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ABSTRACT
Balsam fir (Abies balsamea) is a historically, ecologically, and economically
significant species in New Brunswick. In 2018, sudden foliar drying and discoloration
occurred in many balsam fir trees province-wide. The trees turned red and died in one
growing season, referred to as Sudden Fir Mortality (SFM). Previous research suggests
possible causes include drought, fungi, insects, and climatic drivers. However, the
epidemiology of SFM and implications for management strategies were not fully
explored, nor have possible tree-level predisposing factors been investigated.
Dendrochronology was used to evaluate tree growth response associated with
SFM across three regions in western New Brunswick. Results indicate that SFM-killed
trees were less vigorous, started growing slower 12-24 years prior to mortality, and died
one year earlier in the colder, drier northern region. These results can be used to help
guide forest management strategies aimed at detecting and minimizing SFM-associated
losses.
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INTRODUCTION
Trees in a forest are under constant attack by insects and pathogens around the
world, which can cause serious forest health problems. There have been more than 300
insects and 200 diseases found in Canada’s forests, negatively affecting forest health
(Government of Canada 2013). These biotic stressors result in alteration of ecosystem
functioning and social values, in addition to economic losses. However, when new or
unstudied stressors emerge (both biotic and abiotic), their impact on the larger forest
system and associated values are unknown. Integrated management that incorporates
insect and disease control, as well as control of abiotic stressors, is an important part of
forest management (Martineau 1984, Manion 1991), and by understanding the biology,
ecology, and impact of these stressors, it is then possible to determine best management
approaches.
One major threat to forest health is continuous global environmental change,
which can lead to multiple stressors in forests (Aber et al. 2001). Among these stressors,
it has been well delineated that precipitation and temperature mutually determine the
large-scale patterns of tree distribution and growth conditions and are key abiotic stressors
(Hansen et al. 2001). Drought is considered one of the most critical threats to trees (Farooq
et al. 2009) and can affect tree growth, photosynthetic rate, and respiration, among other
processes. The deficit of water availability reduces tree growth through numerous
mechanisms (Wu and Cosgrove 2000). One of the most important mechanisms is turgor
pressure, which when lowered reduces cell growth by reducing cell wall expansion.
During cellular growth, it is the turgor that generates stress and expands cell walls
(Kroeger et al. 2011). A tree’s photosynthetic rate is also reduced by drought, because the
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stomata of a tree suffering from drought will shut down and the stomatal apertures will be
narrowed to reduce transpiration and conserve water (Farooq et al. 2009). Carbohydrate
accumulation will slow down and can even stop the tree’s growth. Similar to
photosynthesis, water is a key material and solvent of respiration. Thus, enough water is
necessary to maintain a tree’s normal physiological state (Hopkins and Hüner 2009). As a
result of water deficit, root respiration is also reduced and the generation of reactive
oxygen species is enhanced (Farooq et al. 2009). These species are highly toxic and can
seriously damage proteins, membrane lipids, DNA, and other cellular components (Apel
and Hirt 2004). Furthermore, when water availability is reduced, the leaf size, stem
extension, root proliferation, and water-use efficiency can be reduced and plant water
relations can be disturbed, as a result of shifts in carbon allocation schemes (Farooq et al.
2009).
Temperature is another abiotic stressor that can impact tree growth. Extreme
temperature events are becoming more intense, more frequent, and last longer than what
have been observed in recent years (Meehl et al., 2007). Extreme high temperatures can
impact trees through the activity of enzymes and respiration rates. Enzymes can protect
trees against the detrimental impacts of environmental stressors by minimizing exposure
to activated oxygen species (Tuna et al. 2008). Enzymes are also necessary for
fundamental processes such as photosynthesis and respiration (Hopkins and Hüner 2009).
Excessive temperatures can denature or inactive enzymes (Kozlowski and Pallardy 1997),
thus negatively affecting tree health and growth. Similarly, high respiration rates (also
brought on by extremely high temperatures) will result in the deceleration of tree growth
because carbohydrate accumulation will be decreased (Kozlowski and Pallardy 1997).
2

Studies have shown that interactions between precipitation, available water, and
temperature are just as important as each individual factor. For example, vapor pressure
deficit strongly influences plant response to atmospheric conditions, such that as
temperatures increase, vapor pressure deficit also increases, leading plants to increase
transpiration and lose more water, ultimately resulting in stomatal closure (Allen et al.
2010). This would aggravate the impact of drought on trees (McDowell et al. 2008), and
exacerbate growth reductions and mortality induced by drought (Adams et al. 2009).
Furthermore, we’re seeing an increase in temperatures and a decrease in precipitation in
some regions (e.g., Overpeck 2013, Brodrick and Asner 2017, Crouchet et al. 2019),
creating “hot droughts” that can dramatically reduce tree growth. These abiotic
interactions are important, because it’s not just one factor that drives a tree’s response to
stress, and as abiotic stressors persist, they can increase a tree’s susceptibility to other
stressors such as insects and diseases.
In addition to these climatic abiotic stressors, many biotic stressors will affect tree
growth and vigor. Insect attack can cause a series of changes in tree morphology, tissue,
or ecophysiology, leading to poor growth and development, decreased yield and quality,
and can even result in tree death (Ye 2000). Besides insects, fungi can also serve as a
primary biotic stressor (Burgess and Wingfield 2002). Disease-causing fungal pathogens
can stress forests in different ways, particularly as they infect trees, and can result in foliar
diseases, rusts, cankers, vascular wilts, wood decays and/or stains, and root rot diseases
(Manion 1991). Root diseases in particular, along with many of the other diseases
discussed above, follow the general plant/tree disease cycle, which includes four main
steps, inoculation, infection, germination, and penetration (Tainter and Baker 1996).
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Not all diseases are directly caused by or associated with one clear causal factor.
Decline diseases are often a result of multiple stressors and can be a combination of both
abiotic and biotic components. While there has been significant debate on the necessity
and use of this “decline disease” category (e.g., Ostry et al. 2011), historical and recent
examples demonstrate the need for such a category of diseases that encompasses the
complex interactions between multiple causal agents (e.g., Greenidge 1953, Horsley et al.
2000, Al Adawi et al. 2006, Denman et al. 2017). Manion (1991) describes decline
diseases as a complex: they are the result not of a single causal agent but two or more
interacting factors. These factors can be classified as (1) predisposing factors, which
weaken or stress a plant and increase its susceptibility to other stressors; (2) inciting
factors, which are short in duration, can be physical or biological, and can cause a drastic
injury; and (3) contributing factors, which are persistent, create noticeable signs and
symptoms, and typically result in mortality of the plant (Sinclair 1965, Manion 1991).
Decline diseases often result in trees gradually losing vigor, experiencing reduced growth
rates, and increasing their susceptibility to secondary abiotic and biotic stressors. Mature
trees are mainly affected by declines and if stressors are persistent, ultimately death may
occur (McLaughlin 1985).
This variety of stressors (abiotic, biotic, single causal agent, and/or decline
diseases) can affect the growth and vigor of all tree species. Balsam fir (Abies balsamea),
in particular, is affected by many stressors in North America and has recently experienced
high rates of sudden mortality, likely associated with multiple stressors (e.g., McWilliams
et al. 1997, Filion et al. 2006, Cherefko et al. 2015). Balsam fir is native to eastern and
central Canada and the United States and provides multiple ecological services (Frank
4

1990). Balsam fir forests are essential food sources and shelter for many mammals and
birds (e.g. Bergerud and Manuel 1968, Frank 1990). Balsam fir forests also play a
significant role in riparian ecosystems as buffer strips (Darveau et al. 2001). Balsam fir
trees help conserve soil and water, maintaining the balance and stability of riparian
ecosystems.
In New Brunswick, balsam fir is one of the most common tree species; it is highly
adaptable and occurs across a wide variety of site types (Zelazny et al. 2007). The
elevation range of balsam fir is typically from sea level to 1902 m (Frank 1990). Balsam
fir grows on both inorganic and organic soils with a wide range of acidity (Frank 1990).
The areas with cool climate and plentiful moisture are ideal for balsam fir growth (Frank
1990). The tree species is also considered one of the most shade-tolerant species (Frank
1990). Balsam fir accounts for 19.7% of the forest in New Brunswick, either as pure or
mixed species stands (Penner et al. 2006). Significant balsam fir loss would be concerning
from an ecological perspective, threatening many species feeding on balsam fir trees (e.g.,
moose, white-tailed deer, and snowshoe hares) or using them for habitat (e.g., beavers).
From an economic perspective, the main products made from balsam fir are
pulpwood and lumber (Ross 2010). Pulpwood and lumber products roughly valued $12.8
billion CAD in 2018, comprising more than 50% of Canada’s forest products industry
(Natural Resources Canada 2018). Fir trees are frequently sold as Christmas trees as well,
which are particularly popular in the northeastern United States and eastern Canada (Frank
1990).
New Brunswick’s economy, in particular, is reliant on balsam fir; the lumber, pulp,
and paper industries contributed roughly $266 million to New Brunswick’s GDP in 2017
5

($3.0 billion NB GDP × 4.5% forestry industry composition in NB GDP ×19.7% balsam
fir composition; Penner et al. 2006, Duffin 2020, Government of Canada 2020). Balsam
fir trees with good length and quality fibers supply a better-quality paper product (Frank
1990). Balsam fir is also one of the best-selling Christmas trees on the market with its
excellent adaptability to a wide range of growing conditions: it makes up 97 % of the New
Brunswick Christmas tree industry (Government of New Brunswick 2017). Due to the
species’ significance ecologically, socially, and economically, it is critical to understand
current forest health concerns to ensure the sustainability of the species. As a result of
emerging abiotic and biotic stressors, balsam fir forests across Canada, and particularly
New Brunswick, are currently experiencing increased mortality and losses that need to be
further explored. One issue, in particular, is sudden balsam fir mortality; this minimally
studied phenomenon recently increased in New Brunswick, resulting in scattered
mortality and raising concerns about the future of the species.
HISTORY OF SUDDEN BALSAM FIR MORTALITY
Sudden Fir Mortality is the name used to describe sudden balsam fir mortality in
North America. Trees experiencing this phenomenon typically have foliage that turns
bright red in the spring/early summer, retain their foliage for 2-3 years after onset, and
often die within a single year. Collectively, instances of sudden mortality in balsam fir
trees have been classified under a wide range of names, based either on the possible causal
agents (e.g., abiotic fir mortality, Armillaria root rot, drought-associated mortality), the
host tree (e.g., balsam fir mortality, Sudden Fir Mortality), or the documenting researcher
(i.e. Stillwell’s Syndrome). Hereafter, we refer to this phenomenon only as “Sudden Fir
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Mortality” (SFM), because it captures the host tree, as well as the sudden nature of its
mortality (usually within a single growing season) that differentiates it from other diseases
and agents.
We discuss here an in-depth review of the historical literature on SFM across
balsam fir’s North American range. We searched historical documents such as national
and provincial/state-level insect and disease reports, national and provincial/state-level
forest health summaries, government insect and disease reporting programs, news articles,
first-hand accounts, etc. Based on past literature and current knowledge of SFM, key
search terms used included: balsam fir mortality, sudden fir mortality, Stillwell’s
Syndrome, Armillaria, abiotic damage, red fir, dead fir, and a combination of these terms.
There are likely reported instances that have not been captured, due to the wide variety of
names and reporting standards across Canada and the USA. From our search, we found
reported instances of SFM in balsam fir since at least the 1950s (e.g., Mallett and Langor
1992). Reports of SFM are separate from spruce budworm (Choristoneura fumiferana)
mortality, as SFM occurs seemingly without warning and trees experience different
symptoms. However, there are reports that trees weakened by budworm defoliation are
more susceptible to SFM (Magasi 1983). Overall, the specific causes of SFM remain
unclear in the literature. These mortality events occurred across the continent, summarized
below.
Starting in the west, the Alberta Forest Service documented balsam fir mortality
from 1988-1992 in the Lac la Biche, Athabasca, and Slave Lake forests (Cerezke and
Brandt 1993). While there was significant spruce budworm damage occurring at this time,
Cerezke and Brandt (1993) specifically noted that this fir mortality was not related to
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budworm damage. Mallett and Langor (1992) found that Armillaria root rot (Armillaria
spp.) was the major mechanism associated with mortality, while other factors (such as
reduced precipitation) had no clear effect on mortality. In 2015, Alberta again documented
balsam fir mortality in the Grande Prairie, Peace River, High Level, Whitecourt, Lac La
Biche and Fort McMurray Forest Associations with no known direct cause (Whitehouse
2016).
Further east, Saskatchewan and Manitoba reported widespread balsam fir
mortality in 1952, in 30 to 100-year-old stands (Thomas 1953). Armillaria root rot was
found in 50-60% of those trees; while they didn’t evaluate healthy trees, it does suggest a
relationship between the dead trees and Armillaria. In 1958 balsam fir was severely
damaged, along with other tree species, as a result of abnormal weather conditions in the
two provinces (Cayford et al. 1959). Conditions included extremely high temperatures
throughout the winter (1957-58) resulting in winter drying, combined with below average
precipitation that led to reductions in soil water availability during the 1958 growing
season (Cayford et al. 1959). Balsam fir mortality continued for several years, with a
distinct increase in 1962, resulting in up to 50% dead/dying fir in some stands in Riding
Mountain National Park, and up to 80% dead/dying fir in some stands around Lake
Winnipeg (Hildahl et al. 1963).
In Ontario, balsam fir dieback and sudden mortality were recorded in 1958 (Reid
1958) and 1962 (Sippell et al. 1962). Several pathogenic fungi were found associated with
the 1957 dieback, including Thryonectria balsamea, Dermea abietinum (previously
Dermea balsamea), and Cytospora spp.; no clear mechanisms or pathogenic process were
found in the 1962 mortality. These two mortality years overlap with those in Saskatchewan
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and Manitoba mentioned above, and Cayford et al. (1959) noted that the 1957-1958
abnormal weather conditions extended into Ontario. Whitney and Myren (1978) examined
dead and dying balsam fir saplings from northern Ontario’s boreal forest; selecting only
individuals that showed no clear cause of mortality. They found at least 83% of mortality
was associated with root rot fungi, including more than 62% of mortality caused by A.
mellea (Whitney and Myren 1978). In the summer of 2020, new reports of balsam fir
mortality emerged in southeastern Ontario near the Ottawa River Valley; while no causal
agents were yet identified, Armillaria spp. were found on some dead fir and there were
recent changes in climatic conditions (L. Rose, pers. comm.).
In Québec, balsam fir mortality following a spruce budworm outbreak (1970–1987)
was found to be related to stand structure, tree species composition, site characteristics,
and the forest composition surrounding the stand (Bergeron et al. 1995).
Further east, in Nova Scotia, large areas of balsam fir mortality were documented
in 1982 on Cape Breton Island’s west coast, in the Cape Breton Highlands National Park,
and in Cumberland County (Magasi 1983). Across permanent sample sites in the
Highlands, there was an 11.7% increase in balsam fir mortality, some of which was
associated with Armillaria spp., secondary organisms, and trees already weakened by
spruce budworm (Magasi 1983).
In the USA, documented reports of balsam fir mortality began as early as the 1950s
(Weiss et al. 1985). Historically, factors causing balsam fir mortality in the USA included:
(a) insect pests, (b) diseases like trunk, butt, and root rots, (c) wind, (d) winter injury, and
(e) water deficits (Weiss et al. 1985). However, detailed reports of SFM occurred more
recently, starting in 1993 in Maine; Armillaria root rot was considered the primary causal
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agent (Maine Dept. of Conservation 1994). In 2009, Wisconsin observed dead, fiery
orange understory balsam fir trees across the north and central regions of the state, with
signs of Armillaria root disease and balsam fir bark beetles (Pityokteines sparsus)
(Wisconsin Forest Health Protection Program 2009). In 2018, SFM occurred widely in the
northeast and midwest of the USA (Maine, New Hampshire, Vermont, and Wisconsin)
(Maine DACF 2018, Williams 2018). In the northeast multiple factors were identified
such as Armillaria root rot, bark beetles, salt exposure, winter desiccation, and drought
(Maine DACF 2018), while in Wisconsin fir mortality was associated with low relative
humidity levels and quickly climbing high temperatures in the early spring (Williams
2018). In 2020, Wisconsin again reported symptoms and balsam fir mortality similar to
what they experienced in 2018 (Williams 2020).
From these historical reports, some common patterns emerged. Historical causal
agents of SFM included (1) drought, (2) warmer temperatures, (3) winter injury, (4)
predisposing stress, (5) fungi, (6) insects, or (7) a combination of two or more of these
stressors. Drought was documented in nearly all previous SFM reports. Drought during
the growing season increased water deficit of the trees, influencing tree growth and
disturbing physiological function. In the 1980s, the SFM outbreak followed the
nationwide drought. Warmer temperatures, particularly in winter, caused winter drying
from 1957-1958. Similarly, rapidly climbing temperatures in spring seasons caused rapid
snow melt, exposing tree roots and negatively affecting tree growth and vigor. Conversely,
warmer temperatures during growing seasons exaggerated the impact of drought. Winter
injury was frequently documented in SFM reports, where warmer temperatures combined
with low soil moisture caused winter desiccation, injuring the tree leaves and branches
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and increasing tree susceptibility to other stressors. Predisposing stress was another
common theme, and included site conditions and physical damage that weaken the trees
and make them more susceptible to insect and disease attacks. Almost all studies found
Armillaria spp. associated with SFM, and only one study in 1958 found other fungi. Bark
beetles were documented in relation to SFM in several studies (Wisconsin Forest Health
Protection Program 2009, Maine DACF 2018), which retarded tree growth before the trees
died. In summary, drought, warmer temperatures, and Armillaria spp. were the most
commonly documented stressors, often reported in combination with one another.
However, no concrete pattern has emerged, nor a definitive causal agent(s).
SUDDEN FIR MORTALITY IN NEW BRUNSWICK
New Brunswick has seen similar patterns of unexplained sudden balsam fir
mortality. During the 1950’s balsam fir stands were reduced by spruce budworm
(Baskerville 1960). While budworm-killed trees are not considered part of SFM, research
found that surviving balsam fir trees were severely weakened post-spruce budworm
defoliation, providing potential infection courts for fungi (Baskerville 1960). While
Baskerville (1960) had limited observations on fungi in these stands, this report does
indicate a potential pathway for fungal infection and mortality of balsam fir.
Following an outbreak of spruce budworm in the 1970s, it was reported that
sudden death of balsam fir trees occurred in various parts of New Brunswick in 1980 and
1981. Then in 1982, an unusually high number of balsam fir trees died after defoliation,
but not as a direct result of defoliation (Magasi 1983). Magasi (1983) reported that balsam
fir trees already weakened by budworm appeared to be more susceptible to the sudden,
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seemingly non-budworm related mortality, which may be similar to what Baskerville
(1960) observed. Additionally, these trees frequently had Armillaria root rot present, and
usually at least one beetle species (Magasi 1983).
In 1986 the phenomenon of SFM worsened in New Brunswick, when thousands
of balsam fir trees were observed with bright red foliage during early summer aerial
surveys (Kondo and Moody 1987). A forest health specialist in New Brunswick, M.A.
Stillwell, investigated the phenomenon and found that all suddenly killed balsam fir trees
sampled were affected by Armillaria root rot and at least one species of beetle (Kondo and
Moody 1987), similar to the 1982 occurrence. Additionally, 75% of the affected trees
showed evidence of balsam bark weevil (Pissodes dubius), 17% showed evidence of
balsam fir bark beetle, and 17% showed evidence of sawyer beetle (Monochamus
scutellatus) damage (Kondo and Moody 1987). In approximately 25% of the stands,
greater than 15% tree mortality occurred, with one area reaching 28% mortality (Kondo
and Moody 1987). Following Stillwell’s work, SFM was officially named Stillwell’s
Syndrome (Kondo and Moody 1987) although the name was not consistently used.
In 2018, balsam fir trees across New Brunswick suffered SFM. Sudden foliar
drying and needle discoloration with rapid mortality within one growing season was
reported, meaning trees turned red in April and were dead by the end of summer. The
sudden discoloration and dying of individual trees and small patches of balsam fir forests
was first reported in early spring of 2018 (New Brunswick Department of Energy and
Resources Development 2018). The 2018 phenomenon includes symptoms similar to
those reported from the early 1980s in New Brunswick. The 2018 phenomenon occurred
in at least 1% of mature balsam fir trees across the province (J. Chase, pers. comm.; Figure
12

1), but the percentage could be higher as no complete survey was conducted. If 1% of the
current balsam fir growing stock was lost, it is estimated that approximately $2.66 million
would have been lost in 2018 (Penner et al. 2006, Duffin 2020, Government of Canada
2020), which means the forest products industry could be significantly affected if SFM
continues.

Figure 1 Sudden Fir Mortality (SFM) observations across New Brunswick in 2018. All dots represent
documented reports and observations of SFM; blue dots are based on aerial surveys; green dots are based
on the forest disturbance reporting system, and orange dots are based on targeted ground surveys. Source:
New Brunswick Department of Energy and Resources Development (NB DRED) 2018.

Based on preliminary surveys of the 2018 SFM event in New Brunswick, possible
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primary stressors include: (a) below average rainfall during the 2017 growing season, (b)
rapid snow melting in spring 2018, and (c) high spring wind conditions in 2018 (New
Brunswick Department of Energy and Resources Development 2018). Low levels of
precipitation, quickly climbing temperatures, and high spring winds likely weakened
balsam fir trees and caused higher susceptibility to secondary stressors. The drought and
heat affected the physiological function, causing declining growth and slow development.
The wind dried the leaves and branches, decreasing the photosynthesis process. The
secondary stressors include insects and predisposing stress, which disturbed the tree
morphology and grow function.
The presence of secondary stressors such as bark beetles and Armillaria spp. were
also reported (New Brunswick Department of Energy and Resources Development 2018).
While SFM in 2018 appeared similar to the 1980s event, specific potential causes and
susceptibility factors have not been explored, nor has a complete survey of incidence and
severity been conducted.
Dendrochronology can provide a cost-effective, efficient approach to assessing the
SFM phenomenon in New Brunswick. Factors affecting a tree’s growth will result in
changes in the width, cell size, and appearance of annual growth rings (Schweingruber
1989, Rathgeber et al. 2016). Therefore, a record of past influences on tree growth is
retained in tree rings, which can be unraveled through dendroecological techniques (Fritts
and Swetnam, 1989). Tree ring records provide information about the response of trees to
past environmental stresses, disturbances, and changes in climate (Cherubini et al. 2002,
Rozas 2005). Additionally, cross-dating ring width patterns of dead trees to reference
chronologies from living trees can determine the year of death of these trees (Cherubini
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et al. 2002). This is ideal for SFM, to ensure we capture the year of tree death associated
with this phenomenon, and in turn elucidate the disease cycle. Tree ring measurements
can also be used to assess differences in growth patterns in symptomatic and asymptomatic
individuals, as well as their association with climatic variables (e.g., Helama et al. 2009,
Welsh et al. 2009, Montwéet al. 2018), which have previously been associated with SFM.
Other studies have successfully used dendrochronology to quantify differences in growth
between diseased and healthy trees (e.g., Cherubini et al. 2002, Livingston et al. 2017,
Costanza et al. 2020), and demonstrated that tree ring growth patterns are a strong
indicator of disease history and tree response to disease. In our study, we anticipate that
the fluctuation of radial growth combined with climatic variables can be used to compare
the relationship between tree growth, changes in climate, and whether or not a tree has
SFM, similar to other studies (e.g., Barber et al. 2000, Baker et al. 2008, Lucas et al. 2018).
Through dendrochronology, the mechanisms of tree response to SFM can be figured out
more clearly.
While there are numerous reports of SFM throughout North America, the
mechanisms associated with this phenomenon have never been clearly diagnosed. Few
management recommendations have been developed that are effective and efficient. To
develop these needed management guidelines, minimize damage, and reduce losses, it is
imperative that the potential risk factors and causal agents associated with SFM be
explored. To fill these knowledge gaps and address unanswered questions posed by the
2018 SFM event in New Brunswick, this research project aims to achieve the following
objectives: (1) determine if external tree features can be used to estimate year of mortality;
(2) quantify annual growth in both symptomatic and asymptomatic balsam fir trees; (3)
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determine if geographical, climatic, or tree-level conditions predispose trees to SFM; and
(4) improve understanding of which trees and sites are more susceptible to SFM, to guide
future forest management in the region. Objective 1 will provide needed information for
on-the-ground resource managers trying to determine when SFM occurred in their forests,
and develop appropriate management approaches based on the associated timeline.
Objective 2 addresses if there are any differences between the growth of symptomatic and
asymptomatic trees. Objectives 3 and 4 address if trees under different growing conditions
have varying susceptibility to SFM. We hypothesize that (a) external tree characteristics
will accurately predict the mortality year of trees experiencing SFM, including brighter
red foliage indicating recent (<1 year) mortality; (b) less vigorous trees, such as slower
growing trees or trees with lower live crown ratios, will be more susceptible to SFM
because these trees typically have fewer physical and chemical defenses, and thus have
less resistance against stressors such as SFM; and (c) trees in northern latitudes will be
more susceptible to SFM because the high-temperature tolerance of trees living in
northern latitudes is lower than those living in southern latitudes with warmer climates,
and the northern latitudes experienced consistently higher temperature prior to the onset
of SFM.
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METHODOLOGY
STUDY AREA
The study area spans the western half of New Brunswick, Canada. New Brunswick
lies on the east coast, where forests cover 6.1 million ha of 7.1 million ha total land,
comprising more than 80% of the province (SGS Belgium 2018). Conifer trees dominate
the landscape, with 36.5% of forests in pure coniferous forest and 19% in mixed
deciduous-coniferous forests (SGS Belgium 2018). Common tree species in this forest
region include red spruce (Picea rubens), balsam fir, black spruce (P. mariana), yellow
birch (Betula alleghaniensis), eastern white pine (Pinus strobus), eastern white cedar
(Thuja occidentalis), eastern hemlock (Tsuga canadensis), and sugar maple (Acer
saccharum) (Government of New Brunswick n.d.).
New Brunswick has a continental climate in the northern region and a maritime
climate in the southern region (Moen 2016). Average annual precipitation ranges from
99.3 cm (Kedgwick, in the northwest corner of NB) to 151.0 cm (Fundy National Park,
along the Atlantic Coast), while mean monthly temperatures range from -10.2 °C in
January to 18.3 °C in July (Government of Canada 2011). There are a series of highlands,
flat-topped rolling uplands, and lowland plains composed of both sedimentary and igneous
rocks forming the provincial geomorphology (Colpitts et al. 1995). The soils are variable
on different surfaces, but can be summarized as thin and acidic soils in the highlands,
deeper but often poorly drained and acidic soils in central and western regions, and rocky
soils across parts of the southern region (Aalund and Wicklund 1950, Wicklund and
Langmaid 1953, Rees et al. 2005).
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Research sites were selected based on 2018 high-resolution satellite imagery
(provided by New Brunswick Natural Resources and Energy Development, Forest Health
Group), which ranged from Campbellton (northern NB) to Woodstock (southern NB),
along the western half of the province. Satellite imagery was not available for the eastern
portion of the province, so sites were selectively chosen based on the available imagery.
Sites were grouped into three different regions: southern NB, central NB, and northern
NB (Figure 2), in order to observe differences in tree characteristics and susceptibility
between different geographical, climatic, and site-level conditions. These regions also
spanned each of three plant hardiness zones, with variable growing seasons (Table 1). The
growing season refers to the period when weather conditions are favorable for plant
growth. Based on Agriculture Canada's Plant Hardiness Zone Maps (McKenney et al.
2001), the average growing season of these sites is June through September (Table 1).

Figure 2 Sample site layout across western New Brunswick, Canada. Sites are distributed across three
regions: (1) southern NB, (2) central NB, and (3) northern NB, with six sites in each region (18 sites in
total).
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Table 1 Geographical and growing season conditions for 18 sample sites across western New Brunswick,
Canada. Zone refers to Agriculture Canada's Plant Hardiness Zone Maps (McKenney et al. 2001).
Growing
Site ID
Region
Latitude (N)
Longitude (W)
Elevation (m)
Zone
Season
S1
South
45.8903
-67.7203
193
S2
South
45.9007
-67.6214
166
S3
South
45.8617
-67.1862
142
May 15 –
5
Oct 15
S4
South
45.8501
-67.1725
128
S5
S6
C1
C2
C3
C4
C5
C6
N1
N2

South
South
Central
Central
Central
Central
Central
Central
North
North

45.8433
45.8142
46.6221
46.5346
46.5820
46.5690
46.5604
46.5593
47.8586
47.8418

-67.1653
-67.1287
-67.3566
-67.2967
-67.2623
-67.2458
-67.2430
-67.2414
-67.0685
-67.0458

141
159
370
303
296
279
272
264
226
218

N3
N4
N5
N6

North
North
North
North

47.8408
47.8518
47.8579
47.8572

-67.0449
-66.7669
-66.7611
-66.7592

199
255
300
283

4

June 1 –
Oct 1

3

June 15 –
Sep 15

Satellite images were used to locate individual balsam fir trees with red foliage.
These locations were then overlaid with geospatial layers depicting species composition
and road type, in order to locate sites where balsam fir content comprised >60% of the site
and that were located within 400 m of drivable roads. From these surveys, more than 50
sites were identified. Sites within each region were then visited and evaluated to ensure
the site hadn’t been recently managed, clearcut, or storm damaged, and that at least two
balsam fir trees with bright red foliage were present. The first six sites that met these
criteria were selected per region, totaling 18 sites (Figure 2, Table 1).
ADDITIONAL DATA COLLECTION: CLIMATE DATA
Regional climate data were downloaded from ClimateData.ca (n.d.) and the
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Meteorological Service of Canada (MSC n.d.). To identify optimal weather stations for
data selection, we measured the distance between every climate station and every site then
selected the nearest stations for each site that had a long data period (>30 years,
Table 2). Climate data collected included mean monthly temperature (°C), total
monthly precipitation (mm), percent of normal (1981-2010) precipitation (%), total degree
days below 18 °C (heating degree days, HDD), and total degree days above 18 °C (cooling
degree days, CDD). HDD and CDD were used as alternatives to temperature, because they
can indicate the impact of the cumulative temperature over the course of a year, which is
a better metric for plant growing. For example, a year with an extremely hot summer and
extremely cold winter could average to a “typical” annual temperature because the
extreme seasonal temperatures would offset each other. Using HDD or CDD, these
extremes would be captured in the number of days over/under the given temperature
threshold.
Table 2 For each site, the Climate Station ID, Station Name, Data Start and End Year, and the distance
from the station to the sites, including the maximum, minimum, and average distance in kilometers.
Station ID

Station Name

Site ID

Data Start
Year

Data
End
Year

Max Distance
(km)

Min Distance
(km)

Average
Distance (km)

8102275/
8100300

Juniper/
Aroostook1

C1, C2, C3, C4, C5, C6

1969

2019

16.39/40.29

5.57/29.48

8.61/37.52

8100880/
8100885

Charlo A/
Charlo Auto2

N1, N2, N3, N4, N5, N6

1966

2019

56.82/57.09

34.86/35.31

45.60/45.97

Mactaquac
Provincial Park/
S1, S2, S3, S4, S5, S6
1886
2019
63.98/51.28
23.30/30.44
35.91/42.14
Woodstock3
1 Combined station 8102275 Juniper (from 1969 to 2017) and station 8100300 Aroostook (from 2018 to 2019).
2 Combined station 8100880 Charlo A (from 1966 to 2003 March) and station 8100885 Charlo Auto (from 2003 November to 2019), with
a lack of data in April, May, June, July, August, September, and October 2003.
3 Combined station 8102536 Mactaquac Provincial Park (from 1973 to 2019) and filled missing data using station 8105600 Woodstock
(from 1886 to 2019).
8102536/
8105600
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FIELD SAMPLING
For each site, one circular plot with a fixed radius of 7.32 m was established. We
limited sampling to one plot per site, as the symptomatic “red” trees were generally
dispersed across the landscape, and each site typically contained a few symptomatic trees.
Plot centers were placed strategically to capture as many symptomatic trees as possible,
with a minimum of two symptomatic trees per plot.
The USFS FIA Phase 2 Sampling Protocols (USFS 2018) provide detailed
guidance on establishing plots to measure a variety of forest health variables. Based on
their definitions, a sapling is less than 12.7 cm diameter at breast height (DBH, 1.3 m),
and a tree is greater than or equal to 12.7 cm DBH. Information for every tree (≥12.7 cm
DBH) within each plot was recorded, including tree species, DBH, live crown ratio (LCR),
and crown class. Live crown ratio was quantified by visually estimating the percentage of
the tree bole covered in live foliage. Crown ratios can be a good measure of tree vigor, as
trees with higher LCR values can typically produce more organic matter through
photosynthesis (WA DNR 2018), leading trees to be more resilient to stress. Crown class
(dominant, co-dominant, intermediate, or suppressed) was determined following USFS
FIA Phase 2 Sampling Protocols by comparing the tree’s canopy height with other trees
in the same layer (USFS 2018). Crown class can also indicate vigor, tree growing space,
and access to sunlight of the tree (DeYoung 2016).
Trees were also identified as “symptomatic” for SFM if any of the following were
true: 75-100% of their foliage was bright red, red foliage was retained, and/or large
amounts of dieback were apparent. For example, if only 50% of the foliage was red but it
was all retained and dieback was apparent, it was considered symptomatic. However, trees
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were only considered symptomatic and dead if 100% of the foliage was red. All other trees
were considered “asymptomatic.” If the tree was assumed to be suffering from SFM, the
year of death was estimated using visual observations. One characteristic symptom of
SFM is the retention of foliage, even after mortality. Based on personal observations from
foresters and other researchers, it was assumed that trees that died in 2019 were a brighter
red, with all foliage still intact. Trees that died in 2018 were still bright red, with small
patches of foliage missing but a mostly intact crown. Trees that were darker/dull red to
gray, with large patches of foliage missing, were estimated to have died in 2017 or earlier.
All field work was conducted between August and October, 2019.
INCREMENT CORE COLLECTION
In each plot tree cores were collected from all balsam fir trees symptomatic for
SFM (average 2.69 trees/plot), as well as from two asymptomatic balsam fir trees. Trees
were cored at breast height (1.3 m) using a 5 mm Haglof increment borer. One core was
collected per tree, unless the core was damaged or rotten upon removal, at which point a
second core was collected. If a tree was leaning, the tree was cored perpendicular to the
lean in order to avoid compression wood. Extracted cores were sealed in plastic straws
with tape and transported to the University of New Brunswick (UNB) Forest Health Lab
for processing.
INCREMENT CORE PROCESSING
Cores were mounted in poplar (Populus spp.) core mounts for storage and
processing. The cores were then repeatedly shaved using a WSL-Core-Microtome
(Birmensdorf, Switzerland) until the individual tracheids were visible under a high22

powered microscope. In North America, trees typically produce one ring per year,
comprised of earlywood and latewood. Annual growth rings in each core were dated by
counting the rings from bark to pith, using the dot dating method (Swetnam et al. 1985).
Dated cores were scanned using a Laxco™ SeBaCam Digital Microscope Camera
with SeBaView Software (Laxco Inc., Mill Creek, WA). Multiple photos were taken per
core, then auto-stitched together using Process-Stitch in SebaView Software, and saved in
color at varying dpi values (determined by the resolution in SebaView Software). Using
ImageJ (Schneider 2012), the angle of the core was rotated to horizontal, and the image
was cropped to include just the visible rings. Images analysis was conducted in R (v3.5.2;
R Core Team 2018), using the MtreeRing package (v1.4.2; Shi and Xiang 2019) to
measure each ring width from the scanned image. MtreeRing uses five primary functions
(ring_read, ring_detect, ring_modify, ring_calculate, and pith_measure) to measure tree
rings. Alternatively, we used the ring_app_launch function to run the package with a
graphical user interface (Shi and Xiang 2019).
INCREMENT CORE DATA PREPARATION
To obtain consistent dendrochronological data and ensure that missing and false
rings were accounted for, we visually checked and cleaned the tree ring width data. The
raw ring width data were plotted using spaghetti plots. Tree ring series with abnormal
peaks or valleys which were not present in the other series from the same site or region
likely captured mistakes, and these cores were checked and remeasured.
We then cross-dated each of our series. Cross-dating is the process of matching
patterns of growth between tree series, which is possible because trees experience periodic
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growth that is closely synchronized with the annual calendar and climate, providing
“synchronized interannual variation” (Stahle 1999). A master chronology was created for
each region using all asymptomatic tree series within the region. Asymptomatic trees were
assumed to still be living and forming annual rings at the time of sampling, so they had a
confirmed end year. Symptomatic tree cores with an unknown year of mortality were then
cross-dated against the master chronology for each region, to determine the mortality year.
To determine interseries correlation between each tree ring series and the master
chronology, the function interseries.cor in the dplR package (v1.7.1; Bunn et al. 2020)
was used. Individual series from symptomatic and asymptomatic trees were only crossdated with trees from the same region. Individual series with low correlations with the
master chronology were visually checked and remeasured.
There were four trees that each had two cores collected; these cores were compared
based on segment length, interseries correlation, and presence of pith and/or bark to
choose the more suitable core. One core from each of these trees was removed because of
the shorter segment length, lower interseries correlation, and lack of pith and/or bark
indicating possible missing sections.
After cross-dating and remeasurement, cores that had disjunct chronologies
(segments mounted in the opposite direction, or pieces of the core missing), were too short
(<15 years), or that had other problems resulting in inaccurate dating were removed from
the chronology. The chronology of collected tree cores was plotted using the functions
chron and plot from the dplR package (v1.7.1; Bunn et al. 2020).
Raw ring widths do not account for the fact that, over time, trees generally decrease
their ring width size as the diameter of the tree gets larger, and the tree has a larger cross24

sectional area to produce wood around. As a result, standardization is needed to remove
growth variations and account for this biological trend (Douglass 1919, Fritz 1976, Cook
and Kairiukstis 1990). Basal area increment (BAI) is one metric used to standardize tree
ring data; it is the cross-sectional area that a tree puts on during a given time period or
increment (Visser 1995). In temperate and boreal forests in North America, most tree
species produce one tree ring per yearly growing season, thus BAI indicates the annual
amount of wood produced (Visser 1995). BAI was calculated using the tree’s DBH and
raw ring widths (Equation 1), which was carried out with the bai.out function in the dplR
package in R (v1.7.1; R Core Team 2018, Bunn et al. 2020).
Equation 1: Formula for basal area increment (BAI)

BAI𝑥 = π(R 𝑥 2 − R 𝑥−1 2 )
R = tree’s radius
x = the year of tree ring formation

DATA ANALYSIS
Before performing in-depth analyses on factors influencing SFM, we wanted to
determine if and how our sample population differed by geographical location (region).
One-way repeated measures analyses of variance (ANOVA) were run using the lmer
function in the lme4 package (Bates et al. 2015) and the anova function in the stats
package in R (R Core Team 2018). For each model, region was the fixed effect, while site
was treated as a random effect, because it was part of the sample blocking design. The
dependent variable in each model was a tree metric: DBH, LCR, and tree age. A least
significant difference (LSD) test was used for the metrics that were significantly different
(p-value < 0.05) between regions to see the detailed difference, using the LSD.test function
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in the agricolae package in R (R Core Team 2018, Mendiburu 2020).
Similarly, to determine if and how climate varied by geographic region, an
ANOVA was developed for the climate data. For each model, region was the fixed effect,
while the dependent variables were annual precipitation, growing season precipitation,
annual HDD, and growing season HDD. Finally, an LSD test was used for the climatic
variables that were significantly different (p-value < 0.05) between regions to see the
detailed difference, using the LSD.test function in the agricolae package in R (R Core
Team 2018, Mendiburu 2020).
Objective 1 (external signs/symptoms): External signs and symptoms (e.g., color
of foliage, amount of retained foliage) were used to visually estimate each symptomatic
tree’s year of mortality during field work. In the lab, cross-dated chronologies were used
to determine the mortality year of all symptomatic trees, as well as any asymptomatic trees
that did not have a 2019 growth ring. The tree-ring-derived mortality years were then
compared to the visually estimated mortality years gathered in the field to calculate the
percentage of trees with accurately predicted mortality years. Results will help determine
if currently available symptom and diagnosis definitions for SFM are accurate, or if there
are different signs and symptoms indicative of SFM.
Objective 2 (quantifying annual growth): After converting raw ring width to BAI,
we calculated BAI chronologies, grouped by region and symptom class, using the chron
function in the dplR package (Bunn et al. 2020). We then visually compared growth trends
by symptom class. However, interseries correlations (discussed in results) indicated that
symptomatic trees were growing differently at various sites within the same region. As a
result, an alternative method for analyzing growth trends at the tree-level was needed.
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A growth rate ratio (GRR) was calculated using a modified version of Berdanier
and Clark’s (2016) growth rate calculation. The annual BAI of each individual
symptomatic tree (i) was compared to an average BAI for all asymptomatic trees from the
same region (j) in each year (t). Intereseries correlations were higher for asymptomatic
trees (Table B. 1; Table B. 2; Table B. 3), indicating a regional synchronicity in growth
and thus supporting the averaging of asymptomatic BAI by region. For every year, the
growth rate ratio (GRRt,i) of an individual symptomatic tree was calculated as the natural
log of the symptomatic tree's BAI (BAIi) divided by the regional asymptomatic average
BAI (𝐵𝐴𝐼𝑗 ) (Equation 2). All GRR values were aligned to the year of mortality for dead
trees, or 2019 for living trees. Negative GRR values indicate that the growth rate of the
symptomatic tree was lower than conspecific asymptomatic trees, indicative of a loss in
the tree’s growth potential prior to mortality.
Equation 2: Formula used to calculate the Growth Rate Ratio (GRR), which is a modified version of
Berdanier and Clark’s (2016) method.

̅̅̅̅̅𝑡,𝑗 )
𝐺𝑅𝑅𝑡,𝑖 = ln (𝐵𝐴𝐼𝑡,𝑖 /𝐵𝐴𝐼
t = each year,
i = each individual symptomatic tree,
j = each region asymptomatic trees.

Once the standardized GRR values were calculated, these values were averaged
for all symptomatic trees for each region. A final regional chronology plot of GRR values
was produced using a self-developed function in base R (R Core Team 2018) for each
region. The chronologies were used to determine if/when symptomatic trees started
growing more slowly than asymptomatic trees, and the relative amount of growth potential
lost preceding mortality.
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Objectives 3 (conditions that predispose trees to SFM) and 4 (trees and sites that
are more susceptible to SFM): To determine if conditions such as tree size, annual tree
growth, and geographical location influenced SFM, several models were developed. We
asked if DBH, average BAI over the previous five-year period prior to death or sampling
date, average BAI over the previous 10-year period prior to death or sampling date, LCR,
crown class, and geographic location can predict if a tree is symptomatic for SFM. Several
logistic regression models were built using the glm function in the stats package in R (R
Core Team 2018). SFM symptom class was the dependent variable in every model. In
Model 1, DBH, region, LCR, and crown class were the independent variables. In Model
2, average BAI during the five years preceding death (or preceding sampling date for
living trees), region, LCR, and crown class were the independent variables. In Model 3,
average BAI during the 10 years preceding death (or preceding sampling date for living
trees), region, LCR, and crown class were the independent variables. Because DBH and
BAI are closely related values, they were not used in the same model. An ANOVA was
run on each model using the Anova function in the car package (R Core Team 2018, Fox
and Weisberg 2019) to determine which predictor variables were significant, and which
model was a better fit. The p-values, AIC values, R2, and percentage of trees accurately
predicted were used to select the best fitting model.
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RESULTS
REGION-LEVEL DATA
From the 18 sampled plots, a total of 405 trees were inventoried, including balsam
fir, red spruce, red maple (Acer rubrum), white birch (Betula papyrifera), eastern white
cedar, trembling aspen (Populus tremuloides), sugar maple, black spruce, and eastern
hemlock (Table A. 1). The sites were all balsam fir dominant, with balsam fir comprising
81% of the stems (or 328 trees) across all sites (Table A. 1).
From the 328 balsam fir trees inventoried, 79 trees were cored: 43 symptomatic
trees and 36 asymptomatic trees. After correcting for damaged cores, 74 trees were
assessed: 42 symptomatic trees and 32 asymptomatic trees. Tree metrics (DBH, LCR, and
age) were compared by region to determine if there were regional differences among
sample populations. Diameter at breast height differed significantly among regions; trees
in the North region were largest, while trees in the Central region were smallest (Table 3,
Figure 3a). Trees in the North were also significantly older than trees in the South and
Central regions (Table 3, Figure 3c). No significant difference between regions was found
in LCR values (Table 3, Figure 3b). Collectively, these results indicate that sample
populations in the South and Central regions were similar, while trees in the North region
were significantly larger and older.
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Table 3 Balsam fir mean (± SE) tree diameter at breast height (1.3 m), mean live crown ratio (LCR), mean tree age, and n (number of cored balsam fir trees)
across three regions (South, Central, North). P-values are reported; those in italics are significant at the 0.05 level.
One-Way Repeated Measures ANOVA (Fit Linear MixedRegion
South
Central
North
Effects Model: Metric ~ Region + (1|Site_ID))
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N/A

Mean (±SE)
DBH (cm)

19.95
±0.80

17.09
±0.76

23.73
±1.58

p = 0.021

Mean Live
Crown Ratio
(%)

30.43
±2.68

35.00
±3.72

37.29
±3.64

p = 0.528

Mean Tree
Age (yrs)

32.04
±1.83

30.63
±1.11

55.17
±4.14

p < 0.001
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n
(number of
cored trees)
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Figure 3 (a) diameter at breast height (DBH; 1.3 m), (b) live crown ratio (LCR), and (c) age of trees separated by region. Each middle horizontal line represents
the median value, while each box represents 25% and 75% quartiles of values in the region. The dots outside of the whiskers represent outlier values. Different
letters above each boxplot represent statistically different values between regions, based on a least significant difference (LSD) test; there are no letters above the
LCR boxes because they were not statistically different.

CLIMATE DATA
Annual precipitation varied significantly by region (p-value < 0.001). An LSD test
revealed that the North region had significantly lower mean annual precipitation (995.03
mm) than the South or Central regions (1143.50 mm and 1096.18 mm, respectively;
Figure 4a). However, no difference in growing season precipitation was found among
regions (p = 0.59). Annual HDD values also differed by region (p-value < 0.001). With
significantly higher annual HDD values (5257.44), the North region was significantly
colder than the South and Central regions (4830.91 and 4948.26, respectively; Figure 4c).
This was also true of growing season HDD values (p-value <0.001), with the North having
higher mean values (365.92) compared to the South and Central regions (277.96 and
346.28, respectively; Figure 4d). Overall, the North region was drier and colder than the
South and Central regions.
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Figure 4 Mean (a) annual and (b) growing season precipitation from 1980 to 2019, and mean (c) annual and (d) growing season heating degree days (HDD) from
1980 to 2019, for each of the three study regions. Different letters above each boxplot represent statistically different values between regions, based on a least
significant difference (LSD) test (growing season precipitation was not statistically significant, so an LSD test was not performed for panel b). Each horizontal
line represents the median precipitation or HDD value, while each box represents 25% and 75% quartiles of values in the region. The dots outside the whiskers
represent outlier values.

TREE RING DATA
After measuring and cross-dating the 74 collected cores, the mean (± SE)
interseries correlation of raw ring width was 0.480 ± 0.027 in the South (spanning 19672019; Table B. 1), 0.617 ± 0.025 in the Central (spanning 1977-2019; Table B. 2), and
0.528 ± 0.023 in the North region (spanning 1929-2019; Table B. 3). The mean correlation
for the entire chronology was 0.453. Trees in the South region averaged 32.04 years at
DBH (range 20-52 years), trees in the Central region averaged 30.63 years (range 18-40
years), and trees in the North region averaged 55.17 years (range 23-87 years) (Table 3).
TREE MORTALITY
Based on tree ring derived mortality years, most of the sampled symptomatic trees
died in 2017 and 2018 (31 of the 42 trees, or 74%; Figure 5), which coincides with the
first reports of SFM in New Brunswick during summer 2018. The remaining symptomatic
trees died prior to 2017 (5 trees, or 12%), or in 2019 (6 trees, or 14%; Figure 5). In the
South and Central regions, mortality was dispersed, from 2011 to 2019. While in the North
region, all tree mortality was clustered in 1 year, possibly indicating less resilience than
trees from the Central and South regions. The mortality year of symptomatic trees from
the South and Central regions was mainly concentrated in 2018, while in the North region
symptomatic trees primarily died one year earlier in 2017 (Figure 5). Of the asymptomatic
trees, all but two trees had an incomplete ring in 2019, indicating they were still alive and
putting on new growth. Two asymptomatic trees from the South region were cross-dated
to 2016; they either did not put on annual rings from 2017-2019, or the core was broken
and the last few rings were lost.
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Figure 5 The number of trees that died each year, separated by region and symptom class, determined by
cross-dating each tree ring series with the master chronology. ALIVE represents trees that were still alive
when cored. Yellow circles represent symptomatic trees and grey circles represent asymptomatic trees.
The size of the circle is proportional to the number of trees in the given year.

When comparing tree-ring-derived mortality years to visually-estimated mortality
years from the field (excluding live trees), visual estimation of dead trees was only correct
32% of the time (Table 4). Among the 13 trees that were visually estimated to have died
in 2019, only three of those trees actually died in 2019, while the remaining 10 trees died
earlier than 2019 (Table 4). Among the 20 trees that were visually estimated to have died
in 2018, only eight trees actually died in 2018; most of the remaining trees died in 2017.
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In general, trees that were visually estimated to have died recently (2018 or 2019) actually
died earlier (2017), while trees that were visually estimated to have died earlier (2016 or
2017) actually died more recently (2018 or 2019).
Table 4 Comparison between actual (tree-ring-derived) mortality year and the visually estimated mortality
year from field data. The column # Trees Correct shows the number of trees that had their correct
mortality year estimated using visual signs and symptoms.
Visually Estimated
Actual Year of Mortality (Tree-Ring-Derived)
Mortality
# Total
# Trees
Alive
2019
2018
2017
2016
2015
2011
Year
Trees
Correct
Alive
32
30
30
0
0
0
2
0
0
2019
13
3
0
3
1
7
1
1
0
2018
20
8
0
2
8
8
0
1
1
2017
8
3
0
0
4
3
1
0
0
2016
1
0
0
1
0
0
0
0
0

TREE GROWTH TRENDS
After transforming raw ring width to BAI, balsam fir trees in the South region had
the largest mean (± SE) BAI (775.64 ± 14.57 mm2), trees in the Central region had a
smaller mean BAI (642.58 ± 14.49 mm2), and trees in the North region had the smallest
mean BAI (608.99 ± 11.83 mm2). However, there was no trend in mean BAI between
symptom classes (data not shown).
Individual tree BAI values were then averaged to produce regional chronologies
for each symptom class (Figure 6a-f). These chronologies show that the average growth
of symptomatic trees was in decline, starting in the early 1990s (North region), early 2000s
(Central region), and late 2000s (South region) (Figure 6a, 6c, 6e). In comparison, the BAI
chronologies for asymptomatic trees declined more recently, from 2009 (Central region)
to 2011 (South and North regions) (Figure 6b, 6d, 6f). However, the interseries
correlations associated with each chronology varied by symptom class. Symptomatic
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correlations were consistently lower than asymptomatic correlations (Table B. 1; Table B.
2; Table B. 3), indicating that growth trends varied at the tree- or site-level, and that
regional averaging was too broad.

Figure 6 Master chronologies for basal area increment (BAI, mm2) of (a,c,e) symptomatic trees and
(b,d,f) asymptomatic trees, averaged by region. Grey lines represent mean annual BAI, while red lines
represent a 10-year moving average for each chronology. The shaded areas represent the sample depth.
Red arrows point to the year when the most recent BAI decline period started
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To account for tree- and site-level variation, individual GRR values were
calculated for each symptomatic tree. In the South region, 11 of 12 (92%) symptomatic
trees were growing slower than the asymptomatic trees from the same region (Figure C.
1). In the Central region, all 16 (100%) symptomatic trees grew slower than asymptomatic
trees (Figure C. 2), and in the North region, 12 of 14 (86%) symptomatic trees had slower
growth (Figure C. 3). Symptomatic trees started growing slower than their asymptomatic
counterparts at 12, 24, and 23 years prior to mortality in the South, Central, and North
regions, respectively (Figure 7).
The GRR value at the year of mortality (0 years before death in Figure 7), indicates
the overall reduction in growth vigor of symptomatic trees relative to that of asymptomatic
trees. When comparing regions, symptomatic trees in the Central region lost nearly twice
as much growth vigor (GRR = -1.10) as trees in the South region (GRR = -0.58) (Figure
7). As mentioned above, trees in the Central region were also growing slower than
asymptomatic trees for twice as long as trees in the South region (24 and 12 years,
respectively; Figure 7). Additionally, the 95% confidence interval associated with GRR
values of symptomatic trees converged in the South while diverging in the Central and
North regions. This indicates greater variability in individual tree growth trends in the
Central and North regions.
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Figure 7 Average growth rate ratio (GRR) of all individual symptomatic trees from the (a) South, (b) Central, and (c) North regions. The black line and dark gray
shading represent the mean GRR and 95% confidence interval, while the light gray shading represents the range of GRR values.

MODEL RESULTS
In total, three glm models were run using a combination of independent variables.
Model results indicate that the occurrence of SFM has significant correlation with LCR (p
< 0.001), regardless of which other variables are included in the model (Table 5). The
mean LCR of all asymptomatic trees (0.42 ± 0.03) was much higher than that of
symptomatic trees (0.28 ± 0.02) (Figure 8). No other variables (region, crown class, or
growth metric) were significant in any of the models. When comparing models, the
number of correctly predicted trees was highest in Model 3 (70.27%), however Model 2
produced a slightly higher R2 value and slightly lower AIC value, indicating Model 2 was
the best fit model (Table 5).
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Table 5 Results of three generalized linear models (glm) using the simplified model: SFM Symptom Class ~ Growth Metric*Region* LCR + Crown Class.
Growth metrics include diameter at breast height (DBH), mean basal area increment (BAI) in the last five years, and mean BAI in the last 10 years. P-values in
italics are significant at the 0.05 level.
Model
Numbe
r

Growth
Metrics
PValue

Region
PValue

LCR
PValue

Interce
pt

Crown Class PValue

1

DBH

2.4957

0.8724

0.4878

<0.001

0.7210

2

BAI5yr

0.9718

0.5226

0.5646

0.001

0.7259

3

BAI10yr

0.7367

0.4926

0.5569

<0.001

0.6535
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Growth
Metric(s)

Interaction P-Value
DBH*Region: 0.6330
DBH*LCR: 0.2771
Region*LCR: 0.8316
DBH*Region*LCR: 0.7780
BAI5yr*Region: 0.2727
BAI5yr*LCR: 0.0879
Region*LCR: 0.4080
BAI5yr*Region*LCR:
0.7654
BAI10yr*Region: 0.2947
BAI10yr*LCR: 0.0550
Region*LCR: 0.4074
BAI10yr*Region*LCR:
0.9005

Residual
Standard
Error

Degrees
of
Freedom

Multiple
R
Squared

Adjusted
R
Squared

Percent of
Trees
Correctly
Predicted

AIC

7.1383

59

0.5501

0.4527

0.6351

112.78

2.4560

59

0.5612

0.4661

0.6892

109.15

2.612

59

0.5607

0.4655

0.7027

109.32
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Figure 8 Live crown ratio (LCR) of trees, averaged by symptom class. Each horizontal line represents the median LCR value, while each box represents 25% and
75% quartiles of values per symptom class. The dots outside the whiskers represent outlier values.

DISCUSSION
Our results demonstrated that the sample population varied by region, with the age
and DBH of trees significantly differing between regions (Table 3). Trees in the North
region were significantly older than trees in the other two regions; on average, they were
20-25 years older (Figure 3c). Other research studies have found that older trees are more
susceptible to disturbance and more easily killed by pests and pathogens like Armillaria
spp. (e.g., Hepting 1971, Purcell et al. 1981, Coomes and Allen 2007). DBH was also
significantly larger in the North region, compared to the other two regions. Normally the
growth of trees follows a latitude or climate gradient, with reduced tree growth in regions
with lower temperatures and less precipitation (e.g., Daniels and Veblen 2004, Lara et al.
2005). Based on DBH alone, trees in our study did not follow this latitude gradient; trees
from the Central region had the smallest DBH while those from the North region had the
largest DBH (Table 3). However, DBH does not account for tree age, which is significant
because trees from the North region were older.
Climatic conditions also varied by region. Both precipitation and temperature
(represented by HDD) followed the expected latitudinal gradient mentioned above, with
colder and drier conditions in the north and warmer and wetter conditions further south.
For example, the North region had significantly lower precipitation and had a greater HDD
total than the South and Central regions, both annually and during the growing season
(Figure 4). This would suggest that trees from the North region would likely grow more
slowly and respond differently to SFM. Indeed, Akalusi and Bourque (2018) found that
balsam fir trees from different regions responded differently to climate factors, with the
conclusion that balsam fir trees from higher latitudes were less adaptable to changes in
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precipitation and temperature. Their results, along with our results demonstrating a
significantly different climate regime in sites from the North region, suggest that trees in
northern New Brunswick and those on the margins of colder and drier climates may
respond poorly under future climate change conditions, increasing tree susceptibility to
stressors such as SFM. Many studies reveal that ongoing and future climate change may
increase the susceptibility of trees to diseases (e.g., Allen et al. 2010, Hicke et al. 2012,
Allen et al. 2015, Hirata et al. 2017). Canada has experienced several periodic droughts,
for example, during 2001-2002, in 2015, and in 2017 (Bonsal and Regier 2007, Herring
et al. 2016, Hoell et al. 2020). In regard to SFM, Williams (2018, 2020) found that
abnormal winter and spring weather patterns were the cause of 2018 and 2020 increases
in SFM in Wisconsin, USA, indicating that climate is a driving factor in SFM occurrence
and severity. Additionally, Taylor and Lavigne (2018) suggested sustained and significant
drought in western New Brunswick might be related to SFM. Drought stresses the host
tree and makes the tree more susceptible to diseases (Schoeneweiss 1975, DesprezLoustau et al. 2006), such as Armillaria root disease, which Costanza and Broom (unpubl.
data) found on 89% of our SFM sampled trees.
While reports of SFM increased dramatically in 2018 across New Brunswick and
other regions, the exact year of tree mortality was unknown. After measuring and dating
all tree cores, our results demonstrate that symptomatic trees from the South and Central
regions primarily died in 2018, while those from the North region mainly died in 2017,
one year before the other two regions (Figure 5). There are likely a host of compounding
factors, including tree age, climate, and other stressors. The North region was comprised
of older and larger trees, and trees were exposed to a colder and drier climate. As a result,
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these trees were likely experiencing additional predisposing stressors which might could
increase their susceptibility to SFM. Previous studies have indicated that older trees would
be more sensitive to climate than younger trees (e.g., Carrer and Urbinati 2004, Schuster
and Oberhuber 2013). Indeed, Akalusi and Bourque (2018) stated suggest that trees in
northern latitudes would be more susceptible to changes in climate., Thus, it’s likely that
the 2017 drought in New Brunswick drought stressed trees across the province, but that
trees in the North region earlier than in the South and Central regions were already stressed
by a colder and drier climate regime, making them more susceptible and leading to their
mortality one year prior to trees at more southern latitudes. More generally, research
supports that lower annual precipitation can lead to higher tree mortality rates (e.g., Zhang
et al. 2017, Crouchet et al. 2019, Taccoen et al. 2019).
These tree-ring derived mortality years were compared to the visually estimated
mortality years. Overall, our visual estimates were highly inaccurate; only 32% of our
dead trees had an accurate mortality year estimated in the field. However, a general trend
emerged: the signs and symptoms we used to estimate recently killed trees were actually
indicative of older mortality (>2 years), while the signs and symptoms used to estimate
older mortality were actually indicative of current and recent mortality (≤2 years). This is
a critical result of this study, as forestry technicians and forest managers will typically be
estimating mortality in the field, using visual estimates. We suggest, from our results, that
newer mortality (0-2 years old) is represented by darker red foliage, while older mortality
(2+ years) is represented by bright red/orange foliage.
From our tree ring data, we also found that BAI values provided a better
assessment of current tree growth than just DBH. Symptomatic trees from the Central and
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North regions were the slowest growing in the last decade (Figure 6). Symptomatic trees
in the South region were producing one and a half times the amount of BAI in 2010
compared to the other two regions, but did experience a reduction in BAI by 2019 (Figure
6). Thus, while symptomatic trees from the South and North regions followed the expected
climate gradient (larger growth in warmer, wetter climates), symptomatic trees in the
Central region did not follow this trend, producing the least amount of BAI in the previous
decade. Conversely, asymptomatic trees did follow the anticipated climate gradient, with
the greatest BAI values produced in the South region, lesser values in the Central region,
and the smallest values in the North region (Figure 6). The atypical BAI trend among
symptomatic trees may be due to smaller DBH and lower LCR values of trees from the
Central region (Table 3, Figure 3), which are indicators of low vigor. Additionally, SFM
could be influencing normal growth trends. Similarly, other studies have found that trees
suffering from decline diseases often show decreases in BAI more than a decade before
mortality, and often start declining in growth before external symptoms are visible (e.g.,
Duchesne et al. 2003).
In addition to BAI, we used GRR values to compare annual growth rates of each
symptomatic tree to surrounding asymptomatic trees. Results from GRR values indicate
that symptomatic trees were growing slower than nearby asymptomatic trees more than a
decade before mortality (Figure 7), which suggests that SFM is associated with already
stressed or weakened trees. However, the data do not indicate cause and effect. It’s difficult
to distinguish if SFM causes trees to grow slower, or if affected trees were already growing
slower prior to the onset of SFM. Further compounding this issue is the difficulty in dating
the exact arrival and start of SFM across New Brunswick. While our results demonstrate
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that the vast majority of mortality occurred between 2017 and 2018, we cannot say how
long SFM agents were present before mortality occurred. Future studies are needed to
explore the causal factors of SFM, which could help quantify the time needed for mortality
to occur, and in turn the likely arrival date of SFM in these stands. Other studies have been
able to date the onset of disease, such as Costanza et al. (2020) who used the change in
BAI to determine whether Caliciopsis canker (Caliciopsis pinea) caused decline, or if
decline was a precursor to canker damage.
In our study, we found that these declines in growth vigor started 12-24 years prior
to mortality (Figure 7). In a similar study on Armillaria root disease, Westwood et al. (2012)
found that significant growth declines in black spruce infected by Armillaria started5-15
years before mortality. In relation to climatic factors, Berdanier and Clark (2016) studied
trees in post-drought impacted stands and found that dead trees typically started growing
slower 8 years prior to mortality. These research methods support our study’s approach to
using BAI and GRR to evaluate tree growth trends and have similar results about the
association between declines in BAI, disease occurrence, and possible climatic factors.
While the growth rate of symptomatic trees was slower than asymptomatic trees
across all regions, there were some regional differences in annual growth trends.
Symptomatic trees in the Central and North regions were growing slower than their
asymptomatic neighbors for twice as long as trees in the South, which supports our earlier
statements that trees at more northern latitudes respond differently and more significantly
to stress, resulting in slower growth and increased susceptibility. Furthermore, tree growth
rate metrics, mean GRR, GRR 95% CI, and range of GRR, of trees in the Central region
and North region had similar trends, possibly because of similar topography in the two
47

regions. Sites from the Central and North regions were mainly in the Northern New
Brunswick Highland Ecoregion (“New Brunswick topographic map, elevation, relief”
n.d.), with higher elevation than the South region (Table 1). Primicia et al. (2015) found
elevation can affect the climate-growth associations of Norway spruce (Picea abies).
Additionally, Fan et al. (2009) stated that at lower elevation sites, trees were less sensitive
to the change of climate conditions. Chen et al. (2011) also concluded elevation can
change the correlation between temperature and the growth of Olgan larch (Larix olgensis):
At the high-elevation site, temperature was positively significantly correlated to tree
growth. These studies offer insights into the possible role elevation and topography could
be playing in SFM severity across the province.
We also evaluated if tree size (DBH) or tree growth trends over time were
associated with SFM occurrence. While no growth metric was statistically significant in
glm models, we did see that symptomatic trees were slightly smaller than asymptomatic
trees in both the Central and North regions. Other research has shown variable results
between tree size and disease occurence. Several studies found that trees with larger DBH
were more affected by diseases (e.g., pine wilt disease, beech bark disease, laurel wilt
disease) than smaller trees (e.g., Gavin and Peart 2011, Park et al. 2013, Spiegel and Leege
2013, Jules et al. 2014). However, Mallett and Volney (2011) showed that there was no
obvious relationship between tree DBH and Armillaria root disease in lodgepole pine;
their results are particularly relevant as they studied Armillaria root disease, which was
found to be present in the majority of SFM-symptomatic trees in our plots from a
corresponding study (Costanza and Broom, unpubl. data). Based on these previous studies
and our own results, it is reasonable to assume that mortality induced by Armillaria root
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disease does not target specific tree size classes.
In addition to tree size and annual growth, we also explored the relationship
between LCR and SFM. Our results demonstrate that LCR is significantly, negatively
correlated with the occurrence of SFM (Table 5). Asymptomatic trees had significantly
higher mean LCR values than symptomatic trees (Figure 8). As a measure of tree vigor,
trees with higher LCR are less sensitive to drought, less susceptible to diseases, and less
vulnerable to insects. Interestingly, research results from other studies have documented
mixed associations with LCR: both Batzer (1969) and Filip et al. (2002) found that LCR
was not, or only weakly, associated with tree disease, while Stark and Cobb (1969),
Audley et al. (1998), and Costanza et al. (2020) found that LCR was significantly
negatively associated with the occurrence of disease.
Crown class was measured as another indicator of tree vigor but was insignificant
in our models. This is likely because only trees with a DBH ≥12.7 cm were included in
our study, which means most of the sampled trees were in the co-dominant and dominant
classes. While we did not include saplings less than 12.7 cm DBH, we did visually inspect
them and found very few to be symptomatic for SFM. Instead, our visual observations
indicated that most symptomatic trees were in the co-dominant and dominant classes,
suggesting SFM occurs more frequently on older or larger trees. The correlation between
crown class and disease occurrence varies in different studies. Ward and Stephens (2011)
suggested black birch (Betulalenta lenta) mortality occurred more in the lower crown
classes. Conversely, Turcotte et al. (2012) found dieback after ice storm damage of
hardwood species was more severe among codominant and dominant trees than
intermediate and overtopped trees.
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While not an original objective of our study, it is interesting to note that
asymptomatic trees from all regions started declining around the same time: 2009-2011.
This may be an indication of a larger shift in balsam fir’s growing range, indicating that it
may be increasingly stressed by changing climates and generally in decline. Goldblum
and Rigg (2005) implicated that the growth potential of balsam fir trees might decline
under current and future modeled climate conditions. Indeed, researchers did observe a
decline of balsam fir in recent decades, associated with climate change: D’Orangeville et
al. (2019) found that the growth of balsam fir would decline with an additional 3-4 °C
warming increase. Our results provide additional support that balsam fir trees may already
be declining across the province.
While our study elucidated some of the tree-level and geographic factors
associated with SFM and increased our understanding of when SFM occurred, there were
some limitations to this study. Our study focused on tree-level variables (DBH, BAI, GRR,
LCR, crown class) instead of plot- or landscape-scale variables because dead SFM trees
were reported to occur next to healthy trees, often growing in nearly identical conditions.
This implied that large-scale differences were likely not the only drivers of SFM. In future
studies, it will be important to further explore site-level variables such as climate, as well
as additional tree- and plot-level variables such as micro-site differences (pit and mound,
depth to water, etc.). Additionally, only sites with known SFM trees were sampled based
on limited time and resources. Future research should also sample sites without known
SFM trees, in order to compare site-level characteristics between affected and unaffected
sites. Another limitation included having a small sample size, due to time and resources
available. As a result, we focused on sites that were near the road, had high-resolution
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satellite imagery available, and had at least 60% balsam fir composition. To further
understand how all balsam fir trees are affected by SFM, we would need to ideally sample
across a larger geographic area to better assess SFM in relation to climatic gradients and
stand types. Finally, the measurement program used for quantifying tree ring width,
MtreeRing package in R, had limitations. MtreeRing did not easily allow the user to
process core gaps and breakages, nor set the direction of multiple measuring paths while
making jumps along the core. While MtreeRing is open access, it would be beneficial to
consider purchasing a more robust program such as WinDendro or CooRecorder in the
future, to improve accuracy and ease of measuring.
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CONCLUSION
The results from this research project suggest that: (1) symptoms of recently killed
trees (<1 year) include darker red foliage, near 100% retention of red foliage, and topdown needle discoloration. Together, these results can be used to help resource managers
estimate a tree’s mortality year, which can in turn improve understanding of how SFM is
spreading through a stand. (2) Already weakened balsam fir trees appear to be more
susceptible to SFM. The annual growth of symptomatic balsam fir trees was lower than
healthy, asymptomatic trees. The reduction of growth in symptomatic trees is larger in
recent years. (3) SFM was negatively correlated with LCR, regardless of region or climate
regime. Balsam fir trees with lower LCR values were less vigorous, in turn increasing the
likelihood they would be affected by SFM. (4) Trees at northern latitudes may be more
susceptible to future outbreaks of SFM, particularly under increased stress from changing
climates. Trees from the North region were older and larger, and died one year earlier than
trees in the Central and South regions, indicating they could have experienced greater
stress and been more susceptible to SFM. Together, these results improve our
understanding of the 2018 SFM event in New Brunswick, elucidate the timeline and tree
response to SFM over time, and provide data for future studies.
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Appendices
Appendix A: Summary of tree species
Table A. 1 Tree species, number of stems, and average diameter at breast height (DBH, 1.3 m) across 18
sample plots in western New Brunswick

Tree Species
Balsam Fir (Abies balsamea)
Red Spruce (Picea rubens)
Red Maple (Acer rubrum)
White Birch (Betula papyrifera)
Eastern White Cedar (Thuja occidentalis)
Trembling Aspen (Populus tremuloides)
Sugar Maple (Acer saccharum)
Black Spruce (Picea mariana)
Eastern Hemlock (Tsuga canadensis)
Total
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Total
Number of
Trees

Mean DBH ±
SE (cm)

328
32
12
11
9
5
4
2
2
405

19.05 ± 0.31
20.89 ± 1.32
20.02 ± 2.41
19.91 ± 2.07
36.28 ± 4.19
24.42 ± 3.72
14.48 ± 3.00
16.85 ± 0.35
16.45 ± 5.75
19.62 ± 0.33

Appendix B: Tree ring data
Table B. 1 Interseries correlations and p-values of tree cores from sites in the South Region; mean
correlation is 0.48.
Core Name
45816712_001_S
45856717_011_S
45896772_012_S
45846716_002_A
45896772_007_A
45866718_008_A
45856717_013_A
45816712_020_S
45846716_018_S
45816712_009_A
45896772_019_S
45866718_010_S
45866718_002_S
45856717_016_S
45906762_017_A
45856717_021_A
45846716_015_S
45906762_007_A
45906762_018_S
45906762_009A_S
45896772_014_A
45866718_019_A
45846716_019_A
Mean ±SE
Symptomatic Mean ±SE
Asymptomatic Mean ±SE

Correlation
0.3223
0.3365
0.3419
0.3525
0.3829
0.3902
0.3918
0.4005
0.4093
0.4456
0.4635
0.4750
0.4853
0.4876
0.4970
0.5018
0.5033
0.5322
0.5369
0.5475
0.6319
0.7627
0.8345
0.4797 ±0.0267
0.3891 ±0.0270
0.4928 ±0.0469
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p-value
2.15E-02
5.41E-02
4.07E-02
3.90E-02
6.41E-03
3.68E-02
3.95E-02
4.10E-03
5.20E-02
2.87E-02
1.18E-02
6.57E-03
2.32E-03
2.21E-03
1.15E-03
1.92E-03
1.86E-03
2.95E-04
1.54E-03
1.11E-04
1.59E-05
5.29E-06
9.67E-07
NA
NA
NA

Table B. 2 Interseries correlations and p-values of tree cores from sites in the Central Region; mean
correlation is 0.62.
Core Name
46556724_016_S
46536729_202_S
46566724B_012_S
46536729_019_S
46626735_029_A
46536729_201_S
46566724A_031_A
46626735_200_S
46536729_012_S
46566724A_200_S
46566724B_013_A
46566724A_025_S
46626735_018_S
46536729_017_A
46626735_019_A
46566724B_006_A
46536729_002_A
46626735_017_S
46586726_015_S
46566724B_015_S
46566724A_021_S
46586726_004A_S
46556724_014_A
46586726_021_A
46556724_022_S
46556724_021_A
46586726_014_A
Mean ±SE
Symptomatic Mean ±SE
Asymptomatic Mean ±SE

Correlation
0.3668
0.4406
0.4632
0.4801
0.4959
0.4982
0.5039
0.5401
0.5491
0.5519
0.5525
0.5953
0.5960
0.6063
0.6129
0.6222
0.6547
0.6574
0.6609
0.6961
0.7156
0.7242
0.7371
0.7700
0.7915
0.8615
0.9216
0.6172 ±0.0253
0.5884 ±0.0293
0.6668 ±0.0452
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p-value
3.30E-02
9.92E-03
9.06E-03
1.69E-03
2.93E-03
4.46E-03
2.51E-03
5.80E-04
8.20E-03
1.65E-03
1.63E-03
4.41E-05
1.32E-04
3.05E-05
2.09E-04
1.26E-04
6.83E-06
2.46E-05
1.66E-04
2.20E-05
1.95E-04
4.02E-06
2.48E-06
1.33E-06
1.80E-06
5.78E-07
0.00E+00
NA
NA
NA

Table B. 3 Interseries correlations and p-values of tree cores from sites in the North Region; mean
correlation is 0.53.
Core Name
47856676B_010A_S
47856676B_004B_S
47846704B_011_A
47856676A_003_S
47856676B_005_A
47846704B_015_S
47856676B_003_A
47846704A_011_S
47856676A_007_S
47856675_008_S
47846704A_007_S
47856706_020_S
47846704A_002_S
47846704B_022_A
47856675_005_A
47846704A_026_A
47856676A_013_A
47846704B_005_S
47856706_024_A
47856706_008_A
47846704A_027_S
47856706_016_S
47846704A_014_S
47846704A_008_A
Mean ±SE
Symptomatic Mean ±SE
Asymptomatic Mean ±SE

Correlation
0.2689895
0.365468
0.3850945
0.4116738
0.4133119
0.4384615
0.4738668
0.4763602
0.4876815
0.4921766
0.4979839
0.5260994
0.5405253
0.5703061
0.5706939
0.5781611
0.5992943
0.6001878
0.6147563
0.6181757
0.660762
0.666574
0.6834228
0.7217742
0.5276 ±0.029
0.4739 ±0.0395
0.5106 ±0.0229
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p-value
4.46E-02
2.51E-03
1.82E-02
6.97E-05
4.42E-05
2.51E-03
4.38E-04
1.06E-03
1.46E-06
1.98E-05
2.42E-03
3.38E-06
1.96E-04
1.33E-05
1.63E-08
3.77E-05
8.57E-10
2.08E-06
5.53E-06
9.71E-09
2.20E-05
8.18E-09
2.27E-04
4.40E-06
NA
NA
NA

Appendix C: Growth rate ratio of symptomatic trees
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Figure C. 1 Growth rate ratio (GRR) of symptomatic trees from the South region, compared to average asymptomatic BAI for the whole region. The red dots
represent GRR values < 0, while the green dots represent GRR values > 0.
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Figure C. 2 Growth rate ratio (GRR) of symptomatic trees from the Central region, compared to average asymptomatic BAI for the whole region. The red dots
represent GRR values < 0, while the green dots represent GRR values > 0.
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Figure C. 3 Growth rate ratio (GRR) of symptomatic trees from the North region, compared to average asymptomatic BAI for the whole region. The red dots
represent GRR values < 0, while the green dots represent GRR values > 0.
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