al. 2002; Tomlinson 1990; Likens et al. 1996; Horsley et al. 2008a).  

Amending forest soil with calcium has been shown to improve some aspects tree decline thought 

to be caused by cation leaching and low soil pH from pollutants (Battles et al. 2014; Long et al. 

1997), but is inconsistent in improving overall tree growth (Momen et al. 2015; Long et al. 

1997).   In upland hardwood forests Horsley and colleagues (2002) have also identified highway 

de-icing salts as a factor in the decline of sugar maple.  As with metal pollution, this is a highly 

localized phenomenon, affecting trees on the immediate edges of roadways that have salt applied 

in winter (i.e. in northern areas). 

Direct human impact on forests, such as forest decline through deforestation, both for timber 

extraction or for land-clearing purposes, will not be considered here as the focus of this study is 

on the broader decline and health of forests.   
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Abiotic causes 

Abiotic factors, such as temperature, precipitation, soil type, nutrients etc. play an important role 

in tree health, and can be broadly grouped into “climatic” and “edaphic” factors.   While the 

effects of human-driven climate change may appear to belong under "anthropogenic causes", 

impacts on forest systems not directly attributable to point sources of human activity have been 

included here with other climatic factors for clarity.  There has been long-standing consensus that 

temperature and moisture are highly significant controls on the growth and health of trees (Lane 

et al. 1993; Cook and Johnson 1989; Goldblum and Rigg 2005; Gea-Izquierdo et al. 2011; 

Sánchez-Salguero et al. 2012; Liu et al. 2013). For sugar maples in particular, drought has been 

noted as playing an important role in tree growth reduction (Tomlinson 1990; Horsley et al. 

2002), with three years of drought in the mid-1960s possibly having precipitated the sugar maple 

decline observed in North America in the 1980s (Kolb and McCormick 2011).  While sugar 

maple has been found to be intolerant of highly saturated soils (Horsley et al. 2002) as well as 

drought, a review by Côté and Ouimet (1996) observes that drought in Quebec is not statistically 

related with forest decline overall, despite a substantial portion of southern Quebec forests being 

composed of maple species. Allen et al. (2010) have modeled tree decline based on increased 

drought caused by climate change, and predict an increased potential for tree decline world-wide 

as a result of drought and heat stress, although the study did note that there is a considerable 

degree of uncertainty in the prediction of tree response to climate change.  Heat stress was also 

identified by Ryan et al. (1994), with high summer temperatures negatively affecting growth in 

the current and subsequent year for the Ontario maples assessed.   The frequency of some 

extreme weather events such as drought and increased precipitation have increased, although 

trends for smaller-scale weather extremes such as hail storms cannot be tracked with as great a 
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level of certainty (Session et al. 2011). The Intergovernmental Panel on Climate Change 

expresses medium confidence that anthropogenic influences have contributed to increased 

extreme precipitation events (Session et al. 2011).  Weather events such as flood-causing rains, 

"glazing" from ice storms, and freezing events following a thaw can all cause stress on trees, and 

increase their susceptibility to additional damaging factors such as insect defoliation (Horsley et 

al. 2002).  Among edaphic factors, soil chemistry and parent material, topography and soil type 

have all been found to be influential on tree growth (Ryan et al. 1994; Horsley et al. 2002; 

Purdon et al. 2004; Horsley et al. 2008a).  The expected increases in these abiotic stressors will 

directly impact the ability of trees to cope and thrive, making the understanding of the way they 

express decline highly relevant. 

 

Biotic causes 

Biotic stresses and interactions in forests are many and varied, and may differ in importance 

depending on the species or system observed.  One well-known stressor is insect predators, both 

the foliage-eating type such as the forest tent caterpillar (Malacosoma disstria Hübner) and bark-

boring insects such as the mountain pine beetle (Dendroctonus ponderosae Hopkins).  

Defoliation by insects causes depletion of trees' carbohydrate stores, especially early in the 

growing season when refoliation is required (Wood et al. 2009). The effects of insect leaf 

predation on tree growth appear to be mixed, however, suggesting that other factors may come 

into play in either mitigating or worsening decline (Wood et al. 2009; Kolb and McCormick 

1993).  Outbreaks of bark boring insects are also important biotic causes of widespread forest 

decline.  Bark boring insects can cause tree decline either through direct destruction of the 

cambium (e.g. as done by the mountain pine beetle (Dendroctonus ponderosae) and the emerald 
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ash borer (Agrilus planipennis) or through secondary fungal infections carried by the insect that 

often ultimately kill the trees.  For example, the recent spread of "Thousand Canker Disease" in 

black walnut (Juglans nigra L.)  in North America is a result of  feeding by the walnut twig 

beetle (Pityophthorus juglandis Blackman), which is a carrier for a filamentous  fungi 

(Geosmithia morbidia M. Kolarík et al.) that causes cankers which subsequently kill the tree 

(Kolarík et al. 2011).  Fungal infections are generally able to attack trees that are already 

undergoing stress due to abiotic or other biotic factors (Tomlinson 1990, Horsley et al. 2002, 

Kasson and Livingston 2012).  Tomlinson (1990) identifies several broad categories of fungal 

pathogens: needle and leaf pathogens, pathogens of woody aboveground parts, root pathogens 

and mycorrhizal pathogens.  Similar to defoliating insects, fungal infections can vary in their 

impact: root infections of sugar maple by Armillaria spp. fungi vary in their ability to attack and 

in their level of pathenogenic activity.  The health of the trees and their ability to resist actively 

against infection also plays a role in decline from fungal causes (Horsley et al. 2002; Kasson and 

Livingston 2012).  The role of invasive earthworms has also been flagged as a potential cause of 

forest dynamic change and decline in North America particularly (Evers et al. 2012; Addison 

2009).  Forest nutrient cycles including soil carbon (Fahey et al. 2013), mycorrhyzal fungal 

colonization (Lawrence et al. 2003) and seedling recruitment have all been flagged as 

undergoing changes as a result of earthworm presence (Addison 2009; Dobson and Blossey 

2015), although this last may be due to a combination of factors rather than worm presence alone 

(Dávalos et al. 2013). Decline of forest ecosystems can also be caused by organisms on an 

entirely different scale: browsing by ungulates has been shown to have a substantial impact on 

recruitment success in North American forest systems. Ripple and Beschta (2007) found that 

hardwoods in the Great Plains of the United States of America had a lack of recruitment lasting 
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more than a century as a result of expanded browsing by ungulates following the elimination of 

local carnivores.  Additionally, the study showed a recruitment of these hardwood species in 

areas that had been protected from browsing.  Deer herd reductions led to a greater than four-fold 

increase in the number of small trees in an Ontario study area; however, researchers did note that 

recovery among larger trees was limited and would likely take a prolonged period of time 

(Tanentzap et al. 2011). 

North American forests must cope with stressors from biotic, edaphic and anthropogenic 

avenues, many of which are persistent or expected to intensify. Given this pressure, 

understanding how trees express decline and when they are undergoing it becomes of paramount 

importance in the long game of forest management. 

 

THE MONITORING OF FOREST DECLINE 

The Ontario Forest Biomonitoring Network 

In Ontario, forests cover 56 million hectares and include four major forest regions: the 

Deciduous, Great Lakes-St. Lawrence, the Boreal and the Hudson Bay Lowlands  (Watkins 

2011).  Decline of trees in North America has been the subject of several studies, both in the 

United States and in Canada (overview provided by Chevone and Linzon 1988); one of the most 

long-term is the Ontario Forest Biomonitoring Network (OFBN), conducted by the Ontario 

Ministry of the Environment.  Established in 1985, the OFBN currently consists of 111 50 m by 

50 m forest plots set in representative areas of mature, undisturbed mixed hardwood forest across 

Ontario (Davis et al. n.d.).  The plots represent 28 tree species, although sugar maple (Acer 

saccharum) accounts for 73% of all trees in the network (Davis et al. n.d.).  In 2007, a re-

evaluation of the network resulted in  the discontinuation of some plots and the enhancement of 

data collection at others (Ontario Forest Biomonitoring Network Activity Report to Ontario 
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Parks 2010), and in 2010 an additional plot was added further north in the province to track the 

effects of climate change on tree health (L. Benakoun, personal observation). The OFBN was 

established in order to track the condition, health and decline of Ontario's mixed hardwood 

forests and to determine if acid precipitation was a causal factor in any decline that might be 

occurring (Davis et al.  n.d.), although recent enhancements have been implemented in order to 

detect the effects of climate change, including meteorological and soil temperature and moisture 

data, as well as an expanded suite of ecological parameters at thirteen selected sites throughout 

the province.  In order to make a quantifiable data set to track tree decline, the OFBN uses a 

purpose-developed Decline Index (DI), which uses an algorithm based on leaf size, colour and 

branch dieback to assign a value for each tree assessed and to determine a plot average (Ontario 

Forest Biomonitoring Network Activity Report to Ontario Parks 2010).  Trained crews assess the 

percentage of each of the four foliar conditions used for the DI (see below) present in the tree 

being evaluated. Each tree included in the program is evaluated by two crew members and the 

same trees are assessed from year to year (Davis et al. n.d.).  Each tree is evaluated 

independently, and plot-wide averages are calculated based on all individual results. 

The Decline Index Formula: 

 

DI = DB + (A* UL) + (A* ST) + (A* SL/2) 

DI = decline index 
DB = percent dead branches 
  A  = (100 - DB)/400 
UL  = percent undersized leaves 
ST  = percent strong chlorosis 
SL  = percent slight chlorosis 
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Figure 1 An illustration of DI calculation. In this instance, the tree shown has approximately 
17% bare branches, 17% undersized leaves, 22% strongly chlorotic leaves and 11% slightly 

chlorotic leaves. Under the DI formula, this tree would have a ranking of 26 (the value is 
rounded to the nearest whole).  

The evaluation of crown condition, a primary component of the Decline Index, has been 

commonly used as a method of evaluating tree and forest health (Horton et al. 2011; Zarnoch et 

al. 2004). Crown condition may also provide additional context for other growth evaluations, 

such as basal area increment, where foliar decline was often found to be preceded by a decline in 

basal area growth by several decades  (Ohno et al. 2010; Amoroso et al. 2012).  Crown 

evaluation was included in a Europe-wide study on the decline of both conifers and hardwood 

species, with a noticeably lower incidence of decline for some conifers than for the hardwood 

species (Klap et al. 2000).  
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Figure 2 The location of the Ontario Forest Biomonitoring Network plots as of 2010. (From 
Ontario Forest Biomonitoring Network Activity Report to Ontario Parks 2010). OFBN plot 

locations map was created using ArcGIS© 9.1. Map layers were collected from Ministry 
databases. Inset map of Lake Superior plots was projected into NAD 1983 UTM Zone 15. 

 

OTHER METHODS OF TRACKING DECLINE 

While the use of crown condition as a metric of health is widespread, there have been questions 

as to its reliability and use as a determinant of tree and forest condition due to the subjective 

nature of the assessment.  The analysis of tree health using computerized methods such as 

models and aerial photgraphic analysis have been used as a monitoring method (Tkacz et al.  

2013) or as an enhancement or corrective measure (Zarnoch et al. 2004; Mizoue and Dobbertin 

2003).  Hernandéz-Clemente et al. (2011) used airborne sensors to detect the reflectance and 
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chemical changes of photosyntheic pigments as a means of tracking stress in coniferous forests.    

While providing useful data on the conditions of these forests, the authors note that the sensors 

are highly affected by the ambient light conditions, the angle of view and the structure of the 

canopy (Hernández-Clemente et al. 2011).  The on-the-ground assessment completed as part of 

the Decline Index evaluation includes observer notes such as visible insect damage and reduced 

leaf size, which may not be observable by remote-sensing methods, and which may provide 

clarification on the causes of observed decline.  Tominaga et al. (2008) have determined that 

Decline Index values used by the OFBN can provide a predictor of sugar maple mortality over 

18 years.  While useful, the Tominaga model cannot be applied to forests that have not had 

successive years of decline analysis, suggesting that a proxy for past Decline Index evaluations 

would be beneficial. As a complement to the work done in Ontario on the OFBN, Payette and 

fellows (1996) examined the relationship between decline in maple and beech and growth trends 

seen through tree cores in Quebec's maple forests, and provided insights as to the likely causes of 

sugar maple decline in the province during the 1980s. 

 

Innes and Schwyzer (2005) examined the relationship between stem damage and crown 

transparency in Swiss conifers and beeches (Fagus spp.), however, confounding factors such as 

fungal infections prevented any causal relationship from being established. Hyink and Zedaker 

(1987) observe that the first noticeable sign of decline is a reduction in growth, although they 

note that not all growth reductions are an indicator of decline and that in cases of decline, growth 

is reduced beyond what would otherwise be expected given stand conditions and tree age.  The 

authors suggest tracking expected growth of trees as a method to determine if decline is 

occurring, however this option presents at least two difficulties: first, that inter-site comparison 
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may not take other site and community characteristics into account fully, and second that the 

tracking of diameter and height growth through time requires a commitment to long-term 

monitoring, which while ideal can prove difficult in periods of financial restraint and limited 

available funding.   The suggestion made by Hyink and Zedaker to use dendrochronological 

methods to track prior growth, meanwhile, does permit a substantial amount of growth data to be 

collected in a single field season.  

 

TREE GROWTH: CONTROLLING FACTORS AND METHODS OF MENSURATION 

The growth and health of trees worldwide are affected by multiple factors, as well as the 

interactions of these conditions. The factors which affect growth are treated here separately from 

those causing decline in trees, although growth and decline are intimately linked. Nevertheless, 

an understanding of what influences the success of trees in their environments is important to 

place the causes of decline in their proper context. Barnes and Spurr (1973) break down the 

factors that influence trees into three areas.  The first is climate, the atmospheric conditions such 

as solar radiation, air temperature and humidity, precipitation and carbon dioxide available in the 

air. The second set of conditions is the edaphic factors that deal with the soil conditions:  nutrient 

content, physical soil structure, soil moisture regime and the composition and decay of the 

organic components.  Barnes and Spurr (1973) describe the third factor as "autoecology", which 

deals with community dynamics and the interactions between different species in the ecosystem. 

 

 These three interacting factors can be found at the boreal/hardwood ecotone in Ontario, where  

sugar maple growth was significantly correlated with temperature at several points during the 

year, while white spruce (a dominant boreal tree) had fewer temperature factors that were 
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significantly related to its growth (Goldblum and Rigg 2005).  Likewise, sugar maples in lower 

latitudes of Ontario were found to be sensitive to both winter and summer temperatures, as well 

as summer rainfall (Ryan et al. 1994). This suggests that sugar maple may be an excellent model 

for observing the effects of changing temperatures as it is responsive to temperature trends 

throughout its growing period.  Additionally, observed northward migration of forests which has 

occurred over the past century and which is predicted to continue suggests that warming 

temperatures may be improving growing conditions for forests at higher latitudes (Leithead et al. 

2010).  Species that are generally found at more southern latitudes in Ontario can establish 

successfully in boreal forest gaps, where the successful growth can be attributed to increases in 

light availability, although forest gaps also act as "heat islands" (Leithead et al. 2010). Seasonal 

sunlight affects growth during the early growing season, when the availability of sunlight is 

controlled both by shading by other forest trees and influenced by the aspect of the slope (Kwit 

et al. 2010). The importance of sunlight was also emphasized in Zeide's 1980 study in Eastern 

European forests.  Barnes and Spurr’s (1973) second condition, edaphic factors, are also 

examined by Zeide, who ranked light as having a higher importance than soil fertility.  This 

stands in sharp contrast to the assertion that nutrient availability has a profound impact on tree 

growth made by Lassoie and Hinckley ( 1991, Section 2, Ch1).  They note that the addition or 

deletion of a lone limiting nutrient can have a major effect on both growth and productivity in 

trees.  While they observe that both water and nutrients are necessary for continued growth and 

vigor, the emphasis is placed on nutrients as the more complex system for study.  Table 1, below, 

lists various nutrients and their importance, as enumerated by Lassoie and Hinckley (1991): 
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Table 1 Nutrients affecting forest growth, based on Lassoie and Hinckley, 1991 

Nutrient Importance and other notes 
Nitrogen (limiting) frequently limiting, low levels often caused by  lack of 

nitrogen fixers, lack of athropogenic deposition, and 
frequent fire 

Nitrogen (excess) can produce toxicity or system imbalance, inputs include 
atmospheric wet and dry deposition. 

Phosphorus frequently limiting, low availability in old, weathered 
soils 

Base cations 
(Potassium, Calcium, 
Magnesium) 

frequently limiting, often limiting in areas with soils 
derived from acidic bedrock,  due to acid deposition, 
sites with history of biomass removal, areas with 
excessive anthopogenic nitrogen inputs 

Boron rarely limiting, fertilization with boron yields enhanced 
growth in specific areas worldwide 

Sulphur rarely limiting 

other trace metals rarely limiting 

 

The effects of nutrients not just on growth but on species composition can be seen in a study by 

McEwan et al (2005): sugar maple was  found in nutrient-rich (containing Mg, Ca, K, and P), 

moist forest sites in the Appalachians, whereas  red maple (A. rubrum L.) was found on drier and 

more acidic sites (McEwan et al. 2005). The effects of species composition, however, are 

somewhat more contested.  Forcier's 1975 study found that in a New Hampshire hardwood forest 

with three codominant species (sugar maple, North American beech (Fagus grandifolia Ehrh.) 

and yellow birch (Betula alleghaniensis Britt.), cyclical dominance was maintained through  

varying reproductive strategies (Forcier 1975), while Gravel and her colleagues reported in  2011 

that F. grandifolia was replacing sugar maple in Quebec forests from the 1980s onwards, 

showing much stronger recruitment in younger age classes (Gravel et al. 2011).  Whether this 

apparent disagreement is a result of a difference in study area or is an overall trend bears further 

investigation.  
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OBSERVING GROWTH: DENDROCHRONOLOGICAL PRINCIPLES 

Details about the life history of trees and by extension, the forest to which they belong, can be 

read through the changes in the size of the annual rings laid down by trees in a seasonal 

environment (seasonality is necessary in order to create the difference in growth rate throughout 

the year that produces visible "rings").  Seasonality can include the four-season progression 

found in mid to high latitudes, or in tropical areas with a marked wet and dry season shift (Speer 

2010).  As a discipline, dendrochronology is based on a series of basic principles, outlined below 

in Table 2.  Tree cores, if properly cared for, can be archived long-term and further analysis and 

comparison may be possible at a later date.  For North America alone, over a thousand 

chronologies are available (Fritts et al.1980).  This provides a rich data base from which to work, 

and a large body of knowledge which can be further enhanced for the use of future scientists and 

researchers. 

One of the sub-disciplines of dendrochronology is the field of dendroclimatology, the study of 

the signals of climate variation in tree rings.  These can be recorded both in the width of the tree 

rings as well as in their isotopic chemical concentrations (Speer 2010), although it is highly 

important that the principle of site selection (discussed in Table 2) be applied to ensure that the 

trees selected for sampling be stressed by the climate variable under consideration, in order to 

produce the strongest signal (Fritts et al. 1980).  The complex interplay between different factors, 

such as stand competition between different species and individuals and the effects of 

anthropogenic disturbance in highly human-impacted areas, create confounding factors that must 

be carefully distinguished (Gea-Izquierdo et al. 2011).  The effects of past and present 

environmental conditions such as fire, insect outbreaks or the effects of species succession, is 

termed "dendroecology" (Speer 2010; Fritts 1971). 
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Table 2 Principles and Concepts of Dendrochronology, from Speer 2010 

Principle Overview 
Principle of Uniformitarianism Processes (such as geological weathering, etc.) that occur 

today occurred in the past in the same way.   
 
Example: Sediment washing down a stream will erode the 
bedrock at a regular and consistent rate. 

Principle of Crossdating Matching wide and narrow ring patterns between different tree 
cores to establish a consistent chronology between known 
dates. 
 

Principle of Limiting Factors Growth of an organism is controlled by the most limiting 
factor in the environment (rainfall, temperature, etc.).  The 
limiting factor for a given year is the variable that is recorded 
in that year's tree ring width. 

Principle of the Aggregate Tree 
Growth Model 

Trees will record everything that affects their growth in their 
rings, which can be used to model environmental variables 
over time. 

Concept of Autocorrelation Correlation of a variable with itself over successive time 
intervals, where a previous year's conditions affect growth in 
following years.  This must be recognized and corrected for 
statistically. 

Concept of Ecological Amplitude Climate variables, as well as topography, slope and aspect all 
control vegetation growth and stress.  Therefore, trees at the 
edge of their climatic range are more likely to show signals of 
climatic variation from the increased stresses. 

Principle of Site Selection Sampling sites should be placed where trees are likely to be 
stressed by your variable of interest. 
 
Example: Sampling in an arid area to model precipitation over 
time (trees show water stress in rings). 

Principle of Replication Taking multiple samples to improve crossdating and pattern 
matching, to get a better stand-wide signal of the variable of 
interest. 

Concept of Standardization Techniques used to remove age-related growth trends and other 
noise from ring series, in order to more clearly identify shorter-
term variability.  There are a variety of standardization 
techniques, depending on what is being examined and how 
conservative the analysis is. 

 



 
 

21 
 

  Within the North American context alone, there have been many applications of  both these 

subdisciplines to shed light on the dynamics of forests and on the past and present climate 

conditions (Fritts 1971; Lane et al. 1993; Foster 1988). The causes of decline of maples in 

Quebec has been investigated using tree ring analysis, and provided strong support for decline 

being caused by cyclical natural events rather than by air pollution as had once been surmised 

(Payette et al. 1996).  Houle (1990) found that sites where maple was declining had greater 

microsite heterogeneity  than those  not showing decline, and also suggested that differences in 

growth rates as shown from the tree ring chronologies were as a result of site-specific stand 

dynamics.  Dendrochronological research on sugar maple decline in the Adirondack mountains 

has found that decline is occurring across the population without a clear cause being found in soil 

chemistry or climate (Bishop et al. 2015).   

 

FOCUS OF RESEARCH 

By building upon both the long-term monitoring data of the Ontario Forest Biomonitoring 

Network and the current dendrochronological research into sugar maple across its range, my 

research  investigated the following questions: 1) Do visual signs of decline (as described by the 

Decline Index) predict cambial growth and decline? 2) Is decline truly occurring in Ontario’s 

sugar maple population, either presently or in the recent past? 3) What conditions affect the 

occurrence of decline if it is present? And 4) Does taking some of these conditions into account 

affect the ability of the Decline Index to predict decline in sugar maples?  The goal of this 

investigation is to enhance not only our understanding of the current status of the sugar maple 

population, but find ways that are both useful and cost-effective to broadly monitor changes in its 

health, and to evaluate the effectiveness of the Decline Index at describing forest health. While 
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earlier research has developed our understanding of visual and dendrochronological evidence of 

decline, there is little information available on the way in which the two may be correlated and 

thus cross-interpreted. The management of Ontario’s forest resources requires a solid 

understanding of their vigour and expected health, and a means to determine how health has 

changed in the past and may continue to change in the future would be of great value to forest 

managers and policy makers. 

 

 

 

 

 

  



 
 

23 
 

CHAPTER 2: MANUSCRIPT  

THE RELATIONSHIP BETWEEN A LONG-TERM FOLIAR DECLINE VISUAL 
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ABSTRACT 
In this manuscript we investigate the relationship between visual signs of foliar decline, as represented by 

a long-term observational Decline Index, and annual radial growth of sugar maple (Acer saccharum 

Marsh.) in unmanaged forests in Ontario, Canada.  Dendrochronological records from 24 sites across 

central and southern Ontario were examined for signs of declining growth, with associated visual decline 

assessments from 1990-2011 examined for predictive or reactive evidence of growth patterns via foliar 

condition. Foliar decline was found to be moderately predictive of future growth decline, showing 

correlations 2-3 years in advance of radial growth declines in 46% of plots. 25% of sites also showed 2 or 

more years of correlation between increasing foliar damage and increased growth, although the 

mechanism responsible for this is unclear. Regressed climate models showed that variation in radial 

growth was significantly correlated to climate in most study sites.  The most frequent association found 

was between radial growth and winter precipitation, although the sign of the association was inconsistent 

between sites.  When the effects of climate on growth were removed, the foliar decline / radial growth 

relationship changed and generally became less predictive. The relationship of growth patterns, foliar 

condition and site conditions showed no clear pattern across all study sites, suggesting site-specific 

interactions play an important role in growth dynamics.  Overall, sugar maple populations in Ontario 

show declining growth over the past several decades, although rates of decline vary.  Visual assessments 

of foliar health may be most useful as a predictive management tool once a baseline sensitivity of each 

plot to foliar condition has been established. 

KEYWORDS 
Sugar maple, decline, foliar condition, dendrochronology, visual forest health assessment. 



 
 

24 
 

INTRODUCTION  
Sugar maple (Acer saccharum, Marsh.) is a charismatic tree species iconic of North American 

hardwood forests, covering approximately 9% of the hardwood land cover on the continent 

(Burns and Honkala 1990).  Records of sugar maple’s decline have been ongoing for more than 

the past 50 years across its range ( Horsley et al. 2008a; Horsley et al. 2002; Gavin et al. 2008; 

Wardle et al. 2004), with a variety of causes implicated including soil cation imbalance (Horsley 

et al. 2008a), acid deposition (Duchesne et al. 2002), and a combination of climate and insect 

predation stresses (Kolb and McCormick 2011). Yet many of these studies are conducted over 

the short-term, limiting the ability to track decline over long periods and understand how it may 

manifest. 

A fundamental issue with determining levels of decline in forests is the means by which one 

defines decline, and how it is tracked.  The most straightforward definition of decline may be 

persistent, decreasing annual growth, but measuring this growth directly for large areas of forest 

may be difficult and expensive, requiring a large investment in both monitoring and technician 

time. Trees experiencing decline often demonstrate it visually through changes to crown 

condition (Horsley et al. 2002). Unlike many other mensuration methods, visual assessment of 

tree condition provides a low-investment and non-destructive monitoring method, and has been 

used in many regions as a means of assessing decline by proxy (Tkacz et al. 2013; Badea et al. 

2011; Zarnoch et al. 2004). 

In 1985, the Ontario Ministry of the Environment established the Ontario Forest Biomonitoring 

Network (OFBN), a series of 111 hardwood forest plots designed to track the health and decline 

of hardwood species in the province.  Plots were established in areas of hardwood forest that 

were mature, undisturbed and located away from point sources of pollution (Davis et al., n.d.). 
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Hardwood tree species in these plots are assessed for the main visual symptoms of decline: leaf 

chlorosis (yellowing), undersized leaves, fine twig dieback and branch death.  Each of these 

parameters is given a weighted value from which a numeric "Decline Index" (DI) value is 

calculated.  The DI formula is defined as:  

DI = DB + (A* UL) + (A* ST) + (A* SL/2)  
 
DI = decline index 
 DB = percent dead branches   
 A  = (100 - DB)/400  
UL  = percent undersized leaves  
ST  = percent strong chlorosis 
 SL  = percent slight chlorosis  

The objectives of this research are to evaluate the decline status of sugar maples in Ontario and 

assess the ability of a visual assessment method (DI) to predict or inform on the status of decline.  

The outcome of this study aims to close the Ontario gap in North American maple decline 

research and to provide forest managers with guidance on interpreting long-term forest data.  To 

meet these objectives, we investigated the relationship between twenty years of DI assessments 

and measured annual increment growth, using dendrochonological techniques. 

METHODS 

Site selection 
Of the 111 plots currently in operation in the OFBN, 24 were sampled for this study following 

random selection of plots showing the least human disturbance (as assessed by OFBN staff).  

Diameter at Breast Height (DBH) and 1 increment core were collected from approximately 20 

Acer saccharum stems in each plot, each randomly selected out of the plot’s previously 

evaluated trees in order to ensure sufficient Decline Index data for comparison (total trees 

sampled 473). Plots were established in representative areas of mature, undisturbed mixed 

hardwood forest across Ontario (Davis et al. 2005), and those sampled lay between 43 and 36 
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degrees north (see Figure 3 for plot locations). In each plot, the upper 15 cm of soil was 

randomly sampled using a soil corer and homogenized prior to analysis.  In addition, three 

random 50 cm x 50 cm plots were treated with mustard extraction solution (after Hale and Host 

2005) in order to collect any earthworm species present in the plot. 

 

Figure 3 Map of study sites in Ontario, Canada.  These sites form a subsampling of all 111 sites 
that form the Ontario Forest Biomonitoring Network. The 1970s range of sugar maple in North 
America (after (Little Jr. 1971) is shown in the inset, with the study area shown in the enlarged 
main map darkened. 
 

Cross-dating and basal area increment 
Increment cores were sampled in  the summer of 2013, prepared and sanded to 220 grit 

following standard dendrochonological techniques (Stokes and Smiley 1996).  Following sample 

preparation, cores were scanned using a Lexmark Pro Expression Series XL 10 000 Scanner to a 

resolution of 24 000 dots per inch (dpi). These scanned images were analyzed using 

WinDENDRO version 2008c, an image analysis program that is capable of storing ring widths 

that have been identified either by automatic detection or by visual inspection (WinDENDRO, an 
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Image Analysis System for Annual Tree-Rings Analysis, 2016). All rings were identified 

visually, with some scanned images being converted to black and white to increase the ability to 

discern rings in young blonde wood samples. Rings widths were measured to 0.001mm using 

WinDENDRO and cross-dating was confirmed, along with correcting for missing or false 

growth rings, using COFECHA (Holmes 1983).  Any cores that could not be satisfactorily cross-

dated were excluded from the final plot chronology (final n=440).  Raw ring-widths were 

obtained using the program ARSTAN (Cook and Holmes 1984).  While ARSTAN is a program 

with detrending and standardizing capabilities, raw ring-widths were chosen in order to preserve 

the maximum amount of potential decline signal. Diameter-related ring width decreases typically 

seen were corrected for by using basal area increment (BAI), described below. 

BAI was selected as a height-independent measure of annual growth that has often been used 

when examining growth and vigour (Duchesne et al. 2002; Wardle et al. 2004; Drobyshev et al. 

2007; Kolb and McCormick 2011). BAI was calculated using the diameter at breast height 

(DBH) measurements taken during sample collection and reducing diameter by the bark 

thickness calculated following Smith's method (1969). After initial exploration of the data, these 

BAI were adjusted to the difference from mean plot BAI from 1950-1959 (a period common to 

all trees sampled) in order to standardize the plot’s growth to its “typical vigour” and better 

detect any changes in growth patterns over time.  These adjusted BAI (for the remainder of this 

study  called “BAIadj”) were used in analysis both individually and to create a mean 

standardized annual BAI for each plot. 

BAI and Decline Index relationships, and decline trends 
In order to investigate whether visual signs of decline (as described by the Decline Index) are a 

predictor for cambial growth or decline in Ontario’s sugar maples, each plot’s individual tree DI 
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scores as well as mean plot DI values were offset by 0-5 years in the past or future, and Pearson 

correlations were determined with the original year’s associated BAIadj (individual tree or plot 

mean, respectively). The eleven year total range was used in order to allow for resource storage 

by trees offsetting poor growing conditions in any given year (Wood et al. 2009).  Plots 

exhibiting similar relationship patterns between BAIadj and DI were reviewed for other plot 

characteristics they may have shared, including site physical characteristics, earthworm density, 

and plot species diversity.  

To determine the various trends in decline that may be occurring in the population, hierarchical 

cluster analysis using squared Euclidean distance (IBM SPSS Statistics 23) was applied to 

adjusted plot mean BAIadj values as follows: plot mean BAIadj were averaged into 5 year 

sliding windows between 1960 and 2009 to provide a smoothed dataset for analysis. These data 

were then subjected to hierarchical cluster analysis using squared Euclidean distance, in order to 

investigate any similar growth patterns among plots and to identify any plots that exhibit unusual 

growth patterns. Three prominent clusters were subsequently identified, plus one unclustered 

site. Each cluster of growth patterns was examined for growth trends over time in order to 

develop a more coherent understanding of decline dynamics in the Ontario sugar maple 

population.  Following clustering analysis, multiple site characteristics including slope, soil 

chemistry, and earthworm density were investigated for similar clustered distribution.  Kruskall-

Wallis nonparametric analyses of variance were run using BAIadj between plots showing worm 

presence/absence, and also between plots with 5 categories of earthworm density as measured 

during field collection, in order to particularly test the potential effect of earthworms on basal 

area increment, as earthworms can affect other site characteristics such as soil physical properties 

and chemistry (Evers et al. 2012; Hale and Host 2005; Larson et al. 2010). 



 
 

29 
 

Climate effects on the Decline Index/growth relationship 
In order to determine the potential effect that climate may have on the DI’s ability to predict 

growth, the original ARSTAN ring-widths for each plot were regressed against climate 

parameters available from Environment Canada in a multiple step-wise regression until the 

Akaike Information Criterion (AICc) value ceased to decrease, whereby the least-complicated 

acceptable model was identified. The resultant residuals were on a plot-wide scale and as a result 

could not be converted into annual areal increment, and so all subsequent analysis was conducted 

using residual average ring widths.  As with BAIadj, the residuals were standardized to baseline 

levels using the earliest decade of available information (dependent on the climate record 

available across the province; start dates ranged from 1950 to 1968), and this baseline value was 

subtracted from annual residual values to produce an adjusted residual (RESadj).  The residuals 

from the relevant period (1990-2011) were correlated with their plots’ average annual DI 

rankings, offset over time as described for BAIadj correlations above.  The resultant correlations 

were examined for changes from the BAIadj/DI correlations to investigate the role of climate in 

the growth/foliar relationship. While it was expected that climate would account for much of the 

growth patterns of the trees, the aim of this line of inquiry was to determine if foliar pressures 

exert a significant effect on tree vigour.  In a future of expected climatic changes, an 

understanding of maple’s sensitivity to non-climatic conditions may drive site management and 

assisted migration decisions. 

Earthworm Identification and Density 
Earthworms sampled during field sampling were collected live and returned to the laboratory for 

euthanization, identification and measurement.  Identification was done to the species level 

where possible, to genus as needed, following Reynolds (1977).  After identification, each 

individual was measured in millimeters and photographed. Individuals of indeterminate species 
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(generally juveniles lacking mature sexual organs) were provisionally identified based on species 

present in the plot and apparent physical characteristics. As the aim of the earthworm 

identification was to provide context for tree growth, general identification was deemed 

sufficient for the purpose.  The total length of all individuals was then converted to ash-free 

biomass using the equations outlined by Hale et al. (2004).  Once ash-free biomass was 

determined, earthworm density as biomass per meter squared was calculated based on the total 

area used to sample earthworms during collection (see Appendix 2 for calculated totals). Both 

genera-specific and total earthworm densities were calculated for use in analysis. 

Soil chemistry and other plot characteristics 
Plot physical characteristics were obtained through multiple sources; slope, aspect, mean litter 

depth and canopy closure were all measured on-site during sample collection, while soil 

chemistry was obtained via Laboratory Services at the University of Guelph.  Soil samples were 

analyzed for total C, N, and P, available P, K, Ca, and Mg. A subset of all samples was also 

analyzed for NH4 and NO3 using KCl extraction. Plot characteristics such as depth to bedrock 

and carbonates, rockiness and soil horizon thicknesses were provided by the Ministry of 

Environment based on extensive sampling conducted during plot establishment in the 1980s. 

 

RESULTS  

Relationship between visual Decline Index and cambial growth patterns 

Plot average DI and BAI adj 
19 of 24 (79%) of plots showed either significant negative or positive correlation between plot 

average DI and adjusted BAI over the evaluated period of offset years. The majority of observed 

significant correlations between plot average DI rankings and BAIadj were negative (78%), a 
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logical finding, given a higher Decline Index value indicates less healthy foliar condition. 

Significant correlations of DI to BAIadj were found most frequently when DI rankings led 

BAIadj by two years (46% of all plots exhibited this association, where foliar decline signal 

leads growth pattern) (Figure 4). Most plots showing a negative correlation between offset DI 

and BAIadj do so in multiple, often consecutive, years of offset (n=13), rather than in a single 

instance only (n=3). 

25% of evaluated sites also showed a minimum of two offset years of positive correlation 

(increasing foliar decline and increasing basal growth). All but one of these sites exhibited the 

relationship in the matched-year evaluation or when BAIadj was tested against subsequent years’ 

DI value (growth leads foliar decline signal). A further 1/3 (n=8) of all evaluated sites showed 

none or a single positive or negative correlation for the evaluated period. 

 Individual tree DI and BAI adj correlations 
Correlations between the DI of individual trees and their BAIadj were generally reflective of 

overall plot average results. Negative correlations with previous years’ DI rankings were 

observed in all plots, although only 14 of 24 plots showed this relationship in 25% or more of the 

individual trees in any given offset DI/BAIadj combination, with only 5 plots showing a 

relationship in more than 1/3 of trees at any given comparative period (see Appendix 

A. 1).  10 plots demonstrate 25% of trees with a significant correlation of any type in more than 1 

year. 
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Figure 4 Correlations between plot average Decline Index and BAI adjusted to plot baseline 
growth, over different years of offset between Decline Index ranking and observed BAI. Black 
stars represent the 95% confidence interval critical value for a 2 tailed Pearson correlation. 
 

Evidence of decline in BAIadj 

In general, the maple populations sampled are exhibiting ongoing decline. Three distinct groups 

of growth patterns emerged following cluster analysis of BAIadj, as well as a single outlier plot 

demonstrating growth patterns unlike those of other plots sampled (plot 87) – see Figure 5. Some 

plots have noticeably more variation in growth between trees than others, but overall groupings 

of growth patterns are evident (Figure 6). 
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Figure 5 Dendrogram showing hierarchical clustering of adjusted growth patterns (BAIadj).  
Three main clusters emerge, plus a single outlier plot P87. 
 
 The majority of plots (n= 13) grouped into one cluster (“cluster A”), which showed overall 

moderate decline in growth over all decades assessed. The second growth pattern cluster 

(“cluster B”), showed generally positive growth from 1960-the mid-1990s, with a slowed period 

during the 1980s, followed by consistent decline in growth from the 1990s onwards. The final 

cluster (“cluster C”) of three plots exhibited strong and ongoing declines in growth from the 

1960s to present. The lone exception to this declining trend is plot 87, which shows positive 
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growth beginning in the early 1990s that has been consistently maintained. Notes from the 

MOECC indicate that this plot has been selectively logged in the past, despite the intention of the 

OFBN to be established in sites that are not actively managed. Additionally, site records during 

sample collection noted stumps only in plot 87.  As a result, the decreased competition due to 

thinning may have resulted in improved growth conditions (a release response).  The improved 

growth is therefore likely more reflective of forest management practices than of regional growth 

trends, and that this plot may not inform on overall maple population health. 

 
Figure 6 Growth patterns of clustered groups, showing decadal averages of variation in BAI growth from 
1950s baseline (5 year sliding window). Clusters A and C show different rates of overall decline, while 
cluster B shows intermittent periods of decline, with growth most suppressed in the late 1970s-1980s and 
from early 2000-2009.  
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Sensitivity of growth patterns to climate signals  

Winter precipitation (as snow, rain, or total precipitation) either for the current or previous year 

informed growth in 58% of the plots assessed, and in 17% was the only significant type of 

climatic control. While 42% of plots showed some sensitivity to growing season temperatures 

(spring and summer), 25% were sensitive to the current or previous year’s growing season 

temperatures alone.  Surprisingly, site slope and aspect did not appear related to the plots’ 

sensitivity to either type of climatic input.  Likewise, canopy closure or litter depth showed no 

association with climate regression parameters. While not occurring consistently enough to 

provide a firm relationship, sites that have 78% maple or more tend to include winter 

precipitation in their climatic regressions, while those with less are less consistent in the 

parameters affecting growth.  Further details on the results of the climate regressions can be 

found in Figure 2. 

 

Evidence of factors affecting decline and the foliar decline/growth decline relationship 

Climate 
Of the 72 instances where a significant relationship (positive or negative) was found in 

BAIadj/DI, only 18 (25%) remained unchanged following the removal of climate in the 

RESadj/DI analysis. All plots where there were such unchanged relationships (17, 25, 44, 78,  

84, 85, 97, 103, 107) generally experienced a shrinking of the range of offset years in which 

these relationships existed (i.e. the DI was generally predictive of growth for fewer years in 

advance). The exceptions to this are plots 78 and 25, which went from single, potentially 

spurious relationships to expanded instances of both positive and negative correlation of foliar 

lag and prediction, respectively. Overall, there were 15 instances of a newly-emerged positive 
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correlation between climate-adjusted growth and foliar condition, all of which show growth 

leading foliar condition by one year or more.  There was also one plot (P98) which flipped from 

a negative relationship between BAIadj and DI to a positive one with the climate-adjusted 

RESadj and DI. 

Table 1 Changes in correlation between growth and DI following removal of climate signal. 
Italics represent loss of significance in relationship, bolded values are newly 
significant correlations. Cells with grey text are unchanged. 

 

Winter precipitation (total precipitation and previous year’s snowfall, particularly) were the 

climate parameters found most often in the regressions of those plots that showed a loss of 

significance  following climate adjustment between DI and the residual growth.  However, this 

may be a reflection of the frequency at which these parameters were found across all plots’ 

regressions, rather than as a particularly explanatory variable for this type of change. The lack of 

a clear pattern among the climate parameters and the changing relationships suggest that site-

specific interactions between climate and local conditions may play more of a role than a 

particular climate variable consistently across all plots. 
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Figure 7 Growth patterns of the earlier BAI-based clustered groups, showing decadal averages 
of variation in climate-residual growth (RESadj) (5 year sliding window). Note that unlike 
Figure 4, these are not annual areal increments but radial increases. Some plots in cluster A now 
show decline rates more similar to cluster C. Additionally, the rate of change in cluster B has 
smoothed moderately, but still shows the depressed period seen earlier. Overall, growth patterns 
remain similar to BAIadj seen in Figure 4. 

 

Site-specific conditions 

The growth of the sampled sugar maples appears to be largely insensitive to many site condition 

parameters (see 2), with tree species diversity showing one of the few observable relationships to 

foliar/ basal area growth patterns.  Plots that had greater than 80% sugar maple overall (1990-

2011, all stems and years counted) did not exhibit a positive correlation with growth and 

subsequent increased foliar decline, instead exhibiting only the expected inverse relationship 
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while this was not true in all cases for other clusters.  Plots in cluster B generally had the greatest 

species diversity and represent the only plots to have exhibited mean positive growth trend 

throughout much of the measured period.  

Air quality parameters such as SO2 and ozone concentrations showed no consistent association 

with growth pattern clusters. Likewise, soil chemistry and edaphic factors like aspect, slope or 

depth to bedrock were inconsistent in their relationship to growth across plots. Worm density, 

either in total or by species, likewise showed no clear relationship to growth groupings. The 

presence or absence of earthworms during sampling also failed to demonstrate a clear effect.  

Outbreak of forest pests provided by the Ontario Ministry of Natural Resources and Forests 

likewise showed no consistent patterns with growth, although spatial resolution of the data may 

have obscured existing effects. A full summary of all plot parameters considered can be found in 

Appendix 2, with their sources noted in Appendix 3. 

DISCUSSION  

Relationship between visual Decline Index and cambial growth patterns 
That the majority (78%) of significant correlations between DI and annual growth were negative 

(signifying poor growth relating to a high DI ranking and thus to poor foliar condition) is 

unsurprising. The Decline Index was developed as a means to track stresses and decline of 

Ontario forests, and to see the frequency of this expected outcome supports the design of the 

Index and its associated long-term monitoring program.  More unexpected was the finding that 

decreased growth was often preceded by poor foliar condition, which stands in contrast to the 

findings by Duchesne et al. (2003) who found that BAI reductions preceded foliar symptoms by 

a decade. This difference may be due in part to the single instance of foliar condition conducted 

in 1989 used for their assessment, while this study’s long-term foliar decline dataset indicates a 
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more dynamic relationship between growth and foliar condition.  Positive DI/growth correlations 

(where increased foliar decline correlated to increased growth) are more difficult to explain and 

yet have appeared in the data too often to be spurious or accidental.  Plots that had greater than 

80% sugar maple overall (1990-2011, all stems and years counted) did not exhibit this positive 

correlation with growth and subsequent increased foliar decline.  This species density-dependent 

finding suggests that maples may be experiencing  intraspecific competition or proximity stresses 

that create or enhance foliar stresses, as seen in work by Katz and Ibáñez (2016), and was also 

implicated in the review of maple decline conducted by Côté and Ouimet (1996) . These stresses 

may then dominate the canopy and thus drive the foliar index/growth relationship to the expected 

inverse condition.   Where the positive DI/growth relationships occur, the exhibiting plots are 

evenly divided between those showing ONLY positive correlations and those that also exhibit 

the expected negative relationship during a different time frame.  It is possible that a positive 

relationship in these instances is in fact a reflection of a cyclical growth or foliar pattern in those 

plots showing both types of relationship. Instances of solely-positive correlations occurred in 4 

(17%) of all plots measured.  While it is possible that masting events caused depressed growth 

following periods of good growing conditions (such that would support good foliar condition) 

(Drobyshev et al. 2010; Lane et al. 1993),  this explanation is unsatisfactory for positive 

correlations with more than a single year of offset.  The very small number of plots which 

exhibited this effect makes it problematic to discern broader causes, and an expansion of the 

study to include the greater portion of the OFBN may shed further light on a cause.  

Our research indicates that as a predictive metric, DI evaluations are moderately useful in their 

present state. For the most part, the DI serves best as a predictor for the subsequent two years’ 

average growth.  This lag demonstrates sugar maple’s ability to store resources over multiple 
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growing seasons before poor carbohydrate production (due to poor foliar condition) significantly 

impacts annual growth. In some instances, poor foliar health may predict poor growth at least 

five years in advance, however, this is insufficiently common to utilize as a dependable method 

of predicting upcoming forest conditions for management decision making.  

Main climate effects on growth 
The effect of climate conditions on sugar maple in this region appears to be most often related to 

winter precipitation, and may be a result of snowpack conditions and their insulating effects.  

This generally agrees with the findings of Robitaille and colleagues (2011), who found in a 

Quebec study that deeper layers of snow provided better insulation and that trees exposed to 

deep freezing in soil experienced greater die-back  and canopy transparency in subsequent 3 

years.  That Robitaille et al.’s conclusion may apply to Ontario’s maples is supported by the 

tendency of growth/DI relationships post-climate regression to shift from closer time-proximity 

to greater years of offset, as the effects of winter precipitation are limited after that time.  The 

tendency of winter precipitation to have a significant effect on growth in plots with a higher 

proportion of maple may be a reflection of some kind of existing stress in the root systems of 

high-density maple plots. In less maple-dense sites, growing season temperatures are more often 

important climate inputs, as also found  in a study by Lane and colleagues (1993) where 

temperatures were more often controlling of growth in sugar maples (although the sites 

examined did not exhibit the same decline patterns found in this study). Ryan et al. (1994) also 

found growing season temperatures to be controlling for maple growth, as well as winter 

temperatures, results that stand in contrast to our own. This difference may be explained by an 

addition finding of Ryan et al.’s study: that decline patterns from the first half of the 20th century 

and the latter half showed a significant change in growth patterns in Ontario maples. It may be 
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that as decline patterns changed, the factors of primary impact changed as well. Our current 

study provides an additional 18 years of maple decline data for the province.  

Climate effects on the Decline Index/cambial growth relationship 
This study has also found that climatic conditions largely affect the relationship between foliar 

and cambial condition in the shorter term.  Following removal of the climate signal, relationships 

moved from being primarily matched-year or 1-2 year offsets (14 of 24 plots demonstrated a 

relationship in these periods) to being significantly correlated at 2 years or more of offset (2 of 

24 plots showed significant correlations within the 2 year window, while 10 of 24 plots showed 

significant correlations at 3 years or more of offset).  This suggests that while climate controls 

growth and foliar condition in the short-term, longer term forest dynamics may hold sway over 

the foliar or growth expression of the sugar maples in these plots. Despite this, the changes in the 

patterns of decline themselves are modest (Figure 7).  Interestingly, the majority of the newly-

emergent correlations post-climate were found to be both positive and growth-led.  This may be 

as a result of age-related decline (Weiner and Thomas 2001; Foster et al.  2014), where foliage 

may be healthy while growth has slowed. An alternative interpretation may be that the nitrogen 

saturation proposed by Aber et al. (1998), where long-term deposition of nitrogen (in Ontario’s 

context, via pollutant deposition and acid precipitation) would eventually decrease tree growth 

while increasing foliar nitrogen that would support healthy foliage. According to Aber et al. 

(1998), soils in undisturbed forests may be reaching nitrogen saturation due to ongoing N 

deposition, which may be leading to a “decline stage” due to increasing nitrate mobility in soils 

causing soil acidification, and a change in calcium to aluminum ratios. The acid-stress on 

Ontario’s forests was also found by Watmough (2002) to lead to decreased growth in sugar 

maple and reinforced decline.   While the Province of Ontario monitors the deposition of oxides 

of nitrogen, the historical record is insufficient (spatially and temporally) to draw comparisons 
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with growth patterns seen in our study plots. This study emphasizes the complex nature of 

climate/chemistry/ecosystem interactions, and suggests a more in-depth analysis of leaf and soil 

chemistry across the OFBN may shed light on these interactions in future. 

Evidence of decline 
Across the entire portion of the OFBN that was sampled, decline in growth has been evident, and 

in some cases, substantially long-term, which supports and updates the findings of Ryan et al. 

(1994), who found growth decline in Ontario maples dating from the middle of the last century. 

This decline pattern is not exclusive to Ontario: Bishop and colleagues (2015) found such 

patterns in the Adirondack Mountains, and Côté and Ouimet (1996) likewise found decline in the 

maple populations of Quebec, although the 2003 study by Duchesne and colleagues (2003) found 

evidence of mixed levels of decline in that province.  That the decline in the Ontario maple 

populations sampled is of varying severity (with 16 of 24 showing ongoing and consistent 

decline for the past four decades) may have significant implications for forest management 

practices, and like the findings of Bishop and colleagues (2015), is difficult to predict based on 

any particular site conditions. The complexity of these long-standing ecosystems makes the 

interactions among all components unclear and outcomes hard to predict. Of interest is the lone 

exception to the decline trend found among all assessed plots, plot 87, which has showed 

improvement in the past several decades.  That the plot showed effects of forest management 

such as selective logging hints that more active forest management practices may improve 

outcomes for maple forests in the future, however, with only a single instance of this pattern, 

firmer conclusions are inadvisable without further study. 
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Additional factors affecting decline and the foliar decline/growth decline relationship  
The variety of climatic, edaphic, and biological conditions found across the study sites provided 

no clear evidence of strong control by any particular aspect in the OFBN maple plots. As the 

region where the study plots are located is in the middle of sugar maples’ range (Figure 3), it is 

perhaps unsurprising that the traditional stressors of cold or moisture have less of an impact, and 

more subtle factors exert a greater effect on growth. Our finding that earthworm density shows 

no clear association with decline patterns was unexpected, despite earlier evidence that growth 

differed in sites that had invasive earthworms (Larson et al. 2010)  and the plentiful evidence that 

invasive earthworms affect a variety of site conditions such as nutrient dynamics and duff layers 

(see Holdsworth et al. 2008; Evers et al. 2012; Hale & Host 2005; Dávalos et al. 2013).  It may 

be that the sites were invaded at different periods and thus may be experiencing differing levels 

of effect from earthworm invasions. Without further data on invasion dates it is difficult to 

correct for such effects to draw conclusions more broadly across the study sites. 

CONCLUSIONS 
The use of foliar assessments as a means of tracking decline can be a useful and non-invasive 

method, provided the sensitivity of the forests under observation is considered as part of the 

ongoing assessments.  The variable relationship between assessed foliar decline and observed 

annual growth suggests that forests that have been undergoing long-term foliar monitoring would 

benefit from having a ranking system that identifies their tendency to demonstrate stress through 

foliar expression, in order to allow management decisions based on current and upcoming 

growth depressions.  Those plots that do not exhibit a predictive relationship between decline 

and foliar condition may then be monitored with potentially more labour-intensive methods.  

Declines in growth are apparent across almost all of the plots studied, and have been for at least 

the past two decades.  This is consistent with findings from other North American sugar maple 
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populations, although the degree of severity of decline is mixed across the studies and between 

our plots.  The lone plot demonstrating improved growth rather than decline also showed 

evidence of direct forest management, suggesting that selective harvesting and other active forest 

management may be a means to prevent or mitigate ongoing decline in the North American 

maple population.  Without additional assessment of this type of managed plot for growth 

patterns firm conclusions cannot be drawn and would be a worthwhile area for further 

exploration.   

Winter precipitation and growing season temperature both influence the growth of maples in our 

study area.  The interaction of climate conditions and tree decline appears to be variable, but 

occurs mainly in the short-term while other, complex factors influence growing patterns on 

longer time scales.  A future of anticipated climatic change, including changing winter 

precipitation patterns, makes the investigation of the factors affecting climate sensitivity in sugar 

maples a valuable future area of study.  These findings have significant implications for forest 

managers and policymakers, as the complexity of the systems emphasizes the need for flexible 

and dynamic management strategies. 
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CHAPTER 3: CONCLUSION AND SUMMARY 
 

MAIN FINDINGS 
The objectives of this research were twofold: to evaluate the decline status of sugar maples in 

Ontario and to assess the ability of a visual assessment method to predict or inform on the status 

of decline.  The results of this study support both of these objectives and provide a useful 

framework for forest managers and researchers alike. 

Decline of sugar maple populations is apparent across the study region, a finding that is not 

unexpected given the detection of decline in other North American maple populations. What was 

unanticipated was that three different overall patterns of decline in unmanaged stands have 

appeared, two having persistent decline and a third showing intermittent decline.  Also 

surprisingly, sites showing similar patterns of decline do not have correspondingly similar site 

conditions across all members of their group. This suggests that the factors causing decline are 

complex and may be more landscape-wide rather than site specific.   

This research demonstrated that the ability of the Decline Index foliar assessments to predict tree 

decline is moderate in its current incarnation, and provides useful signposts for future 

interpretation of visual signs of foliar decline.  While more than three quarters of plots showed a 

significant relationship between basal area increment and Decline Index rankings, slightly less 

than half of all plots showed a predictive relationship in the two years prior to declining growth, 

which is the most consistent type of relationship seen among all the sites assessed. Some plots 

also demonstrate a leading effect of growth on foliar decline, although plots that were highly 

maple-dominated did not demonstrate this pattern.   The effects of intraspecific competition may 

be driving foliar condition and growth in these high-maple plots, while more complex inter-

species and ecosystem dynamics may be responsible for the improved growth/decreased foliar 
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decline relationship. In order to determine the underlying causes, an expansion of study to the 

entire Ontario Forest Biomonitoring Network would be advisable. 

Climatic effects, largely winter precipitation and growing season temperature, appear to impact 

the foliar condition and growth patterns in the short-term.  Once the effects of climate are 

regressed from the annual growth patterns, the relationship between foliar health and growth 

becomes much rarer, and shows a greater tendency for foliar condition to be growth-led.  This 

suggests that after the effects of climate are factored out, other broader-scale effects like age-

related decline or nitrogen-saturation may be exerting long-term effects.  In order to determine 

these secondary causes, additional chemical analyses may be beneficial.  

IMPLICATIONS OF RESEARCH 
The confirmation that decline is present and ongoing in Ontario helps to complete the picture of 

sugar maple decline in North America, filling in the study gap between the Adirondacks and 

Quebec.  Our findings of sugar maple’s variable response to climate and site conditions, as well 

as the varying tendencies of foliar condition to reflect annual growth emphasize that policy and 

management planning must take unique site characteristics into account.  The Ontario Forest 

Biomonitoring Network may benefit in the future from a stratified approach, including more 

intensive study of those sites that demonstrate less predictable relationships between growth and 

DI, allowing a focusing of resources while maintaining the ongoing Decline Index assessments 

in those plots that have good predictive potential.  Thus, the monitoring of Ontario’s sugar maple 

population health may be robust while still remaining cost-effective and minimally invasive. 

Forest resource managers and environmental policy makers may  then identify plots that are 

highly sensitive to foliar condition and those that might be more complacent, when using the 

Decline Index or other foliar assessment tools as part of their decision making process or for 
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making management decisions. The relatively short predictive window that the Decline Index 

currently provides on cambial growth conditions emphasizes the need for regular monitoring of 

forest health condition, as larger lags in assessment periods may not provide a clear picture of 

decline dynamics without more invasive sampling such as increment coring. This regular 

monitoring will increase the likelihood of persistent, healthy maple populations in North 

America and preserve the economic, ecological, and symbolic value that sugar maples create 

today.  

FUTURE AREAS OF STUDY 
Expansion of the Ontario Forest Biomonitoring Network plots studied to include those closer to 

the edge of maple’s range edge and those experiencing more active woodlot management may 

provide further data on how foliar growth and radial growth can interact in sugar maples in North 

America.  Further, a breakdown of the Decline Index into its component parts (leaf size, 

chlorosis, dead branches, etc.) and a re-evaluation of the weightings for each component may 

provide a better predictive tool for tracking forest health, but was beyond the scope of this 

current study. Additionally, including a spatial component to consider the effects of associated 

tree condition (such as shading or increased sunlight due to canopy damage) may also be 

beneficial.  As the soil horizon data used were several decades old, a new complete soil survey 

across the plots studied and analysis of not just current conditions but changes over time may 

provide some clarity with regards to the nitrogen-saturation theory discussed earlier and other 

chemical stressors or inputs.  If possible, a small subsection of OFBN plots might be more 

actively managed to determine if plot thinning or other forestry techniques may ameliorate sugar 

maple decline overall.   
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APPENDICES 

A. 1 Percentage of all trees in plot showing significant correlation between individual tree Decline Index and BAI(adj) 

      

plot 
# of 
trees 

DI leads 
BAI 
5 yrs 

DI leads 
BAI 
4 yrs 

DI leads 
BAI 
3 yrs 

DI leads 
BAI 
1 yr 

DI leads 
BAI 
1 yr 

DI and BAI 
Matched 

Year  

BAI leads 
DI 
1yr 

BAI leads 
DI 

2yrs 

BAI leads 
DI 

3 yrs 

BAI leads 
DI 

4 yrs 

BAI leads 
DI 

5yrs 
Correlation  neg pos neg pos neg pos neg pos neg pos neg pos neg pos neg pos neg pos neg pos neg pos 

7 18 6% 11% 11%   17%   11% 6% 6% 6% 6% 17% 6% 6% 11% 6% 6% 6%   11% 11% 11% 
17 19   5% 5%   11%   21%   26%   32%   21%   5% 11%   5%   5%   26% 
23 19 21% 11% 21% 11% 26% 16% 11% 16% 11% 11% 11% 11% 11% 11% 16% 5% 16% 5% 21% 11% 11% 16% 
25 18 22%   33% 6% 17% 11% 22% 17% 11% 11% 11% 11% 6% 11%   22%   39% 11% 28% 11% 22% 
44 20 30% 5% 20%   20%   5% 5% 10% 5% 5% 10% 5% 15% 5% 15%   15%   15%   15% 
49 19   26%   11% 5% 11% 5% 11% 11% 16% 16% 21% 11% 26% 16% 21% 11% 16% 5% 5% 5% 11% 
54 18 11% 6% 17%   11%   11%   17%   17%   17% 11% 11% 11% 11%   6%   11%   
60 18 28%   22%   22%   33%   17%   22%   17%   6% 6% 17% 11% 6% 11% 6% 17% 
62 19 42% 5% 26% 5% 16% 11% 5% 5% 11% 11% 16% 5% 5% 5% 5% 11% 11% 11%   5% 5% 11% 
63 19 5%       11%   11%   11%   5%   11% 5% 5% 5% 5%           
67 10             10% 10% 10% 10% 10% 10%           10% 10%   20%   
70 20 35%   20%   10% 5% 10% 10% 10% 15% 10% 15% 10% 10% 15% 5% 10% 5% 10%   15%   
78 20 10% 20% 15% 10% 15% 5% 25% 5% 25% 5% 20% 5% 15% 5% 10% 20% 15% 20% 5% 20% 15% 20% 
83 17 6% 12% 6% 12% 12% 12% 18% 12% 18% 6% 18%   6%   6%       6% 6% 6% 12% 
84 20 30% 5% 25%   15% 5% 15% 5% 20%   20% 5% 15% 5% 5% 10% 10% 10% 5% 20% 5% 15% 
85 19 11%   11% 5% 11% 5% 5% 11% 16% 5% 11%   16%   16%   11% 21% 5% 26%   21% 
86 18 17% 11% 6% 17% 11% 11% 6% 6% 17%   17% 11% 11% 11% 11% 22% 0% 11%       6% 
87 20 15% 5% 15%   10% 0% 5%   10%   15%   15%   15%   15% 5% 15% 10% 5% 10% 
97 19 26%   26%   32%   42%   32%   37%   26% 5% 26%   21% 11% 16% 5% 5% 16% 
98 17 12% 18% 24% 6% 18%   18%   24%   18% 6% 18% 6% 6% 6% 6% 6% 6% 0% 6%   
99 20 15% 15% 15% 15% 20%   20%   20%   25% 10% 20% 10% 20% 10% 15% 5% 5% 10%   20% 

102 17   18% 12% 18% 12% 18% 12%   18%   18% 6% 18% 6% 6%   6%           
103 17 18%   18%   24% 6% 18% 6% 18% 6% 18% 6% 6% 6% 12% 6% 6% 6% 12% 6%   18% 
107 19 42%   47%   53%   53%   53%   53%   42%   37% 11% 37% 11% 21% 11% 16% 21% 
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A. 2 Summary of Site Conditions 

Part 1- Edaphic and Soil Conditions 
 

Plot Growth 
Cluster Slope Aspect Total C 

(%) 
Total 
N (%) 

P 
(µg/g

) 

Ca 
(Mg/L 
Soil 
Dry) 

Mg, 
Extractable 

(mg/L 
Soil Dry) 

P, 
Extractable 

(mg/L 
Soil Dry) 

K 
(mg/L 
Soil 
Dry) 

Dry Soil 
NO3 

(µg/g) 

Dry Soil 
NH4 

(µg/g) 
Climate Model Parameters 

p7 A gently 
undulating n/a 2.931 0.442 580 1590 204 9.81 73 0 0.037794 Lag(Min T Summer,1yr) 

p17 A 11 150 16.63 1.199 730 288 55 15.5 113 not 
analyzed 

not 
analyzed Lag(Tot Precip Spring,1yr) 

p23 C 0 n/a 2.398 0.44 250 1040 59.4 2.62 36 not 
analyzed 

not 
analyzed 

Lag(Tot Snow Winter,1yr) 
Lag(Max T Spring,1yr) 

p25 A 6 140 3.129 0.365 360 989 80.8 19.1 68.7 not 
analyzed 

not 
analyzed Max T Spring 

p44 A gently 
undulating n/a 5.267 0.625 490 3260 749 5.37 76 0.005712 0.077373 Lag(MAX T Fall,1yr) 

Lag(MAX T Spring,1yr) 

p49 C 3 45 3.31 0.431 370 1960 223 4.06 52.7 0 0.032052 Max T Fall 

p54 A markedly 
undulating n/a 4.556 0.653 430 2300 306 3.75 77.6 not 

analyzed 
not 

analyzed Lag(Max T Spring,1yr) 

p60 A 4 325 2.877 0.376 660 1120 59.7 41.1 49.2 0.003616 0.04902 

Tot Precip Winter 
Lag(Max T Fall,1yr) 

Lag(Snow Winter,1yr) 
Lag(Tot Rain Fall,1yr) 

p62 A 14 76 5.796 0.756 580 1170 109 13.8 108 not 
analyzed 

not 
analyzed 

Tot Precip Winter 
Max T Summer 
 Tot Rain Fall 

p63 B markedly 
undulating n/a 4.738 0.528 530 1740 102 7.64 54.9 not 

analyzed 
not 

analyzed Max T Summer 

p67  18 119 4.493 0.585 330 315 45.3 13.4 59.7 not 
analyzed 

not 
analyzed Max T Spring 

p70 A 0 
n/a 

(top of 
hill) 

3.274 0.483 140 1930 221 9.44 65.2 0.006256 0.068135 
Lag(Tot Rain Fall,1yr) 
Lag(Snow Winter,1yr) 

Max T Summer 

p78 A not taken 135 4.105 0.537 290 2980 441 6.36 55.8 0.017647 0.045415 Tot Snow Winter  
Lag(Tot Snow Winter,1yr) 
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Plot Growth 
Cluster Slope Aspect Total C 

(%) 
Total 
N (%) 

P 
(µg/g

) 

Ca 
(mg/L 
Soil 
Dry) 

Mg, 
Extracta

ble 
(mg/L 

Soil Dry) 

P, 
Extracta

ble 
(mg/L 

Soil Dry) 

K 
(mg/L 
Soil 
Dry) 

Dry Soil 
NO3 

(µg/g) 

Dry Soil 
NH4 

(µg/g) 
Climate Model Parameters 

p83 B 32 320 7.861 0.909 670 3690 431 7.17 112 0.045431 0.077317 Lag(Tot Rain Spring,1yr) 
Lag(Tot Rain Winter,1yr) 

P84 B 20 140 3.241 0.481 390 2210 313 2.95 48.9 0 0.031292 
Lag(Tot Precip Winter,1yr) 
Lag(Tot Snow Winter,1yr) 

Tot Rain Winter 

p85 A 11 180 4.544 0.417 380 1960 303 4.87 64.3 0.014275 0.061105 Lag(Max T Winter,1yr) 

p86 B 5 0 5.451 0.318 1200 2920 349 16.4 84.5 0.011259 0.099069 Lag(Snow Winter,1yr) 

p87  9 320 2.859 0.214 300 1150 149 5.24 45.2 0 0.038926 Mean T Summer 

p97 C 10 90 6.021 0.354 280 313 44.7 15.3 79.6 not 
analyzed 

not 
analyzed 

Lag(Max T Winter,1yr) 
Lag(Tot Precip Winter,1yr) 

p98 A 8 216 5.903 0.321 270 281 37.3 12.8 60.4 not 
analyzed 

not 
analyzed Tot Precip Winter 

p99 A 7 12 5.447 0.293 410 296 46.2 23.6 84.3 not 
analyzed 

not 
analyzed 

Tot Precip Winter, Lag(Tot 
Rain Fall,1yr) 

p102 B 

moderate
ly 

undulatin
g 

n/a 14.73 0.789 460 4430 1010 7.3 69.5 0.020172 0.052023 Tot Snow Winter 
Max T Winter 

p103 B East: 17 n/a 7.31 0.478 550 2400 545 6.92 82.1 not 
analyzed 

not 
analyzed 

Lag(Mean T Winter,1yr) 
Min T Winter 

Tot Precip Winter 

p107 A N: 6 deg n/a 3.667 0.183 260 336 64.2 10.4 62.1 not 
analyzed 

not 
analyzed 

Lag(Tot Snow Winter,1yr) 
Max T Spring 
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Part 2- Biological Site Conditions 

Plot 
Growth 
Cluster 

Average 
Litter 
Depth 

St Dev 
Litter 
Depth 

Canpy 
Closure 

Worms: 
Lumbricus  
Total 
Biomass 
By Area 

Worms: 
Aporrectodea  
Total 
Biomassby 
Area 

Worms: 
Octalasion  
Total 
Biomass 
By Area 

Worms: 
Dendrobaena 
Total 
Biomass By 
Area 

Overall 
% 
Maple  

1990 
% 
Maple  

2011 
% 
Maple  

p7  a 1.8 0.9 90.64 3.89265 0.1394026 0 0.027338 78 83% 61% 
p17 a 5.1 1.6 88.56 0 0 0 0 71 76% 69% 
p23 c  1.9 1.3 92.98 0 6.6176916 0 0 84 79% 85% 
p25 a 4.8 2.1 91.16 0 0 0 0 43 55% 41% 
p44 a 2.6 1.5 90 5.355767 0.1434739 0 0 63 67% 62% 
p49 c  1.0 0.7 92.72 134995.3 1566.3122 0 0 77 78% 77% 
p54 a 4.8 3.7 88.56 0 0.0190278 0 0 76 77% 76% 
p60 a 2.2 1.3 92.98 2.576575 13.121847 0 0 88 86% 88% 
p62 a 3.6 1.0 95.84 0 0 0 0 72 71% 72% 
p63 b 3.7 1.2 96.62 0 0 0 0 61 59% 62% 
p67   3.8 1.2 87.52 0 0 0 0 75 75% 75% 
p70 a 3.4 1.3 90.12 0 8.5716493 0.087562 0 64 74% 61% 
p78 a 0.9 0.9 92.2 61.03599 0 188.7774 0 82 83% 82% 
p83 b 3.3 1.9 90.64 0 0 0 0 68 69% 67% 
P84 b 0.6 0.8 95.58 109.1414 19.771046 0 0 81 76% 81% 
p85 a 1.8 0.8 88.04 55.31842 9.6515232 0 36.66442 92 89% 93% 
p86 b 4.8 0.3 92.98 0 0 0 0 61 62% 59% 
p87   1.5 1.1 97.14 80.72898 4.6336788 0 1.715639 96 100% 81% 
p97 c  3.2 2.8 89.08 0.271763 0 0 0 97 97% 96% 
p98 a 4.0 1.4 89.6 0 0 0 0 84 87% 84% 
p99 a 3.8 2.3 97.92 0 0 0 0 84 84% 84% 
p102 b 1.9 1.2 90.64 216.8917 71.822469 6.953078 0 78 81% 77% 
p103 b 2.8 2.3 97.14 3.227495 0 48.49897 0 72 72% 72% 
p107 a 4.1 2.1 83.1 0 0.0459309 0 0 93 95% 92% 
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A. 3. Data Sources used for analysis 

Data Type Source and Year (if known) 
Decline Index Rankings (by plot and 
tree) 

Ontario Ministry of Environment and Climate 
Change (MOECC), 1986-2011 

Tree-ring widths Field-collected, 2013 
Climate Data Environment Canada Historical Data, various years 
Average Litter Depth Field-collected, 2013 
Canopy Closure Field-collected, 2013 
Worm species and density Field-collected, 2013 
Species composition in plots MOECC, 1986-2011 
Slope Field-collected, 2013 
Aspect Field-collected, 2013 
Total C (%) Field-collected and lab analyzed, 2013 
Total N (%) Field-collected and lab analyzed, 2013 
P (µg/g) Field-collected and lab analyzed, 2013 
Ca (Mg/L Soil Dry) Field-collected and lab analyzed, 2013 
Mg, Extractable (mg/L Soil Dry) Field-collected and lab analyzed, 2013 
P, Extractable (mg/L Soil Dry) Field-collected and lab analyzed, 2013 
K (mg/L Soil Dry) Field-collected and lab analyzed, 2013 
Dry Soil NO3 (µg/g) Field-collected and lab analyzed, 2013 
Dry Soil NH4 (µg/g) Field-collected and lab analyzed, 2013 
Depth to bedrock MOECC, 1985-1986 
Depth to carbonates MOECC, 1985-1986 
Drainage class MOECC, 1985-1986 
A horizon texture MOECC, 1985-1986 
A horizon depth MOECC, 1985-1986 
B horizon texture MOECC, 1985-1986 
B horizon depth MOECC, 1985-1986 
C horizon texture MOECC, 1985-1986 
Plot position on slope MOECC, 1985-1986 
Depth to gravel MOECC, 1985-1986 
Rockiness MOECC, 1985-1986 
Stoniness  MOECC, 1985-1986 

Forest insect outbreak data 
MOECC/Ministry of Natural Resources and 
Forests, various years 
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